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Coevolution in economic systems plays a key role in 
the dynamics of contemporary societies. Coevolution 
operates when, considering several evolving realms within 
a socioeconomic system, these realms mutually shape their 
respective innovation, replication and/or selection processes. 
The processes that emerge from coevolution should be 
analyzed as being globally codetermined in dynamic terms. 
The notion of coevolution appears in the literature on modern 
innovation economics since the neo-Schumpeterian inception 
four decades ago. In this Element, these antecedents are 
drawn on to formally clarify and develop how the coevolution 
notion can expand the analytical and methodological scope of 
evolutionary economics, allowing for further unification and 
advance of evolutionary subfields.
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1 Introduction

In this Element, we define coevolution in economic systems as a force operating

among interactive realms, in such a way that the respective innovation, replica-

tion and selection domain-specific mechanisms become dynamically codeter-

mined across domains. Our perspective draws on the idea that reality is a plural

composition of domains that, despite being to some extent self-referential, are

transversally connected in a dynamic manner.We present and extend these ideas

as a development of previous contributions within the realm of evolutionary

economics.

Thus, we claim and try to show that the coevolution perspective may expand

the analytical scope of evolutionary economics. For instance, we state that

coevolution can help to close the gaps between the innovation systems approach

and the realm of Schumpeterian industrial dynamics; it can unify methodologies

for evolutionary theorizing (agent-based models (ABMs), population dynamics

modeling); and it can shed new light on such issues as the emergence of market

order and price formation in innovative economies, the imperfection of selec-

tion mechanisms observed in industrial dynamics, the co-development of

practice and understanding driving growth and sustainable technological

advance, as well as the potential outcomes from the competition of ideologies

in contemporary evolving democracies. Before we move on to the specific

complementary frames in which we explore these processes, in Section 2 we

define key concepts and delineate our methodological approach.

In Section 3, we propose a coevolutionary two-sector approach to the ana-

lysis of price formation in innovative multisector settings. We show how the

innovative capacity of an upstream-production sector can be constrained by the

absorptive capacity of the downstream-user sector and we study the fundamen-

tals of price dynamics and market orders that emerge. We obtain explanations

(resting on coevolution) for the well-known empirical finding that competition

in real markets seems to be imperfect, in the sense that real selection processes

do not validate the evolutionary prediction of the selection of the fittest.

Likewise, since coevolution points to a new type of coordination problem

resting on the unbalanced knowledge evolution of multisectoral economies,

we pose a new role for innovation policy to create sectorally targeted balancing

actions. The model is explored through a combination of closed-form tech-

niques and computational experiments.

Following this, and drawing on Sections 2 and 3, we devote Section 4 to

developing the argument that technological progress emerges from the coevolu-

tion between bodies of practice and understanding. We formally explore conse-

quences of the existence of mutually dependent selection processes at work in
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both realms, and we extract implications regarding catalysts of coevolution and

blocking factors. We then pick out these factors and study the engines of

economic growth in a new multisectoral setting. The coevolution between

firms, industrial structures, technological advances and supporting institutions

underlying growth is formally analyzed. The exploration of this proposal leads us

to obtain a statistical index (theT –index), which may be relevant for science and

technology policy as well as for tackling sustainability issues. We close Section 4

by reflecting on certain political economy implications of possible growth

scenarios in the near future. Clearly, there are some urgent issues that have arisen

from the contemporary Covid-19 pandemic, the great lockdown in 2020 and the

unfreezing of the economy and these are discussed in this section.

Section 5 takes up the political economy concerns that arise from Section 4.

Thus, we propose a coevolutionary representation of socioeconomic orders as

resulting from competing subsystems of citizen-envisioned worldviews, in such

a way that citizens seek to affect the relative balance of public opinion and its

materialization in institutional power structures in order to advance toward their

envisioned organization of society. They do so by contributing ideas and

resources to competing ideological/institutional settings. The combination of

formal and computational analysis allows us to analyze the role of behavioral

diversity, the feedbacks from global dynamics to individual perceptions and

initial configurations in the coevolution of worldviews and social structures.

Apart from the theoretical and policy results that are obtained in this work, we

look for and back the methodological strategy that we believe is the most

fruitful for the development of evolutionary economics – namely, the systematic

use of formal theorizing grounded in evolutionary microfoundations and repre-

sented in low-scale models, with these models being amenable to the analytical

combination of computational methods and closed-form mathematical tools.

Once we come up with coevolution models of this type, not only will new

properties emerge but also fresh policy recommendations on crucial contem-

porary issues will arise. Certain potential lines for the development of this

perspective in future works are synthesized in Section 6. The Appendices

develop some of the technicalities necessarily involved in our coevolution

approach.

2 Coevolution: A Key Concept for Evolutionary Economics

The main statement of this Element is that the idea of coevolution can play a key

organizing role in evolutionary economic theory. From ontological and heuris-

tic perspectives, the coevolution principle opens up newways for constructing a

general coherent framework in evolutionary economics. From methodological

2 Evolutionary Economics
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and theoretical viewpoints, it provides a way to work out new models to deal

with open issues in economic theory.

We can find references to the notion of coevolution in evolutionary econom-

ics at least since the neo-Schumpeterian inception four decades ago. In the

foundational texts (Dosi et al. 1988; Nelson and Winter 1982), the idea that

technological advances, as the key driver of economic change, coevolve with

other social forces is already present. Christopher Freeman (1988, p. 2) sum-

marizes some of the key pillars of the (then new) neo-Schumpeterian approach

to economic theory by stressing that (1) technological change is the crucial

transformative force underlying economic life and socioeconomic change and

(2) the institutional framework is inseparable from innovative market dynamics.

Moreover, he points to fresh adjustment and adaptation processes that involve

an appreciative and empirically persistent notion of coevolution.

Likewise, in Nelson and Winter (1982), as well as in the contribution by

Richard Nelson (1988) to the foundational volume by Dosi et al. (1988), Nelson

claims that “if technical change is far more complicated and variegated that it is

depicted in standard economic theory, so too are the institutional structures

supporting it” (Nelson 1988, p. 312). The seed of the coevolutionary approach is

also perceptible here. Again, in the same crucial 1988 volume on Technical

Change and Economic Theory, Dosi and Orsenigo state that technological and

institutional change are connected parts of a continuously changing environ-

ment (Dosi and Orsenigo 1988, p. 15), an additional appreciation of the same

mechanism.

From these pioneering volumes, and developing through a dense and enrich-

ing flow of literature that spans from the 1980s to the current 2020s, we find

continuous references to the need for interpreting and analyzing the technol-

ogy–institutional coevolutionary link. As a classical example that culminated in

the 1990s, Alfred Chandler’s studies on firms’ scale and scope highlight how

crucial changes in organizational forms and business practices in the nineteenth

century coevolved with the railroad and parallel advances in the telegraph

technologies. Chandler explains how even specific professional and academic

profiles appeared to be shaped by these technologies. Also in the 1990s, James

Trevelyan (1992) explored along similar veins the initial stages of robotics. For

the same decade, we must also mention the Freeman–Lundvall–Nelson charac-

terization of national innovation systems, a crucial techno-institutional notion

that hints at a coevolutionary perspective both in its theoretical developments

and in its applications.

Moving on to the twenty-first century, we find the fascinating work by John

Peter Murmann (2003). In his classic study about the rise of the modern dyes

and the chemical industries in the period from the 1860s to 1918, Murmann

3Coevolution in Economic Systems
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provides a clear definition of coevolution. Furthermore, he applies this notion to

exploring how German chemical firms, the scientific field of organic chemistry

and corporate research labs all linked to the German university system at that

time, a coevolution that led to the worldwide industrial leadership of German

corporations. More or less at the same time, we also have the well-known

episode of the Haber–Bosch process in chemical engineering and the fertilizer

industry, in which certain populations of German corporations (including

BASF) coevolved with German universities (Leipzig, Karlsruhe) and scientific

fields such as electrochemistry, again as sources of leadership. Regarding the

innovation systems approaches, a relevant contribution during the decade

2000–2010 was the volume edited by Malerba, Edquist and Steinmueller

(2004), a work in which the idea of sectoral systems of innovation was exten-

sively used, applied and connected from an empirical and appreciative view-

point with the coevolution idea.

More recently, during the decade 2010–2020, we find new applied studies

dealing with coevolution in such industries as civil engineering and construc-

tion, nanotechnology and medical devices (Bhushan 2017), computers and

high-speed contemporary railway transportation systems. For instance, Agrawal

(2018) analyzes the emergence of new construction techniques (structural tubular

systems to support building forces) as arising from the coevolution of specific firms

(e.g. Chicago-based Skidmore, Owings & Merrill), academic institutions in

America (e.g. Illinois Institute of Technology) and local authorities. Likewise, in

the case of radical innovations in computer software, we find a good example in the

development of COBOL (by Grace B. Hopper), which emerged from joint efforts

by Hopper, in the US Navy, and private corporations (in close connection with

universities). This processwas a crucial step in the development ofmodern software

innovations. Finally, we should also mention the study by Pyrgidis (2018) in which

we see how the efforts of Liang Jianying – involved in a coevolutionary process

between the Chinese authorities, CRRC Quingdao Sifang Co. Ltd. and research

teams working around the CR400AF train – have resulted in crucial developments

in high-speed train technology.

Following on from the tradition of the aforementioned works, Dosi and

Nelson (2010) and Nelson et al. (2018) have synthesized the relevance of the

coevolution notion by arguing that this force appears in almost all realms of

economic activity: the medical devices sector coevolving with medical practice

schools and advanced research hospitals; and electronics and computer hard-

ware and software advances coevolving through and across corporations, inter-

sectoral supply–demand interactions, regulatory agencies and public research

programs. Even more recently, we need to explore how digitalized areas of

human action coevolve with institutional adaptations, management innovations,

4 Evolutionary Economics
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consumer options and law (algorithmic trading, advanced aeronautics, GPS

applications in smartphones or Google-driven advances toward human virtual

reality; see Almudi et al. 2020). Perhaps, the very latest example of coevolution

can be seen in the very difficult times of the 2020 Covid-19 pandemic: corpor-

ations, government agencies and multinational institutions struggle against time

to achieve a safe vaccine, which may be needed to recover our normal socioec-

onomic lives.

In addition, in parallel to this remarkable interest in the coevolution idea, we

also perceive in the literature on evolutionary economics a recurrent and insist-

ent claim for the need to go much deeper in answering questions such as: What

does coevolution really (neatly and deeply) mean? How can we operationalize

the concept, and can we incorporate it formally in innovation economics and

growth models? (Nelson 1995, 2008, 2012, 2018). We detect in the literature a

warning, according to which neither neoclassical nor evolutionary economics

have taken the institutional side of the techno-institutional analysis of change as

seriously as they should. Thus, the need to incorporate institutional change in

growth theory and industrial dynamic models is recognized as an urgent and

crucial task (Witt 2014; Wilson and Kirman 2016; Dosi and Nuvolari 2020).

This is the frame inspiring the content of this third Element in Evolutionary

Economics devoted to coevolution in economic systems. We devote the rest of

this conceptual section to setting the stage for our work. We begin by presenting

some definitions and arguments to support our main statements. The coevolu-

tion concept can open up new ways to approach economic change from an

evolutionary generalized perspective. To show the operational power of this

notion, we devote a significant part of this Element to illustrating how to

theorize from a coevolutionary perspective by using neat and tractable formal

models. From amethodological angle, we use replicator dynamics models, low-

scale ABMs and tractable multilayer settings to develop our work, raising new

issues and trying to face significant empirical anomalies (Dosi et al. 2017;

Cantner et al. 2019). Thus, we illustrate how the coevolution principle can be

of help in unifying complementary mathematical strategies to formalize evolu-

tionary arguments.

Let us note that, even though it is clear that the concepts of evolution and

coevolution resemble certain biological counterparts, we use the terms here in a

vaguely analogous sense (not in a literal biological sense). Therefore, we are not

going to deal in any detail with the biological or epistemological literatures. The

reader interested in the psychological, sociological, cultural or biological con-

nections in this work can read the previous Element in this series by Hodgson

(2019) or the excellent studies in Foster and Metcalfe (2001), Dopfer (2005),

5Coevolution in Economic Systems

terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108767798
Downloaded from https://www.cambridge.org/core. Universidad de Zaragoza, on 12 May 2021 at 18:21:58, subject to the Cambridge Core

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108767798
https://www.cambridge.org/core


Dosi et al. (2005), Dopfer and Potts (2008), Witt (2014), Nelson (2018) and the

Darwinian approach in Hodgson and Knudsen (2010).

2.1 The Evolutionary Approach to Socioeconomic Change

The idea of representing contemporary capitalist societies as evolving systems

has taken shape during the last four decades. It is widely accepted that, under the

general heading of evolutionary economics, a certain variety of complementary

approaches coexist (Nelson and Winter 1982; Dosi et al. 1988; Silverberg and

Soete 1994; Metcalfe 1998; Nelson 2008; Winter 2014; Witt 2014; Dollimore

and Hodgson 2014; Wilson and Kirman 2016; Dosi and Roventini 2019).

Perhaps a common feature of these approaches is that they all characterize

capitalist economies as continuously changing from within, through processes

that involve the selection of competing organizations and agents, the uneven

replication of embodied traits (routines, habits) and the ongoing generation of

novelties. In this subsection, we introduce four definitions (capitalist economy,

evolving system, replication and selection) to clarify this vision.

2.1.1 Key Preliminary Definitions

We start out by defining the terms capitalist-democratic society, evolving

economic system, replication and selection as we discuss these concepts in

Almudi and Fatas-Villafranca (2018).

Capitalist-democratic society. We define a contemporary capitalist-

democratic society as one in which the right to private ownership is guaranteed;

there is an institutional framework guaranteeing freedoms for contracting work,

services and exchanges of goods and assets, for business initiatives and for

the carrying out of monetary trading; the state has a legitimacy that represents

the freely exercised will of citizens and guarantees, among other things, the

aforementioned rights and institutional settings; and most productive activities

are carried out by private firms, seeking to make monetary profit in the markets.

The evolutionary economics tradition states that the dynamics of these soci-

eties can be analytically represented as evolving complex systems. These are

systems that contain multiple types of heterogeneous agents and entities (firms,

consumers, technologies, institutions) interacting with the environment and

among themselves, facing a scarcity of resources and struggling to survive

and grow. These agents can adapt and/or pass on information to others through

imitation and replication processes. Different sources of innovation are

observed in these systems and ex post selection processes win out over the

novelties that appear. The aggregate outcomes of these systems can be analyzed

6 Evolutionary Economics
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as emergent properties. Let us briefly define the concepts of an evolving

economic system, replication and selection that we will use later on.

Evolving economic system. We define an evolving economic system as a

theoretical characterization of economic systems (and, in particular, of modern

capitalist societies) according to which heterogeneous agents (firms, con-

sumers, the state) display bounded rationality (Simon 1955, 1957); there is an

ongoing endogenous production of novelties; not only markets but also other

interaction domains (civil society, populations of competing institutions, the

political arena) operate as selection-cum-retention mechanisms; different types

of traits embodied in agents with specific intentionality replicate (through

learning, imitation, emulation) at uneven rates; and aggregate properties emerge

from different arrangements for out-of-equilibrium interactions (Dopfer 2005;

Dosi et al. 2005; Hodgson and Knudsen 2010; Markey-Towler 2019).

Replication. This is a specific type of process through which some traits (habits,

routines, technologies, norms) of interacting intentional agents diffuse at differ-

ent rates across the population of agents, under the conditions of causal impli-

cation, similarity and information transfer. In the economic use of the term, the

different rates of replication of traits across the population depend on how these

traits are perceived by agents as providing more or less competitive advantages

and/or fitting their specific goals in the specific contexts. As is explained in

Almudi and Fatas-Villafranca (2018) the processes of learning, emulation and

imitation that usually appear in economic models may be conceptualized as

examples of replication in this sense. Applications with a detailed explanation

of technicalities for the implementation of this concept can be seen in the

models by Fatas-Villafranca et al. (2007, 2009) or within a stochastic evolving

network in Fatas-Villafranca et al. (2019).

Selection. Selection in evolving economic systems involves a previous set of

entities (firms, civil organizations, institutions) that are transformed into a

posterior set, in such a way that all members of the posterior set are sufficiently

similar to the members of the anterior set and the resulting shares or population

frequencies of posterior entities are positively related with certain domain-

specific competitive traits embodied in the agents under selection. These

domain-specific traits condition the agents’ degree of adaptation to the environ-

ment and the fulfillment of their goals and influence the population structures

that emerge from competition (these traits include firm technologies, prices,

performances, individual skills and habits). Certain implementations of this

concept in alternative economic domains can be seen in Fatas-Villafranca et al.

(2008, 2009, 2019) and Almudi et al. (2012, 2013, 2017).
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Now, if we want to move forward (starting out from these concepts as they

have been developed by the evolutionary economics tradition), we propose that

we need an extended ontological positioning. One possibility consists of delin-

eating an extended approach that, apart from including as fundamental pillars

the aforementioned concepts, may incorporate the notion of coevolution as a

new coordinating concept. We assume that socioeconomic reality can be con-

ceived as a plurality of (to some extent) self-referential evolving domains.

However, additionally, we want to stress that we can gain explanatory power

if we treat these evolving domains as always dynamically interlinked through

mutually shaping innovation, adaptation and selection mechanisms. We believe

that it is essential to consider some domains as changing the contexts of others

and vice versa, so that the different evolving realms shape each other and are

dynamically codetermined (Camprubi 2014; Pretel and Camprubi 2018; Chai

and Baum 2019). This ontological positioning can be represented within the

realm of evolutionary economic theory by combining (extended) population

thinking and by organizing the standard evolutionary concepts through the

principle of coevolution.

2.2 Coevolution and the Dynamics of Structurally Distinct Realms

In this brief subsection, we consider the concepts stated in Section 2.1.1 and

define a key idea for this Element, that of coevolution. Thus:

Coevolution.We state that two (or more) evolving domains coevolve if these
domains causally influence each other in such a way that this multidirectional
influence shapes the innovation, replication or selection processes that are
specific to each domain. In this way, the multiple evolving realms linked by
coevolution are dynamically codetermined.

As we will see, once we adopt this perspective, new possibilities appear. For

instance, what used to be considered as the “frozen” parametric environment in

previous evolutionary models now becomes endogenous and understandable

through the analysis of coevolving systems. Likewise, certain imperfections of

selection mechanisms that were often considered as empirical anomalies

regarding the predictions of evolutionary economics (replicator dynamics lead-

ing to monopoly) are now easily enriched and overcome by the coevolutionary

mechanisms involved. Of course, new policy implications appear regarding

innovation policy, development policy and market concentration analysis as we

move in these directions. Finally, the increase in modeling complexity that some

would expect from the coevolutionary approach does not occur. On the contrary,

as we find coevolutionary explanations for otherwise stochastic forces in

nonlinear systems, the models become more transparent and tractable.

8 Evolutionary Economics
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2.3 Methodological Reflections

This Element will illustrate how alternative modeling methodologies can be

combined to analyze coevolutionary settings. We believe that an interesting

novelty of this work is that we use the concept of coevolution in complementary

formal settings. Basically, we use three methodologies:

1. Replicator dynamics models in which coevolving realms are integrated in an

overall setting.We explore these types ofmodels byusing closed-formanalytical

resources (sometimes to address the exploration of simplified variants of the

global frame) and also by using computational tools. We use this method in a

collateral manner in Section 3 and extensively in Sections 4 and 5. To go deeper

into the technicalities of these methods, we recommend the mathematical

approaches in Hofbauer and Sigmund (1998) and Sandholm (2010) or the

detailed applications in Fatas-Villafranca et al. (2011) and Almudi et al.

(2012). For those interested in the history-friendly methodology, the models in

Fatas-Villafranca et al. (2008, 2009) explore in a replicator dynamics coevolu-

tionary setting the dyes puzzle as explained in Murmann (2003).

2. Low-scale ABMs, in which we not only use computation as a strategy of

analysis but also complete this approach with the closed-form analysis of

formal parts of the original ABM. We use this approach extensively in

Section 3 and in a collateral manner in Section 5. Further explanations of

this methodology can be found in Delli Gatti et al. (2018), Nowak (2006)

and Fernández-Márquez et al. (2017a). The technicalities from this body of

work span from the use of history-friendly models (Malerba et al. 2016) to

the exploration of macroeconomic issues (Haldane and Turrell 2019) and

certain new developments regarding the evolutionary microfoundations of

consumer demand (Fernández-Márquez et al. 2017a, 2017b).

