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Abgract

Can the individual actions of agents spontaneousy move the system out of a state
where it is locked in to an environmentaly inferior technology, or is coordination
from outsde the system necessary in the form of public intervention? More
importantly, even if the system were able to make the trangtion unaided, could
market coordination mechanisms play an important role? The results of our model
show that it would be advisable to undertake policies expresdy aimed at the
process of sustainable technologica change —gpplying an ex ante (precautionary)
gpproach— in a way that is complementary to the conventiona equilibriurr
oriented environmental policies. The nature of these policies and how they might
be implemented are questions we will aldress from this novel approach to the
concept of sustainable development. In short, the main objectives of this paper are
to understand more fully the dynamics of the process of technologica change, its
role in sugainable development, and to assess the implications of this dynamic
approach to techno-environmenta policy. To achieve these gods we have
developed an agent based model (ABM), using didributed artificid intelligence
(DAL) concepts drawn from the generd methodology of socia simulation.
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1. Introduction

The role of technologicd progress in sustaingble development derives from the fact that the
way in which energy and raw materids are transformed in the economy depends primarily on
the date of technologicd know-how (Mulder e d., 1999). This implies that the diffuson of
technological innovations can change the maerid bads of the economic process. Thus the
technologies usad can be perceved as beng smultaneoudy both the cause and posshle
lution to environmentd problems (Gray, 1989). However, the literature has paid grester
dtention to the extent to which technologicd change can enable sudtainable development to
be achieved (Ausubd and Langford, 1997; Ausubel and Sadovich, 1989).

The conflict between defenders of the week and drong forms of sudanability to a large
extent gdems from the difference of opinion between the two camps as to the potentia of
technologicd change (Faucheux, 1997). Both viewpoints ascribe a cucid role to
technologicd change in ther concept of sudtanability. However, nether perspective offers
the basis for a detailed andlysis of the processes involved in technologica change. The reason
for this limitation is in the dmilaity of the concept of technologica change underlying both
agoproaches. Both schools reduce technological change to an aggregate, unidimensiond levd,
by assuming an exogenoudy determined rate of technologicd change. The vdue assgned to
this rate is wha, to some extent, differentiates the two schools However, sustaingble
development is a dynamic process, ad as such, any description of it should indude nat only
quantitative aspects, in terms of rates of technologicad progress, but dso the qualitative
agpects of that change (Saviotti, 1996). When studying technological change it is necessary to
take into account the multiple dimensons of today’'s mgor techno-environmental issues, such
as the depletion of the ozone layer, the loss of biodiversty, soil eroson and degenerdion,
water pollution, etc. These problems are characterized by their globa nature, high degree of
uncertainty, irreversbility and the high complexity of their consequences and probabilities of
occurrence  (Faucheux and Froger, 1995). The broadening spectrum of environmental
problems, in conjunction with the uncertainty regarding their scde and duraion, and their
possble irrevarghility, added to the growing socid preference for environmentd qudity,
make it necessary to undertake an ex ante (precautionary) agpproach to the link between
productive activity and environmenta qudity, namey technology. We firmly bdieve that the
rignt goproach to sudaindble devdopment involves underdending the process of
technologicd change that leads towards sudainability, and that the way to achieve this
undergtanding is to use an evolutionary goproach, such as that incorporated in the modd put
forward in this paper’.

1 The main differences between the conventional or neoclassical approach to the analysis of technologica change and the
evolutionary approach adopted here basically arise from the objections of evolutionary economists to the way in which the
(aggregate) production function is used by neoclassica economists and their apparent inability to explain the processes of
technological innovation (Nelson and Winter, 1974, 1977 and 1982; Dos, 1982; Dos et al., 1988). Thus, while the
neoclassical approach portrays technologica change as a smple change in the information available on the relationship
between the economy’s inputs and outputs (Stoneman, 1983; Gomulka, 1990), the evolutionary approach considers
technological change to be the result of a self-referential process of evolution influenced by the prevailing economic, socia
and mlitical indtitutions. According to this approach, technologica development should be understood as a process of
evolution in which aternative technologies compete with one another and with the dominant technology, with a subseguent
selection determining the winners and losers, but considerable initial uncertainty about who these winners will be (Nelson
and Winter, 1982). Given that uncertainty is intrinsic to the process of technological change, the assumption of rational
maximizing behaviour is replacedby a search for profit “in the dark” (e.g. using heuristic search routines); as a result, there is
no sngle welfare maximizing equilibrium, but rather a plurdity of possible equilibria historical accidents thus determine
which equilibrium is reached or approached at any given time; the structure, including the ingtitutions, is often made explicit
in evolutionary models, so that its place in the process of technological change can be studied (Lipsey and Carlaw, 1998).
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It seems sdf-evident thet in order to achieve grester environmenta quality without limiting
productive adtivity, an effort needs to be made to promote innovation in dean technologies.
In fact, environmenta innovation has been recognized as being crucid to tackling the thorny
issue of the timing of dimate policy (Wigley e d. 1996; Schneder and Goulder, 1997).
Neverthdess, there is a growing consensus on the potentid for environmenta improvement
that could be achieved through the diffusion of the clean technologies that already exist, in
paticular in terms of improved energy efficiency and the consequent reclction in the
emissons associated with the use of fossl fuds (Bernow et d, 1998; Koomey et d., 1998;
Krause, 1996, Lovins, 1991; Union of Concerned Sdentids and Tdlus Inditute, 1998,
Interlaboratory Working Group, 1997; Alliance to Save Energy, 197). It is therefore worth
asking what is holding back the diffuson of these exising technologies. The debate bascdly
ress on the cost of trangtion to these new technologies This is an issue which has been
goproached from two opposing perspectives  aggregate economic models (a  top-down
aoproach) and engineering studies (a bottom-up approach)®. According to various authors,
both gpproaches rdy on excessvdy dmplisic assumptions about the dynamic of energy
subdiitution and the process of technologica change (Kemp, 1997; Carao and Gdeotti,
1997). In this paper we put forward a broader view of the process of technologica change
which dlows us to show how an important barrier to the diffuson of dean technologies arises
from the fact that the economic system is locked in to technology standards (Arthur, 1989,
1990, 1994; Cowan, 1990; David, 1985) which are potentidly environmentdly inferior. This
lock-in is due to the exigence of dgnificant increasing returns to adoption of energy
technologies, produced by economies of scde, learning (Arrow, 19628 Sheshinsky, 1967)
and networks (Kaz and Shepiro, 1985 and 1986, Fardl and Sdoner, 1986a and b;
Economides, 1996), arisng out of the integrated and systemic nature of these technologies
(Schilling, 1998: 269; Kemp, 1996. 161). Under these conditions, the same didribution of
technologies and user preferences can lead to different structures in the breskdown of the user
market, depending on how things gart out (Economides, 1996. 26). The system therefore has
a multiplicity of equilibria which, when expressed in tems of maket shares, can be
interpreted as spontaneous or de facto standards (David and Greengtein, 1990). Spontaneous
standards emerge as a result of internd market processes and not as the result of a coordinated
action by its paticipants Ealy superiority, however, is no guarantee of long-term suitability
(David, 1989; Cowan, 1990; Neson, 1994a). Thus, in the presence of increesng returns,
agoparently inferior designs can become locked in to the production system indefinitely in a
higoricdly dependent process in  which cdrcumdantid events determine the winning
dternative (David, 1985, 1997). We would like to highlight the fact that the andyss of
technologica diffuson contaned in the literature on the phenomenon of technologica lock-in
has devoted very little atention to issues concening preexiding dtenatives or the
conditions under which new technologies ae adle to digdlace old ones in a technologica
successon (Windrum and Birchenhdl, 2000). As wel as Arthur, many other authors have
adso portrayed the technology sdection process as an “dl or nothing” story (Abrahamson and
Rosenkopf, 1997). This is a gened <hortcoming of the technology diffuson and

2 Clean technologies or environmentally sound technologies (ESTs) are defined in chapter 34 of Agenda 21 (United Nations,
1992b) as those technologies that “(...) protect the environment, are less polluting, use al resources in a more sustainable
manner, recycle more of their wastes and products, and handle residual wastes in a more acceptable manner than the
technologies for which they were substitutes (...) Environmentally sound technologies are not just individua technologies,
but tota systems which include know-how, procedures, goods and services, and equipment as well as organizationd and
managerial procedures.” The minutes of the 29 Plenary Meeting under the Kyoto Protocol (United Nations, 1997), requires
that the Convention Secretariat “ (...) continue its work on the synthesis and dissemination of information on environmentally
sound technologies and know-how conducive to mitigating and adapting to climate change” and the parties are urged to
“create an enabling environment to help further stimulate private sector investment in, and transfer of, environmentally sound
technologies’.

3 An overview of models representing each of these perspectives can be found in Béhringer (1998).
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dandardization modds which has repestedly been highlighted in various studies over the lagt
decade (Schilling, 2002 395; Jdfe e d., 2000: 41; Windrum and Birchenhdl, 1998: 112;
David, 1997: 36; Neson, 1994b; David and Greengein, 1990: 8). It seems clear that, rather
than the delerminidtic view of conventiond modds of technology lock-in, it might be worth
having an expanded formd view of the process of technology diffuson and Sandardization
which bears in mind the possibility of a technological succession®, understood as a series of
replacements of old technologies by new technologies performing the same badc function
(Griubler, 1991).

Vaious authors have flirted with the application of the concept of technology lock-in
introduced by Arthur and his co-authors (Arthur, 1983, 1988, 1989; Arthur, Ermoliev and
Kaniovski, 1987) in the environmentd fidd (Kling 2001; Mulder and Van den Bergh, 2001,
Kdlis, 2001; Jeffe et d., 2000; Van den Bergh and Gowdy, 2000; Peters et d, 1999; Kemp,
1997, Gooddein, 19%; England, 1994; Kemp and Soete, 1992; Ayres, 1991). However, most
of these sudies have been undertaken & the level of what Nelson and Winter (1982) refer to
as appreciative theory®. Very few sudies have formaly applied the evolutionary concept of
technologicd change to environmentd policy and sudainability. Indeed, this is precisdy one
of the contributions this study aims to make.

Convertiond environmentd  policy is manly bassd on economic and regulatory ingruments
that am to contral the negetive impacts of production on the environment ex post. In terms of
technologicd change, these policies have manly led to incremental changes in the established
technologies, and to the development and use of “end-of-pipg’ (EOP) technologies. The
results obtained may be acceptable in some cases, but in view of the progressve deterioration
of the environment we are witnessing, they are dearly not sufficient. The reorientation of the
current economic system towards sugtainability requires not only incranenta improvements
in exiging technologies and systems, but more fundamental changes in the technology regime
in those sectors with the grestest environmenta impact (Mulder et d., 1999: 8; Freeman,
1996: 37; Arentsen et d., 1999: 3). A number of authars admit that it is rdatively unlikdy
that conventiond environmental policy messures, not necessarily focused on  technologica
change, may done be able to bring about this radical change in technologies and practices
(Kling, 2001: 97; Smith, 2000: 94; Kuper and Van Soedt, 1999; Mulder et d., 1999 26;
Kemp, 1996. 162; Carao and Shniscdco, 1994: 546; Ayres 1991 265). This rases the
folowing questions can the individud actions of agents spontaneoudy move the system out
of a sate where it is locked in to an inferior technology or is coordingtion from outsde the
sysem necessary in the form of public intervention? More importantly, for the purposes of
the hypothess under examindtion here even if the sysem were able to make the trandtion
unaided, could market coordination mechanisms play an important role? The results of our

4 As will be seen below, our methodological approach to the problem being examined does not follow the few formal
mathematical models that have attempted to tackle the process in which a technology is replaced by multiple aternatives
(Peterka and Fleck, 1978; Marchetti and Nakicenovic, 1979) and, obvioudy, it also departs from binary models of technology
replacement (Fisher and Pry, 1971). For this reason, in order to ensure a clearer and more direct exposition of our approach,
we have not explained them at length. For more information on these models see, for example, Kwasnicky (1999b).

5 Identification and evauation of the main facts that characterize an empirical phenomenon, so as to provide a broad
conceptua base and theoretical elements necessary for subsequent formal models.

6 A digtinction is usualy drawn between deaning technologies, such as EOP and other technologies to treat environmental
problems downstream from the production process and clean technologies, which are those being discussed here. Clean
technologies involve identifying the environmental problem upstream of the production process and using clean product.
Clean technology is preventive, whereas cleaning technology is only curative (Kemp, 1997: 12). At present, most
investments in pollution control equipment in industrialized countries (around 80%) is spent on EOP technologies (OIG,
2000).
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modd show thet it would be advisable to undertake policies expresdy aimed at the process of
sudanable technologicd change —agpplying an ex ante (precautionary) gpproad+ in a way
that is complementary to the conventiond equilibrium oriented environmentd policies. The
nature of these policies and how they might be implemented are questions we will address
from this novel approach to the concept of sustainable development.

