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Keynes—Schumpeter Macroeconomics 1

1 Introduction

Schumpeter seemed not to have been impressed with the macroeconomic work
of Keynes and the way it had found its way into the mainstream in the form of
the so-called neoclassical synthesis (e.g., under the influence of Hicks, 1937). In
his 1948 presidential address to the American Economic Association, he wrote
about

the absorption of Keynes’ contribution into the current stream of analytic
work [that t]here are no really new principles to absorb. The ideology of
underemployment equilibrium and of non-spending — which is a better term
to use than saving — is readily seen to be embodied in a few restrictive
assumptions that emphasize certain (real or supposed) facts. With these
everyone can deal as he thinks fit and for the rest he can continue his way.
This reduces Keynesian controversies to the level of technical science.
(Schumpeter, 1948, p. 356)

This is in stark contrast with the work of present-day neo-Schumpeterians (the
work of some of which we will briefly review in Section 2), who see in
Schumpeter and Keynes two kindred spirits as far as the deep nature of economic
development as a disequilibrium process is concerned. Schumpeter viewed
capitalism as a restless economic system, in which innovation (a supply-side
factor) never allows equilibrium to settle. Keynes, on the other hand, saw
demand-side factors, including the ‘animal spirits’ of entrepreneurs, leading to
economic turbulence in the short- to middle-run, and was more interested in
exploring the nature of those ‘tempestuous seasons’ than in the long-run equilib-
rium. We place ourselves in the neo-Schumpeterian scholarly tradition by insist-
ing that macroeconomic dynamics result from interacting microeconomic agents
instead of optimizing representative agents. Hence our contribution in this
Element focuses on an agent-based view of macroeconomics, in which both
Keynesian and Schumpeterian elements can be found.

Our main Schumpeterian message is that innovation is the driving force of
economic growth and development, and that the endogenous emergence of
innovation takes place as a process that is characterized by opportunity-
seeking entrepreneurs who create innovation to escape the conditions of equi-
librium (i.e., low profit rates) as dictated by competition. Much of the work in
the Schumpeterian tradition has embraced the idea of bounded rationality,
which defies the fully rational optimization strategies of standard microeco-
nomics. Such bounded rationality still implies intentionality on the side of
agents (innovating firms). We take a much more minimalistic approach, in
which we assume no intentionality on the side of agents: each firm is assigned
an R&D strategy (i.e., how much to invest in R&D relative to its sales revenue)
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2 Evolutionary Economics

and maintains that strategy throughout its lifetime, with the exception of
occasional and purely random experimentation.

In this way, the burden for making the emergence of innovation possible lies
at the system level, where economic selection decides on whether or not
Research and Development (R&D) performing firms will survive. If R&D
performing firms survive evolutionary selection, innovation leads to productiv-
ity growth. The absence of any degree of rationality for R&D performing firms
is not intended as an approximation of how real firms work. Inspired by the
ideas of evolutionary game theory, we use this assumption to show how
interaction between agents alone can already create dynamic economic devel-
opment as an emergent phenomenon.

The ‘evolutionary game’ nature of our model is implied by the fact that in the
medium- to short-run, the survival chance of a firm is determined not only by the
firm’s own R&D strategy but also by those of other firms, which collectively
shape the macroeconomic (selection) environment. The evolutionary nature of
this process resides in the simultaneity of processes that generate variety (i.e.,
by random mutations of the firms’ individual R&D strategies) and those that
tend to eliminate the variety (i.e., selection implied by bankruptcies followed by
stochastic imitation of the R&D strategies of better performers). Accordingly,
one of the main aims of our analysis is to investigate whether this kind of
selection can generate an outcome in which firms adopt an evolutionary stable
R&D strategy (Maynard-Smith, 1974), leading to a situation where further
experimentation with R&D strategies by firms does not lead the economy
away from its growth path.

This ‘evolutionary game’ is set in a macroeconomic context with strong
Keynesian features. Our Keynesian message is that demand does not adjust to
supply in an automatic and smooth way. This requires the explicit modelling of
demand and the interaction between demand and supply. Our choice here is to
focus on an economy that can develop and grow without extensive government
policy, whether aimed at the supply-side (e.g., innovation policy) or demand-
side policy of the well-known Keynesian counter-cyclical kind.! Our aim is to
sketch the basic elements of an economy that can grow without government
intervention, although we do not expect such growth to be a smooth steady state.

The main Keynesian and Schumpeterian elements of our model can already
be found in an earlier paper (Nomaler et al., 2021) that provides a purely
aggregate version of the macroeconomic model that is used in this Element,
although with two major limitations in the form of assumptions about

! Note that this is very different to other models in the Keynes—Schumpeter tradition (e.g., Dosi
etal., 2010), which generally rely heavily on the government to provide demand, for example, in
the form of unemployment benefits funded from tax income.
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Keynes—Schumpeter Macroeconomics 3

exogeneity. In that model, both R&D (and innovation) and the real wage rate (or
the share of wages in GDP) are exogenous. However, this aggregate model
provides the basic context of the interaction between demand and supply that is
our version of the Keynes—Schumpeter synthesis that others in the neo-
Schumpeterian field have also sought (see Section 2). In our version of
Keynes—Schumpeter macroeconomics, innovation, as a supply-side factor,
generates the potential for a long-run increase in living standards.

The realization of this potential depends on whether demand keeps pace with
productivity growth. In Nomaler et al. (2021), this was achieved through the
modelling of consumer demand as an endogenous fraction of households’
financial wealth, which reacts to deviations of the (macro) employment rate
from an assumed neutral level. In this way, households smooth their consump-
tion levels when wage income fluctuates as a result of changes in the employ-
ment rate. This mechanism also enables the real wage rate, and hence consumer
demand, to keep pace with productivity change.

Because this endogenization of demand plays an important role in the stock of
financial wealth of households, the model needs to keep precise accounts of these
stocks, including where in the economy the financial assets of households appear
as liabilities. This is where we draw on the stock-flow consistent (SFC) macroec-
onomics of Godley and Lavoie (see, again, Section 2 for references and a brief
overview). However, we adopt only the most simple and limited version of the
SFC model, in which we do not explicitly model any banks, and the government
sector has a completely passive role. This implies that in our model, households’
financial wealth mostly corresponds to the debt of firms, and the government
plays only a very modest role in demand. What we keep of the SFC ideas is that
wealth/debt stocks that result cumulatively from past cash flows will affect the
behaviour of the agents, thus what can happen in the current period. This
introduces a process of ‘circular cumulative causation’ in the model.

The agent-based parts of the current model as well as the endogenization of
the real wage rate draw on Meijers et al. (2019). This model is agent-based, as
our current model is, but it does not have any growth. It provides elements of the
selection environment that we will use in the current model, by portraying
selection as closely connected to bankruptcy of firms that have become heavily
indebted. This is the approach that we follow here as well, although, in the
current model, R&D (which is absent in Meijers et al., 2019) is an important
factor determining bankruptcy, as it relates both to productivity increases of the
firm and represents a cost. The endogenization of the real wage rate is based on
the idea that firms adjust their markup (of goods sold) to keep their leverage
ratio (outstanding debt relative to the capital stock of the firm) within bounds (a
high leverage ratio implies a high probability of going bankrupt).
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4 Evolutionary Economics

What results in this Element is a macroeconomic model that presents the full
view of our interpretation of the Keynes—Schumpeter synthesis. The model is
agent-based, that is, it specifies how macroeconomic trends result from inter-
acting agents without any assumption about rational behaviour as the basis for
any of the main outcomes of the model, such as the emergence of growth and
business cycles. The model is also fully endogenous; there are no important
aspects left exogenous that determine the nature of the growth process or how
growth arises from the interaction of demand and supply.

Our model is also relatively parsimonious, as it abstracts from the role of the
government in demand stabilization and the role of the financial sector, both of
which are factors that play a large role in other models, even within the Keynes—
Schumpeter tradition. By this, we do not want to argue that the role of the
government, the financial sector, or any other things that we abstract from are
not important in the real-world economy. By keeping the model as simple as
possible but still agent-based, we hope to provide a starting point for further
analysis and also stay relatively close to the model in Nomaler et al. (2021).>

The rest of this Element is organized as follows. In Section 2 we will provide
a brief outline of the literature that is immediately relevant for the construction
and interpretation of our model. This includes a brief recount of the general nature
of the Schumpeterian and Keynesian approaches to economic analysis, a short
overview of some of the contributions of the Keynes—Schumpeter approach to
macroeconomics, and a brief preview of our own model. Section 3 will specify
the basics of our model, which means that it presents all aspects of the model
except R&D and innovation. This comprises the Keynesian and stock-flow
consistent (including balance sheets and the transaction table) sides of our
model without the Schumpeterian part, that is, without R&D, and describes
a stationary economy. We present some of the basic outcomes of this model in
terms of simulations that generate business cycles.