3. Evolving complex networks in which we activate a “downstream” replicator

system (Weibull 1995) with an “upstream” low-scale stochastic dynamic

network. The idea of dealing with coevolutionary networks is suggested by

Vega-Redondo (2007). We use this methodological alternative in Section 3.

We try to use a combination of the three alternatives throughout this Element,

paying special attention to how suitable they are when dealing with coevolu-

tion. We believe that the success of the combination of the aforementioned

techniques opens up fresh ways to analyze evolving systems.

3 Coevolution in Markets

We have established in Section 2 that several evolving realms of economic

activity coevolve when shaping forces exist that operate across domains
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affecting the corresponding innovation, replication and selection mechanisms.

In this section, we show how this idea can be operationalized to study the

coevolution of interlinked industrial sectors. We proceed by proposing a two-

sector model in which both sectors coevolve through supply–demand trading

interactions, interlinked processes of price formation and bidirectional flows of

knowledge. The evolutionary theory of price formation and vertical trading that

arises is inextricably engaged with the theory of knowledge creation and

innovation diffusion in the model. In this way, our coevolutionary framework

combines recent contributions to evolutionary price theory (Bloch andMetcalfe

2018) with the insights into industrial dynamics and innovation policy provided

by Schumpeterian economics (Nelson and Winter 1982; Winter 1984; Dosi et

al. 1988;Metcalfe 1998; Potts 2000;Metcalfe 2010; Dosi et al. 2017). It also has

clear relations with the literature on strategic management (Adner and Kapoor

2010) and with certain studies on the history of technology (Nelson and Sampat

2001; Murmann 2003; Camprubi 2014).

From a theoretical perspective, our two-sector coevolutionary model shows

how the innovation capabilities in one sector affect the innovation prospects of

another; and we analyze how these relationships flow forwards and backwards

across sectors that are continuously in motion. Pricing and trading in the model

operate and are affected by multidirectional flows of knowledge. This is fully in

line with recent evidence that consistently emphasizes the complexity of market

linkages and technological interdependencies (Jacobides et al. 2018). The

model also incorporates empirical insights from modern innovation economics

(Dosi and Grazzi 2010; Nelson 2012; Nelson 2018). From a policy perspective,

the model provides new insights regarding innovation absorptive capacity

(Cohen and Levintal 1990; Earl and Potts 2013, 2016; Almudi et al. 2018)

and its role in sustainable economic change (Pyka 2017).

Formally, our model builds on Nelson and Winter (1982), Almudi et al.

(2013) and Dosi et al. (2013) and consists of a two-sector neo-Schumpeterian

setting with an “upstream” machines-producer sector and a “downstream”

machines-user sector. Machines are bought by user-firms (operating in Sector

2) from producer-firms (in Sector 1). User-firms buy the machines to produce

consumption goods that they sell to final consumers (the demand-side of Sector

2). Themodeling strategy we use to implement this scheme is a low-scale ABM.

This two-sector approach can be critically compared with previous input–

output models (which connect sectors statically through flows of commodities

and payments) and with the dynamic general equilibrium models of growth and

fluctuations in the neoclassical realm (Aghion and Howitt 1998; Aghion and

Griffith 2005). The model also incorporates Schumpeterian mechanisms
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inherited from the systems of innovation body of works (Freeman 1987;

Lundvall 1992; Nelson 1993; Foray et al. 2009).

The model’s results may aid in refocusing certain open issues. Thus, an

implication of the model is that, while in the simple (but still dominant) basic-

science technology-push plus property rights frame the practical policy pre-

scription is to target the source of market failures (Bush 1945; Nelson 1959;

Arrow 1962a; Trajtenberg 2012), in our coevolutionary framework the market

failure targeting may lead to knowledge coordination problems. This will

manifest in the misallocation of innovation spending in the cases of low

absorptive capacity downstream. Likewise, our model predicts that an unbal-

anced distribution of policies may produce intersectoral innovation blockages,

thus leading to a slowdown in productivity growth or to the collapse of the

coevolutionary process. New arguments for current debates have emerged (see

Martin and Scott 2000; Gordon 2012; and for sustainability transitions, see

Pyka 2017).

In Section 3.1, we present the model – we make continuous reference to

Appendix A and to Almudi et al. (2020) for technicalities. We pay special

attention to delineating the key processes of replication, innovation, selection

and coevolution in the model. We devote Section 3.2 to the analysis of the

model, focusing on price theory and knowledge coordination problems. We

combine closed-form results of simplified parts of the model with the computa-

tional outcomes. In Section 3.3, we extract policy implications and propose

further research to develop the approach.

3.1 The Coevolution of Supply and Demand

We propose an agent-based model for a two-sector economy (Dosi et al. 2013;

Metcalfe et al. 2006; Saviotti and Pyka 2004, 2013). Each sector consists of a

population of heterogeneous firms. In Sector 1, different and gradually

improved varieties of a capital good (machines) are produced and sold to

Sector 2. In Sector 2, different varieties of a final good are produced by firms

and sold to consumers. Firms in downstream Sector 2 buy different varieties of

machines from the upstream Sector 1 and produce varieties of the consumption

good for final consumers.

Firms producing and offering machines in Sector 1 compete in price and

quality (i.e. machine performance). They fix prices according to a modified-

pricing rule (Winter 1984) with a mark-up that evolves according to each firm’s

changing market power and according to each firm’s estimates of its close

competitors’ market power. Each firm then charges an endogenously changing

margin on expected unit cost.
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Unit cost includes a unit production cost, which is common and constant

across firms, and a unit R&D cost (ex ante to fix prices and realized ex post to

calculate real ex post profits once the market has operated). R&D intensity in a

firm is a firm-specific behavioral trait, as a lagged proportion of profits.

Likewise, we model firm performance in Sector 1 as a relative and normalized

specific dimension that evolves through innovation. Each firm in Sector 1

produces machines up to the demand point of users from Sector 2.

The demand captured by each firm in Sector 1 probabilistically depends on

both the offerings over price and the quality dimensions of its machines. Each

firm in Sector 2 buys at most one machine per period of time. Machines fully

depreciate and disappear in one period. At any time period, only profitable firms

remain. On the other hand, new firms continuously enter the upstream sector,

although many will fail.

Sector 2 consists of a changing number of firms due to entry and exit that

produce and sell different varieties of a consumption good for final consumers.

Sector 2 firms use one machine (bought from Sector 1) to produce their variety of

the consumption good, with each quality (variety) of the consumption good

dependent on the firm’s production technology (the quality of the corresponding

machine). Sector 2 firms have a specific knowledge endowment and a degree of

absorptive capacity that define its absorption interval. These intervals changewith

firm experience. Depending on eachfirm’s absorption interval, user-firms observe

and assess different parts of the distribution of machines supplied by Sector 1 at

any time. They combine price and machine performance from a range of (under-

standable) options and choose probabilistically. In this way, upstream demand

(from downstream firms) dynamically evolves. Once downstream firms buy

machines, they set prices and qualities and compete over price and performance

to capture final consumers. There is also an ongoing process of firm entry in the

downstream sector, although, as with the upstream sector, many entrants will fail.

Firms exit if their share in the consumption market falls below 0.005.

Downstream (Sector 2) firms update their knowledge endowments according

to the performance level of their most recent machines. Likewise, each down-

stream firm has, as a specific behavioral trait, what we call a cognitive radius

when scanning the supply of machines: the higher the radius, the wider the scope

of innovative search. Thus, Sector 2 firms have differential absorptive capacity

(Cohen and Levintal 1990) as an ability to understand and adopt innovation from

Sector 1. Clearly, this absorptive capacity in reality may be constructed over

several distinct cumulative mechanisms (Simon 1955, 1991; Nelson and Sampat

2001). Sections 3.1.1 and 3.1.2 formally state the model assumptions, which are

synthetically specified in Appendix A.3. We also present in Appendix A3 the

values of the base-standard setting for the simulations.
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3.1.1 Supply (Sector 1)

Prices and Performance

At time t, we have a changing set of firms in Sector 1: S1t ¼ fC1
i;tg. We denote by

C1
i;t each individual firm i in Sector 1 (superscript 1) at t. These firms produce

different varieties of a capital good we call machine. We assume boundedly

rational profit-seeking firms that compete in price pi;t
� �

and machine perform-

ance xi;t
� �

-performance is normalized on the unit interval-. We assume that

firms in Sector 1 set prices using an endogenously changing mark-up over

expected unit cost. Thus the price set by firm i at t is:

pi;t ¼ μi;tc
e
i;t (1)

A novel component of the model is a pricing routine in which the mark-up

endogenously changes for each firm. We highlight two key aspects. On the one

hand, we consider that the higher the expected market share (market power) of

each firm, the higher the margin it applies. On the other hand, we state that each

firm i delineates at any time the set of her “perceived close rivals” depending on

performance distance. The close-rivals’market power at any timemoderates the

fine-tuning of pricing for each firm. We suppose that the set of “perceived close

rivals” is determined according to available information from t–1, and is a firm-

specific trait. We define this set of “close/direct perceived rivals” as:

Λi;t ¼ fk: jxk;t � xi;tj ≤ σixmaxt g; σi 2 0; 1ð Þ (2)

In equation (2), we capture each firm’s perceived close rivals (or perceived

direct competition). Each firm estimates the rivals’ overall market power by

adding up the market shares of the perceived rivals: ðXk�Λi;t
sk;t�1Þ. If we now

consider this intensity of direct competition ðXk�Λi;t
sk;t�1Þ as an element that

can make the demand for the specific machine variety more elastic, it is clear

that this factor erodes the perceived market power of the firm. Therefore,

considering all the aforementioned points, we assume that the mark-up set by

firm i at t, when we consider together (1) each firm’s expected market share and

(2) the intensity of its perceived direct competition (as a factor that moderates

the margin), can be modeled as follows:

μi;t ¼
ηþX

k�Λk;t�1
sk;t�1

ηþX
k�Λk;t�1

sk;t�1 � sei;t
; η > 1 (3)

sei;t ¼ 1
cardðS1t Þ for new firms, and sei;t ¼ si;t�1 otherwise.
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Finally, regarding the change in firm performance xi;t
� �

we assume that firms

improve their machine varieties through technological innovation. We define

this in the “Demand-Driven Production and Costs Section,” along with how

firms determine their R&D spending Ri;t

� �
.

Demand-Driven Production and Costs

We assume demand-driven production in Sector 1, so that qi;t ¼ qdi;t. Likewise,

we assume that total costs include production costs and R&D costs.We consider

constant and common unit production costs (c ) as firms will differ in their unit

R&D efforts. In order to set prices (see equation (1)) firms use ex ante expected

unit costs. They must use expected unit costs to fix prices because they still do

not know their demand-driven level of production and sales (a level that, as we

will see, depends partially on the price). Thus, we assume naïve expectations

about the production level, so the expected unit cost is:

cei;t ¼ cþ Ri;t

qei;t
¼ cþ Ri;t

qi;t�1
; c > 0 (4)

Once the structure of demand forms and the exchanges between Sectors 1 and

2 have occurred, firms will know the effective production and the effective unit

costs. They will then calculate the real profit for firm i at t, which will be:1

πi;t ¼ pi;t � ci;t
� �

qi;t; ci;t ¼ cþ Ri;t

qi;t
(5)

Only profitable firms remain in the market (see Appendix A3).

We also assume that firms devote a specific proportion of their profits to R&D

with a lag, so that:

Ri;t ¼ riπi;t�1; ri 2 0; 1ð Þ (6)

We often find slightly different R&D spending routines in the literature but all of

them render essentially similar results (see Fatas-Villafranca et al. 2008, 2014;

Almudi et al. 2012, 2013).

We also suppose that every firm in Sector 2 demands, at most, one unit of a

specific variety of the capital good from Sector 1 and uses this unit to produce a

consumption good in Sector 2. For simplicity, we assume every unit of capital

entirely depreciates and disappears at no cost at the end of each period. When

selecting a specific capital-good firm at t, downstream firms assess the

1 The price will be the one given by equation (1) but the effective unit cost to calculate profits will
be the one obtained after exchanges.
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prevailing levels of price and performance in the upstream Sector 1. In Section

3.2, we specify this process of choice (see also Appendix A3). For now, though,

we can see that if we define the set of customers for each firm i at t in Sector 1 as

Ωi;t, we have qdi;t ¼ card Ωi;t

� �
:

R&D-Based Innovation

Let γi;t be the flow of new knowledge generated by each firm i in Sector 1 at t.

Assume this flow is a random realization of a (truncated) Pareto distribution, so

that γi;teDist:; with “Dist” representing the truncated Pareto distribution, with

supporting values L = 0 and H = 1. We endogenize the typical Pareto parameter

(the slope of the density function θ) so that, θ ¼ 1
� : imitationþ 1��ð Þ : research, where

(following Nelson 1982; Fatas-Villafranca et al. 2009; Dosi et al. 2017) we

have:

imitation ¼ xmaxt � xi;t
xi;t

; assimilation of external knowledge from

the gap to the frontier; (7)

research ¼ Ri;t

Rmax
i;t
, generating knowledge from (normalized) inner R&D.

In the expressions given by (7) we assume that the productivity of R&D

reflected in the flow of new knowledge γi;t depends on both complementary

sources, with a sectoral bias denoted by parameter � that determines the relative

importance of imitation versus innovation efforts within a specific industry.

Notice that the lower the firm-specific value of θ at any time, the higher the

probability of obtaining a large flow of new knowledge γi;t at that time. Finally,

we assume that the relative performance of each Sector 1 firm is updated

according to a mechanism in which those firms generating higher-than-average

flows of new knowledge, that is, γi;t � γt > 0, increase their relative perform-

ance compared to rivals in Sector 1. Thus:

xi;tþ1 � xi;t
xi;t

¼ γi;t � γt; γt ¼
X

h xh;tγh;t (8)

Firms’ Entry/Exit

Firms in Sector 1 with profit πi;t ≤ 0 exit the market. Also, at each time step, one

new firm enters the sector. With probability λ, the new firm’s traits are selected

randomly. Therefore, with probability λ, the new entrant enters into the sector by

carrying genuine technological and behavioral novelties. With probability

1� λð Þ, the new firm copies incumbents with probabilities proportional to

market shares (Appendix A3).
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3.1.2 Demand of Capital Goods and Supply of Consumption Options
(Sector 2)

Overview

At time t, there exists a set of firms in Sector 2, S2t ¼ fC2
j;tg. Each firm

(denoted by j) produces a different variety of consumption goods (with

different prices, pj;t and quality levels, yj;t). Firms in Sector 2 produce with

different techniques or machine varieties depending on the technological

performances of their respective capital-good providers. The quality of the

machines used by firms in Sector 2 determines the corresponding quality

of the consumption good supplied to the market. Firms in Sector 2 with

superior machines will supply superior-quality consumption goods.

Considering the prevailing distribution of machine-performance levels on

the supply-side (from Sector 1 at t), and the distribution of cognitive

endowments corresponding to the consumption-good firms in Sector 2

ðX1;t; . . . ;Xcard S2tð Þ;tÞ, each firm j in Sector 2 decides which capital-good firm

from Sector 1 it will purchase one machine from; we assume full-capacity use

and total depreciation of machines in one period.

Furthermore, for simplicity, the overall production level in Sector 2 is

normalized to 1 and fully sold to consumers (the demand-side of Sector 2).

The consumption market in Sector 2 is driven by a replicator dynamics

equation.

Machine Choice by Each j-firm in Sector 2

The process we will now establish is crucial for our model dynamics. We

represent the limits of user-firms’ absorptive capacity as follows: We

assume that each firm is endowed with a firm-specific capacity to under-

stand, incorporate and use new technology. This firm-specific capability

depends on each firm’s experience but it also rests on the knowledge-base

traits of the firm, each firm’s culture regarding risk-taking and innovative-

ness and the different abilities to manage technological absorption and

organizational change.

We assume that each firm has, at any time, a specific machine-perform-

ance interval capturing what it can understand and assimilate at t. These

intervals are distinct among firms and they change and become updated in

a path-dependent way as firms learn from using specific machines (Arrow

1962b). As we explain formally in the following paragraphs, we consider

that each user-firm j is endowed at t with a specific and changing absorp-

tion interval defined by a path-dependent center Xj;t and a specific under-

standing radius ρj 2ð0; 1Þ.
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User-firms care not only about machine performance but also about prices in

the process of choice. Thus we consider that firms make their choices from

among the set of machines that they can understand and they compare the

performances and prices of understandable machines. When they make a

purchase, they incorporate the cost of the machine as a cost. This will be the

referential on which user-firms charge their margins, to set the prices for final

consumption. The quality of the machines determines the quality of the final

goods to be sold in Sector 2.

We now formally propose the following process of evaluation and choice for

each machine user-firm j in Sector 2:

1. Firm j delimits the set of (cognitively) feasible options, which will be

conditioned by the firm-specific cognitive capabilities ρj 2 0; 1ð Þ. This
understanding radius is a way of parameterizing absorptive capacity in

a firm and is therefore a firm-specific trait. Each firm’s radius, together

with the firm-specific changing center Xj;t of the absorption interval,

determines the set of feasible providers for firm j, which is Ξj;t ¼
fi : jXj;t � xi;tj ≤ ρjxmaxt g

2. Firm j chooses a cognitively feasible type of machine, with a probability that

is proportional to α1xi;t þ 1� α1ð Þ 1� pi;tX
k�Ξj;t

pk;t

� �
; α1 2 0; 1ð Þ

3. The quality of firm j becomes yj;t ¼ xi;t
4. Each firm in Sector 2 has a cost equal to the price of the machine bought:

cj;t ¼ pi;t

Since this process takes place for all firms in Sector 2 (Appendix A3), we can

define the set of customers for every firm in Sector 1 as:

Ωi;t ¼ i� customersg:f

Likewise, as long as a firm in Sector 2 uses one specific technological variety of

capital good, we assume that this level of performance becomes the firm’s

cognitive endowment for the next period, that is Xj;tþ1 ¼ yj;t .

3.1.3 The Dynamics of the Final Consumption Market

Consider the competition within the downstream sector (Sector 2), with firms

competing in price and quality in the consumption-good market. We have

already defined how to obtain the quality level of each firm, yj;t. Regarding

price, we propose that consumption firms also apply a mark-up pricing routine

but we now consider a more standard version of the routine that assumes a

higher degree of competition in this sector. Then, we just consider:
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pj;t ¼ δ
δ� sj;t

� �
cj;t; δ > 1 (9)

In equation (9), cj;t is the cost of the chosen machine and δ (>1) is simply a

parameter. As in Winter (1984) or, more recently, in Fatas-Villafranca et al.

(2008) and Almudi et al. (2012), we consider that each firm’s market share is a

good proxy for market power and then it increases its margin. As in Almudi et

al. (2013) or Markey-Towler (2016), to represent the market process, we define

a competitiveness level for each firm j that combines normalized quality and

price:

fj;t ¼ α2
yj;t
ymaxt

þ 1� α2ð Þ 1� pj;t
pmaxt

� �
; α2 2 0; 1ð Þ

It is clear that we are representing both dimensions as related to maximum

quality and price in Sector 2 at t. From this fitness indicator, we can now

represent the market process in Sector 2 as follows:

sj;tþ1 � sj;t
sj;t

¼ fj;t � f t; with f t ¼
X

h sh;t fh;t (10)

For those interested in going deeper into the microfoundations of equation (10)

– the demand-side in Sector 2, composed of final consumers – we suggest

looking at the evolutionary framework that we suggest in Appendix A1. This

discussion can be of help in linking our proposal to the industrial dynamics

literature and also in connecting our model with the evolutionary game theory

approach.

Firms’ Entry/Exit

Firms in Sector 2 with a share lower than 0.005 leave the market, while at each

time step one new firm enters the sector. The new entrant may bring novel traits

or it may copy one of the incumbents (see Appendix A3). Regarding these two

possibilities, we consider that with probability λ (a mutation rate) the new

entrant carries fully novel traits. On the other side, with probability 1� λ the

new entrant copies one of the incumbent firms.

In the case of fully new entrants (with probability λ), an original element of

the model is that we assume that these fully new entrants in the downstream

sector randomly draw, as a specific feature, their understanding-cognitive

radius from a Beta distribution with positive parameters a; bð Þ. Note that the

Beta distribution is a family of continuous probability distributions defined by
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two positive shape parameters a; bð Þ. These parameters appear as exponents in

the random variable and thereby control the shape of the distribution.

