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Chapter xxA new perspective for risk management: a study of the design of
generic technology with a - model in C-K theory'
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'MINES ParisTech, PSL University, Centre for Management Science, 60 Boulevard Saint Michel, 75 272 Paris Cedex
06, France; Tel: +33 1 40 51 92 21, E-mail: pascal.le masson@mines-paristech.fr

Abstract

Risk management today has its main roots in decision theory paradigm (Friedman and Savage 1948). It consists in
making the optimal choice between given possible decisions and probable states of nature. In this paper we extend this
model to include a design capacity to deal with risk situations.

A design perspective leads to add a new action possibility in the model: to design a new alternative to deal with the
probable states of nature. The new alternative design might also “create” new risks, so that a design perspective leads also
to model the emergence of new risks as an exogenous “design process”. Hence a design perspective raises two issues: can
we design an alternative that would lower the risk? Does this new alternative create new risks?

We show (1) that minimizing known risks consists in designing an alternative whose success is independent from all the
known risks — this alternative can be considered as a generic technology. We show (2)that the design of this generic
technology depends on the structure of the unknown, ie the structure of the space generated by the concept of risk-free

alternative. (3) We identify new strategies to deal with risks as dealing with the unknown.

Keywords:Generic technology design, risk management, design theory, matroid, evolutionary model, structure of the

unknown, robustness, decision theory, independence

1.1 Introduction

Risk management is often seen as reducing the risk associated tb @ltsenatives, be it technological risk or
market risk. Inpractice this raises critical issues since it requires to be able to list the risks and assesshtahbilitp of
occurrence. Hence great debates on nuclear (risk assessment: the probabiltyoie but the consequences are so
terrible that even low probability can not be neglected) or GMO (how tafigéme type of risks), and more generally on
“safety first” principle (also called precaution principle), which tends to favor “no action” alternative, since it is often the
one implying the least (known) kis Another issue appears in cases of “high uncertainty” or so called “unk unk”, where
the level of unknowness is so high that neither the level of misteseven the list of risks are known. In R&D contexts, this
corresponds to “double unknown” situations where neither technologies, nor markets are known. These situationgmre oft
considered as just unmanageable and they are left to gamblers ant modesses. Mofermally, this approach of risk

'Unknowledgements: The Chair of Design Theory and Methods for Innovation, French Council for
Energy.
1



management actually consists in applying modetiegfsion makinginder uncertainty to select among a set of given
designs and probable states of nature the one that maximizes the expecteHetitie design is supposed to be already
done; this approach does not directly consider design as a way to dedkvith this paper we would like show the paths
opened by a design perspective on risk management.

On the one hand, a design perspective leads to add a new action possitiéitynodel: to design a new
alternative to deal with the probable statésature. On the other hand, the new alternative design might also “create” new
risks, so that a design perspective leads also to model the emergence of new risks as an exogenous “design process”. Hence
a design perspective raises two issues: can we design an alternative that weutdavgk? Does this new alternative
create new risks?

Main results: 1) we show that minimizing known risks consistegigihing an alternative whose success is
independentrom all the known risks this alternative can be considered as a generic technology. 2) we shdwe that t
design of this generic technology (or the design of the new indepediepends on t_vrie the
structure of the space generated by the concept of risk-free alternativeid®ntify new strategies to deal with risks and
show that risk management in a design perspective shifts fromglealimuncertainty to dealing with the unknown.

1.2 Part 1 : setting the issue : beyond decision making, generic concepts to design low risk
alternatives

1.2.1 Modelsfor theinteraction design / environment: the limits of decision paradigm

The notion of risk characterizes the consequences of an event for an actor. The event is considered as a “stroke of
fortune” (and rather misfortune). If one adds some restrictive hypotheses on the structure of risks (these hypotheses will be
discussed later), then a risk can be quantified as the product between the probability of the event and the consequences of
this event for the actor.

More generally, without the restrictive hypothesis, one can consider risk as the relationship between, on the one
hand, a “design space”, where design uses, generates and transforms propositions and possibly leads to new artefacts; and,
on the other hand, an “external” world, which can or shall not be transformed by design (it is “out of reach” of the design, it
is considered as the states of nature that can’t be changed), but which can interact (and even strongly) with the design. The
“external world” is “invariant” by design [1]. But precisely for this reason, it plays a critical role: as an invariant, it strongly
configures the design dynamic and strategies.

We can name many examples of such invariants: for instance, weather conditions: a design can be robust or
sensitive to weather conditions, it will not influence the weather; norms, standards, design rules, consumer behavior,
“production constraints”, “process capabilities”... all are examples of such invariants in the external world. Risks are of
this sort: for certain (many?) designs, terrorist attack, tsunami, earthquake, or just rain... are constraints of the external
world that can’t be influenced by these same designs but can influence them.

Two streams of research treat these kinds of constraints from the external world:

1- in a design perspective, a large stream of research, in particular in the US, has discussed the relationship between the
design and its environment. In the 60s, Alexander proposed to consider design as the creation of a relationship between a
“form” and a “context”. Drawing the boarder between form and context is exactly the task of the designer, and, for
Alexander, it can be considered as a dual process of problem setting and problem solving [2], which can be supported by

more or less sophisticated and abstract patterns. Alexander proposes actually a dynamic process that leads to the



stabilization of a set of “specifications” that characterize the way the “context” is taken into account in the design space.