In Section 4, we introduce R&D into the model. This starts with an analysis of
the role that R&D plays in the cash flow equation of the firm and, hence, in the
dynamics of debt of firms (and its reflection in household wealth). After this, we
specify different innovation functions that provide a stochastic relation between
firm-level R&D investment and innovation, which we model purely as product-
ivity increases. Section 4 also makes use of the parsimonious nature of the
model to derive a highly simplified (‘representative agent”) version of the model
that allows us to treat R&D as exogenous and derive steady-state expressions
for other important variables in the model that endogenously arise for different

2 One difference between the model in Nomaler et al. (2021) and the current model is that the
former is a supermultiplier model, while the current one has the ‘normal’ multiplier. We do not
believe that this difference affects the results in any deep way.

Downloaded from https://www.cambridge.org/core. IP address: 13.201.136.108, on 04 Oct 2025 at 23:25:34, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009619486


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009619486
https://www.cambridge.org/core

Keynes—-Schumpeter Macroeconomics 5

levels of exogenous R&D. Simulations will show that by tweaking certain
parameters, the fully agent-based model can approximate these ‘exogenous
R&D’ steady states. This means that multiple growth paths are possible in the
model, depending on what level of R&D is specified. We conclude Section 4 by
identifying a set of parameter values with which the firm population can indeed
adopt an evolutionary stable R&D strategy, which implies that a stable level of
aggregate R&D emerges. In other words, while multiple levels of R&D invest-
ment are possible a priori, economic selection can pick one of them that is stable
even if firms keep experimenting with mutated strategies.

Section 5 documents a number of simulation experiments, all of which are set
up to yield evolutionary stable R&D strategies, in which we pick a small set of
parameters to vary and analyze the variation in outcomes by Monte Carlo
simulations. This includes an experiment about the emergence of R&D from
a state of the model where no firm does any R&D, an experiment about the
nature of the innovation process (how R&D influences the average waiting time
and the size of innovations), an experiment about financial aspects of the
economy that influence the selection environment, an experiment about the
impact of the marginal propensity to consume, and an experiment about busi-
ness cycles. Finally, in Section 6, we summarize the outcomes of the model and
the implications they have for approaching macroeconomics from the Keynes—
Schumpeter perspective. This will include a brief outline for a research agenda
that elaborates on the simplifications of our model to more realistic settings.

2 Background and Literature Review
2.1 A Schumpeterian Disequilibrium Approach

The Schumpeterian view of the economic system rests on the principles of
heterogeneity between agents and evolutionary dynamics. This is very different
from what is found in the standard microeconomic textbooks, where behav-
ioural homogeneity is the norm and representative agents are used to build
economic theory. These different perspectives lead to conflicting views about
the nature of economic dynamics, with a crucial role for the concept of
economic equilibrium.

One definition of equilibrium, which also applies to the ‘dynamic’ idea of
equilibrium as a steady state growth path (which is what interests us in this
Element), is a state of the economic system in which no actor has an incentive
for changing behaviour. In simple terms of demand and supply, this could mean
that a price has been established at which buyers can buy everything they want,
and at the same time, sellers are able to sell everything they want. Neither
buyers nor suppliers have any reason to change their behaviour. In the textbook

Downloaded from https://www.cambridge.org/core. IP address: 13.201.136.108, on 04 Oct 2025 at 23:25:34, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009619486


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009619486
https://www.cambridge.org/core

6 Evolutionary Economics

theory, such an equilibrium would be stated in terms of supply and demand
curves, which are derived from profit maximization by a representative firm (the
supply curve) and utility maximization by a representative consumer (the
demand curve). At the price where these curves intersect, none of the agents
will feel a need for change.

In the Schumpeterian perspective, the key assumption is that some agents
will always want to inflict change upon any state of the economy, no matter how
near it would be to the textbook equilibrium. Schumpeter takes a supply-side
perspective and focuses on innovation as a way to disrupt the equilibrium. The
Schumpeterian entrepreneur looks for profit opportunities beyond the profit rate
that can be earned in equilibrium, that is, the ‘above-normal’ profits that the
textbook models assume will be competed away. Innovation can create such
profits as long as the innovating entrepreneur is not imitated on a large scale,
that is, as long as she has some degree of exclusivity in the market.

If above-normal profits related to entrepreneurial, innovative activity exist for
extended periods of time, then the textbook equilibrium can, in the best case, only
be valid as a long-run target to which the economy may tend to move. This is the
view expressed in Schumpeter’s 1911 Theorie der wirtschafilichen Entwicklung.
The neo-Schumpeterian tradition that emerged in the 1980s (e.g., Mensch, 1979;
Dosi, 1982; Freeman et al., 1982; Dosi et al., 1988) revived the theme of
innovation as a disequilibrating force. In the closely related field of evolutionary
economics (e.g., Nelson and Winter, 1982; Silverberg et al., 1988), economic
selection was proposed as a way to formally model firms and the markets on
which they operate as a selection process. Such an evolutionary view is fully
compatible with the disequilibrium nature of the economy that Schumpeter
proposed. It is also the tradition in which the model explored in this Element fits.

This neo-Schumpeterian evolutionary view of the economy developed in the
same period that the so-called endogenous growth theory developed (e.g.,
Romer, 1990; Aghion and Howitt, 1992). Although this field, especially work
following the original contribution by Aghion and Howitt, also refers to itself as
neo-Schumpeterian, the approach there is based on equilibrium, and, hence,
rather different from the neo-Schumpeterian evolutionary literature that we
position ourselves in. In the endogenous growth theory, and contrary to
Schumpeter’s original view, innovation is an equilibrium process itself, for
example, as in Romer’s market for blueprints (inventions), where monopolistic
competition rules and firms are able to charge an equilibrium markup over
marginal costs.

While there is much to be said about these different interpretations of
Schumpeter’s ideas, we will not explore that topic in this Element. Instead, we
are interested in developing a model that is characterized by Schumpeterian
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Keynes—-Schumpeter Macroeconomics 7

disequilibrium in an evolutionary context. Our emphasis will be on how evolu-
tionary selection may lead to regularities in innovation rates at the level of the
aggregate economy, and what this implies for economic growth. What we do
share with the ‘endogenous growth’ approach of Romer, Aghion and Howitt is
a focus on research and development (R&D) as a source of innovation, that is, the
firm in our model will undertake R&D and, as a result, will have a probability of
realizing an innovation.

R&D takes place at the microeconomic (firm) level, hence selection takes
place between firms. The question of whether this selection process can lead to
regularities at the microeconomic level, without the standard textbook equilib-
rium, fits in the questions addressed in the so-called complexity literature (e.g.,
Prigogine and Stengers, 1984; Silverberg, 1988; Langton, 1990). A central
notion here is self-organization, which Silverberg (1988, p. 531) describes as
follows:

The theory of self-organization deals with complex dynamic systems open to
their environment in terms of the exchange of matter, energy and information
and composed of a number of interacting subsystems . . . Many such systems
have been shown ... to lead to the spontaneous emergence of coherent
macroscopic structures . .. from the seemingly uncoordinated behaviour of
the component parts at the microscopic level. Moreover, self-organizing
systems can undergo a succession of . .. structural transformations.

The dominant approach to modeling selection at the microeconomic level has
been to use a so-called replicator equation (e.g., Iwai, 1984a, b; Silverberg et al.,
1988; Silverberg and Verspagen, 1994; Hotbauer and Sigmund, 1998). This
equation describes how the market shares (or some other share variable that
represents how an economic variable is distributed between firms) of firms
change as a result of changes in so-called fitness. It is intended to capture
Herbert Spencer’s idea of ‘survival of the fittest’; hence it requires an operatio-
nalization of what constitutes fitness. This could be profitability, product qual-
ity, or any other variable that would enhance firm performance. Firms that have
higher (lower) fitness than the weighted average of all firms will see their
market share increase (decline).