More precisely, as shown by Stachurski (2016), the probability density

function (pdf) for the Beta distribution is:

f ρð Þ ¼
1

B a; bð Þ
� �

ρa�1 1� ρð Þb�1; 0 < ρ < 1ð Þ; a; b > 0:

0; otherwise

8<:
With B a; bð Þ ¼

ð1
0

ρa�1 1� ρð Þb�1dρ (11)

Note with ρ we mean the cognitive radius, and parameters (a,b) determine the

shape of the Beta distribution (equation (11)) in alternative settings. We con-

sider this distribution because it allows us to represent a wide range of scenarios

regarding the institutional structure engendering machine-user firms with dif-

ferent degrees of absorptive capacity (in Almudi et al. 2020, we show the

versatility of the Beta distribution depending on alternative parametric combin-

ations of (a,b) to represent formally Uniform, Power Law, Truncated Normal or

Negative exponential generative stochastic processes).

This approach allows us to represent the effects of more or less skewed

generative structures, which will be our proxy to characterize alternative insti-

tutional systems from which more or less absorptive fully new user-firms

emerge. We note that the expected value and variance of a Beta distribution,

given a > 0, b > 0, are E ¼ a
aþb and variance Var ¼ ab

aþbð Þ2 aþbþ1ð Þ
We also bring out the notion of the skew of the Beta pdf that we will use in

alternative simulations (with positive skew meaning a right-tailed distribution,

negative skew meaning a left-tailed distribution or zero skew indicating perfect

symmetry). This skew of the Beta distribution (equation (11)) (which we denote

by ζ ) is a function of the parameters (a,b); it is the normalized third-order

moment of the Beta pdf, which can also be approached through the well-known

mean–median relationship to measure skewness. We can play with alternative

values of (a,b), leading to alternative values for the corresponding skew ζ. Later

in this section, we discuss the way in which the Beta skew ζ (being negative,

null or positive in alternative parametric settings, as defined by alternative

values of (a,b)) has an effect on our model outcomes. Owing to the limited

scope of this Element, we draw on the technical analysis carried out in Almudi

et al. (2020). Here, we simply illustrate the synthesizing fruitfulness of the

coevolution notion, and we obtain a few new results. In Almudi et al. (2020), we

have detected significant statistical fits relating certain emergent properties of
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our model (firm’s average R&D efforts in limit states or the probability of

collapse of the whole coevolutionary industrial dynamics) and the values of

(a,b) and ζ that shape the institutional frame in alternative simulation settings.

In this Element, we go deeper into the interpretation of those results and obtain

additional insights into price theory.

Finally, to close the presentation of the model, we assume that, in those cases

in which (with probability 1� λð Þ) the entrant firm copies one of the incum-

bents, this imitative process takes place randomly with probabilities propor-

tional to prevailing market shares. We assume that the initial market share of the

new entrant is 0.005, with other market shares being recalculated accordingly.

3.2 Prices, Knowledge Creation and Change in Coevolutionary
Environments

Our model is suitable for addressing many different research questions. In fact,

we propose it as a general framework to carry out complementary research lines

dealing with the determinants of prices and industrial dynamics, industrial

ecologies and sectoral ecosystems, price routines as a part of firm theory and

economic growth with innovation policy. Nevertheless, considering the limited

scope of this Element, we only show how to use the model as a tool for future

research works around specific questions. For instance: To what extent can

intersectoral knowledge coordination problems be responsible for systemic

failures in this coevolutionary framework? What is the specific role of firm

absorptive capacity (represented by firm absorption intervals and the generative

Beta pdf) in these processes? Do these processes have something to do with

emergent prices?

To tackle these questions within our model, let us begin by explaining that the

model is implemented in JAVA and the statistical analysis is carried out with R-

Project. The model dynamics reach limit (stationary) states in approximately 5,000

periods, which is the time span to stationary situations that we have obtained

through several methods, including the Kolmogorov–Smirnov (K–S) test (see

Fernández-Márquez et al. 2017a, 2017b). Because of stochasticity, we run the

model 100 times and average the data for each setting of parametric values. In

Almudi et al. (2020), we fully explain the technicalities of the simulations.

3.2.1 The Beta (a,b) Component of the Institutional Frame and the Viability
of Multisectoral Coevolution in Innovative Environments

In our model, the absorptive capacity of the downstream sector depends on the

alternative generative structures Beta (a,b) (with varying shapes and skew ζ

depending on parameters (a,b)). As we explained in 3.1, we can pose alternative
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shapes of the Beta (a,b) distribution (in different simulation settings) to

represent alternative institutional frameworks from which new (downstream)

user-firms are drawn. We can relate these frames to the role of national univer-

sities, different training and regulatory frameworks, R&D programs and pro-

fessional associations leading to more or less absorptive firms.

As a first approach to our results, we analyze the influence of the skewness of

the Beta (a,b) distribution on the emergent probability of technological over-

shooting (Earl and Potts 2013, 2016), or what we call the probability of collapse

in the model. As a measure of potentially unsustainable coevolutionary paths

emerging in the model, we calculate the probability of collapse owing to

technological overshooting for each setting as the average number of times in

which either Sector 1 or Sector 2 vanishes during the 100 initial steps of the

average run. The probability of collapse that we obtain for each parametric

setting enables us to obtain a base of simulation data fromwhich the mechanism

connecting absorptive capacity in the downstream sector to innovation over-

shooting in the upstream sector can be analyzed (Almudi et al. 2020).

Thus, our first computational analysis consists of relating the probability of

collapse in the model to specific shapes of the density function for the Beta (a,b) in

Sector 2. We run the model for different initial conditions and parametric values.

Specifically, we depart from what we call in Appendix A3 the base-setting and we

run the model for 79 × 79 = 6,241 different parametric combinations.

From the database that we obtain from this computational procedure, we can

analyze the explicative power of the parameters a; bð Þ and also the explanatory
significance of the skewness ζ of the Beta distribution as regressors for the

probability of collapse by technological overshooting.

We use the data obtained from the simulations of the model to estimate a

statistical relation linking the probability of collapse in the model (P) and the

shape of the Beta distribution from which we depart in each case – which is

determined by parameters (a,b). The best fit that we obtain for this relation in

Almudi et al. (2020) is for a function such as:

P a; bð Þ ¼ β0 þ β1aþ β2a
2 þ β3a

3 þ β4bþ β5abþ β6a
2bþ β7b

2 þ β8ab
2 þ β9b

3:

The specific values that we estimate from our simulation data for this expression

are:

P a; bð Þ ¼ 0:021� 0:02aþ 0:00614a2 � 0:000465a3 þ 0:0098b� 0:00319ab

þ 0:000239a2b� 0:00019b2 þ 0:000052ab2 � 0:00000227b3
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As we explain in Almudi et al. (2020), the confidence intervals for the fit-

estimates, and the very low values we obtain for the p-values, indicate the high

statistical significance of the regressors. Likewise, regarding the quality of the

statistical estimation, the confidence intervals are narrow and the indicator

Radjusted ¼ 0:9168 is very high for the cubic polynomial. Thus, we have a very

good fit and a significant statistical relation linking probability of collapse –

through a cubic polynomial – with (a,b) parameters of the Beta distribution in

the model.

This fit is just a first indicator regarding the key role that the Beta distribution

may play in allowing or not for a smooth multisector coevolutionary process. To

sharpen our results, we check whether the skewness (skew ζ ) of the Beta

distribution is a good candidate to explain (in a more compact and understand-

able manner), the probability of collapse. The best fit for this emergent property

within our model is a polynomial regression with the skew of the Beta distribu-

tion as a key explanatory variable determining the probability of collapse. As

we discuss in detail in Almudi et al. (2020), the specific functional form

capturing the relation between probability of collapse for the overall coevolu-

tionary process and the Beta skew that we find is:

P ζð Þ ¼ ’0 þ ’1ζ þ ’2ζ
2 (12)

Further, the specific estimated values that we obtain lead to the following result:

P ζð Þ ¼ 0:0066425þ 0:01192869 ζð Þ þ 0:00402343ðζ Þ2

Equation (12) and its statistical fit represent an emergent global property of

the model dynamics. It is not the result of a single run; it is a synthesis obtained

from the data generated from thousands of runs of the model, runs that arise

from the systematic computation of the model departing from the plausible

values in Appendix A3. Note that equation (12) and its numerical fit from our

simulation results show that a higher skew ζ (a more right-tailed Beta distribu-

tion) increases in a quadratic manner the probability of collapse because of

knowledge coordination problems. Considering equation (12), we can infer

that, as we move from skew values “0” upwards to positive values, we see

that positive skew ðζ > 0Þ (right-tailed) shapes of the Beta distribution clearly

increase the probability of collapse. The innovative capacity of Sector 1

(upstream) overshoots the absorptive capacity of the downstream sector

(Sector 2). On the other side, for negative skew ðζ < 0Þ (left-tailed) distribu-
tions, the probability of collapse is basically null. In economic terms, we can say

that right-tailed Beta distributions represent institutional generative-frames that
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are somehow ineffective in engendering permeable machine-user firms in

Sector 2. Thus, the outcomes of the model simulations reveal that we get a

fastly increasing probability of collapse when we fix institutional settings with

low capacity for creating dynamically capable machine users in Sector 2 (right-

tailed Beta distributions).

Formally, equation (12) indicates that, when we run the model from settings

in which we consider strictly convex (right-tailed and very close to the vertical

axis) Beta distributions as generative structures of user-firms in Sector 2, the

probability mass is mostly concentrated on low radius. Therefore, the low

adaptability and low cognitive-understanding capacity of user-firms imply a

higher probability of collapse. Conversely, with peak-shaped left-tailed Beta

distributions, the probability mass is concentrated on higher values for the

radius (high absorptive capacity) and we then get lower probabilities of col-

lapse. The computational results show that right-tailed distributions lead to a

high probability of collapse. Conversely, left-tailed Beta pdfs eliminate

collapse.

According to what we have found, our model implies that innovation policy

should target increasing knowledge not only where original producer-innov-

ation takes place (Sector 1) but also at the level of the user-sector. This is a new

perspective that is different from taxing, subsidies, neoclassical market failure

corrections or picking winners. The need to promote absorptive capacity at the

downstream level to reduce blocking factors at the upstream level is clear in our

coevolution model.

As a more intuitive insight into the importance of (a,b) and the skew of the

Beta distribution in our model, and in order to link the discussion in this section

with the discussion in the following paragraphs, we present in Figures 1 and 2

two illustrative representative graphs that seek to make a bit clearer the preced-

ing results. We have picked up representative runs of the model (departing from

the base-setting in Appendix A3), and we show the average level of R&D

spending and innovative effort that emerge in Sector 1 as well as the underlying

emergent value of the average understanding radius in Sector 2 for alternative

values of parameters (a,b) leading to opposite signs of the Beta skew. In Figures

1 and 2, we fix all the parameter values as in Appendix A3, except for (a,b). In

Figures 1 and 2, we fix the values a = 1 and b = 3, which, according to equation

(11), determine a right-tailed (positive skew) Beta distribution. We assume in

Figures 1 and 2 that the supporting institutional structure generating user-firms

in Sector 2 is not good; it tends to generate user-firms in Sector 2 with low

absorptive capacity.

In Figures 1 and 2, there appear two significant results. First, we have

depicted the series up to step t = 97 because, at that instant, the model generates
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a collapse. Second, in Figure 2, we show that the average understanding radius

quickly stabilizes at 0.322. Both results are related. The low level that emerges

for the average radius is the causal factor of the sudden collapse at t = 97. Thus,

there is a time in which technological overshooting happens and the process

stops.
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To see this, we can now present the representative runs that we obtain from

the model for a left-tailed (negative skew) Beta distribution (we fix a = 5, b = 1)

with the rest of the parametric values being those in Appendix A3. Notice that,

from equation (11), the institutional structure supporting user-firms in Sector 2

that we are fixing is nowmuch more effective than the one underlying Figures 1

and 2. We now obtain Figures 3 and 4.

Drawing on Figures 3 and 4, we would like to mention three important

results. First, by looking at Figure 4 we observe that the average understanding

radius that emerges in Sector 2 is now 0.79, much higher than the value in

Figure 2. That is, the underlying Beta generative structure (left-tailed pdf) ends

up generating much more absorptive machine-user firms. Second, we no longer

obtain the two-sector collapse. The process develops until it stabilizes. A much

more effective Beta-supporting structure is crucial for coevolution to develop.

Finally, in this new setting in which the Beta generative structure allows for the

process to proceed, we observe in Figure 3 a much more vibrant industry

coevolution. There are phases in which high R&D-to-profit ratios endogenously

emerge. Sector 1 matures little by little since the absorptive capacity of users

downstream allows for the coevolutionary process to cover different industry

life stages. This result can also be seen in the evolution of the number of firms in

both sectors for this setting (with a left-tailed Beta distribution and nice

supporting institutions generating absorptive capacity in Sector 2), as we

show in Figure 5. The joint coevolution of the number of firms in both sectors
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flows as time passes. Sector 1 generates a more concentrated (oligopolistic)

structure. Meanwhile, Sector 2 generates a more atomistic structure, a higher

number of firms andmore volatility (more turmoil in the entry/exit of firms). Let

us connect these results with a more refined analysis in the following section.

We will also deal (at least briefly) with the formation of prices in our two-sector

coevolution model.
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3.2.2 Innovation, Prices and Economic Change

Wewonder now whether the overall innovativeness of our system (as measured

by the intensities in firm-R&D in the model) may be related to the shape of the

Beta (a,b) institutional generative pattern in Sector 2 as a global property. As

we will see, we obtain that the skew of the Beta distribution appears again as a

crucial factor that globally guides the overall pattern of R&D in the model. We

will also explore the formation of prices.

Notice that, in our coevolutionary model, firm-specific R&D-to-profit ratios

are the key behavioral engines that explain innovation efforts and technological

change in the upstream sector. Note also that the distribution of these firm-

specific ratios ri at any time, and the average R&D ratio rt ¼ X
i si;tri in Sector 1

at t, are dynamic emergent properties dependent on the overall functioning of

the model. We have briefly illustrated this fact in Figures 1–4. Now, we want to

study whether we might detect global regularities in the computational results

of the model, connecting R&D intensity (given by rt ) in the upstream innovative

sector and the Beta generative distribution in the downstream sector; and we

explore this property by considering the skewness of the Beta (a,b) distribution

in Sector 2, as a good potential target to explain the emergent limit-stationary

value of rt ¼ X
i si;tri

The analysis in Almudi et al. (2020) already revealed a surprising result

that we called the slump effect in the model. The statistical analysis of the

computational outcomes of our model reveals that we get a very significant

reversed-sigmoidal fit for the limit-stationary data of the average R&D

spending effort in Sector 1, rt ¼ X
i si;tri emerging from alternative settings in

terms of the skew ζ of the Beta (a,b) distribution in Sector 2. The model reaches

stationarity in 5,000 steps. As we justify in detail in Almudi et al. (2020),

the specific functional formal that is significant when dealing with this relation-

ship is:

r ¼ ψ0

1þ eψ1: ζ�ψ2
þ ψ3 (13)

We obtain a fit in which all the parameters in equation (13) are positive. More

precisely, the specific statistical fit that we get is (Almudi et al. 2020):

r ¼ 0:0546695

1þ e3:0831232:ζ�0:1610722
þ 0:0584723

Then, note in equation (13) with its fit departing from negative skew

(highly left-tailed and effective) distributions in Sector 2 (in horizontal

axis), we obtain in correspondence high average R&D-to-profit ratios in

27Coevolution in Economic Systems

terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108767798
Downloaded from https://www.cambridge.org/core. Universidad de Zaragoza, on 12 May 2021 at 18:21:58, subject to the Cambridge Core

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108767798
https://www.cambridge.org/core


Sector 1 in the stationary limit of the dynamics. High levels of

rt ¼ X
i si;tri in the innovative (upstream) Sector 1 spontaneously emerge.

Thus, we need left-tailed shapes in Beta (a,b) in Sector 2 for high R&D-to-

profit ratios in upstream sectors to emerge. Institutional structures that are dense

in probability with relatively high absorptive capacity in the downstream sector

drive profitability in the upstream sector. As a policy model, this means that, to

increase the return to R&D in Sector 1, we need to boost absorptive capacity in

Sector 2.

Likewise, a decreasing relationship leading to lower values for rt ¼ X
i si;tri

in Sector 1 in terms of increasing Beta (a,b) skew is clear in equation (13) and

the corresponding statistical fit. The higher the right-tailedness (positive skew)

of the Beta generative structure in Sector 2 (ineffective supporting institutions

downstream), the lower the R&D intensity and propensity to innovate in Sector

1. Let us note that, because of the inverse S-shaped pattern in equation (13) and

its fit, the range of change (or the sensitivity) in the emergent values for rt to

changes in skew ζ is very large. This is so since equation (13) is a highly

nonlinear functional form which represents, within our model, the underlying

existence of “slump effects” linking emergent levels of innovativeness to the

profile of the supporting institutional structure from which downstream users

are generated.

What is very relevant in this result is what we have called the slump effect of

R&D intensity as related to skew ζ in equation (13). More precisely, the inverted

sigmoidal shape in equation (13) indicates that, as the generative structure in the

downstream sector becomes less able to create downstream absorptive capacity

(as Beta (a,b) becomes more right-tailed), there are slight initial reductions in rt .

Eventually, however, we may reach a point of skew from which rt ¼ X
i si;tri

decreases sharply. This is the slump effect. In our model, absorptive capacity in

the user-sector influences in a highly nonlinear manner the R&D-to-profit

emergent ratio in the innovative upstream sector; and the process develops in

a coevolutionary manner. We dig much deeper into this effect in Almudi et al.

(2020).

The model suggests that the user-firm’s capability to understand and assimi-

late innovations is crucial in generating spontaneous and voluntary increases

in the levels of R&D and innovation carried out by machine-producers in the

upstream sector. This is a very important result that poses additional argu-

ments in favor of procurement policies capable of unchaining technological

progress with no need to rely on taxes, picking winners, subsidies and other

traditional policies. Furthermore, our model detects the dangerous possibility

that the mechanisms underlying innovation slowdowns may be highly nonlin-

ear (the slump effect). In these cases, even moderate deteriorations of the
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institutional frames may have only minor effects in the innovation rates; but,

unexpectedly, equation (13) a slightly higher deterioration of the generative

structure near the inflection zone can produce a very intense decrease in

innovativeness.

We now would like to pay attention very briefly to the price dynamics that

may emerge from our coevolution model. Of course, price theory in innovative

frames, from an evolutionary perspective, is a whole line of research in itself

(see Bloch and Metcalfe 2018). Therefore, we will simply suggest how this

problem can be tackled from our coevolution model in two complementary

steps: First, we will obtain a closed-form result (from a simplified variant of the

model) that will spotlight our computational search. Second, we will illustrate

with a computational result how the simple result regarding sectoral prices

formation can be generalized.

Let us begin by stating a proposition referring to the price dynamics within

Sector 2 (the downstream-user sector that produces consumption goods but that

is also the demand-side of the market upstream, in Sector 1). For simplicity, let

us assume that Sector 2, in the specific case of equation (10), is fully biased to

price competition. For the sake of a preliminary exploration, we freeze some

aspects of the dynamics in such a way that the number of consumer firms

remains constant (n in Sector 2) and have constant and common unit costs

equal to 1. Likewise, we analyze the dynamics for pricing routines in the

continuous time version of the model in the form

pi tð Þ ¼ 1þ αisi tð Þ; i ¼ 1; . . . ; n

Notice that this routine can be reached through a linear Taylor expansion of

equation (9) in the general model. The results that follow are qualitatively

similar for positive real values between 0 and 1 (as is the case for market

shares). The continuous time version for the price competition version of

equation (10), with the linearized pricing routines driving competition in

Sector 2 can be restated as:

si˙ ¼ βsi tð Þ
X

n
j¼1sj tð Þpj tð Þ � pi tð Þ

h i
pi tð Þ ¼ 1þ αisi tð Þ; i ¼ 1; . . . ; n

(14)

Then, looking at the system given by equation (14) as a simplified variant of

the complex dynamics of Sector 2 in the general model, we will obtain a result,

shown in Proposition 3.1, that is highly significant for the general version of the

model. We look for possible interior resting points in the market process driven

by the system defined in equation (14). Note that the dynamics of the system
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presented in equation (14) develop on the unit-simplex Δn and both the bound-

ary and interior of Δn are invariant sets (Sandholm 2010). Thus, in Proposition

3.1, we focus on the interior of the simplex, although it is clear that there will

still be resting points at the faces, edges and vertices of the simplex. For the sake

of economic significance and given what we have observed in the simulations

presented in Section 3.2.1, we focus on the interior of the simplex. Since the

interior is invariant, and we will always run the analysis from the interior of the

simplex (let us denote it by Δn), then we are interested in the possible existence

and stability of interior resting points. If this were the case, we would focus the

computational analysis with this finding in mind. Proposition 3.1 synthesizes

the key result for the case of n firms in Sector 2. We present the proof of this

proposition in Appendix A2.