Alexander actually opens two difference perspectives to deal with -, that are deepened in other approaches:

- On the one hand, the issue is to deal with a fixed set of functional requirements. More generally in many design
theories and methods, “functions” or “functional requirements” precisely appear to play the same role than by
Alexander: they represent the influence of the context on the design space (see Aximatic Design (AD)[3], -
_ (GDT)[4]). And the methods and theories deal with robustness by supporting the design of a solution
that bot fit with the functional requirements and can support variations around this target. The design deals with a form

of local invariance.

- On the other hand, the issue to “identify” the set of requirements that should be addressed by design. Some theories
will focus on the way to identify this set. In Coupled Design Process (GDT)[5], the set of “requirements” is built during
the process, since at each stage, the closure space of the tentative design leads to integrate new functions in the design.
AD and GDT, can also be re-interpreted in this perspective: since the theories actually propose ways to address a given
set of functions, as long as the design space follows some properties (Hausdorff space by GDT; axiom of independence
between Functional Requirements (FR) and Design Parameters (DP) by AD), it means more generally that these
theories offer ways to deal with complete functional spaces that follow these properties. In this case, robustness can be
understood as the capacity to design a solution for large functional spaces, that follow specific properties. Or: if the
“context” follows certain structural properties, then a design is possible. For instance in AD: if the “context” can be
described a set of FR and if the FR and the DP follow the “independence” axiom, then a design is possible. The same
for GDT: if the entity space is structured like a Hausdorff space, then a design is possible. This perspective explains
that if the “invariant” —ie the context, like FR-DP and their relationship in AD- follows a certain structure, then the
design is possible. This also holds for CDP and Infused Design (ID)[6,7]: CDP explains the effect of closure on the

design; ID explain how to design by making use of structures in multiple domains.

To summarize : design theories and methods deal with robustness in two ways: either they address the issue of local
invariance or they help to address global invariance by adding specific conditions on the structure of invariance; but they
hardly study the interaction between varied structures of invariantce and the design space, ie the effect of certain structures
of invariance on the design and conversely the sensitivity of design to certain structures of invariance.

Note that - can accept an invariance in K (see in particular [8]) and, contrary to other theories, does not make any
hypothesis on the structure of invariance. This explains why it was possible to use C-K theory to study how the notion of
“face force” emerged from an original “infused design” process in which the structures of two design domains didn’t
correspond exactly, the “hole” in the two invariant structure being the wellspring of an innovative design process. Hence it

seems interesting to use C-K theory to study the consequence of certain invariance structures on design.

2-Decision-making perspective. The relationship between design and external environment has long been
studied in a completely different stream of research, namely decision-making [9-12]. In decision-making, the question is to
find a choice function that helps to identify the design alternative that best fits a set of probable states of nature. Contrary to
the design- approaches, the set of states of nature can follow very general structures —it is only supposed to be a probability
space-, just like the set of alternatives (which can be a simple list). Note that, even if this approach is not “design-oriented”,
decision-making largely used in R&D and engineering department to decide on the portfolio of projects to be launched. The
“probable states of nature” are the markets and the decision alternatives are the products (or the technologies) to be
developed. Another very useful case of application that uses the same framework are Taguchi methods, which actually help

to analyse what is the best alternative to meet with varied external contexts.
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Let’s analyse the Wald statistical decision-making model (derived from _), one of the most general
models of decision-making under uncertainty. The models unfolds as follows:

- There are states of natufein @and random variablegwithin R'with L(X;, X, ... X;, 6) the likelihood function for
(X1, %... Xn) andu(6), a priori density org. This is a representation of the states of nature, the probability of states is
subjective and there is model associated to the subjective probabilitgnttean variables model knowledge creation
on these same states of nature - the a priori probability densitgepends oiX;.

- There is a set of set of decisiofi€These are the known alternatives: known technologies, known products...)

- The relationship between the states of nature and the set of known deissioodeled as follows: these is a cost
functionC(6,d) that associates a certain cost to every pair (state of nature; decision) ftfiisictian can also be a
utility function, see [9]]; the action consists in deciding for @aded,,, depending o, (6) andx; (the results of the
sampling operation). le one looks for a decision functipn

XER" —— A,(6)

that leads to decide for a certainAccording to the decision-making theory, the best decision funttierfunction
that minimizes the expected cost function:

HC)=r(my)=@., £q.9)/ (d)L(x.q) mg)dd dxdg

Hence decision-making models helps to select the design alternative that hassttHi wWwith a set of
(subjectively) probable states of natulewu(6) according to a cost function. This alternative is the “most robust” to the
uncertainty on the states of nature. In this model, dealing witkrtainty doesot consist in designing (the set of
alternativess;, is closed); it consists in acquiring knowledge to reduce the uncgr@ing. _nt is an
uncertainty reduction process, not a design process. Still a researett jpeoj precisely be financed to reduce some
technical uncertainty or, in marketing, a market research project can gaiteigevto reduce uncertainty on consumer
behavior.

Hence the decision making perspective is very general and does not degendriamce structures; but it
enables only a limited form of action. Our goal in this paper is to castehision making approach into a design paradigm.
We will see how this operation helps tb-identify a new set of concept, namely “generic concept”; 2- some specific
features of the design of generic conceptstydamic models with repeated interactions between “invariants” and related
design space.