Our approach to selection is different. We follow the approach by Meijers
etal. (2019), who model selection as the result of bankruptcy. Here, firms stay in
the market as long as they have not gone bankrupt. Bankruptcy is a stochastic
event, but its probability depends on the degree of indebtedness of the firm.
While the basics of our model, and the bankruptcy-based selection process, are
similar to Meijers et al., we introduce R&D and growth in the model. A major
focus of the results that we will present here is how the R&D spending rate that
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8 Evolutionary Economics

a firm adopts influences the probability of bankruptcy. In other words, hetero-
geneity between firms in terms of their R&D strategies leads to different rates of
survival, and the outcome of this selection process determines the aggregate rate
of growth.

2.2 Keynes and the Role of Demand

The Schumpeterian perspective is dominated by the supply-side, with innov-
ation playing a key role in generating disequilibrium. In contrast, in the work
following the contributions of Keynes, demand-side factors are the source of
disequilibrium. The combination of these two perspectives has led to a proposal
for a ‘Schumpeter—Keynes synthesis’ (e.g., Dosi et al., 2010), which is indeed
how we would position the contribution in this Element. Before we (briefly)
discuss the Schumpeter—Keynes synthesis in the next section, this section
illustrates how Keynesian tradition is relevant to our contribution.

The core idea behind Keynesian economics is often considered as a reaction
to Say’s law; that supply creates its own demand, even at the aggregate level.
Keynes (1936) offered a strong critique of Say’s law, noting that economic
agents (e.g., households and capitalists) may choose to hold their wealth in
liquid assets, such as cash.” This results in a leakage from the system, accumu-
lating into a stock of assets that are, momentarily or for a longer term, with-
drawn from the circular flow (i.e., from investment and/or consumption), and
thus represents a lack of ‘effective demand’. On the other hand, injections that
are financed by debt or out of accumulated wealth can lead to excess demand. In
this Keynesian view, not all (wage) income is necessarily consumed, nor is
consumption always bound by current income. Investment reacts not to the
availability of savings but to investors’ expectations, their ‘animal spirits’, and
the reward for liquidity, indicated by the interest rate.

Without supply-side domination, the relationship between spending and the
macroeconomic outcome can be understood through the concept of the
Keynesian multiplier, which is defined as the ratio of the change in aggregate
income to an initial change in autonomous expenditure. Here, ‘autonomous’
means spending that is independent of current income, that is, spending that is
not part of the complete and perfect circular flow as envisaged in Say’s Law. To
outline the role of the multiplier, we need to focus both on the working of the
multiplier, and on the factors that determine autonomous demand.

3 When one allows different types of monetary instruments and financial assets to enter the
analysis, macroeconomic monetary aspects start to play an important role. We ignore such
monetary considerations by making particular assumptions that simplify our model considerably.
Therefore, we abstract from details of the monetary side of the Keynesian (or Schumpeterian)
literature.
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Keynes—Schumpeter Macroeconomics 9

As Robinson (1937) stressed, the interplay between autonomous demand and
the multiplier represents an alternative to the Walrasian general equilibrium way
of macroeconomic coordination (see also Pasinetti, 2007). As argued earlier,
consumption and investment plans of individual agents, including government,
contain elements that are independent of current income (i.e., autonomous,
financed ex ante by debt or out of accumulated wealth), and these plans are
executed by microeconomic transactions (interaction) between agents. These
interactions will induce production, and production will further induce con-
sumption and investment (the latter represents the non-autonomous parts of
investment and consumption).

For simplicity, we may assume that each (autonomous) euro spent initially by
an economic agent leads to a euro worth of production that generates additional
income for some household, and that in this way a fixed portion o < 1 of the
original euro is further spent. This a euro generates another fraction o additional
spending, and so on, ad infinitum. Denoting total autonomous spending by 4,
aggregate income Y is then determined as the infinite series sum
Y=A(1+a+o®++a + ...+ +a”), which, given a < 1, converges to
Y=4x1/(l —a). The latter is the Keynesian Econ 101 expression for
income determination by the multiplier: 1/(1 — «) is the multiplier and 4
represents autonomous spending (e.g., investment, autonomous consumption
and government spending). The ‘propensity’ parameter o will contain marginal
spending out of current income, possibly differentiated by functional income
category (wages and profits), as well as imports and tax payments (the latter two
with a negative sign). The Sraffian supermultiplier tradition (e.g., Freitas and
Serano, 2015) also considers investment as induced, and hence would include it
in o.

The reduced-equation outcome of the multiplier process hides all of the
complexity and variety that occurs in microeconomic interactions. Explicitly
modelling these interactions, as we will venture in what follows in an agent-
based modelling (ABM) context, is consistent with the self-organization prin-
ciple as outlined earlier. The outcome of this process is one in which all
production and consumption plans of individual agents have been simultan-
eously completed, adapted, coordinated and, ultimately, realized. It is also an
outcome in which wealth has shifted between agents. Households or firms that
accumulate a negative or positive cash flow over the entire multiplier process
will see their net worth decline or increase, respectively. While the
Schumpeterian side of the self-organizing economy stresses the role of supply-
side factors such as innovation, the Keynesian perspective brings the demand-
side into the analysis.

Downloaded from https://www.cambridge.org/core. IP address: 13.201.136.108, on 04 Oct 2025 at 23:25:34, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009619486


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009619486
https://www.cambridge.org/core

10 Evolutionary Economics

This is an inherently dynamic process, in which demand prompts producers to
adjust their supply, thereby creating a dynamic interaction between demand and
supply. Initial spending injections propagate through the economy in a dynamic
way. In terms of autonomous demand, a large part of the body of Keynesian
theory focuses on investment. This is where the ‘animal spirits’ described by
Keynes play a pivotal role. Investors make decisions based on their expectations
of future profitability, which are inherently uncertain and influenced by psycho-
logical factors (animal spirits). This reflects the confidence and optimism (or
pessimism) that investors have about the future, driving their willingness to
undertake new investments. High expectations of future returns encourage invest-
ment, stimulating economic activity and growth. Conversely, low expectations
can lead to reduced investment and economic stagnation. It is common to assume
in the Keynesian literature that these expectations are largely myopic, for
example, that firms make investment plans on the basis of their current rate of
capacity utilization (i.e., the ‘accelerator model’ of investment). Such feedbacks
from the current state of the economy to expectations gives rise to another
dynamic process in the multiplier process, which increases the probability of low-
activity (high unemployment) attractors in the system.

In this way, the multiplier process is a double-edged sword in terms of
macroeconomic coordination. It has the potential to destabilize the economy
by magnifying exogenous shocks to autonomous demand (given myopic expect-
ations), but also to help the (re)stabilization by magnifying the due changes in
autonomous demand that results as a ‘corrective’ response to divergences from
potential output. This leads to one of the basic (but also controversial as seen by
the mainstream) ideas of Keynesian economics, which is that government policy
may use this dynamic process to stabilize the economy. When demand is too low
as evidenced by high unemployment and low activity levels, an increase in
government spending stimulates demand, which will have a disproportionately
large effect through the multiplier. Conversely, in times of economic overheat-
ing, the multiplier can help moderate demand through taxation and reduced
government spending, thereby preventing inflationary pressures. Recent studies
have documented this dynamic nature of fiscal multipliers and their implications
for macroeconomic stability (Taylor, 2020; Arestis & Sawyer, 2004).

2.3 Schumpeter and Keynes: A Preview of Our Approach

There are a variety of approaches to the Keynes—Schumpeter synthesis. Most of
them are either set in a context of sectoral models of structural change (e.g., Lorentz
et al., 2016), or explicitly stated in terms of complex interactive systems, particu-
larly ABMs. Agent-based models are focused on the interactions of heterogeneous
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Keynes—Schumpeter Macroeconomics 11

agents — households, firms and banks — each following its behavioural rules. These
interactions lead to emergent macroeconomic phenomena, such as the multiplier
effect. In ABMs, the decision-making processes of individual agents, such as
consumption, saving and investment, can be directly modelled to observe how
they contribute to aggregate demand. This approach allows for exploring how
micro-level behaviours and interactions lead to macroeconomic outcomes, captur-
ing the complexity and dynamism of the real economy. By modelling the economy
from the bottom up, ABMs provide insights into the micro-foundations of the
multiplier effect, revealing how individual actions collectively influence macro-
economic stability and growth.