In ghort, the main objectives of this pgper are to undersand more fully the dynamics of the
process of technologica change its role in sudanable devedopment, and to asess the
implications of this dynamic approach to techno-environmental policy. To achieve these gods
we have developed an agent based modd’ (ABM), using disributed artificid intelligence
(DAI) concepts drawn from the generd methodology of socid smulation.

2. Techno-environmental policies

The process of technologicadl change is commonly described in terms of the socdled
“Schumpeterian  trilogy” of invention, innovation and diffuson (Schumpeter, 1942).
However, technology policy in developed countries has traditiondly tended to focus on the
initid pheses, invetion and innovation, in the form of science and R&D (Limpese et al.,
1992). Although it is generdly recognized thet the productive potentid and competitiveness
of technologies is achieved through the process of diffuson, policy initigives have
overlooked numerous opportunities to improve the process of technology diffuson (Hahn and
Yu, 1999). Neverthdess, over the last decade there seems to have been a gradud reorientation
of technology policy towards diffuson (Stoneman and Diederen, 1994). The subject we ae
deding with here highlights the importance —indeed the need- for this reorientation; at the
same time, it seems to cdl for a new perspective in the judifications and focus of technology
diffuson palicy.

The neocdlasscd gpproach to technology policy is built on Arrow's (1962b) andyds of
market falure.  According to this andyss, a completdy competitive and decentrdized market
will provide a sub-optima levd of knowledge This judifies public intervention dther to
creste knowledge or to edablish intdlectud property rights In neoclasscd microeconomics a
dae with a wdfare maximizing god (under conditions of unbounded rationdity) and perfect
informetion on its environment and the consequences of its decisons, should be dble to
correct market falures efficiently and bring the economic sysem to a Paeo optimd
equilibrium. The role assigned to the State is therefore corrective in naiure (Moreau, 1999: 5).
The evolutionary gpproach to technologica change suggests teking a broader view of
technology policy then thet put forward by the neoclassca gpproach. The fundamenta
difference lies in the fact tha evolutionary economics departs from the assumption of a sngle
dable equilibrium for the economic sysem. The exigence of multiple dterretive equilibria
gives a new rationde to the State's intervention in the economy, in that coordination® of the

7 Other commonly used names for this discipline include: Agent-Based Smulation, Agent-Based Computational Economics
(ACE) or Multi-Agent Systems(MAS).

8 Within Neo Keynesian economics a whole sub-field has grown up dedicated to coordination failures based on the work of
Bryant (1983), Diamond (1982), Hart (1982) and Weitzman (1982). According to this literature, in numerous socio-economic
situations coordination problems (failures) appear, which can arise from a situation in which there are multiple equilibria
(Cooper and John, 1988; Bal and Romer, 1991). These situations include the presence of increasing returns (Weitzman,
1982; Manning, 1990; Bohn and Gorton, 1993). These failures are the result of the inability of the agents to coordinate their
actions successfully in a decentrdized economy (Cooper and John, 1988: 442). Coordination faillure models generate
outcomes that are inferior in terms of welfare, due to the fact that the agents have no incentive to change their behaviour and
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decisons by individud agents may be necessry in order to seek convergence between the
paticular and generd interests (Moreau, 1997: 6). In the evolutionary agpproach the man
guestion is not optimization and equilibrium, but endogenous change, evolution and economic
devdopment (Llerena and Matt, 1999: 4). The focus of atention has ceased to be on the
market falure per se and has moved to the improvement in competitive performance and the
promotion of gructurd change (Mowery and Rosenberg, 1989). Thus, the role assgned to the
State ceases to be corrective and becomes adaptive, insofar as it is more concerned with
influencing the process then imposing a particular result (Metcdfe, 1995: 31).

The modd put forward here eschews the irrevocable determinism of conventiond technology
lock-in modds and shows how endogenous changes in industry, on both the technology
supply and demand Sdes, dow trangtions between equilibria to arise within the system
itsdf, without the need for public intervention. However, the timing of this spontaneous
trangtion may fal to be the soddly most gopropriate (David and Greendein, 1990: 12). From
this view point, our man judification for public intervention in the process of technology
diffuson where there are increesing returns to adoption, which may result in a successon of
socidly sub-optima technology standards, lies in the greater ability of the State to coordinate
technology choices (Metcdfe, 1995 31) and achieve a socidly superior timing. In order to
pursue this god, the State should cautioudy take on what David and Greengein (1990; 12)
and Moreau (1999: 8) cdl a pilot role as the coordinator of a market process, guiding it
through multiple point atractors. On this view, a State with bounded rationdity and imperfect
information about the respective socid merits of the various attractors discovers and learns
the characterisics of the competing products (technologies) as it goes dong. This learning
process tekes place simultaneously with the process of competition. According to the
goproach proposed by Moreau, a timdy intervention is enough to creaste a suffident stimulus
to guide the yystem towards the (socidly) desired atractor, as once a given user base has been
acquired, cumulative endogenous phenomena come into play (economies of scde and
learning) and can replace the exogenous public intervention. According to Moreau, when the
exigence of multiple point atractors is conddered, public intervention becomes “riche” in
the evolutionary perspective than the neoclassicd. The State does not have to limit itsdf to
correcting market failures, but can guide and fine tune the economic system.

From the arguments above, which will be conddered in the modd proposed bdow, it may be
deduced that faced with the posshbility and/or fact of a Stuation of sub-optimd technology
lock-in, the technology diffuson policy should (and can) go beyond edablishing ad hoc
economic incentives to congder new types of indruments —markedly evolutionary in neture-
which we have defined as techno-environmentd prevention policdes and techno-
environmentd trangtion policies.

2.1. Techno-environmental prevention policy

The essence of this precautionary agpproach in the environmentad field derives from Principle
15 of the Rio Declaration on Environment and Development (United Nations, 1992), which

dates that: “Where there are thrests of serious or irrevergble damage lack of full scientific

reach a more preferred state of welfare (Allen and Stone, 2001). If the coordination problems reflect the inability of the
agents to select the Pareto optimal equilibrium, then the State can take steps to achieve the desired outcome by eiminating
some undesirable equilibria as it converts the strategies that support them into dominated strategies (Cooper, 1999: 126).
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catanty shdl not be used as a reason for postponing cogt-effective measures to prevent
environmenta degradetion.” Thus when there is a red posshility of a sub-optimad technology
lock-in, a “technology prevention” policy needs to be conddered. Obvioudy, there is no
generdly gpplicable dgorithm dlowing policy-makers to identify in advance with absolute
catanty wha technologies are environmentaly superior (Kling, 2001). Raher, our view
lends support to the role of policymakers who act as a coordinator of the market process
through the multiple point aitractors, with bounded raiondity and imperfect information
about their respective environmental merits, who discover and learn the characterigics and
riks of the competing technologies as they go. It is important to note that this learning
process takes place simultaneously with the competition process 0 it could be consdered
vigilance rather than prediction. We bdieve that in practice policymakers hawe a series of
precautionary tools that, from the perspective of technologicd change, can complement
traditiond environmental policy indruments a a means of achieving sudanadle
devdopment. The results of this research support the greater development and use of such
tools, which indude:

— Environmental Technology Assessment (EnTA), which focuses on the preiminary
assessment and  evauation of the environmenta consequences of  specific  technology
options This is a quditaive multidisciplinary tool that is based on didogue. Its am is to
ad the sdection of the most sudtainable technology option a the dart of its deveopment.
ENTA can be a win-win process for governments, users and other socid agents, as well as
for the environment (UNEP, 2000).

— Poliution Prevention Strategies (PPS) force a broadening of view, inquiring what
dterndives can reduce emissons ex ante raher than wha dternatives can mitigate
emissons ex post. This therefore conditutes a way of evduding options independently of
the dominant solution (Sinsheimer et d., 2002; EPA, 1996; Becker and Ashford, 1995).

— Other todls, which are perhaps more technica than political in scope, and which athough
they ae not focused drictly on technologicd choice, nevethdess share this preventive
feature, include Environmental Impact Assessment, Environmental Risk Assessment and
Life Cycle Assessment.

2.2. Techno-environmental transition policy

In a cae of exiging sub-optima environmental technology lock-in, a policy of “technology
trangtion” is required, which builds on the cumulative, feedback character of technologica
change. Once agan the policymaker adopts the role of a guide for the market, highlighting
and credting incentives for the socidly desrably technology option until, once a given user
base has been achieved —which would have been difficult to reach without an intervention,
due to the lockin of the dominant technology— cumulative endogenous phenomena come into
play (economies of scde and leaning) and ae adle to replace the exogenous public
intervention. The tools avalable in policy-making practice —the grester use of which is
supported by the findings of this sudy— indude the following in particular:

— Strategic Niche Management (SNM), which is a process oriented towards modulating the
dynamics of socio-technologica change by credting and managing spaces in which a new
technology can be used (Weber e d., 1999; Schot e d., 19%4; Rip, 1992). Through this
limited temporary protection SNM ams to cresie a pace tha is protected from the
sHective pressures of the market. This drategy is particularly useful in the case of “clean”
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technologies, in which the socid benefits are undervalued by the market, and systemic
technologies, such asenergy technologies

— Maket Transformation Programmes (MTPs). These have the policy objective of creating
incentives or inducing socid, technologicd and economic change in a way that leads
towards greater energy efficiency (Almeida e d., 2003; Blumgen e d., 2000). The man
question is how market agents can gpply guided actions to endble, faclitate or accderae
the diffuson of technologicd innovetions and thus bring about environmentd benefits
(Weber et a., 2002: 288).

— Demand Side Management (DSM) concentrates on simulating demand and promating the
ealy commercidization of dean energy technologies which show subgtantid learning-by-
doing potentia (Levine and Sonnenblick, 1994).

— Environmental  Voluntary Agreements (EVA) ae cooperdion agreements betwean
industries and/or firms and the agencies responsble for environmenta regulation. Under
such agreements the industry undertakes to carry out a series of actions voluntarily
reducing the impact of its activity on the environment and/or fadliteting its progressve
compliance with the environmenta legidation in force (EEA, 1999). This may conditute a
raivey effective ingrument with which to stimulate technologica innovation, compared
with other ingruments such as taxes, sandards or trading permis (Menanteau, 2002;
Carao and Leveque, 1999). Ddmas and Terlaek (20013, b and c) offer numerous
examples of EVA being applied successtully in the internationa business community.

3. An Evolutionary M odel of Sustainable Technological Change

In the lag few years smulation has become a popular means of discovering and exploring
complex naturd and socid sysems (Hanneman and Parick, 1997). The recognition that
socid and economic phenomena frequently  exhibit characteridics typical of complex sysems
—ggnificant non-linearity among them— is a chdlenge to traditiond research methods
(Holland, 1998; Epgein and Axtdl, 1996, Laané 1996, Gilbert, 1995). Thus, smulaion has
been put forward as a new way of conducting research, a “third scientific discipling (llgen
and Hulin, 2000; Axdrod, 1997) that complements and is built on the traditiond methods of
induction and deduction. An important branch of smulation in the socid sciences is agent
based moddling (ABM), which is a form of moddling characterized by a number of
autonomous agents which interact with one another and with their environment, with little or
no centrd coordination (Conte et d. 1997; Epsein and Axtdl, 1996; Gilbert and Troitzsch,
1999; Weiss 1999). Thus, the emergent properties of an ABM (i.e. the system’s macro-
behaviour) ae the results of bottom-up processes (arisng from microlevd interactions
between agents in the system) rather than of top-down processes. According to Wooldridge
and Jennins (1995), in an ABM the agents are computationa processes that are characterized
by: i. their autonomy, in that they control ther own ections, ii. socid abilities, i.e the agents
interact with one another by means of some kind of “language’; iii. reectivity, in that the
agents can percave their environment and respond to it; and iv. proactivity, in that they are
able to carry out actions in order to achieve an objective. Clearly, to a large extent, agents in
the busness world exhibit these characteridics, a fact making ABM seem an gopropriate
methodology for sudying emergent phenomena in markets. It should be highlighted thet
dthough ABM uses dmulaion its god is not necessxily to represent a specific empirica
goplication precisdly, but rather to give us a more detalled understanding of the fundamentd
processes that may emerge in various gpplications. If this is the am, whet is important is the
amplicity of the assumptions and not a detalled representation of a particular redity (Axerod,
1997).



|E Working Paper WP 02 /04 19/01/2004

Building on the ABM research methodology, this section describes the modd put forward to
achieve the ams and compare the hypotheses of the invedtigation. Its cdibration, verificaion
and vaidation are a0 discussed.