1.2.2Casting the decision model into a design framework: thelogic of generic concepts

To make a first step to cast decision making into a design perspective, let’s rework the equation of the Waldian
model. For sake of simplicity we consider that the sampling is reduc@d-te there is no opportunity to gain more
knowledge on the states of nature. Suppose that we can design an altepativet would be better than all the other

alternatives. It is easy to prove that the only property requiret.bys:
"i=1.n QC(g d..) mg)dg< QClg d) ntg)dg

Or, without simplification:



"i=1.n Q, 0@ 9/ (d.)L(xq) ng)dxdg< Q, C(g d/ (d)L(x q)ntg)dxdg

In a design perspective, this equation actuallthés brief (in C-K theory: the concept)f a “robust” design. This
concept still depends on a priori probabilityActually such al,.; follwing equation 2 would be the best for alin the
domain M:

M(d,.,) ={m Q,C(q d,.) tg)dq<min § C(g. d) g)dg}

An even more robust solution would be independent &f means that whatever the belief on the states of natiere
even for states of nature considered extremely low-, the alterdativis the better. This can be written as:

"i=1.5" m Q0@ d,.) Ma)dg< Q0@ d) Mg)dg 3

Example: raincoat cap

Let’s illustrate what it means on a simple example of decision making situation (see figure 1). Suppose that the decision
maker wants to have a walk and his decision space isd). take a cap to protect against the sdp fake a raincoat to
protect against the rain}; the states of nature®ard d;, sunny weather, rainy weather}; and subjective probability are,
for instance §4(6,) = 0,51;(6) = 1- 1(6,) = 0,49}. The utility function is U RO R, for instance : U§; d,)=100; U(@®;
d,)=10; U@y, dy) = 100; U@; dy) = 10. This situation is usually represented by a decision-hazargéeégure 1). One
computes the expected utility associated to each decision. With these data, the-dedisioshould choose dland one
also understands the fragility of this choice, due to the proximitydeat,(6;) and(&). This remark usually leads to
increase knowledge (eg. look at weather forecast even if it reduces themelk ti

If we add the hypothesis that the actor can design a new solutiorthéhdaminating solution can be designedias
such that Ug;; d3)=100; U(@,; d3)=100. The design af; might lead to a kind of “raincoat-cap”.

U =100 U =100
u=0,51 u=0,51
Uu=10 Uu=10
u=0,49 u=0,49
Uu=10 Uu=10
u=0,51 u=0,,51
U =100 U =100
w=0,49 n=049
U=10
u=0,51
U =100
u=0,49

Figure 1. Raincoat-cap example
a) Selection of the solution with the best expected utility; b) design of a sohittodominating expected utility

Note that industrial history is actually full of such design. The grapfigure 2 illustrates the fact that some

technologies are for instanéedependenbf economics conditions. Even in recessions times, these technologies are



successful. As saittan Schmitt, one famous VC in high tech industry: “some technologies do breakout even in breakdown

times”
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Figure 2: Technology adoption (measured by population penetration in %, in USA, Radio/ TV / Internet / M obile
internet, 1920-2011. Source: Radio penetration data per Broadcasting & Cable Yearbook 1996et pimetration data
per World Bank / ITU, Mobile Internet (smartphone) data per Morgan Stanley Blesg@rdata per Informa

Comments: generic concept and new relationship “design space” / “context”
Let’s underline some properties of the designed alternative:

1- A conceptual alternative. The nature ofl,.; is very different from altl;, i < n: the latter are known alternatives
whereas the former is a concept (in the sense of C-K theory: onbpasition that has no logical status). This is
precisely because evedy i <n are known that it is possible to evaluate for exry=1...n the costs or utility
u(4, d) for all & € ©. By contrast, the only properties knownagp, are the one in the equation (3).

2- _ If such an alternativey.; exists, then this alternative is valid “whatever 6, whatever.”.
Suppose that the states of nature are, for instance, varied markdtsundaried technologies to addregsore
or less well- these markets. Thdp, is a technology that addresses all the marke®.ifThis is ageneric
technology These technologies are well-known in innovation econoriigjs ut they are often studied ex post,
when the technology is already designed and has already won on mlilets 14]. The design perspective
precisely enables to go one step further:

3- Generic concept. Since strictly speakingl,.; is not known but is a concept, we call ig@neric conceptf this
concept is designed, it would lead to a generic technoldgryce equation (3) is actually the brief for any generic
concept given a set of (subjectively) probable states of nature.

Let’s underline some consequences of this concept for the relationship between design space and “context” and for .
managemer

1- Invariance: The new design space openeddhy did notchange the states of naturéhey are stilinvariants

2- _: But this new design space is maddependenof these statesl,.,createsa newrelationshipto
the invariants.



3-

_: in this perspective, risk management does not consist in redurctgtainty (even if this
track remains open and the reduction of uncertainty also changes the pessipilities ford,.;). We have

already noticed that this design perspective does actually correspond to the figsiggrio technologies. But it
would also be interesting in a lot of “controversies” situation (see the 20" century controversies on “smoking” or

on “asbestos cancers” or today the debates on potential danger of electromagnetic waves created by wifi and
mobile networks): usually these controversies are based on a logic dhinmtggeduction (hence debates on the
“proofs” of “cigarette’s cancer” or “asbestos’s cancer”). In a design perspective, equation (3) leads to ask for the
design of a concept like “as much pleasure as cigarette but independent of any risk of cigarette’ cancer” or “as
much fire protection as asbestos but independent of any risk of asbestos cancer”. Note that it also opens a “design
approach” for the “safety first” principle: the safety first principle requires that a technological alternative is
chosenonly if there is no risk; the default is that, with such a formulatibe principle can only be applied to
“known” solutions. A design perspective of “safety first principle” actually leads the actor (for instance
government, citizen associations...) to ask for the study of concepts that would follow equation (3).