Dosi et al. (2010) present a Schumpeter—Keynes model in which the
Schumpeterian side is represented by a capital goods sector that searches, by
R&D, for new machines that have higher labour productivity (Tesfatsion,
2002). These machines are sold to a consumer goods sector. In the consumer
goods sector, firms’ market shares evolve according to a replicator equation,
which is the main evolutionary ingredient of the model. The Keynesian side of
the model is represented by the use of adaptive expectations about demand, the
investment equation in which investment responds to capacity utilization, and
by a government that provides unemployment benefits to workers who do not
find jobs. On the other hand, the model also assumes that all wage income is
consumed in the current period, thus leaving no role for autonomous con-
sumption demand or the accumulation of wealth by workers.

The model is calibrated to produce results that mimic empirical micro- and
macroeconomic phenomena, such as a sustained positive growth rate along with
business cycle fluctuations in output, and firm size and firm growth distributions.
However, without Keynesian demand policies (i.e., unemployment benefits), the
economy tends to get trapped in a state of unreasonably high unemployment rates.
This crucial role of public spending as a stabilizer that smooths out microeco-
nomic supply shocks arising from labour productivity gains is the main
Keynesian feature of the model that the authors underline.

Caiani et al. (2014) propose an alternative Keynes—Schumpeter ABM, in
which they put a lot of emphasis on the monetary side of the economy. Their
model is explicitly based on the so-called SFC modelling tradition, with
a large role for the financial market in facilitating investment as well as
innovation. The setting of the model is one in which innovative entrepreneurs
(who sell new machines that can be used in the consumer goods sector)
‘invade’ the market and push out sellers of traditional machines. This captures
the Schumpeterian disequilibrium dynamics (Schumpeter, 1911) that were
pointed to earlier.
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12 Evolutionary Economics

Also in our own approach, the stock-flow-consistent (SFC) modelling tradition
of Godley and Lavoie (2007) plays a major role in representing the Keynesian
side, because this provides an intuitive way to endogenize (a part of) autonomous
demand. In our implementation of the SFC model, consumption demand depends
both on current wage income (with a propensity to consume that is < 1) and on
the stock of wealth of households. The latter is an important part of autonomous
demand (investment and R&D are the other parts), while the former represents
induced demand. The accounting framework ensures that the aggregate wealth of
households is equal to the aggregate debt of the firms (and the government) and
that savings are equal to investment ex-post (as an identity). We model the
simplest possible financial sector in which households hold firm and government
bonds. Thus, our SFC framework accounts for the interactions between different
sectors of the economy — households, firms and the financial sector. Intertemporal
consumption smoothing by households (the propensity to consume out of the
accumulated wealth in response to the employment rate) suffices for the emer-
gence of sustained economic growth that closely follows aggregate labour prod-
uctivity. Unlike the case of Dosi et al. (2010), the model does not require
government (fiscal) policies in order not to be trapped in a state of mass
unemployment, thanks to the consumption smoothing response of the individual
households to unemployment.

In addition to being SFC, our approach is also partially ABM. The agent-
based nature of our approach follows from two main aspects of the model. First,
our implementation literally mimics the multiplier process, as described earlier,
in a distributed way. Individual households and firms make bilateral transac-
tions with (other) individual firms, both in the goods and the labour market. This
starts with the exercise of autonomous demand (by households and firms) and
continues until all demand, including induced demand that results endogen-
ously in the process, is satisfied, or, exceptionally, rationing takes place due to
supply constraints. All goods transactions lead to immediate production and
hence labour demand, and each transaction is a cash flow from the buyer to the
seller (i.e., a firm that hires a fractional unit of the household’s labour or
a household that purchases a fractional unit of the good produced by the
firm); thus, an increment to the wealth stock of the latter comes at the cost of
an equal reduction in the wealth stock of the former.

The other agent-based part of our model is R&D, where each firm has
a particular R&D strategy that specifies how much it spends as a fraction of
its total sales. A firm is born with an R&D strategy, which it can only change by
low-probability random mutation or by the imitation if the firm is re-born after
bankruptcy. Although we believe that, in actual reality, firms change R&D
strategy endogenously, we adopt this simple approach to bring out the
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Keynes—Schumpeter Macroeconomics 13

evolutionary nature of our model in an extreme and pure way. Here, the main
question is whether selection will lead to stable and relatively homogenous
R&D strategies in the firm population.

Because R&D leads to innovation (this is a stochastic process) in the form of
labour productivity growth, and more R&D leads to larger and/or more innov-
ations, the outcome of the selection process has implications for economic
growth. Thus, the Schumpeterian innovation logic is the leading factor that
determines growth in our model. On the other hand, the Keynesian multiplier
process and its SFC implementation ensure that, in the long run, capacity
utilization and employment rates remain within reasonable bounds. The basics
of this mechanism, but with exogenous R&D spending, were already shown to
produce a potentially stable steady state in the single-agent approach of
Nomaler et al. (2021). Our current model endogenizes R&D as an evolutionary
selection outcome.

It is important to emphasize that the ways in which the R&D spending rate
that a firm adopts influences the probability of bankruptcy is not independent of
the R&D spending by other firms. For instance, a firm spending very little on
R&D may fare well as long as most other firms are also spending little, and, as
a result, the economy is stagnant. However, a firm spending very little on R&D
(and hence realizing almost no productivity growth) when most other firms are
spending much and hence economizing on labour costs may face bankruptcy
because wages are keeping up with productivity. This interdependence of the
success of R&D strategies gives our model its evolutionary game flavor that
makes notion of evolutionary stability a key question in assessing model
outcomes.

In summary, in our Keynes—Schumpeter implementation, autonomous demand
in the form of selection-determined R&D, investment (Keynesian animal spirits),
and consumption partially based on accumulated wealth leads to current-period
cash flows that play out through the multiplier process. In turn, these cash flows
accumulate into next-period stocks (of debt, wealth and capital), which are the
cumulative outcome of the flows of the past. This is a particular implementation
of the process of circular cumulative causation that plays a large role both in
various flavours of the Keynesian literature (e.g., Berger, 2009) as well as in the
Schumpeterian growth literature (e.g., Fagerberg et al., 2021).

The details of this process will be discussed in the sections that follow.

3 Keynesian Economics: The Model for a Stationary Economy

We start by describing the Keynesian side of our model. The core of this is an
agent-based (i.e., decentralized) multiplier process, which ‘coordinates’ the
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14 Evolutionary Economics

economy by equating demand and supply in the short run. Given the wage rate,
the multiplier process generates the financial flows that accumulate into stocks
(generally debt for firms and accumulated wealth for households) that are used
to endogenize demand. We also describe the wage-setting process, which results
from an endogenous markup that depends on the leverage ratio of the firm.
These elements describe a Keynesian macroeconomy that has no growth but
only short-run business cycle fluctuations. We will illustrate these business
cycles by some simulations that will conclude the section.

The short-run specification of our model is very similar to the model in
Meijers et al. (2019). In this section, we briefly summarize the equations and
mechanisms of this part of the model. In the next section, we focus on selection
and R&D, and explain how the model has a ‘notional’ steady-state attractor for
the short-run dynamics.

There are three types of agents in the model: firms, households and
a government. There is a market for a homogenous good produced by firms,
a market for labour, and a rudimentarily modelled financial market. For simpli-
city, we assume that labour is also homogenous, and can be used to perform
R&D and goods interchangeably. Households supply labour, consume, and hold
a stock of financial wealth that results from past savings. Firms produce the
homogenous good, using a capital stock and labour. The homogenous good can
either be consumed or invested. Consumption depends on current income as
well as the wealth of households. The only role for the government is to supply
bonds, which is one type of asset in which households can invest their savings,
and to try to achieve a balanced budget where tax income is equal to interest
payments on bonds.

3.1 Time and the Multiplier Process

The short-run time scale of the model is organized around the Keynesian
multiplier. Over a single period of the model (we roughly think about a period
as a quarter, for reasons that we will discuss in the next section), the multiplier
process starts fresh, unfolds itself in an iterative process, and ultimately finishes
when demand is equal to supply. This process consists exclusively of transac-
tions in the goods market and the labour market. It leads to changes in the stock
of wealth of households and the stock of capital of firms, and determines activity
levels (capital utilization and the employment rate) of the macro economy.