3.1. Assumptions of the model

We assume an inddfinite time horizon of t periods in which time evolves discretdy (tT N)
and the dynamic is asynchronous. We assume a dngle good or service X, which may be

produced usng muitiple atemative technologies T (j =1,...,J,,..., J), the characteristics of
which are defined beow. In each period t the free entry of one or more new individud
producers P (i =1,...1,,...,1)% of X tekes place in a Poissontype’® random process with an
average rate of gppearance of new producers in a given period |, >0, which for smplicity
we assume to be constant over time. Thus the probability that |, new producers emerge in the
period t will be given by the probability function

f(lt)z(e"“*‘é‘), I =12,...1 1

N
Each P has an intringc survivd paameter § associated with it (>0). For smplicity this

paameter is assumed to reman condant over time In this amulaion it is digtributed
independently a random between the different P in a way that follows a normad distribution

N(E,ss). Thus, in esch t there is dso the free exit of producers whose survival period has
expired, with the rest remaining in the following period as dd producers.

We asume that in each period t one or more new dternative technologies appear on the
market T,(j=1...J,.... J) in a way that cannot be anticipated by the agents producing the

good X . These process innovations are provided by multiple technology suppliers, who act
motivated by the pursuit of a patent which grants them a certain degree of monopoly power,

9 Assuming a finite number of agents in the industry responds to one of the criticisms of Arthur’'s model, such as that raised
by Ddle (1995) who questions the vaidity of “(...) assuming the existence of an infinite number of agents, as unanimity is
not found except at the limit, making the time and therefore the number of agents tend to infinity. It seems to us that
economic systems are constructed rather of a finite number of agents, who comprise a network and make use of loca
channels of information to enable them to make their decisions.”

© The assumption of a Poisson distribution is redlistic and is well established in the literature for stuations in which
numerous successive events (in this case, the entry of firms in the sector) have independent sources (Mayer and Chappell,
1992: 772; Loch and Hubberman, 1999: 6)

1 According to Kemp (1997: 221) process innovations are generaly developed by specialist suppliers, research ingtitutions
other than the producer firms, whereas product innovations are usualy developed by the firms themselves. The model
presented here deals with the diffusion of the first of these types of innovation: new technologies which substantially modify
production processes.
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adbdt temporarily. We will suppose that these technologies arise following a Poissontype™
random process,with | ; >0 congtant over time®.

_IT>4-|:]I _
f(Jt)z(GJ_t!)’ 3=12,.. 2

It is assumed that any technology T, which has not been adopted a any time t by a least

I
P (>0) producers —in accordance with the mechanisms described bdow— after t. (>0)
periods have passed, is conddered to have been “rgected’ by the productive system and as of

that point in time is no longer avalable™ We aso assume that each T, can be characterized

according to a set of criteria or characterisics C! which dlow their performance™ to be

messured from K differet dimensons Following Rogers (1995)'°, we propose the
folowing technology characterization, adding one additiond of criterion of socid choice to
his 5 individud adoptability criteria (K =6), dthough the number of criteria and ther
definition does not affect the man rexults of this modd, the multrdimensondity of the
evauation being the only genuinely important assumption™”:

2 As done, for example, by Silverberg and Lehnert (1993), (1994).

B In this way the model overcomes another of the habitual criticisms of Arthur's model: “(...) apoorly convincing hypothesis
is usudly adopted in technologica competition models. In Arthur's model, for instance, competing technologies appear
simultaneoudly on a virgin market. It seems much more redistic to consider a new technology entering a market held by one
or severa well-established technologies’ (Moreau, 1999: 8).

¥ “Those technologies that are not pre-selected or fail to be accommodated in the system (...) are bound to fail and will not
survive’ (Arentsen et al., 1999: 9). This assumption could easily be relaxed if we accept that the new technologies that
emerge in each period are “improved versions’ of technologies which have been rejected by the market. This could give rise
to the introduction into the model of the issue of learning by doing and learning by using in R&D (Jaffe et al., 2000; 44) and
the“quality ladders’ models (Sdai-Martin, 1994: 113).

B According to David and Greenstein (1990: 30), performance-oriented specifications are generaly preferable to design-
oriented specifications, especialy in the development of anticipatory standards.

% Following the main reference in the literature on this topic, Rogers (1995: 206), the attributes of an innovation perceived
by its potential users explain to a large extent the rate of adoption of that innovation. According to this author, between 49
and 87 per cent of the variation in the adoption rate is explained by just five attributes: the relative advantageis the extent to
which an innovation is perceived as being better than the idea that preceded it (the perception of the relative advantage of an
innovation is positively related to its adoption rate); the compatibility is the extent to which an innovation is perceived as
being consistent with existing values, past experience and the needs of potential adopters (this perception is psitively related
to the rate of adoption); the complexity is the extent to which an innovation is perceived as being relatively difficult to
understand and use (this perception is negatively related to the adoption rate); the trialability is the extent to which an
innovation can be tried on a limited basis (a perception that is positively related to the adoption rate); the observability is the
extent to which the results of an innovation are visible to others (positively related to the adoption rate).

T The traditional approach to the decision to invest in a technology (adoption) has focused on the evaluation by the adopter
of a single criterion, usualy the expected return on investment. However, it is widely accepted that the performance of a
technology is a multi-dimensional construct (Anderson and Tushman, 1990: 627; Foray and Gribler, 1990, Suarez and
Utterback, 1995: 418; Rogers, 1995: 206; Kemp, 1997: 88; Christensen, 1997; Windrum and Birchenhall, 1998: 114; Nelson,
2000: 70; Cantner and Hanusch, 2001: 229). Therefore, it would seem to be reasonable to asume that business people make
their technology adoption decisions bearing in mind multiple dimensions or attributes of a technology, evauating their (albeit
imperfect) perceptions of them according to their (heterogeneous) preferences regarding each dimension or attribute.
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C - Adoptability criteria
C, — Rddive advantage
C,, —Compatibility
C,; —Complexity
Cp — Tridability
C,s —Obsavability
Cq - Socia choice criterion
Cse — Sustainability

Thus each T, can be characterized by a performance vector

]

P (Ch Gl Clas L Gl Clo) 2

with elements C, T [0,1], where the values 0 and 1 represent the extremes of a “bad” or
“good” evduation of its performance, respectivdy, within this continuous range. In this way
the proposed cdlassfication sysem dlows a virtudly unlimited number of dternaive
technologies T; for the production of the good X to be characterized. Obvioudy, in redity
this would be beyond the cognitive limits, and indeed the physca limits of technologicd
devoiﬁme‘ltls. However, it demondrates the flexibility of the proposed modd compared with
th that centre ther andyss on only two dternative technologies. In the smulaion we
dso edablish that, due to the presence of increesng retuns to adoption (deriving from
learning by doing and leaning by usng, network effects economies of scde, incressing
reurns to informetion and technology interrdations) the red value of eech C,  (actual

performance) for each T, evdves as a function of the degree of adoption by R producers

(installed user base). Where C isthe value of the actud performance of T, in G in t.As,

in fact, the five individud sdection criteria proposed are met, in the proposed range of vaues
(range [0-bad,1-good)]), we assume that C!. is an incressing function of the number of agents

P that adopt thetechnology T, inesch t, 1) =§ P':

J

Ch=1(1/)= —— [4]

B Although Kemp (1996: 158) states optimistically that the number of technology options for improvement of climate
change isamost infinite.
B See, for example, Arthur (1983, 1988, 1989); Laffond et al. (1999); Farrell and Saloner (1986); Shy (1996); Cowan (1988).
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This is an incressing logistic function® (Figure 1) with an upper asymptote a the maximum
level of performance ?;Lk or “frontier of improvement” which cannot be exceeded by esch
criteion of a technology, despite the accumulation of new adopters. C,J;ko represents the

dating level of performance (1! =0) of T, in CJ. . In the Smulation, Cu >C}, isaways
fulfilled, both variddes being digributed randomly and independently between the different
technologies aising in the same period t folowing a N(O,l) within a range of possble
vues [0,1]. Also, an upper limit of C}, is set for CJ_, which should be doser to O then 1 in
this continuous range ™

Performance( C/,,)
A
b __.
o B
Ca i
CAkt
Ch
0 >
Adoption (1)

Fig. 1. Function showing the evolution of the performance of atechnology as its adoption grows

The variddle T, (>O) represents the rate a which T, improves as a result of the presence of

incressing returns to adoption?. For simplicity, we will assume that the value of this rate of
improvement r; is common to dl the criteria of a given technology, dthough it is probable

that in redity some technologies will improve more rgpidly than others as the number of users
increeses. However, the modd does incorporate the fact that the various dternaive
technologies will enjoy different degrees of incressng returns to adoption. Thus in the

D According to Foster (1986: 96), an Sshaped curve shows precisely how the performance of a technology improves in
comparison with the effort used to develop it. In practice, much of this development is the result of economies of learning,
which in turn depend on the level of adoption and the experience of users. Many authors use similar functions: Loch and
Huberman (1999: 12); Windrum and Birchenhall (2000: 12); Frenken and Verbart (1998).

2 According to Kemp (1997: 273), “Many historical studies show that, at the time of their introduction, new technologies
were often ill-developed in terms of performance characteristics and offered only few advantages over existing technologies.
They needed to be improved, in terms of both prices and technical characterigtics, in order to be diffused more widely.”
According to Rosenberg and Frischtak (1983: 147), new inventions are typicaly very primitive at the time of their
emergence. Their performance is generally poor compared with the (alternative) technologies that exist and with their future
performance.

2 |t should be highlighted that despite the fact that the increasing returns are different (deriving from learning by using and
learning by doing, economies of scae, increasing returns to information and technologica interrelations), they are usualy
handled together mathematically (Nelson, 1995: 74; David and Greenstein, 1990: 6; Cabral, 1987; Metcalfe, 1994: 937)
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smulation r,(>0)* is distributed randomly and independently between the various different

T, emeging in the same t falowing an N(r_,sr). With regards to Cl, we assume its

evolution randomly increeses or decreases with respect to the number of each technology
users |/, incorporating the uncertainty and complexity which surround techno-environmental
links into the mode™ Thus r; in expression [4] for CJ will take the same value as in the rest
of characterigics of T, but with a postive or negative vaue according to a Bernoulli
digribution of probability a between the different technologies arising in the same period.

We assume the information in this technology market to be imperfect, such that each potentid
adopter has a different perceived performance of each technology in terms of his own

individud sdedtion criteria®. Cl,, is the perceived vaue of the performance of technology
T, by agent P according to the criterion C,, a time t. In the smulaion we assume that
Cl, is disributed between the different agents within the range of possble vaues [0,1],
according to a norma distributior?® with its average at the actud vaue C), and a standard

deviation of s )1 Cl, ~ N(Cl,.s },), where s ), is a decreasing function of the number of

[o]

agents adopting technology T, & agivenmoment t, I/ =g P’

1

= 5
1+cH/ 2

s b =9(1))
The parameter c>0 represents the rate of communication between users. The function
g(17) incorporates in the mode the fact that as the number of users incresses, o the

uncertainty and information seerch costs decrease, and agents knowledge?” of the actual
performance of a technology, and their expectations of it incresse®. This characterization of
the process of diffuson of knowledge, which depends on the number of users®, acts as a sdf -

3 Also, in the smulation, a value of F< 0, for all TJ , would dlow us to represent a situation characterized by decreasing

returns to adoption, whereaswith r =0 (and s, = 0), for al T, , wewould beinasituation of constant returns to adaption.

2 “New technologies may be able to solve some problems, but they may also introduce new ones’ (Kemp et al., 1998: 180).
“Climate change researchers are regularly confronted with new surprises’ (Janssen'y de Vries, 1998: 62).

% Rogers (1995: 206) argues that the perceived attributes of an innovation, as seen by its potential users, to a large extent
explain the rate of adoption of the innovation. Frenken and Verbart (1998) point out that the return on the adoption of a
technology probably depends on its perceived utility when a certain task is performed or a particular problem solved.

% Abrahamson and Rosenkopf (1993).

2 We argued above that as the number of people adopting a given technology grows, so the uncertainty is reduced and both
the users and producers perceive reduced risk. Their confidence in the qudlity and performance of the technology and
perception of its likelihood of continuing to be available in the future therefore increases (Arthur, 1991). At the same time,
the increase in the number of users reduces information search costs (Blackman, 1999).