Creativity and system engineering synthesis: the design of independence is actually at the root of a lot of
engineering efforts. This is precisely what is required by the dkom of_n or by Taguchi
quality principles. It helps also to understaadspecific for of creativity in engineering design synthesis
engineering design synthesis and creativity are often found contrgdiatozativity brings a new dimension or a
new technique that doesn’t fit with existing systems and the synthesis rather consists in adapting the creative
efforts to all system constraints. A generic concept is actually a eqmtth to deal with systems constraints by
becoming independent of them! A generic concept does not add condtrairdgther suppress (some of) them.

In a more dynamic perspective, the generic concept leads to study diff¢éhenttates of nature:

1-

Long term stability: being independent of a large set of states of nature, one can also comid-c
-/ is compatible with them. If over time the probability of statelve (this time in a “natural way”, not

as a change in the subjective probability), the generic technology willimedominating. In the case of
raincoat-cap, even if global warming increases the probability otlsemaincoat-cap remains the best solution.
In case of technologies and markets, this means that a generic technologywvid swany evolutions on the
markets. Dynamically there will be a long term stability of a generic concept.

Expansion in the states of nature. On the other hand, thew technology will be sensitive to “new” states of
nature, ie states of nature that were na®jistates of nature that were unknowand not uncertain. It means that
the generic concept actually “opens” a new set of risks that is strictly speaking unknown, that isrxota combination

of already known states, as if “nature” would be designing new states! Hence the design perspective also lead to
introduce a design logic in the regeneration of the states of nakoe instance one can imagine that the
raincoat-cap technology might be sensitive to electromagnetic waves. Heset tfistates of nature should be
extended to include states like “electromagnetic storm”. Hence the risk emergence process should be considered
as a design process, and even an expansive one.

Risk regeneration as an expansive design of the states of nature: Note that this process of “expanding the
states of nature” is not a modification of subjective probability, but it actually consists in (re)designing the
probability space of the states of nature. The basic ground, thahility space, A, P (where is the sample
space, A is thes-algebra of events and P is a probability measure funetisee Kolmogorov axiomatic) is
extended to a ne@’.



To conclude: the design perspective on risk leads to formulate specific concepts, that we call “generic concepts”, which
are of the form “there is an alternative that has a high utility whatever the states of nature taken in a set of states @’. Such a
generic concept consists in designin-dence relationship wétinsaniants, namely the elements@fin the
next part we will a model of the design of suc_dence. Based modkis we will then study, in the last part,

how this new dsign dynamically interacts with “invariances” that evolve over time.

1.3 Part 2: The design of generic concepts in -s and algebraic extensions models

1.3.1 Beyond an evolutionary model of _ design: the example of Watt and Boulton reciprocating
steam engine

Having identified a generic concept, we are interested in studying the design afcangept. There are already
implicit models of the design of generic technologies. The usual one ‘isvalutionary, random” model: a generic
technology is a randomly emerging design that is applied progressivalgamuence of applications, and application after
application this design appears dominating on a (large) subset of these applid&@osory of the steam engine is often
told this way: Watt designed a steam engine and progressively many applieagierfound for it.

Still the evolutionary model, where one “species” progressively adapt to multiple environments, is only one
passibility. As shown in 14,15], this model actually doasot correspond to how Watt and Boulton historically designed
steam engine as a generic technology: based on historical books, Kok#taglirshow that there was already steam
engines, and they were adapted to mining, but not to other usessteamesngine in the 70s was not a generic technology
(see illustration in figure 3). In the 108 Boulton asked Watt to work on a generic concept “a steam engine that is
compatible with multiple machine tools”; and Watt designed a specific “steam-engine technology” for this concept.
Surprisingly enough, it even appears that the key issue was verficgiigdio design a new way to transmit movement
from steam engine, namely a “reciprocating steam engine”. Hence a strange paradox of the design of generic technology: it
seems to be a “complete” original technology (steam engine), but its design actually focuses on a detail in the complex
system (transformation of the movement of the steam engine rod)

S,
~
4
Pump (ot shown) :k,:‘; <

Hot feed water """ |

Helivery to bodler i

Phg rod

Transfer pipe

Figure 3: The design of steam engine as a generic technology, by Watt and Boulton



a) 1763 Watt steam engine with separate condensation chamber; b) 1784 Waitah Bmuble acting steam engine

(parallel motion or s@alled “reciprocating steam engine”).

This historical case underlines that the evolutionary model might hide intentional and complex processes,
and there might be a variety of processes to design a generic technology.

1.3.2.The issue: designing “whatever theta”

The issue is to understand the specificities of a design process thascd}m_ce between the design
space and some invariances. The evolutionary model deals with itdquendial process: a technologyis designed for
one &, and then its utility is tested on each of the other elem@ntsf @. But suppose tha® is made only of linear
variations ofé,, ie everyd, is of the forméd, = g. §, where ae R; then it not necessary to tetfor eachd, but it is
enough to test (or redesign) for thperation “multiplication of 8- with a real number”. Hence the design of generic
technology takes advantage of thteuctureof the invariances (here linear dependenc®)nAnd it finally designs a
specific relationship-hence a structure- between the invariances and the design space.