We can use the metaphor of a physical marketplace to explain this multiplier
process. When the market opens, sellers of the homogenous good await buyers,
who arrive with a fixed set of plans about how much (in terms of units of the
homogenous good) they want to purchase. These buyers are both firms, who
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Keynes—Schumpeter Macroeconomics 15

want to buy the homogenous good for investment purposes, and households,
who are buying for consumption. Firms also come with autonomous demand in
the form of their R&D plans. They have a fixed budget for R&D every period,
which is spent similarly to the way investment plans are realized, that is, by
purchasing the homogenous good from randomly selected firms).

These initial purchase plans are the autonomous part of demand, that is, these
plans are independent of income in the period that is about to unfold.
Autonomous consumption depends on the wealth stock of households, invest-
ment plans depend on past capacity utilization, and R&D plans result from the
firm’s R&D strategy (equations for the formation of the components of autono-
mous will be specified in what follows).

Transactions take place when buyers are selected randomly (as long as they
are willing to buy) and matched randomly to sellers (as long as they are willing
to sell). Firms that have higher unused capacity are more likely to be selected by
a buyer. The price of goods is a numeraire, that is, it is equal to one in all goods
transactions. Investment demand is served with priority (before all other
demand), so that firms can (likely) realize their investment plans without
rationing (note that investment goods produced at period ¢ are added to the
firm’s capital stock only at period #+1). The goods that exchange hands in these
transactions are produced on the spot, and, therefore, lead to a labour transaction
(firms hire the labour necessary to produce the desired quantity on the spot).
A sales tax is also paid on the spot. The labour transactions yield wage income,
of which a part is saved and another part gives rise to new demand for goods (the
latter is the induced part of household consumption). Induced consumption
(which is the only part of demand that depends on current income) is added to
the consumption plans of households, thus fuelling the multiplier process that is
unfolding in the marketplace. All transactions take place in very small batches,
that is, it takes many transactions (with different agents in each small transac-
tion) to fulfil total demand by one agent. In other words, both the demand for
goods and for labour are allocated among the agents fractionally.

Because the household’s marginal propensity to consume out of current wage
income is smaller than one, total demand in the marketplace will tend to die out.
When total unsatisfied demand falls below a (very small) threshold, the market
is closed, the multiplier process is finished, and the period ends.” At this point,
the financial side of all transactions is aggregated, resulting in a surplus or

4 We allow for the possibility that rationing needs to take place because there is not enough capital
or labour available to produce any remaining demand. This leaves unsatisfied demand and in the
next period, the economy continues with the stocks that resulted after rationing. This happens
only with specific parameter settings, which we avoid in the results that are presented in what
follows.
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16 Evolutionary Economics

deficit (or, on rare occasions, balance) for each agent. When savings out of
current wage income are larger (smaller) than autonomous consumption, the
household will have a surplus (deficit), and when the cash flow of a firm is
negative (positive), its debt will increase (decrease). The sum of these deficits
and surpluses over the entire economy will always be zero.

The financial market will settle the surpluses and deficits: agents with a current
surplus will lend to agents with a deficit, and interest is paid over these loans. We
do not model this financial sector in detail, and instead follow the simplest case in
Godley and Lavoie (2007), where the government sets an exogenous interest rate
on its bonds, which it supplies in a completely elastic way. Firms pay a spread
over the interest rate on government bonds to compensate for the risk of bank-
ruptcy, in which they forego part of their outstanding debt.

When the multiplier market process is closed, and all financial transactions
have been accounted for, the longer timescale of the model kicks in to adapt the
structure of the economy. This is when bankruptcies and entry take place
(heavily indebted firms are replaced by fresh entrants), innovation takes place
(based on their R&D investments, firms participate in a lottery for productivity
improvements), firms update their investment plans, and possibly their R&D
strategy, households update their (individual) propensity to consume out of
wealth, and the government updates the tax rate to try to pursue a balanced
budget. With all these structural changes, the economy enters a new multiplier
period.

We now specify the equations and procedures that represent the details of this
process.

3.2 Transactions and Matching

Buyers and sellers in transactions (both for goods and for labour) are drawn
randomly, and transactions take place in small batches, which implies that each
household or firm has transactions with a large range of other agents within
a single period. We first draw a buyer randomly, and this buyer gets to buy
a small quantity y of goods. The actual purchase that this agent will make is
equal to G = min(y,Z) where v is the standard batch size, and Z is the total
purchase that the agent still wants to make. The price of the homogenous good is
always equal to 1, or, in other words, this price is a numeraire. As a result, this
price plays no role in our model, and the goods market has to be cleared by the
multiplier process alone.

The buying agent randomly selects a seller, where each seller (firm) has
a probability of being selected that depends on how much it has already sold
(produced) in the current period, relative to its capital stock. To define this
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probability, we first define the short-run utilization rate ¢; = ¢,/ QJK for firm j,
where g; is total sales (production) of j in the period so far, and QJK is full
capacity output of the firm in the period (we will formally define QJK later). We
then calculate

g = (?/*‘?m'")/(gmabgm[n> and ¢;* = min(l,max(gj,O)).

The probability of the firm being selected as a seller is equal to the share of that
firm in the sum of all ¢;*. In this way, demand for goods will be distributed over
firms in a way that is close to the distribution of capital over firms.

In the labour market, every household offers one unit of labour every period.
When firms are in demand for labour, they buy in small batch sizes of e units of
labour, and they select a random household to employ for this amount. All
households have an equal probability of being selected, except those who have
already supplied ¢ > 1 units. Here, ¢ is a parameter that poses a harsh limit on
total employment in the economy (it is larger than 1 to represent overwork). If
all households supply ¢ units of labour, the economy becomes constrained and
rationing needs to take place. The amount of labour exchanged in a single
transaction is equal to H = min(e, U), where U is the amount of labour that the
supplying household can still supply before reaching .

All workers will get a wage rate that is a fraction o of average productivity,
that is, if @, represents average productivity in production, then the economy-
wide wage rate paid to production workers is w, = @,0,_;. The variable oy is the
share of wages in production value added, and is an important regulator of the
economy that we will discuss in what follows.

In every transaction, the bank accounts of the involved parties are changed. For
transactions in the goods markets, the buyer pays G(1 + 7), the seller gets G and
the government gets 7G. In a labour market transaction, no taxes are involved,
so the buying firm pays Hw and the selling household gets the same amount.

3.3 Autonomous Spending

Autonomous spending has three components: investment in fixed capital by
firms, R&D expenditures by firms, and the autonomous part of household
consumption. We will now present the equations for these three components,
starting with autonomous household consumption. Autonomous consumption
spending by household ;j is denoted by Z}’ and it evolves as follows:

Zy =W/ (1 + 7).
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Here W} is the stock of monetary wealth of the household, 7 is the sales tax rate
(set by the government), and {;; is a household-level dynamic variable for
consumption smoothing. {;/¥; represents nominal spending in monetary units.
Firms charge a fixed price of 1 per unit of the homogenous good, so that 1 + zis
the price paid by the household.

This consumption smoothing variable was introduced by Nomaler et al.
(2021) at the macro-level. It captures the idea that households use autonomous
consumption to smooth their consumption if wage income fluctuates with the
employment rate. The consumption smoothing variable {; varies in response to
the household’s own employment rate:

Ciry1 = Cjt‘Fa(F _Ejt)a

where E is a desired employment rate that is common to all households.
Remember that, due to the way the multiplier process works, individual house-
holds are fractionally employed, that is, their employment rate £, is a fractional
rather than a binary number. E ' i the household’s average employment rate
over the last 7% periods (we use 7% = 5), and « is a parameter. Thus, if the
household’s employment rate E i Talls below (rises above) the target employ-
ment rate £, they will use a larger (smaller) fraction of their financial wealth for
consumption. This has a stabilizing effect. For the differential equation model
of Nomaler et al. (2021), exact conditions for a stable employment rate equal to
E can be derived. In the simulation results that we discuss in this Element, we
see some fluctuations around such a stable employment rate.

Consumption-smoothing as specified in the preceding equation will be
a crucial element of the model when growth gets introduced in the next
section. In the context of the Meijers et al. (2019) model, { was a parameter.
Growing productivity as a result of innovation will tend to create technological
unemployment, and with { as a fixed parameter, this will either make the
unemployment rate go to 100%, when demand does not keep up because ¢ is
too low (high), or lead to rationing of aggregate production by labour if { is too
high. Varying { as a result of consumption smoothing prevents this and keeps
the economy on a path where unemployment (or demand for labour) does not
become very high. In other words, the feasibility of a Schumpeterian growth
path depends crucially on this demand-side (hence Keynesian) process of
consumption smoothing. This is a very crucial element of our Keynes—
Schumpeter synthesis.