Proposition 3.1

The general (dimension n) replicator system (14) has a unique equilibrium point

s� 2 D ¼ IntðΔnÞ. This point s� is globally asymptotically stable within D.

Proof See Appendix A2.

This proposition allows us to explain why, in the simulations of the general

version of the coevolution model, we very often find convergence toward a

market situation in which several (often many) firms share the market (both in

Sector 2 and, upstream, in Sector 1). Furthermore, Proposition 3.1 shows that

this emergent imperfect selection in our two-sector coevolutionary process is

not due to the ongoing entry/exit mechanism in the model. It is due to the fact

that, if we model market selection through replicator systems with endogen-

ous fitness levels, and we consider what evolutionary economics explains

regarding organizational routines (hereby pricing routines), then replicators –

in general – do not select just one contender. This result is relevant for recent

controversies regarding whether the empirical results (with seemingly imper-

fect selection not eliminating all the rivals but one) are compatible with the

replicator dynamics or not (Dosi and Nelson 2010). We state that there is no

contradiction between empirics and the theory. There is no empirical reason to

reject the replicator selection mechanism in our evolutionary theoretical

analysis just because we observe seemingly imperfect selection outcomes in

real industries.

Moving on from the methodological insight in Proposition 3.1, and drawing

on the guiding result in the proposition that indicates that prices in the model

may, in general, emerge from interior limit states within the market-simplex, we

present now an illustrative computational outcome for the general version of the

model. Regarding price formation, our model generates situations that are
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perfectly compatible with the result in Proposition 3.1 for the simple variant of

the model. Owing to the limited scope of this Element, we simply present an

illustrative (but representative) computational outcome. We want to focus on

how the dynamics of prices in both sectors converge because of two-sector

coevolution. With this in mind, let us denote by H1 and H2 the inflation rate in

each sector, defined as the rate of change of the average price in each sector from

one period to the next. We can then represent the time series that emerges from

simulating the model (for the rate of average price change in both sectors) in one

representative run. We do not now bias the skew of the Beta distribution. We

consider a = b = 1 (that is, perfect symmetry, skew 0, as in Appendix A3) and

we maintain the other values in Appendix A3.

Figure 6 shows how the rate of change of the average price in both sectors

converges and tends toward a limit-value; this value corresponds to a situation

akin to what we showed in Proposition 3.1 as being an interior stationary state of

the market within the simplex. In Figure 7, we present the way in which the

number of firms in both sectors coevolve.

In Figure 7, we see how the convergent dynamics for the rate of price change

in Figure 6 emerge from two-sector coevolution, leading to an interior point in

terms of market shares, a situation in which the markets end up being populated

by several (even many) firms. Of course, the analysis could proceed much

further, but we prefer to highlight this line of inquiry as a potential path for

future research.

Inflation Rate
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Figure 6 Dynamics for the rate of change of the average price in both sectors
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3.3 Multisectoral Coevolution and Imperfect Selection

We have made operational the general notion of coevolution by proposing a

two-sector ABM model. It is clear that this model can be considered as a

stylized representation to understand such processes as those explored in

Foray et al. (2009), Bushan (2017), Agrawal (2018) and Cantner et al. (2019).

The key point of our model is that the cognitive alignment of knowledge

creation and absorption capabilities among the innovation trajectories of

Sector 1 and Sector 2 is complex because absorptive capacity constraints in

the downstream sector can back-propagate to cause overshooting from the

upstream sector. Although we have decided to make coevolution in markets

operational by modeling a two-sector process, we find very interesting coevo-

lution aspects in other contributions in the literature: the vertically integrated

dynamic value chains in Cantner, Savin and Vannuccini (2019); or the analysis

of sustainable paths toward a green economy in Pyka (2017) and Urmetzer et al.

(2018).

In addition, we think that some of our coevolutionary results are of direct

relevance for posing the innovation problem as ameso-problem of multisectoral

knowledge coordination, in line with Dopfer and Potts (2008). In this sense, our

model suggests a new policy framework that may help us make sense of the

widely observed low productivity performance of modern innovation policy as

a consequence of sectorally unbalanced knowledge and the presence of frictions

in intersectoral coevolution. In our model, the innovation policy problem lies in

aligning innovation and absorptive capacity in a two-sector nonlinear stochastic
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Figure 7 Dynamics for the number of firms in both sectors
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complex framework. In this regard, the slump effect, according to which

improving the generative structures in downstream sectors could have sharp

positive effects in stimulating R&D and innovation in the upstream sectors,

highlights a possibility for improving the performance of innovation policy in

the near future.

Finally, we would like to suggest that, in order to reinforce the resilience of

certain sectors in some nations, which have failed badly during the contempor-

ary Covid-19 pandemic, the coevolution model presented may be of help. In

certain nations in which a process of reindustrialization and overall reconstruc-

tion are needed after the destruction caused by the pandemic, the key role of

technologically sophisticated user-sectors (Sector 2 in our model) and the

building up of supporting institutional structures (the Beta distribution) must

be considered. Top-down innovation policies are not enough. The process of

reconstruction must be taken as it is: a complex uncertain process that must put

in motion a system conformed by intra-subsystems that should end up coevol-

ving smoothly. We believe that the previously presented framework can be of

great help in this endeavor.

4 Coevolution of Technology and Institutions: Growth

As we have explained in Sections 2 and 3, evolutionary economics claims that

the technology-driven self-transformation of market economies is a fundamen-

tal aspect of social change (Nelson andWinter 1982; Dosi and Nelson, 2010). It

is well known that different realms of activity differ in their patterns of change;

but it remains clear that attempts to improve the way we do things, as well as

efforts to solve new problems, go on everywhere in modern economies

(Metcalfe 1998). This is a key driver of economic growth (Saviotti and Pyka

2004; Ciarli et al. 2019).

In this section, we explore the statement that human understanding in specific

realms and science-related institutions and the efforts to improve technical

practice in organized fields of activity coevolve (Nelson 2018). In this regard,

we analyze why smooth coevolution processes fostering technological advance

are not always the case.

In order to develop these arguments and the corresponding policy implica-

tions, we organize this section as follows: In Sections 4.1 and 4.2, we explore

some of the processes underlying technological change that involve the coevo-

lution between agents devoted to technical practice, institutions and specific

bodies of understanding. We propose a stylized growth model in which we use

the principle of coevolution as a synthetic device to deal with the aforemen-

tioned sources of change (Fatas-Villafranca et al. 2008; 2009; Almudi et al.
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2012, 2017). The model suggests important reflections on the complex role of

policy-makers within coevolutionary environments (Murmann, 2003; Nelson

2008; Witt, 2009). In Section 4.3, we then draw on the results obtained in

Sections 4.1 and 4.2, and, by incorporating new concepts such as fuzzy sets

(Zadeh 1965) and choice structures (Gilboa 2004), we propose an approach to

decision-making (in coevolutionary settings) that may support innovative

action in science and technology policy (Foray et al. 2009; Trajtenberg 2012).

The results are not only useful for policy-makers; they can also be used by

innovative firms and other agents when coevolutionary processes of a certain

kind seem to be at work.We then combine the results in Sections 4.1, 4.2 and 4.3

to obtain a statistical index (the T -Index) capable of assessing the operation of

coevolutionary engines in specific realms. We illustrate how policy-makers can

use the index for science and technology policy; allocating resources among

alternative R&D paths; or when facing choice within radically uncertain envir-

onments. We also link our analysis to discussions on the economics of develop-

ment as a learning process.

4.1 Coevolution of Practice, Institutions and Understanding

Recent evolutionary contributions to the economics of innovation point out that

the classical Arrow–Nelson approaches to technology policy (Nelson 1959,

1962; Arrow 1962a) ignore important elements that are inherent to the pro-

cesses of technological advance (Metcalfe 2010; Dosi and Grazzi 2010; Dosi

and Nelson 2010; Almudi, Fatas-Villafranca, Jarne and Sanchez 2020). Radical

uncertainty in innovative environments seems to preclude the use of strict

versions of the optimization hypothesis. Likewise, heterogeneity of agents,

bounded rationality, domain-specific selection and learning, all lead to ruling

out the analytical prevalence of the sectoral market equilibriummethodology as

a fundamental pillar of innovation studies. Finally, mutually dependent selec-

tion processes at work at different levels shed doubts on the suitability of

dynamic general equilibrium models and aggregate formalisms as workhorses

for the economics of innovation and growth. At least for these reasons, neo-

Schumpeterian evolutionary economics has been proposing new theoretical

arguments and methods that may be more compatible with the challenges to

technology policy and growth posed by contemporary self-transforming

environments.

In this section, we develop a coevolutionary analysis along the lines of

previous models we have presented in Fatas-Villafranca et al. (2008) and

Almudi et al. (2012, 2017). Advanced technical tools to dig into the models

are used in Fatas-Villafranca et al. (2011). In this section, and considering the
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scope of this Element, we do not want to deal with the technicalities. Rather, we

prefer to explain as neatly as possible what we mean by coevolution of institu-

tions and technology in the study of economic growth and then look for clear

policy implications regarding the sources of growth.

4.1.1 Technology

When we talk about a specific technology, we hereby refer to a range of

technical and scientific integrated bodies of knowledge (natural principles,

concepts, cause–effect relations) embodied in processes, products and organ-

izational forms, which allow humans to solve a specific problem P in a certain

way, at time t, and which generate a frontier of efficiency and/or performance in

practice. As examples, we can think about different bridge-building technolo-

gies, irrigation techniques or alternative means of storing energy. A specific

technology and its corresponding frontier level can advance; the technology can

be widely used across diverse and changing places (firms, hospitals, organiza-

tions, households, regions); the technology often operates at below-the-frontier

levels of practice; technologies change and eventually decline and disappear

(Fatas-Villafranca et al. 2012). In general, technological progress can be repre-

sented as a coevolutionary process of knowledge renewal, emerging from

practice, research, new applications and institutional and organizational recon-

figurations, all interacting at different stages of proximity from the final action.

4.1.2 Coevolution of Practice, Institutions and Understanding

When we talk about the coevolution of practice and understanding driving

technological advance, we refer to mutually connected selection processes at

work that involve:

1. The realm of current practices within a field, that is to say, how something is

being done across diverse spots of practice (firms, public organizations) and

lines of advance but also how current practice within a certain paradigm in

the field evolves.

2. The realm of emergent understandings, that is, how the way we do things

and fix problems is becoming conceptualized, better represented and often

understood (in basic and applied sciences developed at specific institutions)

and used accordingly. A certain body of understanding develops unevenly

across heterogeneous locations of research: institutes, universities, corporate

labs.

We take from neo-Schumpeterian evolutionary economics the idea that

both the bodies of practice and the bodies of understanding (materialized
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in distinct organizations and institutions) evolve (in the sense that they

endogenously develop according to the principles of internal variation,

retention/replication and competitive selection). Furthermore, we want to

emphasize here that, in fact, these bodies of implemented practices and

understandings coevolve, in the sense that selection, replication and innov-

ation processes operating in these realms are mutually dependent and

become mutually codetermined.

Regarding all the aforementioned, there is a specific finding that we want

to integrate in our analysis below – namely, if we consider Sarewitz and

Nelson (2008a, 2008b) and Almudi et al. (2016), we can establish three

rules that may allow us to detect blocking and/or catalyst factors operating

within the specific coevolutionary processes driving technological advance

in different realms of activity. We suggest that these rules may be of great

help in monitoring and even assessing alternative technological trajectories

in such crucial domains as medical practices; modern aircrafts or robotics;

computer hardware, software and the implementation of digital technolo-

gies; financial services; and the development of technologies within more

sustainable innovation systems.

These three principles or rules are the following:

1. The cause–effect rule (R1): If the link between what a technology does and

providing a solution to a specific problem is sufficiently robust (not context-

dependent) and somehow well understood (causality), and if there are

specialized (often emergent) supporting institutions devoted to research

and teaching around these aspects, we claim that these are powerful signals

of promisingness in order to bet on that technology.

2. The standardized technical core rule (R2): The possibilities for developing a

technology to fix a problem increase when the technical core of a certain

technology is sufficiently standardized in (rather) stabilized versions of the

technology (prototypes, devices). Moreover, if there are (at least preliminary

versions of) organizational forms suitable for the implementation and poten-

tial improvement of this technical core, then we claim that these are signifi-

cant sources of promisingness for the specific technology.

3. The enlightening testability rule (R3): A technology is expected to advance

smoothly when there are relatively sharp and uncontroversial criteria to

detect improvements (in online practice, offline testing). Again, these cri-

teria, together with the possibility of accommodating the enlightening test-

ability methods in (at least tentative) organizational or institutional settings,

constitute remarkable signals of potential advance along the concrete

technological path.
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4.2 Technological Advance, Supporting Institutions
and Growth

The next step is to propose a stylized model in which we represent, as neatly as

possible, two distinct realms (populations) of locations/agents of technical

practice and a realm (population at a different layer) of spots/institutions

bringing about new understandings, in coevolution. They coevolve on the

basis of the mechanisms presented in Section 4.1 including formal versions of

the rules R1, R2 and R3.

For simplicity, we will analyze the coevolution between two productive

sectors and a population of scientific centers that carry out research and compete

for funding and/or political support regarding their activity. The evolution of

sectors (practice) feeds on the realm of scientific research; and, in turn, the

evolving population of scientific centers feeds on the sectoral realms of tech-

nical practice. As is discussed in the first title in the Elements in Evolutionary

Economics series (Lipsey 2018), different sources of dynamic increasing

returns may appear in the process.

Let us define the set I ¼ 1; 2; . . . ; ngf – with n a positive integer – as

representing the set of spots/locations/agents of technical practice in Sector I,

with i 2 I denoting the i-spot of technological practice within I:Likewise, let us

denote by ait the level of technological practice (labor productivity, perform-

ance) in firm/organization i within sector I at time t, t 2 R .

Besides this, we consider the existence of a different sector (another field of

technical and productive activity) J ¼ 1; 2; . . . ;mgf , with m a positive integer

and j 2 J being the j-firm/organization within sector J – or, in general, the spot j

of technical practice in field J – whose level of technology at t is given by bjt.

Sets I and J could also be seen as different regions, within which we find

competing locations (with regard to a specific field of activity) in such a way

that these locations have heterogeneous technological-performance levels. Both

regions would jointly conform to a nation or a concrete socioeconomic area. We

can think of two economic areas/sectors/regions that provide alternative ways

of doing something (producing energy and food; alternative ways of using

chemical and physical procedures to cultivate and irrigate; transmitting infor-

mation and transporting commodities and people).

For simplicity, we consider a constant level L of population in the whole

economy that is divided in a permanent way among I and J. We then have

constant corresponding shares of workers in each of the two sectors (because

there are specific training skills or institutional conditions that impede the flow

from one sector/region to the other; barriers to functional or geographical

mobility; or legal frictions). With no loss of generality, we consider for
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illustrative purposes that each sector/region, I and J, employs 50 percent (each)

of the overall population of workers.

In addition, we assume full employment and that there are no demand-side

shortcomings or rationings in the output markets. Within each sector/region, we

will denote by eit; εjt the shares of sectoral/regional employment that work at

time t in each firm/spot/location, i 2 I and j 2 J . Therefore,
P

n
i¼1eit ¼ 1 andP

m
j¼1εjt ¼ 1.

In the model, we assume that the technology (labor productivity levels,

performance) and the corresponding shares of labor are continuous and smooth

functions of time. We also assume that production functions at the firm level are

linear labor-technology functions in both sectors. This assumption could easily

be removed (by considering capital goods) as we show in Fatas-Villafranca

(2008, 2009).

Apart from the sectoral/regional populations I and J, we consider that there

exists a third population, S, in the model – let us say, at a different layer, perhaps

a supranational or international layer – that contains just two objects: We may

think of two centers – research institutions and universities, two scientific fields

materialized and embodied in specific institutional arrangements. More pre-

cisely, we define S ¼ A;Bgf , with A and B denoting different centers or

agencies (spots/locations/institutions/agents) devoted to developing “new

understandings” – public labs, universities, scientific associations. We suppose

that these centers focus their activities in developing distinct supporting sci-

ences related to the fields of technical practice that are evolving within I and J.

Thus, the new understandings produced in S ¼ A;Bgf are essential for generat-

ing advances in the technology used in sectors/regions I and J, respectively.

More precisely, we assume that the advances in A are essential for I ; and that the

advances in B are essential for J.

Likewise, sAt; sBt represents the share of total scientific budget (or the share of

resources of any kind) under the control of A and B, respectively, at any time,

with sAt þ sBt ¼ 1; 8 t . We assume that both shares of budget/resources are

continuous and differentiable functions of time. It is important to note that we

also consider that sAt; sBt are proxies of the relative political support/funding/

promotion of A and B, respectively, in such a way that the higher the level of

relative support sAt; or sBt, the stronger and more intense (relatively) the pro-

duction of new understandings will be in the most benefited center/field/institu-

tion, A or B. For simplicity, we state that the flows of new useful understandings

that A and B produce, respectively, during period t, are exactly sAt; sBt: Of

course, we could incorporate here parameters or more sophisticated functional

forms (see Fatas-Villafranca et al. 2009; Almudi et al. 2012, 2013).
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We basically try to capture the idea that the higher the amount of funding/

legal support/infrastructures allocated by society (public budget, policy-

makers) to a certain field (represented in center A or in center B), the stronger

the flow of new basic/supporting understandings (e.g. basic science) generated

by said field; and we also want to represent the idea that these new understand-

ings drive but at the same time depend on the relative performance of the

correlative fields of technical practice (sectors/regions I and J).

As a concrete historical mention, we would like to suggest that the case

studies in Camprubi (2014) highlight interregional and technological coevolu-

tionary processes (qualitatively close to those we formalize here) operating in

mid-twentieth-century Spain, which could be very significant for contemporary

developing nations or economically emergent areas of the world. Given the

conditions of the Spanish sociopolitical regime at that time, and the wide variety

of technological advances involved (competing irrigation techniques, civil

engineering, energy production in different parts of the country – central

Spain vs. peripheral regions), all coevolving with institutional bodies at mul-

tiple layers (research institutes, professional associations, the state), this may be

an enlightening historical study to apply our model in contemporary developing

episodes (the Arab world, Latin America, Africa).

Thus, in what follows, and to complete our model, we incorporate the specific

dynamic mechanisms underlying evolution and coevolution in the processes

that we are figuring out. We draw on what we have stated in this section and on

the models in Fatas-Villafranca et al. (2008, 2009, 2014) and Almudi et al.

(2012, 2013) and we propose the specific intra-population (intra-sectoral/intra-

regional) evolutionary flows that follow.

4.2.1 Assumptions on Intra-sectoral Dynamics

We now present sector/region-specific assumptions. Thus:

1. We assume linear labor-knowledge production technologies in firms/loca-

tions within sectors/regions I and J. Firms are profit-seekers that sell all they

can produce (see Nelson and Winter 1982). The corresponding average

(sectoral/regional) levels of technology (labor productivity) and the growth

rates are:

at ¼
X

n
i¼1eitait; bt ¼

X
m
j¼1εjtbjt (1)

and

ât ≡
_a
at

¼ d
dt
lnat; b̂t ≡

_b
bt

¼ d
dt
lnbt
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2. It is straightforward to show that, in an economy composed of two final

sectors/regions, I and J, and in which both sectors maintain constant employ-

ment shares in the overall employed population (50 percent each), the

overall rate of technological advance (or overall productivity growth) is

given as:

q̂t ¼ 1þ bt=atð Þ�1ât þ 1þ at=btð Þ�1b̂t (2)

3. Firm i: innovation in Sector I ¼ 1; 2; . . . ; ng:f We consider that, for each

i 2 I, technology (labor productivity) grows depending on a cumulative

effect (the previous level of practice) and on the scope (wideness) of the base

of technological opportunities in the sector as being developed by advances

in the supporting science produced by the center/field A. Awide discussion

on this assumption can be found in Almudi et al. (2013). Of course, we could

bring out now subtle elements to formalize catalyst or blocking factors

regarding firms’ regional-specific absorptive capacity of new basic know-

ledge. We deal with these elements in next sections. Here, since we have

posed that new understandings arise in A and B as flows directly engendered

by the share of budget/support received by the corresponding center, and

since we want to introduce coevolution in a smoother and neater way, we

propose that:

d
dt
lnait ¼ sAt (3)

4. Firm j: innovation in Sector J ¼ 1; 2; . . . ;mg:f We consider that, for each

j 2 J ; technology (labor productivity) grows depending on a cumulative

effect and on the scope or wideness of technological opportunities being

opened by advances in the supporting science produced in center B. Since

we have posed that new understandings arise in A and B as a flow engen-

dered by the share of budget received by the corresponding center, scientific

field or university, we propose that:

d
dt
lnbjt ¼ sBt (4)

5. Intra-sector I ¼ 1; 2; . . . ; ngf selection: Operating within the population of

heterogeneous firms/locations (spots of technological practice) represented

in Sector/region I, we can assume different types of selection processes. In

Fatas-Villafranca (2008) and Almudi et al. (2012), we have assumed

demand–supply (price/performance) competition in the goods markets. In
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Fatas-Villafranca (2009), we assumed uneven capital growth rates depend-

ing on different profit rates, as in Nelson and Winter (1982).