2 Before deciding whether or not to adopt a technology dternative, the potential users have limited and imperfect
information about its actual performance. It is a generally accepted fact that agents' expectations regarding the diffusion of a
technology affect their decision to acquire it or invest in it (Katz and Shapiro, 1985: 426; Farrell and Saloner, 1986: 941;
David and Greengtein, S., 1990: 7; Loch and Huberman, 1999; Mulder e d., 1999: 9). Despite this consensus, most models
of technological change use the change in actual performance of the technologies in question as a fundamental axis of their
dynamic (unless they consider it constant). The model poposed here takes an aternative and more redlistic approach by
focusing on the changing perceptions potential users have of the rea performance of the technological dternatives. As
happens in the real world, in the model these perceptions of a technology improve with market experience, and come closer
to the actua performance as the number of users grows.

2 Responding to Dalle's (1995) criticism of Arthur's model, the model suggested here does not require that the potential
adopter know the exact number of users of each technology, but rather it incorporates the advantage of the technology with
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reinforcing factor in the interest of agents R in the technology T, , whose actua performance

benefits from the number of users |/ itsdf, is an accurate representation of the bandwagon
effect defined earlier.

In random time intevas following a dochedic process of replacement of obsolete
technologies®®, each of the (new and old) producers P adtive in the market in period t

decides individualy. This means thet, as will be discussed beow, each producer can ether
decide to continue with the last technology he decided to ingdl or adopt a new one from the

T, avalable in the period concerned. For this purposg, in the smulation eech active agent P
a each time t(>0) is assigned a replacement parameter rp| which tekes a vaue of 1
(replacement) or O (continuation) according to a Bernoulli  probability distribution b within
the group of agents active in that same period. The greater or lessr magnitude of the
parameter b dlows the mode to represent indudtries with a greater or lesser tendency to
technologicad obsolescence and/or indudries in which  technological  change  involves  higher
or lower codts.

We assume that agents P are not aware o the aggregate environmenta output of their
individual decisons, thet is to say, they do not teke Cg into account in ther technologicel
choices®. We meesure the ecologica impact of technologica choices by means of a function
of environmentd damage DAT [0,1], 0 and 1 being the extremes of a minimum and
maximum environmenta damage respectively, within a continuous range:

° ) )
I ] ]
total a jt >C5kt

DA =1- Ctotal where CSkt = | [6]

Skt !
t

In this way, we are saying thet, environmental damege resulting from business activity a each
t, is symmetricdly proportiond to the average performance of the technologica system in

terms of sudanability. Let DA be the maximum damage or waste assmilation and netura
resources regenerdtion capability of the ecosystem affected by busness activity, over which

environmental damage become irreversble if ther source remans active for more than ton.
Finaly, we define the accumulated environmentd damage a time t as é_ DA .

We assume the presence of a collective decider (from now on the “Agency”) which represents
the interests of both companies and the rest of society. Apart from teking into account the

the greater number of users by means of a function reflecting its better actual performance [4] and a function incorporating
the lesser uncertainty [5] surrounding this performance in the performance perceived by the producers.

¥ David and Greengtein, 1990:6.

& In this respect, several studies show that, apart from being unaware of the ecological damage resulting from their business
activities, firms often do not know which cleaner technologies are available (Kemp, 1997: 224). According to Kemp and
Soete (1992: 450), “Although companies might increasingly feel responsible for the damage caused to environment, cleaner
production does not represent an objective per se within companies. As a consequence, the decision to adopt these
technologies depends heavily on government regulation”.
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peformance of technologies rdevant to individuad choice”, the Agency looks after
technologies sustainebility™3 In this sense, we assume that the Agency is aware that there are
increesing returns to adoption and is conscious of its accumulaive consequences in individud
adoptability criteria The Agency counts on the above when it comes to direct market
evolution through prevention and trangtion polices as have been previoudy described.
Moreover, it is ale to assess the aggregate (socid) consequences of individud decisons.
Neverthdess, under the imperfect informaion assumption, this assessment is possble only
during the course of events, and not prior to them. This is due to the uncertanty and
complexity of socio-techno-ecologicd links. We assume furtheemore that, aware of its
bounded rationdity to cope with the complexity of the problem, the Agency ams a saisfying
its objectives and not optimisng its decisons® The Agency can influence individud
decigons, trying to guide the market through a compsition process (trangtion policy). We
represent this influence by meens of a dynamic and generic® support DT [0,1] which can be

assgned by the Agency, to a most preferred technology T, as shown below. In the
smulaion, dating from a tentative D!, intensty of the support incresses or decreases
exponentidly over time (t>0) a a rae t1 [0,1], depending on current  environmenta
damege levd (DA); on the intensty of the support the lagt time that damage evolution
changed its course (D)) and depending on time dapsed since that diange took place (t- t.).
We can thereby dae that the Agency “learns’ and acts according the following decison
agorithm (see Appendix 1 for a degper explanation):

T<DA,
i1t pal <PA ten D=1 (L D)"Y (g
1> DA,
iii. f DA >DA then D, =1- (1-D)e ™Y g
where z=E tDAt ,being 1, thetime elapsed since DA > DA.
DA ~ EA\

2 “policy should take such aspects into consideration [performance characterigtics] in designing environmental policies in
order to prevent cost inefficiencies, obstruction from industry and non-compliance” (Kemp, 1997: 240).

B “It is also important that policy makers take into account the technological opportunities to develop substitutes for
environmentally hazardoustechnol ogies, t ogether with firms™ capabilities and willigness to use them” (ap. cit.: 241).

% All these assumptions have been sufficiently justified before.

% This support DI" does not necessarily intend to represent an economic subsidy, but al those signs (information, formation,

demongtration, voluntary agreements, etc.) which show the official interest with regard to a certain technology to industry:
“(...) Knowing that the government is giving priority to a particular externality (...) makes it more rational for afirm to adopt
environmental protection measures than if it were acting alone” (DeCanio, 1993: 912).
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An agent can be conddered to have bounded rationdity regarding various aspects of the
problem, such as his ability to cdculate or access to dl the information he needs to make a
decison. In this modd it is possble to ague that despite his impefect informetion, the
individud agent may try to optimize the problem of individud choice In other words, we
assume that each P; has bounded raiondity in terms of access to information, but that given
the decison scae he acts as if he were optimizing his private dedisions®. Let us aso suppose
tha P agents have heterogeneous preferences regarding the adoption characteristics C), of

the productive technologies. Thus, in esch t, each P adopts™ the T, that offers the grestest
valuein terms of the lineer decision™ function U, (> 0):

Max U =w,>CJ, +W,>CJ, +W,>Cl, +W,>Cp, +W,>C) g +Ww, D) [10]

Alt A3t A4t A5t

where the parameters w (0 <w <1) are the weightings the agent P attributes to the various
criteria involved in his decigon. In the smulation we assume that for eech P the weightings
are normdlized, i.e. the condition § W =1 is met; additiondly, we assume that the vaues of
each of the weightings W that each P ditributes to each criterion is distributed independently

and randomly between the different producers R fallowing a N(0,1) distribution within the

range of posshle vaues [0,1]. In this way, apat from contemplaing the assumption of
heterogeneous preferences of agents with regard to adoptability criteria, we reflect the fact
that different agents react unevenly to a same public simulus. We assume that the vaue of
these weightings, which condtitute the preference profile of each agent P, do not change over

the course of the agent's active life Neverthdess, the average weightings assgned by the
group of active agents in each t do change, given that the group changes (quantitatively and
quditatively) as agents enter and leave the market.

Through a participative process™ which considers the preferences of dl rdevant stakeholders,
the Agency sts both initidly (t=0) and subsequently in each period (as shown below), a
sdtifaction threshold® C with regard to the sodid choice criteria vaued in a technology

that is compatible with its collective aims of sustanability. In the smulation, C, vaue is st
arbitrarily a t = 0* within thisrange [0,1].

% According to Nelson (1995: 50), “there is no real difference between saying that companies literally maximize and saying
that their behaviour has been learned through trial and error, and in some cases they have been selected by the competitive
process. In this way, agents act ‘as if’ they were maximizing.” Using this approximation, for example, Loch and Huberman
(1999: 5) assume that “(...) agents are governed by profits but are unable to optimize due to their bounded rationaity. [On
this assumption] agents smply choose the ‘best’ of the technologies available, without being able to conduct a full evauation
or anticipate the equilibrium of the system.”

¥ In other words, each agent adheres to a “technology population” in Saviotti's sense (2001: 200), which evolves in
quantitative terms (size) and qualitative terms (composition).

% We apply a simple method of weighted (linear) summation (see, for example, Pomerol and Barba-Romero, 2000: 76).

®For apractical approach see, for example, Linares and Romero (2002) or Feinberg and Smith (1989).

0 See Pomerol and Barba-Romero (2000: 71).
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Each term t the Agency vauates each avalable, old and new™ technology performance in
teems of sudanebilityC,, (techno-environmental prevention policy). It therefore tekes the

stifaction threshold C; and the fird technology in t in order of avalebility T* and

compares C., to the corresponding value of C in DF. If CL were below threshold C., , then
technology T* would be vaued in the next period (if it is dill availdle and within sight of its
evolution); the following technology in order of avalability T2 would be compaed to the
threshold. If C; were equd or higher than C, T* would reman until performance vauation

of the fdlowing technology T?2. This process would last until al® technologies avalable in t
had been evduaed. If no avalabdle technology in t exceeded the satisfaction threshold, this

would reman invarigble in next period t+1 and the Agency would keep supporting the last
chosen technology T.”. If only one technology rose above the threshold, it, rather then the

other dternatives, would receive the Agency’s support D). If more then one technology
remained, the one whose performance in criterion Cg drictly dominated the remainder would

be chosen and supported with D/, and these technologies would vaued in the next period (if they
are dill available and within sight of their evolution)®™.

Each time t, the peformance of C, of chosen and supported technology T, plus an
improvement  differentia  d; (>0), automatically determines the new satisfaction threshold

C..., which more demanding by definition than the previous one. This new threshold will be
faced by the new dternative technologies emerging during the next period.

CL.=C, +d; [11]

I+

Building upon Simon's idesg®, this threshold evolution should depend on the previoudy
obtained results and the ease with which they are obtained. If the threshold were datic, the
search could end prematurely (low-demanding) or, in the opposdte case, never findize (high-
demanding)®. We therefore assume that the threshold moves gradudly: the Agency’s
satisfaction threshold will rise to the same extent that it finds esdly satidfactory dternatives,

in the opposite case, the threshold will remain steble®. So, we propose that d, be a direct

4 The underlying assumption here is that technological dvelopmentin t =0 is not very advanced. Therefore, following
Simon’s (1964, 1972) assertions concerning pragmatism when setting a satisfaction threshold, it seems reasonable to
establish at the outset a value nearest to 0 than to 1, within the performance range.

%2 As shown in Appendix 4, in the base scenario technology population stabilizes around a dozen aternatives, constantly
changing and renewed in its composition.

% We want to emphasize that in no case are we suggesting the Agency optimises, given that we assume its bounded
rationality. We propose a dynamic approach to Simon’s satisfaction model (static). Optimization implies future evaluation of
today’s available alternatives, choosing the one that maximices an objective function within a determined horizon, assuming
some probabilities.  On the contrary, dynamic satisfaction implies actual evaluation of currently available technologies and
choosing the one which better satisfies a threshold today. In Laville (1998) a wider discussion can be found about divergence
among optimization and bounded rationdity and satisfaction under adaptation mechanisms.

“ Se Baba-Romero and Pomerol (1997: 290).

% Laville (1998).

% In Kemp (1997: 230) we find a rea example of increasingly demanding threshold effectiveness. “The regulation of CFC
use is even unique in one respect: the regulations have been tightened several times instead of being softened, to give
industry more time to comply with regulations (...) On the whole, government policy seem to have been a success in making
arelative quick and smooth transition away from CFCs.”
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function of the gap between C, and C_ ,, and an inverse function of the number J° of
dternatives needed to be evaluated between T, and T,

[12]
with d. asanumber within range [0,1] %/

Thus the Agency, sts a shifting and affordable threshold on the basis of its past experiences
(expressons [11] and [12]) and modifies its incentives to achieve it (expressons [7], [8] and
[9]). In other words, the Agency learns and responds flexibly according to events, following
prevention and trangtion policies.

Ladly, we define as the standard or dominant technology in t that TS which achieves a

t

market share é jItj >15T%, for J, >2 technologies®, for a least t5 periods. We define as a
“chdlenging technology” in t that T,’* which first exceeds the market share of T,”", once
the latter has ceased to be the standard. Here, t (replacement time) is the moment a which
T replaces T, (by exceeding its market share). F is the actud fitness™ of technology
j atime t, defined as § AkC/im/Ak- F'l is the perceived fitness of technology j (i.e the
average perception of the i users of this technology) a time t, defined as
(8,88 .Co /)11

Table 1 recgps the (independent) variables used in the modd to characterize the indudry
represented and the atributes of the technology standardization process (dependent variables),
the relationship of which with the independent variables we am to identify and evduate.