Investment plans of firm i depend on its pre-existing capital stock and its
capital utilization rate:

Downloaded from https://www.cambridge.org/core. IP address: 13.201.136.108, on 04 Oct 2025 at 23:25:34, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009619486


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009619486
https://www.cambridge.org/core

Keynes—Schumpeter Macroeconomics 19

fiy = max (0, OKi -1 + Kiy1o (i — ﬁ));

where / is investment, K is the capital stock, o is the depreciation rate of capital,
u is the capital utilization rate, % is the ‘neutral’ capacity utilization rate (with
u = u, the firm invests just enough to match depreciation, that is, to keep the
capital stock constant) and ¢ is a parameter that represents adjustment flexibil-
ity of investment. Both / and K are in units of the homogenous good. We assume
a constant capital-to-output ratio given by the parameter v, that is, at ‘full” (or
normal) capacity, v units of capital provide capacity to produce 1 unit of the
homogenous good). Accordingly, the capital utilization rate is computed as
actual output divided by output at full utilization capital:

0 K
u @ ,0f = v’
where Q is output and O is full-capacity output. As mentioned earlier, invest-
ment purchased in period ¢ is added to the capital stock of the firm only at period
t + 1, after depreciation is accounted for:

Ki,t = Kit—l(l - 5) +Iit—1-

The final component of autonomous spending is R&D. As already mentioned,
the autonomous R&D budget is spent on purchases of the homogenous good.
Each firm has an R&D strategy parameter, which is assigned at its birth and
which can only change due to occasional random mutation. Similarly to
Silverberg and Verspagen (1994), the R&D strategy parameter specifies the
fraction of total production (sales) that the firm spends on R&D. For firm i we
have

Rit - piﬂtQit—la

where R is the R&D budget of the firm and p is the firm’s R&D strategy variable.
At each period ¢, the firm spends this amount autonomously to buy R;, units of
the homogenous good. In this section, we will assume p; , = 0, while in the next
section we will specify how mutation may change the R&D strategy over time
and how R&D impacts on the innovation result of the firm.

3.4 The Financial Market

At the end of each period, some agents will be left with a surplus (e.g.,
a household that spent less on autonomous consumption than its savings from
income in the period), and others with a deficit (e.g., a firm that spent more on
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investment and R&D than its operational surplus from production). Following
the SFC tradition, our model keeps track of the accumulated accounts of these
surpluses and deficits, which represent stocks of wealth or debt. For a viable
economy (circular flow or growth path) to exist, firms need to accumulate
a collective debt, and households need to hold this debt in the form of financial
wealth. As already explained, the financial wealth of households impacts their
consumption spending. The accumulated debt of firms puts an important con-
straint on their behaviour, as will be explained in the next section.

In light of our aim for a parsimonious model, our modelling of the financial
market uses a very simple setup. In particular, we abstract from introducing the
many types of financial assets that many in the SFC use, following the pioneer-
ing work of Godley and Lavoie (2007). For instance, we do not explicitly model
a banking sector, which implies there is no credit-rationing (i.e., firms can
borrow as much as they can by issuing interest-bearing bonds). Likewise, we
assume away equity and dividend payments.

We use only two types of assets, both of which are bonds. One type of bond is
issued by the government and is risk-free, while the other kind of bond is issued by
firms. Private bonds” are risky, because the issuer may go bankrupt, and in this case,
the holder of the bonds suffers a financial loss. Therefore, private bonds must pay a
risk premium above the interest rate on government bonds. All bonds are perpetual,
but the issuer may buy them back, according to their current credit needs and means.

The outstanding (cumulative) debt (i.e., bonds issued) by firm 7 is denoted by
B;;. The convention is that B is a positive number if the firm has a debt. Firms
pay an interest rate % to the holders of the bond, and this interest is paid at the
beginning of the next period. We do not track which households hold how many
bonds of which firms. For convenience, we assume that the portfolio of the
bonds held by each household (who are heterogenous in their individual wealth)
are identical in terms of the shares of the bonds. This means that when a firm
goes bankrupt, the wealth accordingly lost by each household is proportional to
their share in total wealth.

Interest payments are part of the cash flow of the firm, and hence, they accumu-
late new debt, whereas, on the side of the holding households, interest accrues to
their financial wealth stock. In this way, the debt of the firm evolves as follows:

Bi;—Biy 1 =12 Biyy + L+ Ry — Ty,

% One can see the private bonds as a combination of bonds and loans, but due to the lack of an
explicit banking sector in the model, we refer to all outstanding debt of firms as bonds for
simplicity.
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where I1; = Q;(1 — "/, ) is the operational surplus from production (sales
minus labour compensation), and a; is the firm’s labour productivity. The right-
hand side of this equation represents the cash flow of the firm, which will play
an important role in the next section.

Besides the bonds issued by firms, households have a choice of buying bonds
issued by the government, denoted by BY, which pay an interest rate 7,
exogenously set. Government bonds are issued in a completely elastic way,
that is, whatever amount of government bonds is demanded by households is
what is supplied by the government.

The share of private bonds that household j wants to hold is determined as
follows:

& = max(O,min(l7 1—6y+ 6, (rB — rG))),
W,

where 6y, 6, > 0 are parameters. There is one equation like this for every
household, and the sum of all of these (over all households) represents aggre-
gate demand for firm bonds. From the aggregate perspective, 5 is the only
unknown in this collection of equations values. The government will supply as
many government bonds as are needed to fill the gap between aggregate
household wealth and aggregate household demand for firm bonds. Aggregate
values for B (total firm bonds held by household) and W (total household
wealth) result from the transactions in the past period. All this implies that we
can solve numerically over all households for #Z. Larger (smaller) values of 6,

will yield a smaller (larger) interest rate spread 7% — 9.

3.5 Bankruptcy

Bankruptcy is the way in which the selection of firms and their R&D strategies will
take place in the full model that results after we introduce innovation in the next
section. The detailed description of the economic selection mechanism that is
connected to bankruptcy, that is, the way in which bankruptcy gives rise to retention
of some R&D strategies, destroys others and introduces novelty in the R&D
strategy space, is given in the next section. Here, we explain how bankruptcy
leads to the death of a firm (which is followed by the birth of a new one). The
cause of bankruptcy is an excessive amount of debt that the firm accumulates. This
is measured by the leverage ratio of the firm, which is the ratio of outstanding debt
(bonds issued) to the capital stock, which represents the total value of the firm. The
net worth of firm j is K; — B; and the leverage ratio is b; = B;/K;.

The bankruptcy event is stochastic. When the leverage ratio of the firm rises
above a threshold 4%, this probability becomes positive (below 5% it is zero). The
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bankruptcy probability rises in a linear fashion up to the point where the leverage
ratio becomes b’ and the bankruptcy probability becomes 1 (and stays 1 above
bhi).

We allow the bankruptcy probability to be influenced by other factors than
firm debt, in particular by the relative productivity of the firm. In this way,
‘better’ (i.e., more productive) firms have more lenience from bond holders,
allowing them to become somewhat more indebted than an otherwise similar
firm. The lower bankruptcy limit then becomes firm-specific and equal to

by = b' + min ( (‘;—': - )Z, (b - b’v)z3> :
where b and b are parameters, a;, is firm j’s (labour) productivity, and @, is
economy-wide labour productivity, both at period ¢, and 5 (without firm or
time subscript) remains the same parameter as before. The productivity effect
on bankruptcy probability has an upper limit given by the min() expression.
Note that if we set b = 0, the first term in the min() expression becomes zero and
prevails over the second term (which is positive). In other words, b=0
switches the productivity effect on bankruptcy off.

If a firm goes bankrupt, it goes out of business and is replaced by a new firm.
This is the only way that firm entry happens in the model. The new firm takes over
the capital stock of the bankrupt firm, but due to adjustment costs, it has to forego
afraction 7, that s, it ‘inherits’ (1 — #)K; of the bankrupt firm j. The re-born firm
does not inherit the full debt of the bankrupt firm. Instead, it inherits a debt that
is equal to yKj, where j refers to the bankrupt firm, and y < 1 is a parameter. This
means that households take a loss to their financial wealth that is equal to
(1 — x)K;. This loss is distributed over all private bond holders (mostly house-
holds, but also firms and the government may hold private bonds) in proportion
to their wealth (i.e., we assume that all bond holders are exposed equally to
bankruptcy). Note that y < b, which we have in all simulations, puts the new-
born firm in a safe zone with respect to a new bankruptcy.