Hence to study the design _Iogy, we need a model dégevstructures and their evolution
during the design process. As mentioned ea_1eory carehe insour case, because: 1- invariance is possible in
C-K; 2- the knowledge space is a “free” variable, in the sense as C-K theory is supposed to work with many models of K.
What we need to study the design of generic technology with C-Ktiwjasld a specific model of K.

In this paper we choose to consider that pieces of knowledge carlieel sa.d structures. Why matroid?
Because matroid is a very general language to deal with independence in mgalertimodels (graphs, linear algebra
field extensions,...). Moreover, it offers ways to characterize structures and their evolutions (a structure can be
characterized by rank, circuits, bases, lattice of flats; the evolution of structares n@odeled with operations of duals
minors, sumsgeletion, contraction, extension,...). Hence adding matroid structures to K-space (in C-K theory) provides us
with powerful analytical tools to follow the transformation of structdiging a process of designing a generic technology.
Note that in matroidtheory, the operations on matroids were mainly used to “analyse” matroids, ie to identify
micro-structures into more complex ones. We will use the same tools to matleestand how, during a design process,
new structures emerge from given ones.

1.3.3. A model of C-K with matroidsin K

Matroid structures were introduced by Whitney, in the 30s, to caphsteactly the essence of (linear) dependence. A
matroid is a pairk, 1) consisting of a finite set E and a collection | of subset of E satisfiie following properties: i)is
non-empty; ii) every subset of every membet & also inl (I is hereditary) ; iii) ifX andY are in | andX|=|Y|+1 (the
operator! . designates the number of elements in a set of elements), therstherglément in X-Y such thaty U {x}

isinl (independence augmentation conditidrgre the independent sets of a matroid on E, M(E). There are marsy for
for matroid (defined on matricesn algebraic extensions,...). In particular, it is very easy to consider the matroid given by

a graph: Given a graph G with vertice V(G), the set of vertices of the gndd(&) the set of edges of the graph. Then let
| be the collection of subset of E that do not contain all of the edges ofeleyclosed path (or cycle) of G. Then (E, 1) is
a matroid on G; it is called the cycle matroid of the graph G and is noted (M(G).

We use this structure to model the design process associated to the dgsigeriaftechnologies:

1- In K: We consider that K contains a graph G. One interpretation of this grajple @afollows: the vertices are some
functions fi; an edge represents a technology to address a pair of fané&igath of edges defines a technology (a

9



combination of technologies) to address all the vertices in the path. TheGtagdbw can be interpreted as a synthesis of
the technological know-how of the designer. For instance in theefigtine designer knows how to addrefgsf} (with

the edge &); and he knows several solutions to addrégsf{ f3} (1223 Or @3-€23); he doesn’t know any solution to
address f; fg} or {fs; fs}. This graph of designer’s knowledge is a -

Note that this matroid can also be characterized by its basis or its cycles. It has aagdetavhich actually corresponds
to the size of the largest independent set. In a graph G, we have: rankM@&G)Fncc(G) whereV(G)| is the number of
vertices in G and ncc(G) is the number of connected components in GG)rafkin the example below). The rank
illustrates the most “complex” technologies that can be built by the a user of the K-space: at most the graph G below
enables to separately address four independent edges.

The matroid also has salled “flats”. A flat is a set of elements such that it is impossible to add a new element to it
without changing its ranks. One says that a flat is a “closed” set in a matroid. In G below, {e1,, &3, €4} is a flat and {e,, 3}

is not a flat. The flat representiste “substructures” in a matroid.

Figure4: A graph G

We also represent in K the context invariance, representing all the states of natueedbaigih could be facing. We
consider for instance that the designer might need to address anyatonbof functions taken from the set of functions
F={fy; fs, ... f.}. And we consider (for sake of simplicity) that any market is inddpanof the other (the marke {f,} is
independent of f; f,; f3;} even if the functions of the former are included in the functions of the)laftbis context
invariance is also a matroid: it is one of thecsbled “uniform matroids” U, , where the elements are the n-first integers and
the_ce sets are all subsets of E of size equal or less thaegnt€kes can hence be represented by a matroid
Un.n, in Which all the subsets of E are independent. With these two matroidsevthle structures of the known, in K space.

2- In C: In the model, designing the generic concept consists in designing aald#itlyes in G to address all the markets
in U, . It actually means to design the missing edges so that the graph blaitemomes completeie: each vertex is
linked to all the others by one single edge. This complete graph is Kglléu matroid theory. It means thatiEV(G) and

G is complete, then the designer knowledge_woldgmbuilt onF.

In C, it is possible to represent the graph of all the missingeapudred edges: from the graph G, one represents all the
missing and required edges ; one contracts all the edges that edisi® arecessary; and one skip all the edges that are
known. f F={f;; f,, ... fg}, this gives the C-graph in figure 5. Note that this C-graph is als@troid. It is a connected
matroid, and, deleting the loops, it is even a complete graph. Its rank grgualsmber of connected components in K.
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Figure5: C-K structureswith matroidsin K.

Let’s see how the design of the missing edges occurs. There are two different processes to add one single edge, and the

matroid model will help us to understand their critical features:

1-

Constant-rank extension: this concerns the loogidges in C. the graph G can be “completed” with a new edge
following a (single)extensiorprocess that doa®ot require changing the rank of the matroidmeans that the new
edge does not add a level of sophistication, a new dimension to thelggrhbe proven (sed§]) that any single
extension of this kind corresponds to a flat whose rank will lshamged by the new edge. Such a flat is called a
modular cut. In graph G above, the edggdinking fs andfs can be added without changing the rank of the matroid,;
and it corresponds to the modular cels{ €4}

It can be shown that this process can be repeated until it completes all the coomeqtedents.