“ In the simulation, the addition of d” to Cj is necessarily aways lessthan 1.

% |n the simulation, this condition (for J, > 2 technologies will only apply in the initial moments after the emergence of the
industry given that with a small number of technologies (<2) the fact that one of them obtains more than 50% of adopters
may be the result of chance (first mover advantage) rather than its merit. However, if later on while one technology is
dominant the others reduced their share or disappeared atogether, it would not make sense to say that the non-fulfilment of
the condition (for J, > 2 tedhnologies) caused the technology in question to lose its recognition as the standard, given that it
had obtained it by its own merits.

® Nelson (1995: 64) defines the ‘fitness of a technology as its ahility to resolve a specific technology problem better;
Saviotti (2001: 207) definesiit as the technology’ s ability to adapt to the environment in which it operates.

19



|E Working Paper WP 02 /04 19/01/2004

Table 1. Recap of the variables and parameters of the model
Characterigtics of the industry (independent variables used in the model)

Paramete Definition and inter pretation

I, Average rate a which new available technologies gopear during the period in the
industry (“average rete of innovation”).

P Minimum number of adopters the technology needs to obtain within time t, in
order to survive (“scale of network” necessary).

t, Maximum time in which a technology needs to obtan P adopters in order to
survive (“competitiveness of the technology market”)
T Average rate of improvement with the adoption of technologies T, emerging within

the same period t (“degree of increasing returns to adoption”)

Dispersion of the average rate of improvement with the adoption of technologies T,
emerging within the same period t (“degree of differentiation in the capabilities of

the technology providers’)

lo Average rate at which new active producers appear in esch period (“barriers to
entry”).

s “Average surviva of firms’

Dispersion of the average surviva of firms (“competitiveness of the industry”)

c “Rate of communication” between users

b Probability that an agent i replaces his technology j attime t (“tendency to

technologicad obsolescence in the industry”; “cost of technologicd change in the
industry™).

1% | Minimum market share —in terms of the relaive number of adopters- that a

technology needs to achieve during t¥ periods in order to be conddered the
industry’ s* standard” technology.

t%' Minimum time a technology needs to maintain the minimum market share 15'% in

order to be considered the industry’s “ standard” technology.

Attributes of the technology standardization process (dependent variables)

Variable Definition and interpretation

t Emergence: for each smulation, theinitid moment t in which a technology
exceedsashare 1% of the active users (for J, >2) for at least t¥ periods, thus

becoming the standard.

frs’ Frequency: the number of times the above event occurs over the course of each
smuldion.

VIS Foeed: for each standard, the time eapsing in the experiment between the entry of a

technology in the market and its acceptance as a standard.

dis Duration: for each standard, the time elapsed (greater than t5 periods) during

which atechnology’s share of users remains above %% (for J, >2).
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p' Depth: for each standard, the maximum share achieved by the technology during the
time it remains the standard.

s Susceptibility to changesin supply: for each standard, the magnitude of
improvement necessay in the perceived performance of an aternative technology to
bresk its dominance (percentage variation between F'® and F'S" a replacement

timet, ).

scd S SQusceptibility to changesin demand: for each standard, the magnitude of the change
in preferences of the users needed to bresk the dominance of a standard technology.
Defined as scd’™ =axb=g a, b, atimet,

CH ST
— —!

Wa  + Wa
2

.| icH —|isT

bénga:WAk - Wak | B: ,a‘ﬂ

T W= (W e Wy ) s Wak = o —

T, W= (W W) s WA =

Other modd dependent variables

Variable Definition and inter pretation

F s Actua fitness of the technology standard j e the time t;, when it becomes the

tsr

standard. Defined as § , . Cl /Ak.

AktST

th” Actud fitness of the technology that would have been the bext dternative
technology j, (Smultaneoudy or beforehand) a standard in the t;, moment at

which it becomes the standard as such and is adopted by an equivaent number of
users. Defined as § Cj\E{”/Ak.

AktST

Cumulative environmental damage (§ DA ) a the horizon of each smulation in

ced the experiment without the intervention of the Agency.

Cumulative environmentd damage (@ DA ) a the horizon of each smulation in

ceda the same experiment with the intervention of the Agency.
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3.2. Calibration of the model

Given our interest in its dynamic propeties and the difficulty of its mathematica trestment,
the agent based model (ABM) described has been developed to run in MATLAB™ a specific
mathematics-oriented programming language, recognized for its capabilities and versqatility.50
In kegping with the philosophy of ABM, we have sought to use this flexibility to provide a
research methodology to enhance our understanding of the basic processes which might
gopear in vaious goplications, and not represent or meke specific predictions regarding a
paticular empirical agpplication. Thus, when cdibrating the modd (base scenario) we opted
for a st of theoreticaly acceptable parameters obtained from the literature, but which are not
intended to represnt precisdy any paticular dtuaion or industry. The subsequent sendtivity
andyss will make it possble to evduate datidicdly the effect of modifications on this base
scenaio.

As regards 15% , Anderson and Tushman (1990) condder a dominant design (standard) to
have emerged when a new architecture obtains 50% or more of the installed processes® and
maintains this market share for a least 3 consecutive yeer?z. Various dudies of different
indudtries in a number of countries (Klepper and Smons, 1997; Gort and Klepper, 1982)
confirm that a vaue of 15 for the parameter | , may be theoreticaly acceptable for the base

scenario. As regards the parameters s and S, Sudies such as those by Klepper and Smons
(1997), Mata and Portugd (1994) or Tegarden et a. (2000) suggest that vaues in the base
scenario for s and s of 5 and 2 years respectively, are of a theoreticaly acceptable order of

megnitude.  Klepper and Simons (1997) dso offer guidance as to an gpproximate magnitude
for | ;. In the base scenario we have opted for avalue of 1.

Unlike the previous parameters, which ae populaiond, and whose magnitudes can be
judified from empiricd dudies, the way the underlying assumptions were decided for the
remainder of the initid parameters in the mode was more ad hoc. Where possible, we have
sought to judify the vaues used on the beds of he preceding vaues. In this way, given the
magnitude (justified) of the entry and exit of firms to and from the industry, which leads the

indugry to dabilize in the base scenaio with a populaion of dmogt 80 firms which ae
condantly being renewed, we believe it ressonable thet a technology should be adopted by at

least 5 firms (B ) within 2 years ;) in the base scenario in order for it not to be considered
“rgected” by the productive sysem and for network economies b come into play, dlowing it
to compete with the other technologies. Given this vdue of R, if we ascribe a vaue of 0.2 to

the maximum dsperson s ), of the perceived peformances C),, aound the actud

% Our model has been designed to make it straightforward for the analyst to enter the startingpoint conditions of the
experiment. It is possble to modify the magnitudes of the initial parameters describing the industry (rate of innovation,
barriers to entry, rate of increasing returns, etc.) and the general conditions of the experiment (number of dimensions of the
technology, number of iterations per smulation and number of simulations per experiment). It also allows a random seed to
be saved and reused under different conditions. As well as experimenting with a “base scenario”, it is possible to perform
multiple sengitivity analyses on the various parameters of the model. Findly, this modd generates a wide range of graphics
and numerica tables recording the paths taken and giving details of the different perspectives of the process of technological
change we are interested in studying. The souce code of the model can, of course, be requested from the author, together
with the technical details of the modular structure of the program, the names and descriptions of the mode’s variables, and
theroutinesit contains.

5 This condition can obviously only be obtained by one technology at any time .

2 In their various studies Anderson and Tushman vary this figure between 3 and 4 years.
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performance of a technology CJ, (1 [0,4]), according to expresson [5] the rate of
communication ¢ should have a vdue of 0.8. In the same way, if the maximum vaues that

can be achieved by (ﬂ:i\k ad C/j% ae 1 and 05, respectivdy, from expresson [4] we can

deduce that a rate r of aound 05 places the “frontier of technologicd improvement” a
goproximately 50% in an industry of 80 firms. In other words, we are assuming that only one
technology standard can reach its full performance potentid, which, a al events, is limited
(<1). We ds0 edtablish a deviaion s, = 0.2 to ensure a certain degree of diversity between

the technologicd dterndives. With regard to the initid parameters that define the Agency’s
behaviour, it was agued ealier that, folowing Smon's (1964, 1972) assertions concerning
pragmatism when sdting a satidfaction threshold, it seems reasonable to edablish initidly a
vaue nearer to 0 than to 1, within the performance range. So, we ascribe in t=0 a vdue of

01 to CyT[0J]. Additiondly, we esablish a tentative initid support D!T [0,1] a a
minimum levdl of 01, and asribe a vdue of 08 to the rae t1 [0,1] a which support
intengity grows and decreases exponentidly.

The maximum capecity for damage or waste assimilation and natural resources regeneration

of the ecosysem affected by busness activity DAI [0,1] is established a 0.7, a leve over
which environmentd damages become irreversble if ther source remans active for more

than toa = 10 periods.

Lestly, the value of 0.2 assigned to D (probability that agent i replaces his technology | at
time t) in the modd is judified by the rddive tendency to technologica obsolescence and
the considerable cogts of technologica changein the industry.

3.3. Numerical simulations

In order to fulfil the ams of the investigation and check the hypotheses set out below, we ran
an experiment usng the base scenario, involving 150 smulaions of 50 iteraions each, using
different random seeds in eech Smulation™. As a sample, and for reasons of space, Appendix
2 presents only the firg 10 smulations of dl the standards recorded in each smulation. The
table in the appendix shows the different characterigics of each of the sandards, and the

% To decide on the appropriate number of simulations in the main experiment we first ran a pilot in which 15 simulations
were run on the base scenario with different random seeds. This pilot experiment yield standard deviations of s for the

vaiales F¥ | FJPAT csiT | s0d ST, ced and ceda . involved in the hypotheses H1, H2, H3 and H4. When a
confidence of 95% was required (z, = 1.96), for reasonable amplitude intervals of d, the variable requiring the largest

sample n was ¢S, which required a sample of around 70 cases of at least one standard (see the following note), an
objective that in our base scenario required approximately 150 smulations:

_ —_ 2
p(-ﬁgnﬁx+ﬁ):1-a ® d:sxza ® n=3"%
n

Jn Jn Jn d*

As regards the choice of 50 iterations per smulation, this number was selected because it was considered a sufficiently
distant horizon to enable the phenomenon of a series of successve standards to be studied. A remoter horizon did not yied
different conclusions, but required more computation time in the experiments.
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complete dandardization process, recorded in each “higory” (Smulation) of this indudry,
according to the atributes described above (time, frequency, speed, durdion, depth,
susceptibility to changes in supply and in changes in demand). Appendix 3 shows the data for
the firg standard recorded in each smulation, filtered out from the generd results of the 150
smulations. The characteristics of these standards will be examined in more detail below >,

The st of graphs included in Appendix 4 shows the results of a typicd modd smulaion
using the base scenario. The first gragph shows the time course of the adoption (market shares
as a unit proportion) of the technologies by the various producers present in each moment in
the indudry producing good X. Following Anderson and Tushman (1990), technologies that
exceed a 50% share for a least 3 periods are identified as technology standards™. It is worth
highlighting the driking visud isomorphism between the results of the modd and the patterns
of the phenomenon observed in red indudries as, according to Maney and Tarbert (2000),
this may be consdered an indicaior of the vdidity of the modd. In atest of external validity,
as undersood by Kldjnen (1998), in Appendix 5 it is possble to see tha our modd offers a
representation of the phenomenon of technological successon condgtent with the empirica
evidence on the diffuson of technologies in indudries as diveese as RAM chips ded
manufacturing or power generation.

Unlike conventiond modds of technology diffuson and dandardization, which focus on the
rate a which one new technology diffuses until it is fully adopted, our modd endbles a
broader gpproximation to the process of technologicd change to be obtained, from the
perspective of the extension of the diffuson of multiple dternative technologies and the
related phenomenon of dandardization. Previoudy, we pointed out that in addition to Arthur,
many other authors have portrayed the technology sdection process as an “dl or nothing’
sory (Abrahamson and Rosenkopf, 1997). This is a generd shortcoming of diffuson and
dandardizetion modds that has been pointed out repegiedly in various dudies over the last
decade (Schilling, 2002: 395; Jaffe et al., 2000: 41, Windrum and Birchenhdl, 1998 112;
David, 1997 36; Neson, 1994b; David and Greengein, 1990: 8). Despite the various forces
(positive feedbacks) that hep reinforce the dominant podtion of a technology Standard,
experience shows that no dandard remans in place in an industry indefinitedly (Abrahamson
and Rosenkopf, 1997; Ruttan, 1997, Witt, 1997, Gribler, 1990; Ausubd, 1989). On the
contrary, in redity, if a long enough haorizon is taken, one sees a successon of dandards, a
dynamic of trangtion between ungable equilibria, which this mode is able to represent and
characterize.