There are also arrangements for what happens with the R&D strategy of
a new-born firm, but these will be discussed in the next section.

Although this happens relatively rarely, households may also become indebted
individually (i.e., their wealth becomes negative), and the model allows households
to write private bills just as firms write them. Indebted households pay interest on
these outstanding bills, which are treated just the same as firm bills in the interest-
setting process. Households can also go bankrupt, in the same stochastic way that
firms go bankrupt. In this case, the variable that determines the bankruptcy
probability, that is, the household equivalent of the leverage ratio, is the household’s
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debt over the average production wage rate in the economy, that is, — W, /w; (only
if W; < 0). The thresholds are bk and b4". When a household goes bankrupt,
its complete debt is forgiven and deducted from holders of private bonds.

3.6 Government

As was already explained earlier, the government pays interest on the govern-
ment bonds that other agents hold. In order to finance these interest payments, it
raises a sales tax on all goods transactions. The government is willing to run
a deficit, that is, to pay more interest than what it receives from the sales tax, but
this cumulative deficit is targeted at a fixed proportion of the economy’s
productive capacity (i.e., the capital stock). Specifically, the government adjusts
the sales tax rate as follows:

: < (A max
7, = min (Ttl +d (Ki—i — 9),1 ),

whered and $ are parameters, and A is the accumulated deficit of tax income

minus interest payments of the government. The sales tax is not allowed to rise
above a threshold 7.

Obviously, this specifies a very minor role for the government. In particular, we
assume that the government has no active stabilization policy aimed at taming the
business cycle. This is, again, a result of our desire for parsimoniousness. The
agents (households and firms) in the economy described by our model, be it
the stagnant one of this section or the growing one of the next section, will be
able to grow by themselves, without the intervention of a government that needs to
take account of a sufficient level of demand.

3.7 The Stock-Flow Nature of the Model

To summarize the exact nature of stocks and flows in the model, we present
Tables 1 and 2, which, respectively, specify the balance sheets of agent groups,
and the transaction table. We follow the conventions in Godley and Lavoie
(2007) to set up these tables, but our versions are much simpler than theirs,
because, as already explained, our model abstracts from many factors and
processes that are modelled in detail in the SFC tradition.

Table 1 shows that total assets in the economy are equal to the capital
stock of production firms, K. This is owned jointly by households, firms and
the government. The capital stock is an asset held by firms,® hence it
appears with a positive sign in the column for firms. The liabilities of

 We assume away equity, for this would unnecessarily complicate the model in ways that would
require the compartmentalization of the households into a worker and a capitalist class.
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Table 1 Balance sheets

Balance sheet items Households Firms (current) Government Sum

Capital stock 0 +K 0 +K
Government bonds +B¢ 0 -B¢ 0
Private bonds +B -B 0 0
Net worth ~NWpy ~NWp ~NW° -K
Sum 0 0 0 0

firms (negative sign in the column for firms) consist of outstanding firm
bonds B and the net worth of the firm, NWr. Household assets consist of
financial holdings, or bonds, which consist of firm bonds (B) and govern-
ment bonds, B. The sum of these two types of bonds is the net worth of
households, NWy, which is the same as the financial wealth stock of
households that they use to smooth their consumption as modelled by the
household-level variable (.

The limited role that we specify for the government implies that it has no assets,
only liabilities in the form of outstanding government bonds (B“). Hence, the net
worth of the government, NW;, will be negative (if other agents hold government
bonds). The sum of net worth over all three types of agents is equal to the capital
stock of firms. Because all transactions are directly credited and debited to the
accounts in the balance sheet, there is no cash money or bank money.

Table 2 shows the transaction matrix for one period. Typically, firms produce
the exact amount of goods that they need to serve total demand, which consists
of consumption demand (C), investment (/) and R&D (R). This is illustrated on
the first three rows of the transaction matrix, where these three variables enter
with a positive sign in the current account column of firms. In these transactions,
the buyers also pay the consumption tax, hence, these expenditures are multi-
plied by (1 + ) when they enter as an expenditure (a negative sign) in the
household column (consumption) or investment and R&D in the capital account
of firms. The portion of tax in each of these transactions enters as income (hence
a positive sign) in the government column.

Firms pay wages to households, and the total of this is equal to the wage rate
(w = o X a, where o is the wage share, specified in the next section, and « is the
economy-wide labour productivity, which will be endogenized in the next
section). Depreciation of capital (0K) enters as a cost to firms that is subtracted
in the calculation of current-period profits. Both firms and the government pay
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Table 2 Transaction matrix.

Transaction Households Firms (current) Firms (capital) Government  Sum

Consumption —C(1+1) +C 0 +Cr 0

Investment (gross) 0 +I —I (1+7) +It 0

R&D Spending 0 +R R (1+7) +Rt 0

Wages +wL —wL 0 0 0

Depreciation of the —0K 0K 0
capital stock

Interest payments +r2B+r°B° B 0 B¢

Profits 0 —Profits = —[(C+[+R) Profits = (C+I+R) 0

—(WL+3K+rB)] —(wL+3K+r?B)

Subtotal (= cash wL+PB+r°B¢ — C(1+1) 0 C—(WL+PBy—(I+R)t (C+I+R)t 0
flow) —“BY

Issuance of Private —-AB +AB 0 0
Bonds

Issuance of ~AB¢ 0 0 +ABY 0
Government Bonds

Sum 0 0 0 0 0
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interest on outstanding bonds to households, which is a source of income for
households.”

Current-period firm profits are calculated, in the current account of firms, as
income from sales minus the sum of wages paid, depreciation and interest paid:
(C+1+R)— (WL + 6K + rBB). This is added with a negative sign in the
current account of firms so that this column will add up to zero. Profits are
also entered into the capital account of firms, that is, profits are ultimately added
to net worth. The subtotal of the first seven rows (consumption—profits) gives
the cash flow of the three types of agents, where the cash flow of firms appears in
the capital account of firms (and the subtotal of the current account is zero). The
entries in the transaction matrix in this row give the analytical expressions for
the cash flow which are obtained by adding the entries in rows 1-7. The cash
flows of the three types of agents together sum to zero.

These cash flows are accounted for in the wealth stocks of the three types of
agents. A negative cash flow of firms must lead to the issuance of new firm
bonds, and similarly, a negative cash flow of the government must lead to the
issuance of new government bonds. If the government or firms have a positive
cash flow, they buy back bonds that were previously issued. A positive cash flow
of households means that they buy bonds, and a negative cash flow means that
they sell bonds. These bond transactions are displayed in the two rows of the
transactions table that follow the cash flow row.

3.8 Dynamics of the Wage Rate

We follow the earlier version of our model in Meijers et al. (2019) for the
specification of the equations that set the wage rate, although we use different
parameter values in the simulations that will be documented in what follows.
Because the price of the homogenous good is fixed at 1 (as a numeraire), the
wage rate is a real wage rate. It is common to all firms, that is, it is
a macroeconomic wage rate. Rather than specifying the wage rate directly, we
derive it from the variable o, which represents the share of wages in total
income. Because of the identity o = w/a, and with (average) productivity
fixed at the moment that wages are set, the wage rate w is found by multiplying
aggregate productivity by o.