The constant rank extension is a process to createegendensets. For instance the new edggcreates alsoe;

€45, €46} More generally, the structure of the dependent sets can be meastheddnyk of the dual of the graph, also
called the corank. If the graph is a spanning tree on n vertices, kis ratt and the corank is zero (no dependent set
in the graph). If the spanning tree is completed following thesteotrrank extension, its becomes a complete graph
Ki.1, the rank is kept to n-1 but the corank will reach (n-1)(n-2)/2.

This description corresponds to the fact that for a set of functifan§;{fs;}, all the associated markets will be
addressed and for the most sophisticated markets involving morg thactions, there will be several technological
combinations to reach it. The constant-rank extension hence helpdréssdll the markets and, simultaneously, to
offer multiple technological alternatives to address each markets. This actuedlypoords to a very powerful form

ot IUSIES:

Rank-increase extension: The constant rank extension is not enough to address all situatio-gen
-/design: the issue rises when th& seintains vertices from different connected components in G. Itis then
required to design a new edge. This new ezlbas very different properties as the edge designed by constant-rank
extension: every flat o6& will change rank whem is added aneo new dependent set is creatdthis extension

process hencadds one dimensido the graph16]. For this reason, this can be assimilated to an expansive partition.

Such an edge corresponds to the fact that two distinct sets of functngetie not connected at all will now be
connected by one single new edge. This opens the possibility feraomplex technologies. Note that adding such

an edge lays means that the new “technology” is compatiblewith all already existing technologies (since it enables
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all new paths that use the new edge and other existing edges). A good example of such an “edge” is Watt and Boulton
“reciprocating movement” that enabled to link the steam engines technologies (one connected componéet) to t
machine tools technologies (another connected component)

The complete design process will (at least) then proceed as follows:
1- Constant-rank extension until all connected components are complete.

2- Connect connected components. There are several possibilities here, sincgréph @G complete and only a
spanning tree is required. Suppose that all the C-edgehave a certain coste thevblem consists in finding the
spanning tree of minimal weight over a matroid structure. This eatiobe with the Greedy algorithm (Kruskal

algorithm in the case of graphs).

3- The resulting graph in K is now connected but is not complete. It is nectsgentify in C the missing edges and to
proceed with anew with a constant rank extension. Some propertigs tfird step should be underlined:

a. The new edges that will be created are necessarily associated to a flat that ebieaisisone edge resulting
from an expansion process. In this sense all the new edges atkenconsequence of the expansive edges.

b. Buton the other hand, each new edge of the third step createcaaugtthat includes an expansive edge. This
means that it also creatsgbstitutefor the expansive edge.

Note that this process is not deterministic and keep the “generative” aspect of design: for instance there are many
possibilities for the spanning tree, depending on the weight that ttgineesiill put on all the C-edges. For instance the
weight can be based on the estimated cost of the technology developmiteatalso be linked to the expected difficulty
to make this new edge compatible with already existing edges in the two distinct connected components,... Many other
weight systems are possiblenote that whatever the weights chosen, the matroid structure ofghep@s warranties
convergence of Greedy algorithm.

We say that the process wall leastgo through the three steps: actually additional steps are possible. Foranste
designer right himself add a new “function” to be addressed — this is far from unsual: it would just means that the designers
add a constraint. Of course this enw function should be then be hanlesbtmdependence.

1.3.4. Main propertiesfor the design of _

The model with matroid helps to understaniical propertieson the design of generic technology (GT): GT results
from two “genericity building” operations: G1 (in step 2) connects by preserving (necessary) past connections; and G2 (in
steps 1 and 3) completes the graph, ie creates new dependent structures in G basedtoethexpansive edge. These

two processes explain apparent paradoxes in the design of GT:

1- Because of G1: a generic technology includes both the longest cyate,the “most constrained” one, and a local
property (just one missing edge). This corresponds to the logjeraticity in steam engine, where genericity was
made by working on reciprocating movement to link the technolofje@am engine with the technologies of machine
tools. More generally, the design of generic technology consists in designineates new compatibilities between

“islands” of disconnected technologies.

2- Because of G2: every new edge is a consequence of the first expansiybesdgea function of it) but, in the end,
every new edge is also a possible substitute for the initial expansive edge.aHgreeric technology also encloses
variances and alternatives. It is not one single solution but rather a set afpetadnt solutions.
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3- Discussing _ of GT design: We can easily represent in the matroid model the evolutionary
process mentioned above for the design of GT: it consists in buildiwgedges for each single new market. It is

interesting to note that this kind of random, evolutionary procassertainly help to complete a connected graph but
will hardly manage to create the edge that connect two separate connectedesipof course one market might
require to link to vertices from disconnected components, but this markiet emce allow for a technology that is not
necessarily compatible with all already existing technologies in the connectpdroemh This only possible for such a
connection is a market that needs all the function of the two disconnectpdremts Hence a random, evolutionary
process is quite unlikely to lead to a generic technology; it should at leastideddoy the requirement to connect
disconnected components.