It is rare for a technology standard to achieve absolute diffuson in an indudry, where this is
understood to mean a 100% market share. By contrast, one often observes how different
degrees of standard coexigt with less successful technologica dternatives, which may survive
for a vaidble length of time in market niches (Gribler, 1990; Ddle, 1995; Freeman, 1996).
The exigence of these niches is explained both by the emergence of new dternatives, which
dat to build ther own ingdled user base, and by the heterogeneity of users preferences,

> We consider the first standard to be representative of the characteristics of the rest of the standards in the same simulation,
and given that it is the one produced in the greatest number of smulations, its choice ensures the grestest number of data.
Those standards that emerge at the start of the experiment and continue to dominate through to the end are considered outliers
and discarded.

% The number next to the word “dandard” (Smulator otputs in Spanish: “estandar”) identifies the technology in question and
represents its order of appearance in the history of the industry shown.
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which may cdrcumdantidly maintain different groups gpat from the dominant Standard.
Again, the proposed modd makes it possble to show in grester detail ten conventiond “dl-
ar-nothing” models (which, moreover, usudly focus on the competition between just two
dtanaives) the redity of an industry divided a dl times beween multiple avalable
dterndives, dl with different levels of adoption a each moment intime.

The second graph of the first line of Appendix 4, equivdent to that described, shows the
results of a pardld experiment under identicd conditions, but with the presence of an Agency
in the terms defined in the modd’s assumptions. The third graph shows the time course of the
environmentd damage without the intervention of the Agency (red) and with the intervention
of the Agency (blue). We will return to this graph later. The first grgph on the second line
shows the time course of the environmentd damage with the intervention of the Agency, and
the intengty of the effort needed to avoid the sysem’'s becoming locked in to environmentaly
inferior technology standards, thus orienting technologica change towards a sudanable path.
The lagt two grgphs show the evolution of the population of firms and the population of
technologies, respectively.

4. Examination of hypotheses

It was argued above that in the presence of increasing returns to adoption the market may
become lockedin in favwour of one of the competing dternatives due to hidorica
crcumsances. It is a recurring dtatement in the literature on this issue that under these
conditions there is no guarantee that there are no dterndives to the winning technology that
woud have had lower unit codts if they had achieved an equivdent podtion of market
dominance (Arthur, 1989; David, 1989; Cowan, 1990, Metcdfe, 1994). Moreover, throughout
this paper we have maintained that the technology path followed by an industry is shaped by
chance historica events fath dependency). Thus we can dtate that the distribution of market
shares between the different technologicd dterndives a any given time, and the successon
of possble technologicd sandards, will depend on the one hand on the chance order in which
these dternaives are avallable for adoption and that in which the potentid adopters enter and
exit the indudtry. It will dso depend on the characteritics of each of these heterogeneous
“populaions’  (technologies and firms) a each time (peformances and preferences,

respectively).

Hypothesis 1. In an industry characterized by increasing returns to technology
adoption, over a sufficiently long time horizon, we will witness a succession of

multiple alternative equilibria (standards), which cannot be anticipated and are not
necessarily Pareto -optimal.

Proof. In the table of generd results in Appendix 2 it is possble to see how the different
“higories’ of the industry represented by the various smulaions do indeed show dternative
technologicd paths which cannot be anticipated in advance. The data in column 2 of the table
(ID_ST, identifier of standard j) show that in the various smulations (SIM is the number of
the smulaion) different standards emerge, each of them characterized by a different initid

performance vector 5.10 (columns 5 to 9). Under the same initid conditions, with an identica
base scenario, the dement of chance in the evolution of the populations of technologies and
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adopters (order of entry and exit, charecteridtics, preferences, eic) leads the different
amulations (“higories” of the industry) to different standard technologies in eech case
Clearly, these paths of technological change cannot be anticipated by the agents participating
in the industry, as ther course depends on unpredictable events. In this respect the modd
presented here overcomes the determinism to which the traditiond assumptions leads and
dlows this theoreticd exercise to be peaformed in a way which shows how different
Seguences of eventsin the same industry can lead to different technology paths.

With regard to the second part of Hypothess 1, the possble non-Pareto-optima nature of the
equilibria (Sandards) arrived a implies thet as a result of the presence of increasing returns to
adoption, uncoordinated adoption decisons by mutudly influenced producers may lead the
indugry, in a dynamic conditioned by the way events unfold, to an inferior technology
dandard than that which could have been achieved had they chosen one of the avalable
dternatives in a coordinated way (Arthur, 1989; Cowan, 1990; David, 1993). Obvioudy, ex
post it is impossble to confirm or refute this datement empiricaly (Nelson, 1994: 141).
Under certain reasonable assumptions the mode presented dlows a counter-factud exercise
comparing the peformance of a dominant technology a the time when it becomes the
dandard and the hypotheticd performance tha the other dternatives coexiging with it or
preceding it would have achieved if they had been adopted by an equd number of usars

Column 10 (FIT_ST, F)¥ ) of Appendix 3 shows the actud fitness of the technological
gandard (column 2, ID_ST) at the moment (column 3, TST) a which it becomes the standard.

Column 11 (FIT_BAT, F/®T) shows the actud fitness the best aternative technology from

among those coexiding with or preceding the technology when it became the standard would
have achieved (column 12, ID_BAT) had it been adopted by an equad number of users It can
be seen that in a significant™ number of cases FIT_BAT exceeds FIT_ST, which leads us aso
to accept the second part of Hypothesis 1.

As described earlier, on Anderson and Tushman's (1990) view of the technology cycle, the
trangtion between two dandards is usudly presented as the result of a technologica
discontinuity. In Foger's terms (1986), there needs to be a “jump’ of a certan order of
magnitude between two S-shgped technology performance curves. Other authors have dso
suggested that it is necessary for there to be a sgnificant improvement in the performance of
an dterndtive to the standard in order to overcome the inettia of the sysem and initiate the
trangtion from a lockedin technology to a new one Grove, 1996; Drucker, 1993). A number
of empiricd dudies have tried to quantify this order of magnitude in specific indudtries and
higorical circumgtances One frequently cited example is that of David (1985), who
concluded that 20-30% savings were insfficient to cause a trangtion from the QWERTY
sysem to the Dvorak keyboard. However, we do not have a forma generdizable observation
of this fact in technology trangtions. This modd enables us to examine daidicdly whether
this is the case. It dso makes it possble to measure, as will be shown below, the rdaionship
between the meagnitude of the improvement necessary to produce a technology transtion and

% |t is not, however, a datistically significant number of cases. In column 8 of Appendix 2 the dichotomous variable
FST_FB1 = 1 when FIT_BAT > FIT_ST and = 0 otherwise. According to the results of a non-parametric (binomia) anaysis
of proportionality on FST_FBI which does not dlow us to state that the proportion of zeroes is different from that of ones for
any reasons other than chance (bilateral asymptotic significance = 0.644). Given that FIT_BAT and FIT_ST are distributed
normally, we aso performed a T-test for independent samples (for this purpose the varidble FST_FB2 was created, with
vaues 1 and 2 for each group) throwing up an equivaent result as that in the previous comparison (t=1.408; bil. sig.=0.161).
At all events, to accept this second part of H1 it is enough to demand that FIT_BAT is greater than FIT_ST on at least one
occason, asin fact happens.
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the different charecteridics of the various indudries in which a trangtion of this kind takes
place (rates of innovation, barriersto entry, etc.)

Hypothesis 2. The emergence of an alternative to the locked-in technology
(standard) that offers a sufficient improvement in its characteristics (technology
supply side), can lead the cumul ative endogenous phenomena in theindustry, which
derive from the presence of increasing returns to adoption, to break with the

standard and trigger the transition towar ds the next standard, without the need for
intervention from outside the industry.

Proof. Coumn 15 of the table of results in Appendix 3 shows, for each dandard, its
usoeptibility to changes in supply  (scsiST), previoudy defined as the magnitude of the
necessty improvement in peformance for an dterndive technology to bresk its dominance
(percentege variaion in £’ and F'" a time t ). In an interva of confidence of 95% for

the average between 17.07 and 32.78, the varidble scs'S™ takes an average vaue of 24.93% in
the base scenario, with a dandard error of 3.94. According to results of a T-test (t=6.330;
bilaterd sgnificance < 0.01) the average of the sample is datidticdly nortzero and the vaue
0 is outsde the confidence intervd. In other words, the modd confirms Hypothess 2: the
emergence of an dternative technology to the locked-in technology (Standard) which presents
a sufficient improvement in its characteridics (in this base scenario, of the order of 25%) can
cause the system to escape the lock-in endogenoudy (technology supply side).

However, the evidence (Kemp, 1997. 281; Cowan and Hulten, 1996) reveds that a
technology standard's loss of the dominant pogtion is not dways soldy due to the emergence
of an dternative offering significantly better performance. To obtain a more redigic view of
the internd processes explaining the dynamics of diffuson and the successon of dsandards,
the proposed modd aso incorporates the importance of possble changes on the demand side,
which it represents as changesin the preferences of the possible adopters.

Hypothesis 3. A sufficient change in the average preferences of potential adopters
regarding the features of technologies (technology demand side), can lead the

cumul ative endogenous phenomena in the industry, which derives fromthe presence
of increasing returns to adoption, to break with the standard and trigger the

transition towards the next standard, without the need for intervention from outside
the industry..

Proof. Coumn 16 of the table of results in Appendix 3 shows, for each dandard, its
susceptibility to changes in demand (scd!S™ ), defined above as the magnitude of the necessary
change in user preferences to bresk its dominance (see table 1). Within an interva of
confidence of 95% for the average between 2.84 and 3.95, the varidble scgiST takes an
average vaue of 340%, with a sandard error of 0.28. According to results of a T-test
(t=12.261; bilaterd sgnificance < 0.01) the average of the sample is datigticaly nontzero and
the vaue zero is outsde the confidence intervd. In other words, the results of the modd
confirm H3: a aufficently large change in the average preferences of potentid adopters
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regarding technology feetures (in this base scenaio, of the order of 3.5%) can cause the
system to escape the lock-in endogenoudy (technology demand sde).

As agued on the preceding pages, the broadening spectrum of environmenta problems, the
uncertainty regarding ther scde and duraion, and ther possble irrevershility, in the context
of the growing socid preference for environmenta qudity, make it necessary to undertake an
ex ante (precautionary) agpproach to the link between productive activity and environmenta
qudity. As we have sought to show in this paper, this link lies in technology, and the right
goproach is to underdand how the process of technologicad change can lead towards
sudanability. The added vadue of Evolutionary Economics in the context of environmentd
policy resdes manly in the fact thet it warns that certain inferior environmenta technologies
may be locked in to the economic sysem. As we have seen, this modd shows that
endogenous changes within the industry, on ether the supply Sde (i.e the emergence of new
technologies that are notably superior to the lockedin technology) or the demand dde (i.e
changes in the average preferences of potentid adopters) can enable a trangtion between
equilibria to take place within the sysem without the need for public intervention. However,
the timing of this spontaneous trangtion may not be the socidly most gppropriate. The man
judtifiction we offer for public intervention in the process of technology diffuson in the
presence of increesing returns to adoption, and hence which may result in a succession of
environmentaly sub-optima  technology dandards, lies in the grester ability of the Sate to
coordinate technology choices and achieve a environmentally superior timing.

Hypothesis 4. If we accept the global nature, uncertainty, complexity and
irreversibility of environmental problems, the intervention of a coordinator actingin
accordance with sustainability criteria in the technological choices of adopters,
exploiting the cumulative phenomena arising from increasing returns to adoption,
could guide technological change onto a better path in environmental terms and
reduce the risk of irreversible damage to the environment.