Here, for clarity, we want to recall a topic we handled in Fatas-Villafranca

et al. (2014); we propose competition among firms in terms of firms being

able to attract skilled workers depending on the firm’s productivity (tech-

nology) level. The rationale stated in Fatas-Villafranca et al. (2014) was the

relationship between firm-specific salary ≈ productivity ait and, additionally,
skilled workers’ interest – within sector I – in developing their careers by

trying to access technologically progressive firms. It is a labor market

selection argument in which skilled workers randomly meet and share

their experience of different firms; then, they apply to be hired by the most

dynamic firms (more technologically advanced and productive firms offer-

ing higher salaries). Sectoral evolution operates through the labor market of

highly skilled workers who gradually discover, apply to and try to work at

more advanced firms.

Formally, we assume randommatching among skilled workers in Sector I

and a flow of revision of the labor place that gradually leads workers to

attempt to be hired by technology progressive firms. If this is so, we can

assume that workers employed in firms i and kwithin sector Imeet with size-

proportional probabilities (with a market-parameter α capturing the facilities

for job-market learning and applications), so that probabilities of random

meetings as proportional to employment shares may be αeitektð Þ, with

0 < α < 1. Furthermore, we may represent workers tending to change

their employment toward better firms or regions (higher productivity/salar-

ies, better working conditions) by fikt ¼ max ðait � aktÞ; 0gf – the switching

flow of workers from firm k to firm i at any period of time; thus we have a

revision protocol:

fikt � fkit ¼ ðait � aktÞ

If we take together the pairwise-random matchings proposed, and the

revision protocol of learning, it follows that the share of workers located in

i 2 I evolves driven by the following replicator dynamics system (Almudi

et al. 2017):

_eit ¼ αeitðait � atÞ; 0 < α < 1 (5)

6. Intra-sector J ¼ 1; 2; . . . ;mgf selection: Within the population of heteroge-

neous firms or spots of technological practice in sector J, we can assume a

similar argument. If, for the sake of simplicity, we assume the same value for
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the market-learning parameter α, we can arrive at a replicator dynamics

system driving competition within sector J:

_εjt ¼ αεjtðbjt � btÞ; 0 < α < 1 (6)

4.2.2 Coevolution and Economic Growth

We close the model with the assumptions related to the realm of centers/

institutions producing new understandings (S ¼ A;Bgf ), which control and

manage, respectively, shares of budget and support sAt; sBt, with

sAt þ sBt ¼ 1; 8 t. These centers produce new applied and basic science that

widen the technological bases of sectors I and J, respectively. In this bidimen-

sional case, it is clear that sBt ¼ 1� sAt:

We now turn to consider a relative-fitness approach in this institutional layer

of the model. Thus, we consider gB ¼ 1 as being the normalized fitness (in terms

of the flow or generation of new knowledge) of center/institution B, with

gA ¼ 1þ at=btð Þ being the relative fitness of center A. Notice that we are

considering that center/field A is incorporating something clearly superior

from a scientific and operational point of view (e.g. organic chemistry vs.

knowledge on natural techniques to produce dyes), so that the relative fitness

in A is identified as superior to gB .

We will relax this assumption of clear perception in equation (13). Suffice it

to note that it may be related to the principles condensed in rules R1, R2 and R3

(Sarewitz and Nelson, 2008b) regarding the maturity and clarity of understand-

ings within a field as related to another, the existence of stabilized versions of

the technology and enlightening testing methods that allow firms/locations in

sector/region I to detect and control the superior relative fitness of A, thus

having the possibility of dominating in technological progress over firms/loca-

tions in sector/region J (fed by B).

Let us note that we are assuming that the higher the level of technological

advance in sector I (the one that benefits from advances in A) with respect to the

technical level in J, – that is, the higher the ratio (at=bt) – the higher the relative

fitness of scientific institution Awith respect to B. We introduce in this manner

the role of advances in practice (by innovative firms testing the viability of

certain theories, sharpening prototypes, lobbying on behalf of their supporting

scientific field) in fostering and adding to the generation of new understandings

(in their domain-related field of science or university system).

To simplify the math, we propose a simple bidimensional replicator, following

Metcalfe (1998), according to which the center with higher-than-average relative

fitness – which will be higher the greater the value (at=bt) dependent on the
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evolution of sectoral practice – captures increasing shares of resources (budget)

and political/social support and, in turn, generates more intense flows of basic/

applied knowledge and understandings useful for its related field of practice. That

is to say, eventually, the process will feed back into sectors.

Formally, since sBt ¼ 1� sAt we are going to concentrate on the analysis of

sAt by stating the following differential equation that captures all the reflections

defined in 4.2.1

_s A ¼ sAt½gAt � sAtgAt þ sBtgBtð Þ� ¼ sAt 1� sAtð Þ at
bt

� �
(7)

Note that equations (1)–(7) fully drive the dynamics of our coevolution model.

As shown in the Proposition 4.1 (which conveys the first bundle of implica-

tions we obtain from this model), the evolving realms of technological practice I

and J coevolve with (and through) the realm of institutions providing under-

standings, (S). The proposition shows interesting properties of this coevolution-

ary process between practice and understanding in its smooth variant.

Proposition 4.1

From equations (1) to (7) in the model, if we observe the coevolving dynamics

in the three populations I, J and S, we can prove (separately) the following

results (V að Þt and V bð Þt are the variances in firm technologies within sectors/

regions I and J, respectively):

1. The instantaneous rate of technological change (or rate of average product-

ivity growth) in sector/region/realm of practice I is given by:

ât ¼ α
V að Þt
at

þ sAt (8)

2. The instantaneous rate of technological change in sector/region/realm of

practice J is given by:

b̂t ¼ α
V bð Þt
bt

þ 1� sAt (9)

3. The overall rate of technological change (overall rate of productivity growth

in technical practice) is given by:

q̂t ¼
1

1þ bt=at

 !
α
V að Þt
at

þ sAt

� �
þ 1

1þ at=bt

 !
α
V bð Þt
bt

þ 1� sAt

� �
(10)
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4. Considering the results in items (1), (2) and (3), and keeping in mind that in

our model we have sBt ¼ 1� sAt the following dynamic path for the flow of

new understandings in A closes the dynamic representation of our coevolu-

tion model:

sAt ¼ 1

1þ s�1
A0 � 1

� �
exp� at=bt � t

� 	 (11)

Proof

1. Drawing on equation (1) for at; if we take time derivatives and we consider

equations (3) and (5), we obtain:

_a ¼
i

X
_eiait þ i

X
eit aitsAtð Þ ¼ α

i

X
eitait ait � atð Þ þ atsAt →

ât ¼ α
V að Þt
at

þ sAt

2. Following exactly the same reasoning, departing from equation (1) for bt and

considering equations (2) and (6) in the time derivatives, we take the

equation sBt ¼ 1� sAt and we obtain b̂t ¼ α V bð Þt
bt

þ 1� sAt.

3. We consider equation (2) and we substitute equations (8) and (9). This gives

us equation (10).

4. Equation (7) can be written: sA˙ ¼ at
bt

� 	
sAt 1� sAtð Þ.

Notice that this is a logistic differential equation with coefficient at
bt

� 	
.

This differential equation can be integrated, leading (after standard

changes) to an explicit solution for sA0 (as initial condition) which is the

one presented in equation (11).

The four results presented in Proposition 4.1 convey ideal conditions for

smooth coevolution driving technological progress in the model. They have

been obtained in ideal conditions regarding (equal and maximum) firm-level

absorptive capacity of relevant new understandings arriving at both sectors I

and J, from centers A and B, respectively; we obtain the results assuming perfect

observability of technological advances and understandings in both layers of the

model: sectors I and J and population S. Thus, if we observe the results in

Proposition 4.1, we obtain that in these ideal coevolutionary conditions:

limt→∞ sAt ¼ 1;

(full support to the superior body of understanding A in the limit), with a speed

given by the relative improvement in technical practice in the related field of

practice I as compared with the other at
bt

� 	
; in turn, closing the coevolution
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argument, we see how sAt affects in opposite directions technical practice in I

and J (see equations (8) and (9); see also equation (10)).

In fact, as intra-replicators equations (2), (3) cum (5) and (6) develop in

“ideal” conditions, selection ends up concentrating activity in the frontier-level

of activity in both sectors I and J, so that, in the limit, the variances tend to

vanish and productivity stabilizes in sector J at a high level but it keeps growing

in (the technologically superior) sector I, at a rate that fully feeds the limit

trajectory of aggregate productivity growth q̂.

In the specific setting of Proposition 4.1, coevolution operates without

blockages in the direction of superior improvement potential, intra-population

selections works relatively smoothly and feeds back in the “right” direction the

production of new understanding. This dynamic path resembles a catalytic-type

of process. This situation leads to a maximum performance in terms of long-run

overall productivity growth (equation (10)).

It is interesting to see how these results get “worse” when we incorporate

“imperfections” and possible obstacles in coevolution. Thus, let us focus on the

mutualistic effect linking sector I and center A in the population of centers S and

consider the following variations on the basic assumptions (we leave population

J and its working mechanisms with no changes):

1. Let us now assume that firm-level absorptive capacity and the strength and

propelling role of science produced in A is not equally distributed at top

levels across sector I, so that we change equation (3) to equation (12) (where

firm-specific parameter λi is a blocking factor in the operative assimilation of

cause–effect scientific understandings and supporting science to develop

practice):

d
dt
lnait ¼ λisAt; 0 < λi < 1 (12)

2. Let us consider that, even if the new understandings being produced in

center A are potentially superior to those in B, the perception of the relative

fitness may be imperfect (as measured by an opacity parameter 0 < γ < 1 in

the population dynamics within S) because of a lack of standardized tech-

nical cores to test the understandings and advance or because of a lack of

enlightening testability methods (Sarewitz and Nelson (2008a) and Almudi

et al. (2016) or rules R1, R2 and R3). The simplest way to introduce this

change in the model is by reformulating equation (7) as:

sA˙ ¼ sAt½gAt � sAtgAt þ sBtgBtð Þ�; gAt ¼ γ 1þ at=btð Þ; gBt ¼ 1 (13)
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With this formulation, equation (11) now becomes:

sAt ¼ 1

1þ s�1
A0 � 1

� �
exp 1� γ 1þ at=btð Þ
� 	

� t
; sBt ¼ 1� sAt (14)

We now must reformulate some of the previous results obtained in

Proposition 4.1. Therefore, we present the new results in Proposition 4.2. As

we will see, this new proposition reveals new aspects of coevolution.

Proposition 4.2 From equations (1), (2), (4), (5), (6), (12), (13) and (14), the

new variant of the model, if we observe the coevolving dynamics in the three

populations I, J and S, we can prove (separately) the following results:

1. The instantaneous rate of technological change (or rate of average product-

ivity growth) in Sectors I and J are now given by:

ât ¼ α
V að Þt
at

þ sAt
C a; λð Þt

at
þ λt

� �
(15)

b̂t ¼ α
V bð Þt
bt

þ 1� sAt (16)

2. The overall rate of technological change (overall rate of productivity growth

in technical practice) is given by:

q̂t ¼
1

1þ bt=at

 !
α
V að Þt
at

þ sAt
C a; λð Þt

at
þ λt

� �� �

þ 1

1þ at=bt

 !
α
V bð Þt
bt

þ sBt

� �
(17)

3. Considering equations (13) and (14) and, keeping in mind that sBt ¼ 1� sAt;

the following dynamic path for the flow of new understandings in A closes

the dynamic representation of our coevolution model:

sAt ¼ 1

1þ s�1
A0 � 1

� �
exp 1� γ 1þ at=btð Þ
� 	

� t
(18)

Proof The proof is direct and straightforward if we follow the proof in

Proposition 4.1 and we apply those procedures to the new variant of the model.

If we observe the results in Proposition 4.2, we perceive new aspects of

coevolution. Thus, first, two very interesting terms appear now in the dynamics

of technological change within population/sector I. These new factors are
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C a; λð Þt, which is the instantaneous covariance (across the sector I) between

firm-specific technology levels and firms’ absorptive capacity of new under-

standings (note that it can be negative, thus eroding sectoral progress); and λt,

which measures the sectoral (over firms) average absorptive capacity of new

understandings that come from center/field A and fuel sector I .

Second, attending to equation (18), we see that now the dynamic path of sAt;

depends on the sign of 1� γð Þ 1þ at
bt

� 	
. This is is positive iff at

bt
> 1�γ

γ , which

means that the demonstration effect led by the standardized technical core rule

and the testability of the new advances in practice (rules R2, R3) as given by at
bt

must be sufficiently strong to beat and overcome opacity.

Of course, we are conscious that in such complex systems as those that

coevolve in more complicated and realistic frameworks the role of the policy-

maker becomes a highly problematic one. Thus, we believe that policy-makers,

technology users and R&D investors need concrete strategies to approach

decision-making in coevolutionary environments characterized by the difficul-

ties exposed in Propositions 4.1 and 4.2 and even within more complex settings.

This is the reason why, instead of extending the previous model, we prefer to

devote a new subsection, Section 4.3, to tackling the issue of how to support

policy-making, action and choice in innovative environments when coevolution

is at work.

4.3 Innovation and Economic Catch-up

In this section, we draw on Sections 4.1 and 4.2 and propose a new approach to

decision-making that may be of help for science and technology policy or for

technology users and R&D investors in complex environments. In Section

4.3.1, we explore what should be done by policy-makers (decision-makers in

general) to clear the stage and set the groundwork for technological advance

before they address their processes of choice and action in complex frame-

works. We use the concept of a fuzzy set to define, drawing on our results from

Propositions 4.1 and 4.2, what we denote as the fuzzy set of promising

technologies in a specific situation. Then, in Section 4.3.2, we use our previ-

ous results and this new concept to propose a formal choice structure that

verifies interesting conditions as a decision-making procedure in complex

environments.

4.3.1 Preliminaries for the Choice Structure

We explain here that the theory of fuzzy sets Zadeh (1965) provides us with

interesting tools to support decision-making in ambiguous, unpredictable, and

informationally poor environments. Fuzzy sets theory and aggregation methods
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can be of great help for R&D investment and for science and technology policy.

These methods are suitable for mixing qualitatively different sources of infor-

mation in radically uncertain environments, so that they are of great help for

choice and policy decision-making in complex frames. Let us begin with some

definitions.

Fuzzy set. Let X be a space of points, with a generic element of X denoted by x.

Thus, X ¼ xg:f A fuzzy set Z in X is characterized by a membership function

fZ xð Þ; which associates each point in X with a real number in the interval ½0; 1�
with fZ xð Þ representing the “grade of membership” of x in Z.

Therefore, a fuzzy set is a class of objects with grades of membership

between zero and one. The fuzzy set Z is often represented as Z ¼ X ; fZ xð Þgf .

In the specific case of technology policy or R&D investment, we can start by

figuring out a situation in which public agencies, policy-makers or engineers

within a firm must advance in trying to fix – with technology – a social or

corporate problem P.

In the case of policy, if we want to relate this situation with the model

explored in Propositions 4.1 and 4.2, we may think of the two sectors in that

model as two industries aiming to improve a practice or to fix a problem through

technology (the sector of production of lithium batteries or batteries in general,

seeking to store energy at a large scale; and another sector involving firms

aiming to develop superconducting magnetic devices to store energy, that is,

seeking to fix the same problem; batteries uses electrochemistry as supporting

science, and superconducting magnetic energy storage (SME) uses BSC-

Theory). Policy-makers may try to assess the technological perspectives of

alternative sectors in coevolution with their respective fields and institutions

of understanding and then seek to allocate resources or to foster each of the

sectors with certain intentionality.

Formally, we assume that the policy-maker (in general, decision-maker)

faces (in order to solve problem P) a set H ¼ 1; 2; . . . ; hgf of technological

proposals (that still cannot fully solve the problem but are progressing through

distinct paths), with h being a positive integer and τ 2 H denoting a specific

technological alternative in H.

Decision-makers or policy-makers can consult domain-specific experts

regarding the degree to which each specific technology τ 2 H verifies (giving

a numerical equivalent between 0 and 1 – from null-fulfillment to full fulfill-

ment) each one of the three rules R1, R2 and R3 highlighted in Section 4.1.2.We

can denote by piτ the most frequent opinion, or the average, or median (between

0 and 1) among expert opinions, regarding the degree of verification of rule

i (i =1,2,3) by technology τ, at a time.
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Let’s define a set Φ ¼ fpτgh1 with pτ ¼ p1τ; p2τ; p3τð Þ being the synthesis of

expert opinions on the degree to which technology τ 2 H verifies each of the

rules R1, R2 and R3.

Set of promising technological paths. We can now define the fuzzy set of

promising technological paths that may be under consideration to solve a

specific social or corporate problem P. We define it as: T ¼ Φ; fT pτð Þgf . The

precise membership function fT pτð Þ that we propose plays two roles: it com-

bines the information in Φ; and it assigns accordingly, to each technology

τ 2 H , a greater or lesser degree of membership to the fuzzy set T.

The literature on information fusion and fuzzy sets suggests certain conveni-

ent properties for the membership function fT : Φ→½0; 1� to be a nice aggrega-

tion operator. Thus, we are going to assume that fT should verify the following

properties:

1. Boundary: fT 0;0;0ð Þ ¼ 0; : fT ½1;1;1� ¼ 1.

2. Monotonicity: If 8k; pkτ ≥ pkτ0 ) fT pτð Þ ≥ fT pτ0ð Þ.
3. Symmetry: fT piτ; pjτ; pkτ;

� � ¼ f T�½0; 1�; no matter the order (i,j,k).

4. Absorbent element (veto): if pjτ ¼ 0 for a j, fT pτð Þ ¼ 0:

5. Neutral element: if pjτ ¼ 1 for a j, fT pτð Þ ¼ fT p�j
τ

� �
:

As we explain in Almudi et al. (2016), these properties can be interpreted

according to economic aspects. The properties can be further developed and

connected with alternative epistemic states of the decision-maker. Here, we

suggest a specific functional form for fT , which is as neat as possible, while still

verifying properties (1) to (5). To be specific, the membership function we

suggest is as follows:

fT pτð Þ ¼ ∏i¼1;2;3 piτ; pτ ¼ p1τ; p2τ; p3τð Þ; pτ 2 Φ; τ 2 H (19)

This function together with the aforementioned ideas allow us to define the

fuzzy set of promising technologies as a tool to synthesize information and

delineate the alternatives for the decision-maker. In the next part of this subsec-

tion, we propose a choice structure which allows decision-makers to operate in

coevolutionary environments drawing on information synthesized by this

procedure.

4.3.2 Learning, Development and the T -Choice Structure

Let us state a choice structure T ¼ fB;C �ð Þg that consists of two elements:

1. A family B of nonempty subsets of Φ. Every element (set) of B, that is,

every B 2 B, is a set B ⊂ Φ and it represents a specific institutional,
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financial or technology-choice situation that may be conceivable for the

decision-maker. Thus, B is a set of conceivable decision-making settings

that may be posed to (or figured out by) the decision-maker, involving

technological alternatives seen as institutionally, financially or ethically

co-feasible.