The model also enlightens some aspect_” in generic technologies:

1- the design of GT actually establishes a certain structure between designed woedvandment. Here this
independence is actually modeled as a complete d¢aptOne can underline that in terms of matroids, this structure
has interesting propertiek; ; andU, , have the same rank; one can even notice that their lattice of flat are isomorph
(see L6]) ; but they have very different corank, 0 zero fy, and (n-1)(n-2)/2 foK,.; and hence very different
dependent setd his means that a generic technology appears as a set of compatiblepmess substitutable
technologiesln a sense the knowledge set of an engineering department shouldyeardpgneric technology!

2- Note that the design process actually works on several structures:uatargs in K, modeling what is known; and also
a structure in C. The latter is interesting: thiEh'B_! This structure represents all the “holes”
in K and their interdependences. The design consists in building this structure and “extracting” some edges from it to
make them become knowledge. It can be noted that the C-structure fellowedroid structure which enables a
relatively easy process to identify a spanning tree in the C-graph.

1.4 Part 3: Dynamic models of the interaction designed world/environment

Based on the model above, we can now study the dynamic interactiaehetwlesigned world and some

“constraints”.

1.4.1. Dynamic model

As already noticed in part 1, the logic of generic technology leads to a newddgllow the dynamics of context. As
long as a new “context” is actually a dependent set in the structure of external structures, then this context is taken into
account by the generic technology. Hence the only change in context thatleanlilth a new design are context that
include a property that is independent from the pagitcan be a new functidi.,.

In a dynamic process, this kind of extension might lead to sevenasfo

1- ifthe successive sets of risks F(t) are included one after the otheaétot, F(t= F(t+1)) , then the process leads
at each time t to a complete matroid K(t) with K{tf(t+1)

2- But there is another possibility: suppose that the set F(t+1) containg fmation f..; but does not contain all
previous functions. Then in C, edges that are known and not necassdsleted. By decreasing the requests for
compatibility, this simplifies the task to link the new function to the past Back in K, this leads to a new
connected component associated to the set F(t+1) but also to other connectedeotsnpssociated to the

functions that were connected earlier but are not more necessary for Fée-fiyj(se 6)
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Figure 6: Dynamic models of interaction designed world / context

This second process actually leads to the emergence of complex batesepanected components in K.

1.4.2. Using the model to inter pret some dynamic situations

1) Afirst situation to analyze is thgmperfect design” of generic technology: in part 2, we made the hypothesis that the
designer would be able to address all the edges required. Suppose now that thedges lemit. Then it is possible
that the budget is not sufficient to create a spanning tree for the B-@natihe designer will select a subset of F to get
only a partial generacity. We say that the design of GT is imperfect. Intehgegtim@ugh, these behaviors can be
represented in the model above. They all fall in the second situation, eitheséd#uasget F is restricted in advance,
or because the new edges to be designed can only address a subdaedbfegst reasons. It explains how over time,
one can have the stabilization of a connected subgraph without relation withpeotametres of F.

2) The dynamic model also leads to come ba_nodels in avayhenstead of considering a selection
process based on one given state of hature, one can represent thensvolytiobable states of nature, ie as subsets
of F. In this extended evolutionary model, one can fiadial genericitychanging over time and separate connected
subgraphs that can suddenly appear useful if, at a certain time t+q, F(t+q) suddenly reuses some of the “old” functions

and hence the connected component becomes relevant again.

1.4.3. One application: _in biology

The dynamic model of the design of generic technologies might be relevantie technological evolutions; but one
can underline that actually this model might even be relevant for mddaislationary process in biology.

Suppose that one represent a species as a designer who master certain “technologies” to address external conditions;
suppose that these conditions evolve over time but the species never corapliapétky one context but keep a “robust”
strategy by adapting to several contexts. The species actually acts as a desidpartilly) generic technology. What

does our model help to explain:
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- the model is coherent with stasis and punctuated equilibria: if the context evmdids the set of alternatives
addressed by the species, the “technologies™ are not changed; the species evolve only when an “original” function, out
of the-s scope, appears.

- the model is coherent witbxaptation situationsg[17]: exaptation is a situation where an organ (a technology) is
developed to adapt to a situatiethe panda’s thumb was developed to go up and run in trees at a time where panda
were smaller and lived in a dense forest context- ; then this function isdedsd but the organ remains and the
species go on evolving, keeping the original tralte panda doesn’t not need to go up and run in trees but changes in
his environment lead him step by step to eat bambaing-finally the function holding a branch” become important
again but this time to eat bamboo: the panda’s thumb becomes important again.

Hence our dynamic model could account for contemporary forms oflerpgvolutionary processes in biology!

1.4.4. One application: _in biology

We already underlined (part 2) how our model could help to design gésehimlogy (constant-rank extensions and
rank-increase extensions). Some lessons can also be learnt fromahgagnodel: it appears that the critical issue is the
emergence ahe new function. In part 1 we considered that this new function could be interpreted as a form of “expansive
design” in nature. In a _nt perspective, it is also important to manage the emesfire@ew function. It
consists in launching “exploratory projects” that help to extend the list of “risks” (or F in our model).

The dynamic model helps to understand why such an exploration tamjks Apparently, such an exploration is very
difficult, since “nature” doesn’t speak in advance and the new function can be everywhere! Still the dynamic model shows
what should be explored in such an exploration: 1) the risks thabtireF. In a sense it restricts the exploration to brand
new functions, it leads to better characterize F and its structure to underbttrid @ut of F and its structure; 2) the risks
are impacting the known technologies, usually in a negative way sinoeésthat it is not robust to a new F.