Proof. Columns 17 and 19 of Appendix 3 show the cumulaive environmentd damege
(étDA) a the horizon of each smulation in the experiment without the intervention of the

Agency (ced) and the cumulaive environmentd damege a the horizon of each smulation in
the experiment with the intervention of the Agency (ceda)®. The fact that in the results of
this experiment only the varidble ceda hes a normd digribution, as shown by a Kolmogorov-
Smirnov test (ced : 0.142, 9g. 0.001; ceda: 0.071, d9g. 0.200), rules out the posshility of a T
tes to confirm the hypothesis that the averages of each of the variables are the same. Instead,
we ran a non-parametric (binomid) proportiondity test, the results of which confirm that the
proportion of cases® in which dac is less than das is Satisticaly different from that which
might have arisen by chance (50%) (bilatera asymptotic Sgnificance < 0.01). The hypothess
H4 is therefore accepted. Obvioudy, the proven effectiveness of a coordination mechanism

5 As mentioned a few pages back, our model has been developed in such a way as to alow the simultaneous execution of
two parallel experiments using the same scenario and the same random seed, the first without the intervention of the Agency
(D! =0, i.e the agents decide on the technologies based only on their individua adoption criteria CL,, ), and the second
with the intervention of the Agency (Dtj 1 0, i.e the same agents decide on the same technologies on the basis of C /ikt ad
Dl" ). The results of the two experiments are therefore fully comparable and make it possible to observe the technologica

path of the industry and its environmenta consequences without any mordination of the technology adoption decisions and
what the technology path would have been with coordination guided by sustainability criteria.

% For this purpose, the dichotomous variable CED_CEDA was created. This variable takes the value 1 when CEDA isless
than CED and O otherwise.
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such as tha moddled depends on the dating point hypotheses in paticular the flexibility
and rgpidity of the response of the Agency. Although it is debatable whether this mechanism
could be put in practice with this degree of flexibility and rapidity of response, we condder
the modd and the confirmation of hypothess H4 to a least support the desrability of an
approach to the problem like that pr °

The modd dlows us to show grgphicdly the pogtive influence of the Agency’'s intervention
on the environmentd performance of indudry. Figure 2 shows the typicd results of our
modd, showing the time course of the environmentd damege (and the exigence of
ireversble damage, as defined in the modd), with and without the intervention of the
Agency, sarting from the same base scenario and identical random seeds.

LE-L

Environmental damage
without an Agency (red) and with an Agency (blue)

Tiime (t)

Fig 2. Results of atypicd smulation with the model
(time course of environmenta damage)

5. Conclusions

Unlike conventiond modds of technology diffuson and standardization, which focus on the
rate a which one new technology diffuses until reeching full adoption, the modd presented
here enables a broader gpproximation to the process of technologica change to be obtained,
encompasing the diffuson of multiple dternative technologies and the phenomenon of a
successon of sandards, as has been observed empiricaly. Experience shows that no standard
remans in place in an indudry indefinitdy, and it is unusud for a technology Standard to
achieve totd diffuson. By contragt, in redity, over a suffident horizon it is possble to
observe a succession of dandards of differing degrees that coexist with less successful

® In this regard we second the words of the Nobel prizewinner for Economics, Amartya K. Sen, who in his book Choice of
Techniques after arguing for an eaborate model of technology choice for developing economies which was highly
demanding of the capabilities of its Planning Commission, judtified the vaue of his proposd in the following terms (Sen,
1960: 80): “(...) Can we really work al this out? The answer is of course, NO. What then is the judtification for what we have
been saying so far? That will become clear if we try to see what is the alternative approach. There hardly seems to be any
aternative approach that can be considered satisfactory (...) If the approach is complicated it is because the real world is not
gmple. In practice it might not be possible to obtain a perfect solution. This does not, however, that the problem is hopeless.
The approach outlined in the preceding pages shows in what lines we have to proceed. How far we can go that line will of
course depend upon particular circumstances.” (emphasis added).
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dterndtive technologies, which may survive for varying lengths of time in niche markets The
proposed modd makes it possble to show with gregter detal than conventiond “dl-ar-
nothing” modds (which, moreover, usudly focus on the compdtition beween just two
dtenatives) the redity of the dynamics of trandtion between ungable equilibria in an
indugry divided a dl times between multiple avaldble dterndives dl with different levels
of adoption & each moment in time. Our model overcomes the determinism of conventiond
modds of technology lock-in by representing the process of standardizetion and technological
successon dynamicdly and dlowing for the renewd and heterogeneity of technology supply
and demand.

It is a recurring theme in the literature on technology diffuson that in the presence of
increesing returns to adoption the market may become lockedin in favour of one of the
competing dternatives due to hisorical circumgtances. There is no guarantee that there are no
dternatives to the winning technology that would have had lower unit cogts if they hed
achieved an eguivdent podtion of market domination. This modd makes it possble to
confirm the path dependence and possble nonoptimaity of uncoordinated adoption, which is
frequently argued for in the literature but rarely formalized.

Various authors have aso suggested that it is necessary for there to be a dgnificant
improvement in the peformance of an dternative to the sandard to overcome the inertia of
the of the sysdem and initiate the trangtion from a lockedin technology to a new one gupply
side). Although a number of empiricd dSudies have atempted to quantify this order of
magnitude in specific indudtries and higoricd moments, there is no formd or generdizable
confirmation of this fact in technology trangtions. The evidence dso shows that the loss of
dominant postion by a tecmology standard is not dways solely due to the emergence of an
dternative offering sgnificantly better performance. It may dso be due to changes on the
technology demand side. The proposed modd has dso dlowed us to examine the hypothess
that ether a sufficient improvement in the features of dternative technologies or a sufficient
change in the preferences of potentia adopters regarding a technology’s features can cause
cumulative endogenous indugtry phenomena, deriving from the presence of incressing returns
to adoption, to bresk with the standard and trigger the trangtion towards the next standard,
without the need for intervention from outside the industry.

The problem of technology lockin is potentidly dgnificant when the impact of technology
choices on the naturd environment is conddered. From this perspective, the quest for
sudainable technological change implies tha policy-makers face the challenge of preventing
and excgping from technology lockin in  environmentaly unsudaineble practices and
sysems. As we have seen, this model shows that endogenous changes within the industry, on
gther the supply sde or the demand sde, can enable a trangtion between equilibria to take
place within the sysem without the need for public intervention. However, the timing of this
spontaneous  trandtion may not be the socidly most gopropriate. The main judification we
offer for public intervention in the process of technology diffuson where there are increasng
retlurns to adoption, which may result in a successon of environmentdly sub-optima
technology standards, lies in the greater ability of the State to coordinate technology choices
and achieve environmentdly superior timing. Based on a number of plausble assumptions,
our modd has made it possble to evduae the frequently arguedfor, but agan rady
demondrated, dedrability of a coordingion mechanism to guide the process of technologica
change towards the path of sustainability.
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By incorporaing an evolutionary view of technologica change and sudtainable developmert,
in this sudy we have proposed a nove taxonomy of techo-environmenta policies (prevention
and trangtion), complementary to conventiond environmenta polices, which permits a more
forma judification of the gppropriateness to new sudtainability problems of the various
indruments avalable in practice, ad to which previoudy little attention had been pad by
governments.
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Appendix 1. Algorithm for support by the Agency

We dat out by assuming that the notion of dynamic and reactive support can be represented
by an exponentid function. Firg of dl, we represat the three “pure’ cases in which the
tendency of the support (i. decreasing, ii. increasing proportiondly, and iii. increesng more

then proportionally) set by the decison criterion (relationship between DA, DA ad DA.,)
is constant over time. In case () where the environmentd damage in the current period DA is
below the maximum damage DA and the damage in the previous period DA ., it is clear that
the intensity of the support D] 1 [0,1] , which garts from a tentative initia level D], should be
decreasing (we assume a rate of t1 [0,1]). It may even disgppear (asymptote a 0) if the
damagein t reativeto the damagein t- 1 continues decreasing uninterruptedly over time:

support (D) A
il
o =0pe"
Dé_\
0 > time (t)

In case (i) where the environmental damage in the current period DA is below the maximum
damage DA but exceeds the damage in the previous period DA_;, the intendty of the support
D!, which gats from a tentdive initid levd D], should increase proportiondly (ve assume a
rate of t 1 [0,1]). It may even reach a maximum (asymptote a 1) if the damage in t relative
tothedamegein t - 1 continuesincreasing uninterruptedly over time:

p time(1)

0

Lastly, in case (iii) where the environmentd damage in the current period DA is above the

maximum damage DA, the intensity of the support D!, that dtarts from a tentative initid level

D!, should incresse more than proportiondly (we assume that the rate of t1[0,1] is
EDA

multiplied by a factor z=- , which grows with the time dgpsed from the time when

tDA = t’D—A
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DA > DA gpproaches the period of irreversble damage 'EDA). Thus, the intendty of the
support D) rapidly reaches it maximum level (asymptote a 1) if the damage in t remains
above DA uni nterruptedly over time.

Support (D]) A
]_ ____________________________
D/ =1-(1- Dj)% *'
D5
0 » time(l)

Given the way the environmenta damage function [6] has been defined, we cannot epect the
relaionship betweenDA, , DA ad DA, to reman condant over time as in previous
representations. The decison adgorithm of the Agency will respond & eech time t with one of
these functions D! depending on the aggregate environmentd result of the individud
adoption decisions. On the first occasion, the dynamic support D} will start from a tentative
intid levd D) (which can be modified in the sSmulation). However, on successve
occasions, obvioudy the intensty of the support D! will gtat from the intensity on the last
occasion t, on which the evolution of the damage changed direction (D)), i.e. change of case
@i, ii, iii). In this mode the proposed functions [7], [8] and [9] ae identicd to those
represented above, with the difference that in each t they start from D) and “set the counter
to0"int.:
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Results of atypica smulation
(time course of environmental damage vs. support intensity; DA=0.7; D} =0.1)
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Appendix 2. Experiment using the base scenario, 150 simulations of 50 iterations each, using different random seeds in each smulaion
(sample of thefirst 10 smulations)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
SIM | ID_ST | TST | TFEST | CAOL | CAO2 | CAG3 [ CAO4 | CAOS | FIT_ST | FIT_BAT | IDBAT | FST| VST DST | PST | ID_CHT [ TRP| SCS D CED F_ICED | CEDA | FICEDA | AC U
1 1 3 50| 0,254 | 0,451] 0,101| 0,157 [ 0,329| 0,650 0,692 3 1 0 47]0,988 48,240 141,111 1| 45,2100
2 1 2 50| 0,058 | 0,422 0,478] 0,366 [ 0,269| 0,716 0,576 2 1 0 48]0,989 49,261 1(44,127 1| 46,759
3 2 2 11(0,469] 0,390 0,272 0,370 0,397| 0,722 0,674 3 3 1 910,847 9] 12| -2425 6,722 33,829 0] 33,406 1| 35436
3 9| 16 20| 0,443 (0,127 0,416] 0,041 0,190 0,488 0,769 8 3] 11 410,667 17( 24| 2,425 3,307 33,829 0] 33,406 1| 35436
3 9| 47 50| 0,443(0,127]| 0,416] 0,041 ( 0,190| 0,508 0,866 28 3| 40 310,688 33,829 0] 33,406 1| 35436
4 3 4 10( 0,191 0,410 0,134 0,350 0,292| 0,746 0,723 5 2 3 610,667 12 9| 1,980 4,213| 37,247 135,617 0] 32,484
4 14| 16 19( 0,464 0,412 0,155 0,082 0,278| 0,679 0,746 3 2 4 310,730 20| 20| 1,980 2,228| 37,247 1( 35,617 0| 32,484
6 1 28 3410,244 (0,264 0,440| 0,185( 0,208| 0,499 0,781 14 2| 27 610,713 27,022 0] 33,155 0| 26,886
6 1 35 4310,244 | 0,264 | 0,440| 0,185 0,208 0,499 0,781 14 2] 34 810,713 27,022 0] 33,155 0| 26,886
7] 13| 15| 18|0,183[0,282|0,405] 0418|0,486] 0579| 0,699 2] 1| 4 3]0,667 20| 24| 56,295 6,936] 37,010 227,140 0| 23272
8] 2| 2| 6]0497]0.248]0,201] 0,147|0,476] 0,766 0,731 [ 1| 1 40,907 6] 5| 5472 2,659| 38,460 2[30,784 0] 25557
9 4 7 10(0,2145]0,089] 0,252 0,394 0,082| 0,670 0,751 5 1 4 310,733 5] 10| -2,368 5,021| 37,743 1(37,765 2| 43684
10 1 21 3210,261 | 0,144] 0,388| 0,124 0,333| 0,538 0,782 8 2| 20 110,737 43,239 1( 35,459 1| 34,106
10 1| 44 50| 0,261 | 0,144] 0,388| 0,124 [ 0,333| 0,538 0,782 8 2| 41 60,737 43,239 1( 35,459 1| 34,106
Equivaence between statistica abbreviations (SPSS) and model variables
SPSS M odel SPSS M odel
SIM Number of simulation VST Spead (v!ST)*
ID_ST Identifier of standard technology DST Duration (d™")
TS Standard emergence (t; ) PST Depth (p™')
TEST Standard end ) _ ID_CHT | Identifier of challenging technology
CAO01 Starting level of performance of T™" incriterial (CL ,k=1) TRP Replacement time ( t,)
CAO02 dito k =2 LS Susceptibility to changesin supply (dco™ )*
CA03 ditto k=3 D Susceptibility to changesin demand (dcd ™" )*
CA04 ditto K = 4 CED Cumulative environmental damage without the intervention of the Agency (ced )
CA05 ditto K =5 ) F ICED | Frequency of irreversible damage without the Agency
FIT_ST | Actual fitness( ) of the technology standardat the time t,," CEDA Cumulative environmental damage with the intervention of the Agency (ceda)
FIT_BAT | ditto of the BAT a thetime t;" F_ICEDA | Frequency of irreversible damage with the Agency
ID_BAT | Identifier of best dternative technology AC U Accumulated support (§ . D/," ] ) a the end of simulation
FST Frequency ( T~ ) * Note: higher numbers indicate lower levels




| E Working Paper WP /04 12/01/2004

Appendix 3. Data for the first sandard recorded in each smulation, filtered out from the genera results of the 150 smulations