2. A choice rule C �ð Þ which, formally, is a correspondence C : B⇉℘ Φð Þ,
(with ℘ Φð Þ denoting the power set of Φ), which assigns to every B 2 B, a

subset C Bð Þ ⊂ B; such that 8pτ 2 C Bð Þ it is verified that fT pτð Þ ≥ f , with

f > 0 being a concrete technical threshold fixed by the policy-maker (deci-

sion-maker). Note that fT pτð Þ is the function defined in equation (19)

The choice structure T ¼ B;C �ð Þgf is clearly inspired by the discussion

presented in Section 4. The formal coevolutionary analysis and the

discussion of rules R1, R2 and R3 have led us to the fuzzy set of

promising technologies and opened the possibility of figuring out a

choice structure that captures the combined roles of rules R1, R2 and

R3 as coevolution catalysts or blocking factors, as mentioned in Section

4.1.2. The choice structure T ¼ B;C �ð Þgf moves one step further, since it

considers the possibility of mutually exclusive alternative scenarios in terms of

compatibility/incompatibility of technological supporting infrastructures to be

built up, or financially/institutionally co-feasible technological alternatives. In

addition, it states a rule for choice. Of course, T ¼ B;C �ð Þgf should be

conceived as a choice structure that must be updated from time to time, as

long as the coevolutionary mechanisms driving technological change may be

transformed.

Note that the choice structure that we propose T ¼ B;C �ð Þgf is not a fully

rational process of choice. It is much closer to the procedures for boundedly

rational decision-making introduced by Simon (1955, 1957). Nevertheless, we

show in Proposition 4.3 that T ¼ B;C �ð Þgf verifies the weak axiom of

revealed preference (WA) as a minimum consistency requirement for choice.

Afterwards, we will propose a correlative T - index that is suitable for domain-

specific applications in real cases.

Proposition 4.3 The T - choice structure verifies the weak axiom of revealed

preference (WA); but this is not equivalent to stating that B;C �ð Þgf is a

standard structure of rational choice.

Proof Considering the way in which we have defined C Bð Þ in Section 4.3.2

(point 2), it is straightforward to verify that, if for some B 2 B, with

pτ; pτ0 2 B, we have or we see that pτ 2 C Bð Þ, then for any B0 2 B with

pτ; pτ0 2 B0 and pτ0 2 C B
0� �
, we must have pτ 2 C B

0� �
. The monotone
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continuously increasing character of fT pτð Þ in equation (19) and the role of this
function in C Bð Þ assure this result. On the other hand, notice that, in general,

sinceB does not always include all the subsets ofΦ of up to three elements, then

we cannot rationalize the choice rule C Bð Þ relative to the family of sets B.

Therefore, our suggested choice structure is not similar nor analogous to a

process of rational choice

The weak axiom of revealed preference is a minimum consistency condition for

our choice structure. It reveals proclivity to choose the same options in comparable

situations and it eliminates the possibility of making contradictory fully irrational

choices. We believe that this is a convenient requirement for a choice procedure;

therefore, we are going to use the function fT pτð Þ as shown in equation (19), the

same function involved in the definition of B;C �ð Þgf , as a statistical index for

real use. This is the extension that we develop in the rest of this section. Thus,

we suggest as a possible index T of technological promising-ness:

T τð Þ ¼ ∏i¼1;2;3 piτ; pτ ¼ p1τ; p2τ; p3τð Þ; pτ 2 Φ; τ 2 H (20)

This index can be used in a domain-specific manner to explore and evaluate

the characteristics of some of the alternative technologies aiming to fix a social

or corporate problem.

More precisely, drawing on expert opinions, we can calculate this index for

the alternative technologies τ 2 H for problem P. In concrete applications, we

may delineate the conceivable settings of choice (considering institutional,

budget constraints) included inB and then, after having fixed f , we will choose

[by applying B;C �ð Þgf ] a set of parallel efforts. This result could guide policy

until the revision of the process in the future or it may be of help to bet on certain

corporate paths. Let us note that, as compared with the indexes that we propose

in Almudi et al. (2016), our new T -index extracted from B;C �ð Þgf verifies

exactly the same basic aggregation properties (see (1) to (5) in Section 4.3.1).

What is new is that the index in this Element is neater than the indexes in

Almudi et al. (2016).

Finally, in order to close this section, let us simply indicate that the applica-

tion of equation (20) may also be of great help in guiding efforts to converge

with leading nations on the part of developing countries. Thus, drawing on

historical evidence and on a formal evolutionary model that we proposed in

Almudi et al. (2012), we have delineated in previous contributions a stylized

process of catch-up based on the conception of development as a learning

process. The stylized process of development and catch-up synthesized in

Almudi et al. (2012) has six features:
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1. New emergent firms with clear national identities enjoy an initial advantage

in prices in specific fast-growing technologically dynamic sectors. These

firms from emergent nations must manage the transformation into techno-

logical challengers to previous leaders during the process. Think of micro-

electronics, computers, smartphones, logistic services, robotics and the

corresponding competitive internationalized firms from Japan, Korea,

China, India, Latin American nations and Israel.

2. For technological convergence to take place, it is essential that emergent

developing nations can count on support from scientific institutions allowing

for the absorption of worldwide frontier technology.

3. If these science-related institutions exist, the emergent nations and firms

may benefit from the advantage of backwardness, even enjoying a high

R&D efficiency through knowledge absorption.

4. If emergent firms eventually increase their R&D budget, then a gradual

convergence in salaries can take place.

5. Institutional efforts to build up domestic high education locations and

universities must occur; but then, there is the need (on the part of govern-

ments) to make choices regarding strategic areas to be fostered.

6. Emergent firms and nations should be able to avoid insolvency problems that

appear in the convergence process. All the six points and the sensitivity of

successful catch-up to different sources of industrial convergence are stud-

ied in Almudi et al. (2012).

The coevolution model in Section 4.2 indicates that these sources of advance

are not obvious; they must be detected, decided on and implemented. In this

sense, the T -index extracted from B;C �ð Þgf can be useful in evaluating the

technological promising-ness of alternative technological and institutional

paths to support points 1 to 6. The concrete application of index in equation

(20) that we suggest (regarding the stylized process of catch-up in Almudi et al.

2012) would consist of scanning the technologies and the coevolution aspects of

technologies and institutions involved in enlisting points 1 to 6 through the

calculation and evaluation of equation (20). In Almudi et al. (2016), we

implemented the systematic procedure synthesized in the new T -index

extracted from B;C �ð Þgf to the evaluation of alternative solutions for the

energy storage problem. This pattern of application together with the sensitivity

analysis presented in Almudi et al. (2012) represents in our opinion a compact

new approach to development policy that could be applied to contemporary

national experiences. Of course, the coevolution concept we are developing in

this Element plays a central role in this approach. Clearly, a wide range of

potential applications can be explored in future research. For now, however, and
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considering the synthetic set of aims and the scope of this Element, in Section 5

we move on to a new application of the coevolution approach. We deal with a

new set of political economy issues from our coevolution perspective.

5 Capitalism and Democracy in Coevolution

5.1 The Increase in Living Standards and Public Opinion

The potential relations linking capitalism and democracy have been a classic

and very controversial issue in contemporary economic theory, at least since the

work by Schumpeter (1942). The existence of a positive or negative (or even

null) correlation between democracy, the development of market economies

and rising living standards is still an open issue. We believe that this debate can

be addressed from a new frame, in which the notion of coevolution and the

discussions about the positive vs. negative collateral effects of technology-

driven growth may be combined. As we show in Fatas-Villafranca et al.

(2012), disruptive processes involving large and pervasive innovations generate

(transitory) slumps of dynamism, slowdowns in productivity growth (in the

mid-run) and institutional instability. The overwhelming long-run power of

Schumpeterian creative destruction often generates unemployment in trad-

itional activities and damaged regions, the destruction of parts of the economy

and a worsening in income distribution in the short run. In contemporary

capitalist-democratic societies, in which – at least in principle – the dynamics

of public opinion should be materialized in the debate of free citizens and the

institutional competition among alternative proposals on how to organize soci-

ety, the political economy of emerging majorities and the dynamics of political

power can be “irritating” evolutionary companions of innovation-driven eco-

nomic growth. Moreover, the role of democracy in assuring innovative socio-

economic change has traditionally been a source of controversy that we now

discuss.

Ever since the outset of contemporary theories in democracy, scholars and

politicians (think of James Madison, Alexander Hamilton or Tocqueville) have

had doubts regarding the capacity of citizens and public opinion as a whole to

achieve a clear position on policy issues and aspects of economic change. There

have always existed discrepancies between those arguing in favor of citizen

judicious opinions (Dewey 1927) and those questioning the efficiency with

which citizens can form an opinion (Lippmann 1922). Nowadays, and mostly

considering the rich, complex and confusing information and communications

technologies (ICT) environment in which citizens operate, political theorists

agree that citizens’ political knowledge is very superficial (Lupia, McCubbins

and Popkin 2000). However, although it may seem paradoxical, considering
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citizen limitations, the second half of the twentieth century was a period in

which democratic ideals were extended across the globe, and there are good

reasons to state that, at least in the so-called mature democracies, citizens’

political preferences have had an influence on the political and economic reality

(Shapiro and Jacobs 1989). Stimson (1991) and Page and Shapiro (1992) have

concluded that perhaps political ignorance at the level of individuals may

transform into political collective wisdom when we observe public opinion

dynamics as an aggregate entity. The problem with this argument is that it does

not rely on any neat theory of how citizens come up with their opinions in

complex evolving contexts.

In what follows, we consider the studies by Denzau and North (2000),

Kahneman (2003) and Weidlich (2006), and we devise a coevolutionary argu-

ment suitable for tackling these issues. Moreover, we propose a framework that

also incorporates recent contributions to evolutionary political economy

(Muñoz et al. 2011; Hodgson 2015; Urmetzer et al. 2018; Novak 2018;

Markey-Towler 2019; Van den Bergh et al. 2019). We present a coevolutionary

formulation of the political economy problem that integrates the political side of

economic agents not just as voters (as in public choice) but rather as competitive

active agents (citizens) who try to bring about their conception of a good society

and try to do this by supporting, and promoting their specific social utopia and

the corresponding institutions.

We define a social utopia as an integrated set of ideas, values and vaguely

envisioned institutions involving more or less efficient/innovative ways of

producing and trading goods and services; equity standards; the role of tradi-

tions or cultural traits; the role of specific institutions – family, money, the

nation state; and the perceived limits of nature. We consider that, in contempor-

ary societies, there is a finite set of utopias that compete for social prominence

and power. Drawing on Montgomery and Chirot (2015) and Almudi et al.

(2017), we state that these social utopias (subsystems of citizens with a common

view) comprise:

1. A cultural/traditional/ethno-nationalistic subsystem (looking for the preva-

lence of tradition-cultural related ideals and values).

2. A market subsystem (prominence of instituted classic-liberal or neoliberal

values).

3. A civil society subsystem (libertarian and self-managed values that often

move around a guiding ideal related to “more freedom” in some sense: civil

rights, different varieties of anarchism, freedom to definitely transcend and

transform the current definition of “conventional and standard” in specific

realms).
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4. A state subsystem (prevalence of centralist and communal property values

organized around and ideal of a central state).

5. An environmental subsystem (preference for ecological or conservationist

values).

In the coevolutionary model that we propose, the citizen chooses one of

these subsystems as their utopia, a desired view of the world and a

preferred organization of society – institutions and law in which one

subsystem (their subsystem) dominates the other subsystems. This particu-

lar set of five is somewhat arbitrary. What is important is that our eco-

nomic actor/citizen is affected by the coexistence of the subsystems in a

certain relation of power and, as a citizen, they seek to promote one of

these subsystems in preference to others. The result of this process of

political competition is determined by (and it determines) coevolution

within a socioeconomic institutional frame.

As we will see, competitive citizenship in our model affects the internal and

inter-systemic evolution of subsystems, thus shaping economic payoffs. In turn,

citizens can revise their degrees of contribution and can even change the utopia

they support. In this way, they influence the relative size, power and presence of

different worldviews and related institutions in the global socioeconomic sys-

tem. Overall systemic evolution reshapes citizen payoffs, engendering new

changes in choices and behavioral patterns and so on. In the following subsec-

tion we formalize these ideas.

5.2 Utopia Competition As a Coevolutionary Process

A society is composed of individual citizens who are boundedly rational

economic agents. Likewise, the whole society can be decomposed into what

we call subsystems that are formed by agents-citizens. As it has been described

in Section 5.1, each subsystem represents a utopia.

Specifically, we consider five subsystems Π ¼ C;M;V; S;Egf :

(C) cultural-traditional subsystem (prevalence of cultural/nationalistic values)

(M) free-market subsystem (classic-liberal or neoliberal values)

(V) civil society subsystem (libertarian and self-managed values)

(S) state subsystem (prevalence of centralist and communal property values)

(E) environmental subsystem (e.g. conservationist values).

An economic agent – who is also a citizen – is characterized in our model by

their degree of citizenship when promoting a specific subsystem/utopia. We

represent this degree of citizenship by the proportion of his total amount of

resources (from now on including money, time, ideas) devoted to fostering their
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desired utopia at time t. For simplicity, we shall consider that citizens may

position themselves in low (x1), medium (x2) or high (x3) levels of contribution,

such that 0 < x1 < x2 < x3 < 1.

We can even assume that 0 < x1 < . . . xiðxi ¼ x1 þ a i� 1ð ÞÞ < 1; a> 0 and

ðx1; x2; x3Þ are identical in all subsystems. The total population of citizens in a

subsystem (promoting the corresponding utopia) will be distributed among

these (three) alternative behavioral patterns at any time. For each subsystem

π 2 Π at time t, let sπjt be the share of citizens within subsystem π whose level of

citizenship is xj. Therefore, 0 ≤ sπjt ≤ 1, and
X

j s
π
jt ¼ 1.

5.2.1 Citizen Payoff

We include gains and (implicitly) costs in what we call each citizen’s payoff.

This payoff depends on:

1. The level of individual citizenship (contribution), which is a good for the

citizen although it bears opportunity costs.

2. The relative size of the citizen’s favored subsystem.

3. A double-externality effect through which citizens assess their (satisfactory

but costly) level of effort, with respect to that of their subsystem peers.

Regarding factor (1), we assume that the level of participation and commit-

ment in pursuit of a utopia is a source of satisfaction for citizens. With respect to

factor (2), it is clear that agents devote their resources and ideas to implementing

and extending the utopia associated with their favored subsystem – for example,

building up new organizations and institutions that support the utopia’s ideals,

appearing in the mass media, shaping other citizens’ minds. When the favored

utopia increases its relative size and presence in society (gaining supporters,

building up proper power structures), this benefits the citizen. Regarding factor

(3), we incorporate here the opportunity cost of citizenship into the citizen

payoff and the perception of the preferred utopia as being in danger because of

peers’ low commitment. We suppose that citizens try to avoid their peers’ free-

riding, while they get satisfaction from those even more committed peers.

Likewise, the perception of close peers as being committed to the utopia in a

low level is also a source of dissatisfaction that may move citizens to change

their behavior. The simplest way to capture these local effects is by adding a

double-externality component to the citizen payoff, in such a way that citizens

are only affected by those citizens that are either slightly more committed or less

committed than themselves. We incorporate a parameter ’ regulating the

relative intensity of externalities (permeability to local intra-subsystem
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commitment). Formally, we can represent these three effects in the following

payoff functions for citizens in subsystem π 2 Π:

uπ1t ¼ ðγπt 1� ’ð Þ þ ’sπ2tÞx1
uπ2t ¼ ðγπt 1� ’ð Þ þ ’ sπ3t � sπ1t

� �Þx2
uπ3t ¼ ðγπt 1� ’ð Þ � ’sπ2tÞx3

(1)

with γπt being the share of subsystem π 2 Π (share of supporters in society),

0 ≤ γπt ≤ 1,
X

π2Π γπt ¼ 1, and parameter ’; 0 < ’ < 1 capturing the intensity of

the externality effect (permeability to peers opinion). In addition, we can define

the average level of citizenship within each subsystem as xπt ¼
X

j s
π
jtxj. The

average payoff within each subsystem at any time is uπt ¼
X

j s
π
jtu

π
jt. Finally, it is

clear that, the average level of citizenship in society at time t will be

xt ¼ X
π2Π γπt x

π
t .

5.2.2 Intra-subsystemic Evolution

We assume that heterogeneous and boundedly rational citizens coexist within

each subsystem. Thus, citizens differ in their commitment levels and, as we

have seen, they gain a specific payoff attached to this contribution level. Since

they feel the gains and costs associated to their behavior, they revise their level

of citizenship. We assume two simultaneous mechanisms of change: First, in

those cases in which the current payoff turns out to be low as compared to

alternative behaviors (those observed in subsystem peers), the citizens may

update their levels of citizenship. Second, we consider a mutation component

among the different behavioral patterns so that, at any time, there are always

citizens that change from one behavior to other. This mechanism captures

spontaneous or innovative opinion changes (Appendix B1).

All this generates a collective intra-subsystemic dynamics through which

citizens adapt their contributions depending on their relative payoffs. This

intra-subsystemic dynamics drive intra-utopian evolution. Intra-subsystem

dynamics could be studied in isolation as an analytical representation of

learning and payoff updating in an evolving (instead of coevolving) frame-

work. Thus, as an example, in Appendix B2, we present a brief close-form

analysis of the intra-subsystem dynamics that emerge from the model. The

key idea from Appendices B1 and B2 (an idea that will appear below in the

coevolutionary setting), is that the relative weight of permeability to exter-

nalities in the payoff function vs the perception of being effective in action,

is crucial for the isolated intra-subsystem dynamics. When externalities are

very strong, a persistence of diversity in degrees of contribution emerges.
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On the contrary, if externalities do not affect the payoff in an intense

manner, then a tendency to conform on a unique behavioral pattern emerge

(Appendix B2). This intra-subsystem result is also valid within our enriched

coevolutionary setting in Section 5.2.3, although it is one among other

effects operating in the coevolution model.

Keeping all this in mind, we pose then five intra-dynamics for five utopias in

competition, driven by five (replicator) systems of (three) differential equations

each (Appendix B1) where the payoff function is equation (1). The intra-

subsystem dynamics are then driven by equation (2) and the payoff functions

in equation (1):

sπjt˙ ¼ 1� μð Þsπjt uπjt � uπt

� 	
þ μ

1

3
� sπjt

� �
8j; 8π 2 Π: (2)

Equations (1) and (2) define the intra-subsystem dynamics in the model and,

in Section 5.2.3, we complete the formalization of the coevolution of five

utopias. For simplicity, we assume in equation (2) that μ ¼ 0:

5.2.3 Inter-subsystemic Dynamics and Coevolution

It seems reasonable to suppose that those subsystems that engender stronger

levels of citizenship in support for the corresponding utopias will end up gaining

relative presence in society. This effect will take place as long as citizens can

change their minds and change their utopias because of the influence of the

relative frequency and visibility of other citizens’ opinion, the related institu-

tions and regulations that may emerge, mass media, social networks. In turn, the

emergent uneven prevalence of the alternative utopias will enforce in a higher or

lower level the payoff of their related individual citizens. Those citizens per-

ceiving the relative success of their favored utopia will feel reinforced and

favored in their behaviors and ideas. On the other hand, citizens that perceive

how their utopias lose social prevalence may, eventually, change their minds.

Apart from this mechanism, we may also consider the possibility of citizens

changing their opinion because of uncontrollable reasons (sudden opinion

changes). We present this possibility in equation (3), although for formal

simplicity we analyze the case for μ ¼ 0.

Formally, we close our coevolution model by proposing a (replicator with

mutations) system of five differential equations, coupled (in a bidirectional

way) with the intra-subsystemic dynamic systems presented above (Hofbauer

and Sigmund 1998; Almudi et al. 2017). This last evolving system for the

subsystems’ shares may be expressed as follows (see Appendix B1):
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γπt˙ ¼ 1� μð Þγπt xπt � xt
� �þ μ

1

5
� γπt

� �
8π 2 Π (3)

Recall that xπt ¼
X

j
sπjtxj, and we will consider μ ¼ 0.

5.2.4 Emergent Properties

These coupled dynamic systems generate a coevolutionary pattern of trans-

formation and social change. As a result of this process, several global emergent

properties may appear. Thus, the relative social presence for each utopia will

endogenously change. To analyze some emergent properties in this model, we

proceed through an analytical strategy in which we combine partial close-form

results and computational illustrations.