Note that it explains why this kind of exploration was called “crazy concept” exploration: it consists in exploring a
concept that is “out” of the usual set of risks (or market opportunity) and that can not be addressed with available

knowledge!

1.5 Conclusion

In this paper we study generic concepts, ie concepts for artefacts thatbwaalid for a large domain, ie for a large set
of external conditions. We have shown that these concepts can be denwetkfision making theory and are of the form
given by equation 3. Equation 3 means that such a generic concept e&tabli_féwith the set of possible
contexts. We have then analyzed the design based on a generic concept. Waaselddarived from C-K theory with
matroids in K-space. We showed that the design process combind#fesent operations, constant-rank extension and
rank-increase extension and these properties explain critical propertiesedt genhnologies as well as the limits of
evolutionary processes to design generic technologies. Finally we studyidymodel for the design of generi
technology and show that these dynamic models account for “imperfect design” and could open new perspective for the

study of classical “risk management” in biology; the study of evolutionary processes.

Pascal L e Masson is Professor at MINES ParisTech, Chair of Design Theory and Methotsfivation. He is the

Director of the Center for Management Science. His research unfoldeémtiain directions: i/ design theory (C-K theory,
15



mathematical foundations,...) ii/ collective innovative design methods (creativity, prototyping, user involvement
processes) iii./ innovative design organization (advanced R&D, iv/ economdesigh.He has published several papers
and a book “Strategic Management of Innovation and Design” (co-authored by Armand Hatchuel and Benoit Weil,
Cambridge University Press). He clirs (with Eswaran Subrahmanian and Yoram Reich) the “Design Theory” Special
Interest group of the Design Society.

Benoit Well isProfessor at MINES ParisTech, Chair of Design Theory and Methottefovation. His research areas are

1) Design Theory and models for Design Science; 2) Design and R&D Mandg8&indanagement of the Innovative

Firm; 4) Theory of Design Regimes; 5) R&D and Design histide/haspublished several papers and a book “Strategic

Management of Innovation and Design” (co-authored by Armand Hatchuel and Pascal Le Masson), Cambridge $ityiver

Press).
.

Olga Kokshagina is PhD candidate at Center for Management Science, Mines ParisTech School Heanesearch
focuses on the management of innovative design capabilities and more partaulddyareas of innovation and
technology management, projects portfolio management, uncertainty mamagenth R&D tools and methods. Her thesis
dissertation models the design of generic technologies and investigates the assodatedfgollective action. Being
interested in the specifics of innovative processes in high-tech indusidess nano-, biotechnologies, semiconductors,
IT, telecommunication, she has conducted her dissertation work in collabardtianleading European semiconductor
company - STMicroelectronics.

16



References

[1] Armand Hatchuel, Benoit Weil, and Pascal Le Masson, “Towards an ontology of design: lessons
from CK Design theory and Forcing,” Research in Engineering Desigd, no. 2 (2013): 147-163.
[2] Christopher AlexandelNotes on the Synthesis of Forbdth printing, 1999 ed. (Cambridge, MA:
Harvard University Press, 1964).

[3] Nam P. SuhPrinciples of DesigrfNew York: Oxford University Press, 1990).

[4] H. Yoshikawa, “General Design Theory and a CAD System,” in Man-Machine Communication in
CAD/CAM, proceedings of the IFIP WG5.2-5.3 Working Conference 1980 (Teklyd). Sata and E.
Warman (Amsterdam, North-Holland: 1981), 35-57.

[5] D. Braha and Y. Reich, “Topologial structures for modelling engineering design processes,”
Research in Engineering Desidd, no. 4 (2003): 185-199.

[6] Offer Shai and Yoram Reich, “Infused Design: I Theory,” Research in Engineering Desidb, no.
2 (2004): 93-107.

[7] Offer Shai and Yoram Reich, “Infused Design: II Practice,” Research in Engineering Desi@B, no.
2 (2004): 108-121.

[8] Armand Hatchuel and Benoit Weil, “Design as Forcing: deepening the foundations of C-K theory,”

in International Conference on Engineering Des(garis: 2007), 12.

[9] Leonard J. Savagd&he foundations of statisticnd edition (1st edition: 1954) ed. (New York:
Dover, 1972).

[10] Milton Friedman and Leonard J. Savage, “The Utility Analysis of Choices Involving Risk,”
Journal of Political Econom$6, no. 4 (1948): 279-304.

[11] Howard RaiffaPecision Analysi¢gReading, MA: Addison-Wesley, 1968).

[12] Abraham WaldStatistical Decision FunctiondNew York: John Wiley & Sons, 1950).

[13] Timothy F. Bresnahan and Manuel Trajtenberg, “General Purpose Technologies: Engines of
Growth?,” Journal of Econometric85, no. 1 (1995): 83-108.

[14] Olga Kokshagina, Pascal Le Masson, and Benoit Weil, “How design theories enable the design of
generic technologies: notion of generic concepts and Genericity building operators ” in International
Conference on Engineering Design, ICED{&&oul, Korea: 2013).

[15] Olga Kokshagina and others, “Platform emergence in double unknown: common challenge
strategy,” in R&D Management Conferen¢&renoble, France: 2012), 25.

17



[16] James OxleyMatroid Theory ed. R. Cohen, et al., 2nd edition ed., Oxford Graduate Texts in
Mathematics (Oxford University Press, 2011).
[17] Stephen Jay Gould, “The Panda's Thumb of Technology,” Natural HistoryJanuary 1987 (1987).

18