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22
SIM_ID ST |TST | TFEST | FIT ST | FIT BAT | ID BAT |FST FB1 | FST VST |DST |PST _ID CHT | TRP | SCS D | CED |F ICED |CEDA | CED CEDA | F ICEDA [ AC U
3 2 2 11 0,722 0,674 3 0 3 1 910,847 9 12| -2425|(6,722| 33,829 0| 33,406 1 1| 35,436
4 3| 4 10[ 0,746 0,723 5 0 2 3 60,667 12 9| 1980 (4,213] 37,247 1135617 1 0| 32484
7 13| 15 18 0,579 0,699 2 1 1 4 3(0,667 20| 24| 56,295 6,936| 37,010 227,140 1 0| 23,272
8 2 2 6 0,766 0,731 4 0 1 1 410,907 6 5| -5472|2,659]| 38,460 2130,784 1 0| 25,557
9 4 7 10 0,670 0,751 5 1 1 4 30,733 5 10| -2,368 |5,021| 37,743 1137,765 0 2| 43,684
14 3 1 10| 0,557 0,464 2 0 1 0 90,862 7| 11) 49,904 | 7,169] 38,682 235,819 1 0| 35215
15 2 4 7| 0,787 0,786 3 0 2 3 30,563 3 6| 2374(7,302] 36,528 1]18,919 1 0| 20,994
16 2 6 10( 0,698 0,684 8 0 3 4 410,616 12 10| 60,655 | 4,035| 40,204 131,362 1 0| 25,781
18 1] 4 8] 0,576 0,685 2 1 3 3 4(1,000 2 7| 46,575 [ 4,162] 40,782 230,661 1 1] 29,659
20 2 4 10( 0,607 0,626 5 1 2 3 60,667 7 9( -3,865|2,202] 41,211 2 (48,123 0 1| 47,674
2 4 5 12 0,717 0,616 5 0 1 3 710,925 13| 13| 69,454 [ 2,959| 39,304 1]39,093 1 2| 43,622
5 3 9 12| 0,635 0,721 7 1 2 7 30,638 10 12| -2,188|5,854| 38,240 1]32,766 1 0| 27,082
26 3 4 19| 0,747 0,725 6 0 1 3| 15]0,922 22| 19| 17,263 | 3,743| 40,424 2 (41,261 0 2| 41,763
30 3| 4 9 0,726 0,761 9 1 1 3 510,837 16 9| 19,336 | 2,321| 39,226 1134,780 1 1| 32,567
31 4 5 15[ 0,717 0,687 6 0 1 3] 10]0871 13| 15| 39,368 [ 0,436] 40,309 1124,560 1 0| 25570
32 4| 10 13| 0,668 0,719 6 1 5 4 3(0,679 14| 13| 5282 (6,904 44,828 1138,321 1 1| 35476
32 14] 16 19( 0,663 0,773 19 1 5 5 30,727 1] 19| 5282 |1,538] 44,828 1]38,321 1 1] 35,476
A 2 3 9 0,695 0,588 5 0 2 2 60,837 9 8| 87,255 [ 0,919] 34,590 1135,638 0 1] 38,840
3H 2 3 8| 0,679 0,724 3 1 4 2 510,807 3 7| 6,848 (1,321] 40,042 236,452 1 0| 36,046
36 2 5 11] 0,701 0,761 4 1 2 3 60,818 5 10] 12,775 | 2,789| 40,261 231,181 1 0f 23,790
41 2 4 14 0,748 0,654 1 0 2 3| 10(0,976 9| 13| 11,420 | 2,365| 31,783 224,354 1 0| 25,012
45 3| 4 9[ 0,704 0,649 5 0 1 3 510,898 6 8| 51,055 [ 0,210] 38,038 1137,479 1 0| 42,270
46 2 4 9| 0,626 0,531 1 0 3 3 5(0,929 3 8| 20,278 | 1,638] 40,530 1]38,555 1 1] 40,033
49 4 4 9 0,447 0,635 2 1 4 3 510,923 8 8| 41,994 [ 1,955] 39,540 133,467 1 0| 29,418
52 8 8 11| 0,698 0,833 10 1 1 4 3|0,701 12| 11| 61,404 | 2,419| 36,044 036,484 0 0| 35546
53 3 7 11 0,813 0,670 5 0 2 4 4(0,797 10( 10| 20,627 | 0,098] 38,085 230,067 1 0| 28,275
54 3 1 6 0,608 0,539 2 0 2 0 510,735 4 5| 21,849 | 6,746| 36,964 1128,536 1 0| 23,245
55 2 3 9[ 0,660 0,662 3 1 2 2 60,814 9 8]-19,459 [ 2,747] 37,020 033,188 1 0| 32,249
58 9 8 12| 0,672 0,691 1 1 1 4 410,737 12| 12| 26,455 [ 0,806 37,226 2 (36,403 1 1| 35919
60 2 5 16 0,786 0,754 3 0 1 3 110,905 13 17| 5424(1,533| 35341 1130,345 1 0| 28,980
62 4 7 12 0,622 0,547 3 0 1 5 510,659 8| 12| 0819 (4,425] 39,429 247,526 0 1] 47,674
65 4 3 6 0,628 0,677 2 1 2 2 30,617 6 7| 6,033 3,715| 30,669 033,426 0 0| 27,494
66 2| 4 7[ 0,846 0,786 3 0 3 3 30,986 4 6| 13,720 | 0,602| 33,503 1]32,400 1 1) 33,068
68 3| 15 22| 0,651 0,682 16 1 1 1 710,847 21| 21| 12,689 ]4,994| 37,679 233,150 1 0| 25,969
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[SM]ID ST[TST]| TEST| FIT_ST | FIT BAT [ ID_BAT |FST FB1 | FST [ VST [DST[PST [ID_CHT | TRP SCS D [ CED [F ICED |CEDA [ CED CEDA |F ICEDA | AC SU

70 4 6 10( 0,680 0,622 5 0 3 3 40,752 10( 10 46,450 6,625| 36,985 220,960 1 0| 20,722
71 2| 10 28| 0,554 0,738 6 1 2 9| 180,656 24| 31 -23571 2,387| 41,201 1]35,088 1 1] 33,136
72 2 4 11| 0,657 0,695 4 1 2 3 7(0,928 6( 10 40,860 2,030 38,938 234,848 1 1] 32,102
74 2 4 13| 0,751 0,641 4 0 2 3 90,945 7 13 8,857 5,524| 33,946 134,427 0 0| 33,062
£ 3| 4 11 0,819 0,764 6 0 2 3 710,917 13 10 130,657 3,408| 36,892 1127,291 1 0| 23,025
76 3 3 7| 0,566 0,522 1 0 1 2 4(0,574 6 7 -17,671 0,363] 36,840 242,174 0 2| 47,102
7 2 3 6[ 0,630 0,828 4 1 2 2 3| 0,667 4 6 16,443 0,970 38,320 135,658 1 0| 34,150
81 2 8 11| 0,648 0,697 8 1 1 6 30,568 3| 10 -8824 8,004| 42270 137,106 1 1| 37,074
85 1] 4 8| 0,623 0,537 2 0 2 3 4[0,745 4 7 5982 2,645] 46,149 1125454 1 0| 23,231
87 2 4 15[ 0,655 0,489 1 0 2 2| 11)0,883 8 15 10,751 3,546| 41,896 237,013 1 1| 40,176
88 5 7 10( 0,657 0,682 3 1 1 6 310,853 8| 10 4,455 5,038] 34,947 029,650 1 0| 28,623
0 2 2 25| 0,753 0,735 1 0 2 1| 23|0647 1] 25 4323 8,656 18,962 0]13,954 1 0| 18,144
N9 3] 3 8[ 0,815 0,683 5 0 1 2 5] 0,826 6 8 109,492 3,465| 38,655 1]35,556 1 1] 39,79
100 2 3 7 0,658 0,641 1 0 1 2 4(0,914 4 7 107,583 5,249| 39,072 1]33,678 1 0| 32,002
101 1] 4 8| 0,581 0,624 2 1 3 3 4(0,897 2 7 -0,567 1,866]| 33,853 1]35,509 0 0| 33,056
102 2 4 11| 0,736 0,745 3 1 1 3 7(0,928 8 12 84,478 0,966| 37,641 1136,122 1 1| 35220
105 4 8 12| 0,734 0,741 9 1 1 4 410,699 12| 12 31,504 3,319 34,555 0[22,429 1 0| 21,606
106 1] 4 7 0,680 0,752 2 1 2 3 3/0,833 2 6 2380 2,418] 49,164 1]49,103 1 1] 47,674
109 9| 10 13( 0,580 0,622 4 1 1 4 30,707 11| 13 46,684 2,310| 36,787 133,037 1 0| 24,031
114 11| 10 13| 0,638 0,735 10 1 1 4 3[0,575 16| 19 -19,264 0,083 37,357 1]31,977 1 0| 30,478
115 3 6 12( 0,717 0,830 5 1 2 4 60,910 11( 11 30,238 3,597| 39,118 236,401 1 1] 35,245
120 3] 4 19( 0,747 0,725 6 0 1 3| 15[0,922 22| 19 17,263 3,743] 40,424 241,261 0 2| 41,763
121 5 7 10| 0,619 0,733 7 1 1 6 30,600 7 9 4,143 3,941| 40,214 2 (39,526 1 2| 42,797
126 41 4 8| 0,638 0,612 3 0 2 3 4(0,671 8 8 66,036 1,554| 37,898 032,397 1 1| 37,624
128 2 4 10( 0,702 0,664 5 0 2 3 60,813 11 9 28221 1,091| 39,077 1]35,161 1 1| 28,866
132 2 5 9 0,771 0,631 7 0 2 4 410,789 11| 10 58,527 4,515 36,245 1129,796 1 0 26,141
133 1| 4 7 0,559 0,668 2 1 3 3 3| 1,000 2 6 22446 0,380]| 35,705 238,805 0 1| 37,246
136 3 7 10 0,751 0,782 2 1 2 4 310,750 1 9 8860 4,980| 22,524 0122,954 0 0 22,735
137 2 2 8| 0,687 0,694 3 1 2 1 60,831 7 8 -7,965 2,964| 41,250 231,725 1 0| 33407
140 2 5 10| 0,676 0,733 5 1 1 4 5(0,679 4] 10 69611 8,182 36,446 227,215 1 0| 25174
141 2 7 11 0,756 0,669 3 0 2 6 4(0,753 3] 11 35131 1,998] 32,478 1]31,667 1 0| 27,800
142 3 5 8| 0,756 0,743 7 0 3 4 30,651 6 7 3,273 0,394| 31,298 029,268 1 0| 24,248
144 1| 4 8[ 0,590 0,921 5 1 1 3 410,844 2 26 -1,299 1,951| 47,601 1]41,665 1 2| 45,712
146 3 5 14 0,716 0,734 5 1 2 3 910,875 12 13 67,962 1,493| 41,272 237,329 1 1] 39,801
147 2 4 10{ 0,730 0,568 3 0 2 2 6| 0,966 7| 10 74271 2,691] 37,160 1128,970 1 0| 26,026
148 1] 3 6 0,592 0,557 2 0 2 2 310,582 5 7 0580 6,149| 43,800 1131,787 1 0| 27,053
150 16| 14 18 0,493 0,693 9 1 1 2 4(0,838 19 19 -18174 9,669| 36,520 226,440 1 0| 27,795
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Appendix 4. Graphica results of atypica mode smulation using the base scenario
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Appendix 5. Visua isomorphism between the results of the model and the patterns of the phenomenon observed in real industries
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