Thus, we can infer from the analysis in Appendix B2 that the relative weight

of peer-externalities is a deciding factor for intra-subsystem dynamics. Let us

present another possibility to detect this effect in the model. Note that the payoff

for each level of contribution (equation (1)) can be written as follows (assuming

three levels of contribution j = 1,2,3):

uπ1t
uπ2t
uπ3t

24 35 ¼ γπt 1� ’ð Þ
x1 x1 x1
x2 x2 x2
x3 x3 x3

24 35þ ’
0 x1 0

�x2 0 x2
0 �x3 0

24 350@ 1A sπ1t
sπ2t
sπ3t

24 35
Equation (2) could be interpreted as the replicator dynamics of a population

evolutionary game where players are randomly paired to play a two-player,

three-strategy game where the payoff matrix is:

γπt 1� ’ð Þ
x1 x1 x1
x2 x2 x2
x3 x3 x3

24 35þ ’
0 x1 0

�x2 0 x2
0 �x3 0

24 350@ 1A
Let us consider the extreme values of ’. For ’ ¼ 0, we have the following

subgame (henceforth SG1, for subgame 1):

γπt

x1 x1 x1
x2 x2 x2
x3 x3 x3

24 35
Given that x1 < x2 < x3, strategy 3 is dominant and evolutionarily stable.

Thus, the point x1 < x2 < x3 is asymptotically stable and the system converges

to it from any initial condition with s3 > 0.
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On the other side, for the other extreme value ’ ¼ 1, we have the following

game (SG2, for subgame 2):

0 x1 0
�x2 0 x2
0 �x3 0

24 35
Now, strategy 3 is weakly dominated by strategy 1. As we saw in Almudi et

al. (2017), the resting points for this SG2 are:

1. All points in line s2 ¼ 0; and ðs3 ¼ 1� s1Þ.
2. Point s2 ¼ 1: This point is unstable and invadable by strategy 1.

In terms of our model, when citizens (within their utopia) are purely partisans

’ ¼ 0 (with no attention to externalities), in such a way that they just care about

the rise to prevalence of their utopian social view without paying too much

attention to what their peers are doing, then (in isolated conditions) the said

subsystem tends toward a maximum average degree of citizen contribution. On

the contrary, with a complete permeability in peer externalities, then citizens

perceive intensely opportunistic behaviors and mild peer commitment and the

subsystem evolution becomes more complex (even fluctuating paths of revised

contribution can emerge). This is fully in line with Appendix B2.

In the general case, we have seen that equation (2) can be seen as the

replicator dynamics of a composition of SG1 and SG2, weighted by factors

γπt 1� ’ð Þ and ’ respectively. The composition would be:

γπt 1� ’ð Þ
x1 x1 x1
x2 x2 x2
x3 x3 x3

24 35þ ’
0 x1 0

�x2 0 x2
0 �x3 0

24 350@ 1A
Clearly, we have a continuum of possibilities by mixing the subgames. Note that

the (now endogenous) factor γπt 1� ’ð Þ is very relevant. We can infer that the

lower the value of’ in a subsystem, the higher the average level of commitment

in the specific subsystem (see also Appendix B2). Nevertheless, in the coevolu-

tionary setting in which we consider equations (1), (2) and (3) together, assum-

ing ’ > 0, a feature of this model is that the dynamics of subsystems with low

share (low value of γπt ) are mostly driven by subgame SG2. Therefore, in such

vanishing subsystems eventually strategy 1 becomes dominant and strategies 2

and 3 effectively disappear. Hence, the dynamic outcome is no longer clear.

On the other hand, for those utopias (subsystems) that eventually reach high

values of γπt , even with relatively low values of ’, the subgame SG1 may prevail

and we should expect a high average level of intra-subsystem citizen commitment.

60 Evolutionary Economics

terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108767798
Downloaded from https://www.cambridge.org/core. Universidad de Zaragoza, on 12 May 2021 at 18:21:58, subject to the Cambridge Core

https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108767798
https://www.cambridge.org/core


The combined dynamics of SG1 and SG2 mixed in the coevolution settings

(equations (1), (2) and (3)) must be explored through computational methods.

We leave aside the complete exploration of the model for future research but we

invite the reader to proceed with us in a more or less heuristic manner. We would

like to focus the coevolutionary analysis on the role of the permeability in peer’s

local externality as determined by the value of parameter ’:We sum up some the

findings that we have pointed out above:

For Low values of ’

As pointed out in the previous paragraphs, for low values of ’, in utopias/

subsystems with low share of social support, subgame SG2 may drive the

dynamics, so eventually strategy 1 becomes dominant, and strategies 2 and 3

effectively disappear. Then, we expect low average citizen commitment in these

subsystems and may erode even more the low social support of the utopia.

Which particular subsystem(s) will end up with a significant share γπt ; will

depend on initial conditions. Clearly, a high value of γπt ; and, particularly, a

high value of sπ3;t¼0 will be essential. This will be a deciding factor in cases in

which, for example, two utopias depart from very similar (almost identical)

shares of social support in the population.

Increasing values of ’

If we consider higher parameter values for ’, the analysis of the subsystem(s)

with significant share γπt is more complicated, as both SG1 and SG2 influence

strongly the dynamics. Therefore, we will show an interesting possibility under

these conditions through a computational illustration. This illustration aims at

highlighting the surprising effects that a higher or lower permeability in peers

behavior may have on the emergent social dynamics that lead to the predomin-

ance of one utopia. As we will see, depending on the value of ’, we can observe

the emergence of a well-accepted market economy or, on the (very) contrary, we

can obtain a very fast (almost sudden) rise to leadership and consolidation of a

socialist pro-state type of society.

In order to illustrate this interesting result, let us present a computational

illustration of the model, departing from the following basic setting for all the

parametric values and initial conditions:

x1 ¼ 0:05; a ¼ 0:1; γM0 ¼ γS0 ¼ 0:25; γE0 ¼ 0:1; γC0 ¼ γV0 ¼ 0:2 , and the

intra-subsystem initial distributions of citizen contribution (from low to

medium to high) that follow:

Market (0.6, 0.1, 0.3); State (0.2, 0.35, 0.45); Environment (0.35,0.3,0.35);

Culture/Traditional (0.3, 0.35,0.35); Civic (0.45, 0.2, 0.35).
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We see in this setting how, mostly, the market (M) and the state (S) utopias depart

from a highly significant level of social support (0.25 each) but also the cultural/

traditional (C); and the civic (V) utopias are significantly supported. Even the

environmental subsystem departs from a significant 10% of social support. We

consider that the intra-subsystem distributions of citizen commitment are different

and we are going to move and play with the value of parameter ’ in the model.

Firstly, we will run the model for a parametric value ’ ¼ 0:5, (a high value).

Then, afterwards, we will run the model (with all the parameter values remaining

constant) but fixing a low permeability to externalities, that is, a low value’ ¼ 0:1.

Figure 8 depicts the dynamics of γπt for the five utopias when ’ ¼ 0:5.

As we see in Figure 8, the market utopia ends up prevailing in society (we end

up with a fully market-oriented society). Let us note that, during half of the

process, the state utopia is supported by a high share of society (it is the

dominant subsystem) until the market vision beats it.

The analysis of the intra-subsystem dynamics of the market (M) utopia

that ends up prevailing in society is very enlightening. We present the intra-

subsystem market dynamics (underlying Figure 8) in a new figure (Figure 9). In

Figure 9, we show how although, initially, the share of pro-marketers with very

low level of commitment is high 60 percent (60 percent of pro-market citizens

are almost not committed to defending their utopia), eventually, the number of

citizens supporting the market grows significantly. In fact, there is an interval in

which almost 90 percent of pro-market citizens are very much committed. This

happens because, given the high sensitivity of citizens to what their peers are

doing, and considering that many of pro-market peers show very low
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Figure 8 Utopia share in society γπt (time evolution) (’ = 0.5)
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commitment levels, pro-market citizens with medium commitment levels

(group sm2) become seriously concerned with the future of their envisioned

social vision (consider jointly equations (1), (2), (3)). As can be seen in Figure 9,

a strong flow out from mid-commitment (and even from low commitment) pro-

marketers toward high commitment in pro-market citizens emerges. In Figure 9

(and keeping in mind what we have said in the formal analysis before), we see

how a high permeability to the low commitment of a great share of one’s peers

moves many pro-market people to a strong defense of their utopia (which they

see as potentially in danger). This process occurs with a high level of perme-

ability (’ = 0.5, and it also happens for higher levels of this parameter). The

permeability allows mid-committed pro-market citizens to discover and per-

ceive that there are many low-level market supporters around them and that

their social view is in danger. They then move to action for a while (high sm3).

This is enough to lead the market vision to social dominance, as in Figure 8. As

we can see in Figures 8 and 9, once the market vision seems to be assured,

citizens soften their participation and move to a milder degree of involvement in

social action (see the path of sm2; they devote resources to other activities).

It is now very interesting to analyze what happens if we assume a low level of

permeability in what the citizen’s peers are doing. Let us now fix a low level of

parameter ’. We run the model for ’ ¼ 0:1; with everything else being equal.

As we see in Figure 10, the coevolutionary dynamics of utopia competition

are now very different. The change in this parameter is enough for society to end

up being centralized (perhaps socialist or communist). It is remarkable that the

rise of the state utopia to dominance occurs in a very fast manner (Figure 10).
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If we analyze what happens now with the intra-subsystem dynamics under-

lying Figure 10, we obtain Figure 11 (for the intra-market utopia evolution) and

Figure 12 for the intra-state process of citizen commitment.

Figure 11 shows that the low level of permeability to what your peers are

doing (note that within the market subsystem, as before, the initial level of very

low-committed pro-market citizens is 60 percent, very high) leads to a very

slow reaction of pro-market supporters. Initially the market utopia enjoys a nice

level of social support (0.25 in the basic setting), and with a low level of ’, pro-

markets do not worry much. They do not perceive the danger of many peers

being reluctant to civic action. The process of moving to action is so slow and

mild within the market utopia (compare Figure 11 with Figure 9) that the rise of

the state utopia cannot be avoided.

If we look at the dynamics in Figure 12, we see how (initially) highly

committed statist supporters who move on strongly overcome (this time) the

mild and slow reaction of initially pro-market supporters. This is what is

happening behind the aggregate picture in Figure 10. Let us note that, once

the state utopia clearly begins to prevail, something akin to a spiral of silence

process takes place within the market subsystem. By considering together

Figures 10 and 11, we see that highly committed pro-market supporters (see

the path for sm3 in Figure 11) eventually give up. Many of them turn away from

high pro-market involvement when they perceive the strong rise of the state

utopia to social leadership (see the decline of sm3 in Figure 11). Undoubtedly,

this is a phenomenon that should make us think about the complex dynamics of
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sociopolitical trends in contemporary societies. We cannot explore the whole

model in this single Element, but we pose some final reflections in Section 5.3.

5.3 The Dynamics of Power in Capitalistic Democracies

As we have seen, our coevolution model differs from the standard institutional

approaches in that our frame is built around an agent of change – the economic

actor as citizen who chooses a utopia that they seek to promote through their

differential contributions. It is this citizen activity in our framework that causes
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the changes in the balance of subsystems/utopias (and so in the institutional

structures) of a socioeconomic order. Reflecting on all the material presented in

this Element, we would like to emphasize that it is very important to develop the

normative debate within the realm of evolving complex systems (Pyka 2017).

We believe that the coevolution approach is a perfect frame to tackle this open

issue. As illustrative examples of open pieces for future reflection, we suggest

that the coevolution approach can deal with the following problems:

1. In coevolutionary complex systems, it is a key issue detecting the origin and

possible sudden accumulation of blocking factors, rationings and inefficien-

cies in action. Smooth coevolution is never assured and what is convenient

for the common good seems always to be open to conflict.

2. It is necessary to monitor potential infection routes (through and across

sub-realms) that may engender surprising institutional pathologies, social

conflicts, big rips due to innovative structural change and the ongoing

confrontation of incompatible societal visions. Furthermore, the disruptive

consequences of large innovations may lead to a possible deterioration of

social and natural cohabitation.

3. Finally, we believe that exploring the motivational sources underlying

growth and innovative change, which often have unclear welfare effects

and collateral implications, is an analytical need that should always be

tackled when studying socioeconomic coevolutionary environments. Of

course, an analysis of these problems goes far beyond the scope of the

present work but we pose them herein as promising lines for future research.

6 Synthesis and the Road Ahead

In this Element, we have delineated a characterization of contemporary capital-

ist economies as systems formed by structurally distinct (but dynamically

codetermined) realms that coevolve. We refer to coevolution in economic

systems in the sense that certain domain-specific innovation, replication and

selection mechanisms mutually shape each other across socioeconomic subsys-

tems thus engendering price trajectories, evolving market paths, technological

change, growth and more or less sustainable dynamics of political change. The

resulting theoretical frames and analytical outcomes have revealed coevolution-

ary paths characterized by distinct potentials, viability conditions, possible

blockages and policy needs.

Hopefully, the reader will have perceived possibilities for advancing toward

an overarching framework in evolutionary economics in our approach. We

believe that our coevolution approach facilitates the combination of insights
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from the evolutionary-naturalistic perspectives in economics, the powerful

Schumpeterian models and even close subfields such as evolutionary game

theory, computational economics, institutional economics and more individual-

istic approaches. Perhaps our proposal will help future scholars to recognize

that the ontological approaches highlighting intentionality and creative individ-

ual behavior, the Darwinian (or non-Darwinian) naturalistic approaches to

socioeconomic change, the institutional and strategic management analysis of

firm behavior and the developments on Schumpeterian industry studies and

growth, are not mutually exclusive but complementary.

Likewise, from a methodological perspective we have tried to show how

alternative formal approaches can be fruitfully cross-fertilized within the coev-

olution frame. Thus, we have combined closed-form and computational

methods in this Element; we have dealt in a complementary manner with

replicator dynamics models and ABMs; and we have indicated lines of advance

by incorporating complex coevolving networks in our theoretical frame. These

three types of models are useful for incorporating the coevolution concept and

their combined use could correct the recent trend to work on high-dimensional

obscure models within the evolutionary stream.

Finally, we would like to mention two ideas. First, we have claimed that

evolutionary economic theory can proceed nowadays without the need of

becoming involved in scholastic para-biological debates. In our opinion, after

four decades of intense work, we already have the pillars on which we can

develop evolutionary economic theory for its own sake, without going further

into biological analogies. Second, the seemingly complicated image of socio-

economic systems that emerges from the coevolutionary approach does not lead

us to say that contemporary societies are out of control, irremediably imperfect

and/or condemned to fail. This is not at all the lesson that we should extract from

the preceding pages. On the contrary, evolutionary economics (and the coevo-

lution approach as a new step in this line) serves to enrich our understanding and

provides us with the tools to deal with complex economic systems. Nowadays,

we have already traveled a fair part of the way and have learned a wide bundle of

working mechanisms and policy strategies so that evolutionary economists can

deal with real problems with certain guarantees of success. Of course, we need

to make the effort to clarify and transmit in a more compact and systematic way

the mechanisms and policies that we have already found. Nevertheless, we

would like to finish this work with an optimistic assessment of the current state

of evolutionary economics and with a plea for new models and formal theoret-

ical work oriented to condense, explore and develop the insights we have

already uncovered during the last four decades.
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Appendix A

Coevolution in Markets: Evolutionary
Microfoundations for Sector 2, a Formal
Analysis and the Two-Sectors Model in

Pseudocode

A1 Microfoundations for the Demand-Side of Sector 2

In this appendix, we briefly suggest a way to state evolutionary microfounda-

tions for the replicator dynamics system posed in Section 3.1.3, equation (10).

As we have seen in Section 3.1.3, we can normalize the size of Sector 2 to

a constant size. Consumers may revise their consumption options as time

passes, and they may change the firm that they buy from as they learn about

the market. This process would drive the dynamics of market shares. For

simplicity, we will focus on the case of Sector 2 having a constant number of

firms n, with i ¼ 1; . . . ; n: These firms offer distinct varieties of consumption

goods with different qualities and prices (which we assume to be constant for

simplicity). These dimensions may be combined (as in Section 3.1.3) in firm’s

competitiveness indicator α2
yi
ymax þ 1� α2ð Þ 1� pi

pmax

� 	
. It is clear that the pro-

portion of consumers demanding the variety supplied by firm i at any time t is

denoted by siðtÞ. We now consider that the final consumers opting for each

possible firm i get a consumer payoff denoted by (see Section 3.1.3):

ui ¼ α2
yi
ymax

þ 1� α2ð Þ 1� pi

pmax

� �
We suppose that consumers gradually try to discover better options (cheaper

and/or superior-quality options) and then they may change the firm they buy

from. More precisely, we propose that consumers meet in the market with

a probability that is proportional to the share of consumers buying i or j at any

time. Then, consumers meet with a probability that is proportional to the sizes of

the existing groups of consumers: δsisj; 0 < δ < 1: From these meetings con-

sumers share information regarding their current consumption experiences,

learn from the market situation and may revise their choices after having

observed others. That is to say, consumers may decide to buy from a different

firm.
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We denote by fij the rate at which consumers buying from firm j switch to firm

i, in their pursuit of more satisfactory consumption patterns. Let us consider that

the net switching rate among firms is:

fij ¼ θ½ui � uj�þ ¼ θmax ui � uj; 0
� �

; θ > 0

where θ > 0 captures the ease with which consumers revise their behavior. We

are assuming that, by comparing the satisfaction ui with the uj enjoyable when

buying to firm j, consumers may decide to change their behavior.

Thus, we have a certain flow of heterogeneous boundedly rational consumers

gradually moving in the (endogenously changing, nonunique) “better-

valuation” direction, as given by the distribution of payoffs:

ui ¼ α2
yi
ymax

þ 1� α2ð Þ 1� pi

pmax

� �
; i ¼ 1; . . . ; n:

We have stated that the product δsisj 0 < δ < 1ð Þ gives the probability for a

random and independent interaction between one consumer buying from i(share

in the population si) and another buying from j (share sj). Then in a small

interval Δt the flow of consumers from j to i would be given by (see Hofbauer

and Sigmund 1998):

δsisjfijΔt

and the change in the proportion of consumers buying to firm i will be:

Δsi ¼
X

j
δsisj fij � fji

� �
Δt; fij � fji ¼ θ ui � uj

� �
In turn, the continuous time evolution of the proportion of consumers buying

from firm i may be described by the following equation:

dsi
dt

¼
X

j
δsisj fij � fji

� � ¼ δsi
X

j
sjθ ui � uj
� �

; _si ¼ θδsi ui �
X

j
sjuj

� 	
or changing velocity (i = 1,..,n):

_si ¼ si ui � uð Þ; where u ¼X
j sjuj

In this way, we obtain an evolutionary micro-founded basis to think about the

driving forces underlying equation (10) in Section 3.1.3.

Let us note that in our two-sector coevolution model in Section 3, the

stochastic evolving network upstream (Sector 1) is continuously fueling
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Sector 2 with new knowledge and new machine prices. This flow engenders

changing distributions of the consumer satisfaction levels:

ui ¼ α2
yi
ymax

þ 1� α2ð Þ 1� pi

pmax

� �
; ði ¼ 1;::; nÞ

In turn, as this distribution of consumer payoffs and the corresponding

distribution of market shares for firms in Sector 2 is updated, this process

induces a new distribution of potential users and absorption intervals in the

demand-side of Sector 1. Sector 1 and Sector 2 coevolve. We have a market

selection process in Sector 2 represented by a replicator dynamics system that is

fueled by ongoing novelty generated upstream (in Sector 1). Conversely, the

replicator dynamics in Sector 2 generate new framing conditions for the net-

work dynamics in Sector 1.

A2 A Formal Analysis for a Simplified Version of the Model

We present here the proof for Proposition 3.1 in Section 3.2.2 that analyzes the

dynamics of the simplified system (equation 14). For the sake of ease, we

remind the reader that equation (14) is given as:

si˙ ¼ βsi tð Þ½X n

j¼1sj tð Þpj tð Þ � pi tð Þ�
pi tð Þ ¼ 1þ αisi tð Þ; i ¼ 1; 2; . . . ; nð Þ (14)

The dynamics of equation (14) develop on the unit-simplex Δn and both

the boundary and the interior of Δn are invariant sets (Sandholm 2010). We

will focus on the interior of the simplex D = Int (Δn), since we are

interested in checking the existence and stability of possible interior resting

points. Proposition 3.1 (and in Section 3.2.2) synthesize the key result:

Proposition 3.1 The general replicator system (14) has a unique interior

equilibrium point s� 2 D ¼ IntðΔnÞ. This point s� is globally asymptotically

stable within D.

Proof

1. First, we find that there is always at least an interior resting point

s� 2 D ¼ IntðΔnÞfor equation (14), which is given by:

s� ¼ s�1; s
�
2; . . . ; s

�
n

� � ¼ α2α3 . . . αnX
i
ðα1α2 ... αnÞ

αi

;
α1α3 . . . αnX

i
ðα1α2 ... αnÞ

αi

; . . . ;
α1α2 . . . αn�1X

i
ðα1α2 ... αnÞ

αi

 !
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It is straightforward to see that, if we substitute this expression in equation

(14), we obtain that in s�, ṡi ¼ 0; 8i is always verified.
2. Second, we have to check also the stability of s�. In fact, since we are going

to verify that s� is globally asymptotically stable withinD, we also see that s�

is the unique equilibriumwithinD. We proceed by using the direct Lyapunov

method of proof (Weibull 1995). Thus, we have defined D ¼ IntðΔnÞ which
is an open invariant set, in fact it is an invariant neighborhood of the interior

equilibrium point s�. By using the Lyapunov method, we can assure that s� is
unique and globally asymptotically stable within D if we find a continuous

and differentiable function V : D→Rwhich verifies the following properties

in D:

1. V sð Þ ¼ 0 ⇔ s ¼ s�, and V sð Þ > 0 8s 6¼ s� in D.

2. 8s 6¼ s� in D, and we also see that dV sð Þ
dt < 0

For our general system (equation (14)) and the pricing routine pi tð Þ ¼ 1þ αisi,

we can prove that V sð Þ ¼ �P n
i¼1ln

pi tð Þ
p tð Þ
� 	

¼ �P n
i¼1ln

1þαisi tð ÞXn

i¼1
si tð Þð1þαisi tð ÞÞ

 !
is

a strict Lyapunov function in D, verifying conditions (1) and (2). Let us verify

this:

Regarding (1), note that in s� all prices are equal and identical to the average

price p tð Þ. As a consequence V s�ð Þ ¼ �P n
i¼1ln 1ð Þ ¼ 0.

On the other hand, for any s 6¼ s� within D, V sð Þ ¼ �P n
i¼1 ln pi tð Þ

p tð Þ
� 	

>

0 ⇔
P n

i¼1lnð pi tð Þ
p tð Þ Þ < 0 ⇔ln ∏n

i¼1
pi tð Þ
p tð Þ
� 	h i

< 0 ⇔e
ln ∏n

i¼1
pi tð Þ
p tð Þ

� 	h i
< e0 ¼ 1ð Þ:

It is clear that this is verified if and only if:

∏
n

i¼1

pi tð Þ
p tð Þ

� �
< 1

This expression is equivalent to proving that ðp1 tð Þ: p2 tð Þ . . . : pn tð ÞÞ < p tð Þn:
Then, this expression is true if p tð Þ > ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p1 tð Þ: p2 tð Þ . . . : pn tð Þn
p

. We remember

that p tð Þ is the weighted average of the prices in the sector, whileffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p1 tð Þ: p2 tð Þ . . . : pn tð Þn

p
is the geometric mean of those prices. With all prices

being positive, and considering a non-excessive degree of price dispersion

(since we are modeling a sector in which close varieties of the same good are

produced and supplied), then we can affirm that p tð Þ is a sufficiently good

approximation of the arithmetic mean of the prices. Then, the arithmetic mean is

always significantly higher than the geometric mean, and therefore, in our

conditions, p tð Þ > ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p1 tð Þ: p2 tð Þ . . . : pn tð Þn

p
and condition 1) (for V sð Þ to be
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a strict Lyapunov function) is verified. We can affirm that V sð Þ ¼ 0 ⇔ s ¼ s�

and V sð Þ > 0 8s 6¼ s� in D.

Regarding (2), we need to verify first, as a previous step, that for the pricing

routine pi tð Þ ¼ 1þ αisi and system given by equation (14) it is
dp
dt ¼

d
Xn

i¼1si tð Þpi tð Þð Þ
dt < 0.

Notice that the average price with this routine is p ¼ 1þX
​ s2i αi.

Considering equation (14) we take derivatives in p :

dp
dt

¼ �2β
X n

i¼1
si αisið Þ pi � pð Þ ¼ �2βCov αs; pð Þ < 0

It is clear that this is true because, since pi tð Þ ¼ 1þ αisi, the covariance between

the prices ðpiÞ and the margins αisið Þ is positive.
Therefore,

dp
dt

< 0

Now, by taking derivatives in V sð Þ we obtain that:

dV sð Þ
dt

¼ �
Xn
i¼1

dp
i

�
dt

� �
pi

� n
dp=dt
� �

p

264
375

We have to prove that this expression is negative in the domain. We know from

the previous step (notice dp
dt < 0) that �n

dp=dtð Þ
p > 0, but we have to study the

remaining summand.

That is to ask, what can we state regarding the sign of
P n

i¼1

ðdpi�dtÞ
pi

?

From the system given by equation (14) and its pricing routine it is clear that:Xn
i¼1

dpi=dt
� �

pi
¼ �β

X n

i¼1
si

αi
pi

� �
pi � pð Þ ¼ �βCov

α
p
; p

� �
> 0

We can see that the expression is positive since we have a negative covariance

between the prices (pÞ and something divided by the prices. Then, having found

that in our conditions both
P n

i¼1
dpi=dtð Þ
pi

> 0 and �n
dp=dtð Þ
p > 0 we can affirm

that:

dV sð Þ
dt

< 0

Therefore, we have verified that a strict Lyapunov function exists with the

expression:
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V sð Þ ¼ �P n
i¼1ln

pi tð Þ
p tð Þ
� 	

¼ �P n
i¼1ln

1þ αisi tð ÞXn

i¼1
si tð Þð1þ αisi tð ÞÞ

 !
for equation (14).

This finding assures with full generality that the point s� is a unique and globally
asymptotically stable resting point within D ¼ IntðΔnÞ.

A3 Parametric Values and the Model in Pseudocode

We use subscript i for any firm in Sector 1; j for firms in Sector 2; k

otherwise.

Notation Regarding Sector 1

C1
i;t: firm i from Sector 1 at t.

S1t ¼ fC1
i;tg: set of firms operating in Sector 1 at t.

Parameters in Sector 1 and base-setting
α1 ¼ 0:5 Performance/price sensitivity of demand
η ¼ 1:5 Common parameter in pricing routine
c ¼ 0:01 Unit production cost
� ¼ 0:5 Relative importance imitation vs. inner R&D
ε ¼ 0:75 Entry cost for new imitative entrants
λ ¼ 0:05 Probability of entering doing innovation

Firm-specific parameters in Sector 1
rieU 0; 1ð Þ Share of profits devoted to R&D
σieU 0; 1ð Þ Radius delimiting perceived direct competitors

Firm-specific variables Sector 1
xi;t 2 ½0; 1� Technological level in relative terms
qei;t ≥ 0 Expected sales (in real terms = number of expected customers)
Ri;t ≥ 0 R&D spending
cei;t > 0 Expected total unit cost
μi;t > 1 Unit profit mark-up on costs
pi;t > 0 Price
γi;t 2 ½0; 1� Firm knowledge
qit > 0 Sales (in real units = number of customers)
sit 2 ½0; 1� Market share
ci;t > 0 Total unit cost (ex post)
πi;t ≥ 0 Total firm profit
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Notation Regarding Sector 2

C2
j;t: firm j in Sector 2 at t.

S2t ¼ C2
j;tg

n
: Set of firms in Sector 2 at t.

Parameters in Sector 2 and base-setting
α2 ¼ 0:5 Performance/price sensitivity of demand
λ ¼ 0:05 Probability of entry doing innovation (equal in both sectors)
δ ¼ 1:06 Common parameter in pricing routine
a = 1 Parameter Beta distribution
b = 1 Parameter Beta distribution

Firm-specific parameter Sector 2
ρjeBeta ða; bÞ Cognitive absorptive capacity (as a radius)

Firm-specific variables in Sector 2
Xj;t 2 ½0; 1� Knowledge to manage machines
cj;t > 0 Cost of the machine
yj;t ≥ 0 Machine quality
pj;t > 0 Price of the variety of consumption good
fj;t 2 ½0; 1� Consumption good firm-specific fitness (quality/price)
sj;t 2 ½0; 1� Market Share
πj;t ≥ 0 Firm profit

PSEUDOCODE (ALGORITHM)

1. Initialize:

1.1. Sector 1 (machines production). Initially empty sector- (S10 ¼ ∅ ).

1.2. Sector 2 (consumption goods). Initially empty sector- (S20 ¼ ∅ ).

1.3. END;

2. For any t:

2.1. Call Entry_Sector1;

2.2. Call Entry_Sector2;

2.3. Call Operate _Sector1;

2.4. Call Operate_Sector2;

2.5. Call Apply_Replicator_Sector1;
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2.6. Call Apply_Replicator_Sector2;

2.7. Call Exit_Sector1;

2.8. Call Exit_Sector2;

2.9. END;

3. END;

➢ Define Entry_Sector1:

1. Entry Sector 1: One new firm i enters in Sector 1 S1t ¼ S1t�1 ∪ fC1
i;tg

� 	
;

2. With probability λ, or if the sector is empty, then S1t ¼ fC1
i;tg random

initialization of traits:

rieU 0; 1ð Þ;
σieU 0; 1ð Þ;
xi;teU 0;mð Þ; m ¼ xmaxt�1 if xmaxt�1 exists, or m ¼ 1 otherwise;

3. If the new entrant copies, then: it copies firm k 6¼ i, with probability propor-

tional to market share, so that:

ri ¼ rk;
σi ¼ σk;
xi;t ¼ xk;t�1;

4. Normalize
X

i xi;t ¼ 1. The new entrant affects sectoral technology levels;

5. END;

➢ Define Entry_Sector2:

1. Entry Sector 2: A new firm j enters Sector 2 S2t ¼ S2t�1 ∪ C2
j;t


 �� �
;

2. Recalculate market shares: sj;t ¼ 0:005;
X

k
sk;t ¼ 1� sj;t ¼ 0:995;

3. With probability λ, or if the sector is empty, random initialization of traits:,

ρjeBeta ða; bÞ;
Xj;teU 0;mð Þ; m ¼ xmaxt�1 if xmaxt�1 exists, or m ¼ 1 otherwise;

4. If the new entrant copies, then: It copies firm k in Sector 2, with a probability

which is proportional to its market share and:

ρj ¼ ρk;

Xj;t ¼ Xk;t�1;

5. END;

➢ Define Operate_Sector1:
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1. For each firm i in Sector 1:

1.1. R&D Investment:

1.1.1. If it is a new imitative entrant: Ri;t ¼ Rk;t;

1.1.2. otherwise: Ri;t ¼ riπi;t�1;

1.2. Expected unit cost:

1.2.1. If it is a new imitative entrant: cei;t ¼ cþ ε Ri;t

qei;t
; qei;t ¼ qk;t�1

1.2.2. If it is a new entrant but it does not imitate: cei;t ¼ c;

1.2.3. otherwise cei;t ¼ cþ ε Ri;t

qei;t
; qei;t ¼ qi;t�1;

1.2.4. END;

1.3. Perception of direct rivals (i 6¼ k): Λi;t ¼ ðk : jxk;t � xi;tj ≤ σixmaxt Þ;
1.4. Set mark-up μi;t ¼

ηþ
X

k�Λk;t�1
sk;t�1

ηþ
X

k�Λk;t�1
sk;t�1�sei;t

; sei;t ¼ 1
Card S1tð Þ for new firms and

sei;t ¼ si;t�1 otherwise;

1.5. Pricing: pi;t ¼ μi;tc
e
i;t;

1.6. New knowledge at t: γi;teDist:; with }Dist:} a (truncated) Pareto distri-
bution, supporting values L ¼ 0, H ¼ 1 and parameter θ (slope of

density function). The lower the value of θ, the more probable it is

that we get large knowledge improvements (large γi;t). We have θ in our

model:

θ ¼ 1

� � imitationþ 1� �ð Þ � research ;

imitation ¼ xmaxt �xi;t
xi;t

, that is, assimilation of knowledge from the gap to

the frontier;

research ¼ Ri;t

Rmax
i;t
, that is, knowledge obtained from inner R&D;

3. END;

➢ Define Operate_Sector2:

1. For each firm j:

1.1. Re-scaling Xj;t�1 to be comparable with the values xk;t; values Xj;t�1

range within 0; 1
CardðS1t Þ�1

� 	
, whereas the values xk;t range in

0; 1
CardðS1t Þ

� 	
we have an additional firm in the current period:

X
0
j;t�1 ¼ Xj;t�1 �

Card S1t
� �� 1

Card S1t
� � ;

1.2. Set of understandable machines: Ξj;t ¼ ðk : jX 0
j;t�1 � xk;tj ≤ ρjxmaxt Þ;

1.3. Buy a machine from i with probability proportional to:
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α1xi;t þ 1� α1ð Þ 1� pi;tX
k�Ξj;t

pk;t

 !
;

cj;t ¼ pi;t;

Xj;t ¼ xi;t;

yj;t ¼ xi;t;

1.4. Pricing: pj;t ¼ δ
δ�sj;t

� 	
cj;t

1.5. Firm j competitivenes in the consumption goods market:

fj;t ¼ α2
yj;t
ymaxt

þ 1� α2ð Þ 1� pj;t
pmaxt

� �
;

2. END;

➢ Define Apply_ Replicator_Sector1:

1. For each firm i in Sector 1, update performance by:

xi;tþ1 � xi;t
xi;t

¼ γi;t � γt; γt ¼
X

k
xk;tγk;t;

2. END;

➢ Define Apply_Replicator_Sector2:

1. For each j in Sector 2, calculate its market share from the replicator

equation:

sj;tþ1 � sj;t
sj;t

¼ fj;t � f t; f t ¼
X

h sh;tfh;t;

2. END;

➢ Define Exit_Sector1:

1. For each firm i in Sector 1:

1.1. Calculate ex post unit cost: ci;t ¼ cþ Ri;t

qi;t
;

1.2. Calculate profit: πi;t ¼ qi;t pi;t � ci;t
� �

;

1.3. Firm i exists the market when πi;t ≤ 0;
1.4. Normalize: .

X
i xi;tþ1 ¼ X

i xi;t ¼ 1 Note that firm exit alters the rela-

tive values of technological levels in the sector.

1.5. Communicate to Sector 2 the re-scaling in the previous step;
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2. END;

➢ Define Exit_Sector2:

1. Each firm j in Sector 2 exists the market when: sj;tþ1 ≤ 0:005;
2. Normalize:

X
i si;tþ1 ¼ 1;

3. END;
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Appendix B

Utopia Competition: Microfoundations for the
Replicator Dynamics and the Formal Analysis

for One Isolated Subsystem

B1 Microfoundations

Let us denote by fij the rate at which citizens contributing xj switch to behavior

xi, in their pursuing of more satisfactory behavioral patterns. Let us consider

that this switching rate is:

fij ¼ θ½ui � uj�þ ¼ θmax ui � uj; 0
� �

; θ > 0

where θ > 0 captures the ease with which citizens may change their behavior.

We are assuming that, given the payoff criteria in Section 5.2.1, when a citizen

from behavioral group i meets another from j, they discover the possibility of

adopting behavior xj. We then propose that there exists a certain flow of citizens

gradually moving in the “better-valuation” direction, instead of having a fully

rational representative citizen.

Thus, assuming that the product δsisj 0 < δ < 1ð Þ gives the probability for

a random and independent interaction between one citizen with contribution i

(share in the population si) and another with behavioral pattern j (share sj), in

a small interval Δt, the flow of citizens from j to i would be given by:

δsisjfijΔt

and the change in the proportion of citizens with behavior xi would be:

Δsi ¼
P

j δsisj fij � fji
� �

Δt; fij � fji ¼ θ ui � uj
� �

:

Additionally, we consider that the agents may also choose their contribution

randomly with a small probability μ, due to nonmodeled factors. If we add this

component to the replicator equation above, we obtain the following replicator

with random experimentation:

Δsi ¼ 1� μð Þ
X

j
θδsisj ui � uj

� �
Δt þ μ

1

n
� si

� �
Δt

The term that accounts for random experimentation is composed of the outflow

μsi (which is proportional to the number of agents choosing contribution xi) and
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the inflow μ
n (which, given that it is random decision, and there are n possible

alternatives, is proportional to 1
n). Thus, the net flow of agents changing their

contribution from xi to xj because of random experimentation is ðsj�siÞ
n .

Therefore, the continuous time evolution of the proportion of citizens with

contribution i may be described by the following equation (Fatas-Villafranca

et al. 2011):

dsi
dt

¼ 1� μð Þ
X

j
δsisj fij � fji

� �þ μ
1

n
� si

� �

¼ 1� μð Þδsi
X

j
sjθ ui � uj
� �þ μ

1

n
� si

� �
;

_si ¼ 1� μð Þθδsi ui �
X

j
sjuj

� 	
þ μ

1

n
� si

� �
or changing velocity (i = 1, ..., n):

_si ¼ 1� μð Þsi ui � uð Þ þ μ
1

n
� si

� �
; u ¼ X

j
sjuj:

In this way, we obtain the expressions in equation (2) in Section 5.2.2 and –

through a similar reasoning – the system expressed in equation (3) in Section

5.2.3 for the relative share of subsystems in society.

Let us note that, if (for the sake of simplicity and without losing any

generality) we consider the traditional case in which μ ¼ 0, then we obtain

a typical replicator dynamics system with endogenously changing payoff levels

such as the one that follows:

_si ¼ si ui � uð Þ

B2 A Formal Analysis for Intra-subsystem Dynamics

Let us consider the analysis of one subsystem in isolation, with the intra-

subsystem structure being composed of three levels of citizen contribution:

x1; x2 ¼ 1þ að Þx1; x3 ¼ 1þ að Þx2; a > 0:

We consider this formal representation for intra-subsystem dispersion among

behavioral patterns for mathematical simplicity. In Fatas-Villafranca, Saura and

Vazquez (2009), we can see that the results are qualitatively similar to the ones
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obtained for an arithmetic progression among contribution levels of different

citizens.

Considering equation (1) in Section 5 of this Element, we may rewrite this as

follows:

ui ¼ αxi þ β siþ1 � si�1ð Þxi; α; β 2 0; 1ð Þ; i ¼ 1; 2; 3ð Þ

If we now combine this simplified expression with the replicator system

without mutations

_si ¼ si ui � uð Þ

we can use both expressions and see that the intra-subsystem dynamics can be

analyzed by exploring the following system:

_s1 ¼ s1 αx1 þ βs2x1 � uð Þ
_s2 ¼ s2 αx2 þ βðs3 � s1Þx2 � u

� 	
_s3 ¼ s3 αx3 � βs2x3 � uð Þ

8><>: (B2-1)

Given that the unit-simplex is not altered by the flows induced by equation

(B2-1), the dynamics of equation (B2-1) are essentially driven by the plane

system (s3 ¼ 1� s1 � s2):

_s1 ¼ s1 αx1 þ βs2x1 � ûð Þ
_s2 ¼ s2 αx2 þ βð1� 2s1 � s2Þx2 � û

� 	(
û ¼ s1 αx1 þ βs2x1ð Þ þ s2½αx2 þ βð1� 2s1 � s2Þx2�

þð1� s1 � s2Þ αx3 � βs2x3ð Þ: (B2-2)

In Fatas-Villafranca, Saura and Vazquez (2007) we analyzed a mathematical

system that is formally identical to equation (B2-2). There we proved that what

in our current case would be the intra-subsystem dynamics driven by equation

(B2-2) depends on specific parametric conditions. More precisely, our intra-

subsystem dynamics as stated in a simplified manner in equation (B2-2) are

determined by the following parametric conditions:

1) If we set β > αa, that is to say, when the influence of intra-subsystem

local peer interactions (the local externalities) are sufficiently intense,

then the interactions between citizens with distinct behavioral patterns

within the same subsystem (utopia) will maintain the subsystem in an

indefinite process of endogenous self-transformation. There will be an

ongoing process of cycling flows of citizens updating and revising their

behavior.
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This is what in Fatas-Villafranca et al. (2007, 2009) we called a dynamic

diversityD-Regime. This result is also relevant for our study in Section 5 in this

Element. In fact, it is fully in line with the discussion that we have presented in

terms of the subgames and their mixture.

2) On the contrary, when we have (or set up) the condition β < αa, then we

obtain a conformity C-Regime in which citizens tend to concentrate gradually

on either one or two levels of citizenship. This means a concentration of citizen

behavioral patterns as time goes by. For the sake of the analysis in Section 5, we

take into account these results, which help us to understand the dynamics of the

coevolutionary approach to political economy suggested in this Element.
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