Note that the wage share o also represents unit wage costs of the homogenous
good. With the price of the homogenous good fixed at 1, the quantity (1 — ¢) /o
is the markup over unit wage costs that the firms charge when they sell a unit of
the homogenous good (because (1 + (1 —o0) /a)o = 1). In other words, if ¢

7 We also allow for individual firms holding bonds, which happens if a firm runs positive cash flows
for a prolonged period. The transaction table abstracts from this possibility.
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rises (falls), the markup that firms are able to charge falls (rises). This markup
interpretation is used to formulate the main motivation for the way wage forma-
tion works. We assume that when firms are, on average, relatively highly indebted
(a high leverage ratio), they are forced to increase their markup (i.e., decrease the
wage share ). On the other hand, when firms are relatively debt-free, we
assume that competition can do its work and the markup can fall (o rises).
This basic idea will be operationalized by assuming a ‘neutral’ value of the
leverage ratio, and an adjustment process of the wage share that potentially
leads the leverage ratio to this neutral value. This is illustrated in the graphical
representation of the wage share adjustment mechanism in Figure 1. The
vertical axis displays a multiplicative factor that is applied to the wage share
of the previous period to yield the wage share in the current period. With this
factor larger (smaller) than unity, the wage share will rise (fall). The neutral
value of the leverage ratio is where the line cuts the horizontal axis, as this yields
a multiplicative factor equal to 1. Given the negative slope of the line, the
neutral value will become a stable attractor for the leverage ratio: to the right
(left) of this point, the wage share falls (rises), and the leverage ratio drops
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Figure 1 Illustration of the wage share mechanism.
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(rises). The non-linear nature of the function implies a short region around the
centre where the function is very flat, that is, where the wage share reacts very
sluggishly to deviations of the leverage ratio from the centre value. Note also
that although the neutral value of the leverage ratio fixes the multiplicative
factor at 1, it does not fix the wage share itself. With the multiplicative factor
equal to 1, the wage share will remain at whatever it was in the previous period.

For the equations that specify this wage adjustment mechanism, we introduce
the new symbol A, =B, /K, for the leverage ratio. Then, we have the following
equation for the (multiplicative) change of o:

o, = max (al”, min (o1, ") ) , with

min(l 10,1+ (Q‘A, - §|)5>ifA, <Q
Q

max(l -Q,1- (Q’A, — S~2|)§)ifA, >0

To break this complicated expression down, we first note that the wage share
that results from the calculation is bound between a minimum and maximum
value, ¢’ and ¢’ respectively, that is, if the calculated multiplicative factor Q,
is either very large or very small, the resulting value for o, is capped. The
multiplicative factor €, is a non-linear function of the leverage ratio A,, with the
parameters Q.,0, Q and Q determining the shape of this function.

The parameter Q represents the neutral value for the leverage ratio. Below
this centre, the wage share will increase, that is, Q, > 1, and above this value,
the wage share will decrease (€2, > 1). This is arguably the most important
aspect of the wage-setting process. At this centre value of the leverage ratio, the
wage share does not change (i.e., wages rise proportionately to productivity),
while below (above) the centre value, the wage share rises (falls).

Note that in most of the simulations, we set the value of the centre parameter
Q equal to the value of the leverage ratio at which firms start to become
vulnerable to bankruptcy, 4. There is nothing that dictates that this has to be
the case, but we may imagine that Q > b" leads to an excessive number of
bankruptcies, while Q < b leads to very few bankruptcies. Since bankruptcy
is the only form of selection in the model, we must keep Q = b to obtain an
interesting selection environment. We will experiment with the difference
between Q and b in simulations that are presented in Section 5.

The other parameters, Q, O and Q determine the shape of the wage share
multiplication function. Q limits the line between an upper and a lower thresh-
old. We document this parameter only for completeness; in the simulations that
we will report, it is set equal to 1, which implies that in practical terms, there is
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no threshold. Increasing Q will make the function steeper and will rotate it
around the centre value in a clockwise direction. Finally, decreasing Q will
linearize the function (at Q = 1 the function will become a straight line) and
also rotate the function anti-clockwise.

3.9 Simulation Results for the Circular Flow: Business Cycles

We will now look at a few basic results from a subset of simulations.” The
selection of R&D strategies and the productivity changes associated with R&D
remain to be specified in the next section. Here we run the model without R&D
and productivity growth. Hence the simulation results that we document here
have no long-run growth, because there is no technological change. These
results are intended to give the reader a basic understanding of the macroeco-
nomic time series that the model in its simplest form generates, and which form
the background of our main focus on the disequilibrium state that endogenously
determines R&D strategies and the resulting innovation rates in our demand-
driven economy.

In presenting those simulations, we focus on the nature of business cycles.
This was already a major topic in the predecessor of our model, i.e. Meijers
etal. (2019), where business cycles were analysed in the context of the interest
rate parameter ¢, and the wage-setting parameter Q. However, in our current
model, we introduced the consumption-smoothing mechanism that is associated
with the household-level variable {; (which was a parameter that applied to all
households at all times in Meijers et al., 2019, and a macro-level variable in
Nomaler et al., 2021). This changes the nature of the business cycle considerably.

The variable { is intended to keep the model on a path without mass
unemployment that would result from productivity increase without increased
demand. With varying { as specified in Section 3.3, the propensity to consume
out of wealth, thus autonomous demand will increase if unemployment arises, at
least as long as households have enough financial assets to use for consumption.
With the household-level adjustment of { being non-immediate, and other
adjustments (such as investment) also taking place, the time path for the main
variables in the model is not expected to be a steady state, and business cycles
may arise. In the simulations that follow, we will explore the nature of these
adjustment mechanisms in a context without technological change.

Exploration of the model’s result (by simulating under a range of parameter
values) suggests that the combination of parameter values for o, which represents

8 All simulations in the Element are run using customized code in C# as implemented in Microsoft
Visual Studio.
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the adjustment speed of { in response to deviations of the employment rate from
its neutral value, and ¢, which measures the responsiveness of investment with
regard to deviations of the capacity utilization rate from its neutral value, have
a decisive influence on the nature of business cycle fluctuations. In order to
illustrate this, we set up a simulation experiment in which we vary both these
parameters, with each one taking 11 different values, hence yielding
11 x 11 = 121 parameter combinations. For each of those, we run 50 (Monte
Carlo) simulations with different random seeds, that is, we run each of the 121
parameter sets with 50 repetitions with different realizations of the random
variables; a is varied from 0.005 to 0.025 in steps of 0.002, and ¢ is varied from
0.025 to 0.055 in steps of 0.003.

In all simulations documented in this Element, we use 50 firms and 150
households, and we simulate for 1,000 periods. All parameter values are as
specified in the table in the appendix (Appendix II), but all mechanisms of the
model that refer to innovation (which will be specified in the next section) are
disabled, so that there is no R&D or labour productivity growth in simulations
reported in this section. Figure 2 shows the time series for the last 400 periods of the
employment rate in five different individual simulations. These individual runs are
arbitrary choices from the 50 random seeds, but we will generalize over the seeds in
the next figure. The five time series in the top panel of Figure 2 combine the
minimum and maximum values of o with the minimum and maximum values of
© (these are four of the five time series), and one where both parameters are at
their middle value. This shows that high values of ¢ yield high-amplitude
cycles. In both cases (high value of ¢ combined with low and high values of
a), the employment rate hits the ceiling that was imposed on labour supply
(¢ = 1.1), which implies that the economy becomes rationed. In the top panel of
Figure 2, this happens only when ¢ = 0.055. When we lower these values of ¢
to 0.049, as in the bottom panel of Figure 2, rationing almost disappears.

The frequency of the observed cycles seems to an important extent deter-
mined by a. Looking only at the high values of ¢, a higher value of a yields
shorter cycles, that is, a higher frequency. This is also the case when we compare
a just between the two lowest values of (. The run with intermediate values of a
and ¢ yields fairly regular cycles with medium-range amplitude and frequency.

This can be generalized by looking at all 50 random seeds for each combin-
ation of values of @ and ¢, which is what Figure 3 presents. For this figure, we
performed a Fourier analysis on each individual time series (again for the last
400 periods). We average the outcome of this (i.e., the spectral density) over the
50 seeds, and plot this average on the Z-axis of the sub-graphs in Figure 3. In
these 3D sub-graphs, we can only vary one of the parameters a and ¢, and we
present three plots where a is varied (and ¢ is kept constant within each plot),
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Figure 2 Business cycles showing in the employment rate in individual
simulations.

and three plots where ¢ is varied (and a is kept constant within each plot).
Remember that high values of ¢ (on the ¢ axis, or in the bottom-left plot) yield
cycles where rationing occurs at the peaks of the business cycle.

Figure 3 confirms the impressions about cycle length (periodicity) and
amplitude. In the plots where a is fixed (right-hand side) there is very little
variation in where the spectral peaks occur on the cycle length axis. In those
graphs, we also see that higher values of ¢ show cycles with higher amplitude,
even to the extent that the lower half of the ¢ range shows almost no cycles, for
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Figure 3 Fourier analysis of the employment rate in individual time series
(spectral density on the Z-axis).

any of the values of ¢. Thus, to create simulations without (or weak) business
cycles, it suffices to pick a value of ¢ in the range 0.025—-0.035.

On the other hand, when we vary a, while keeping ¢ fixed, periodicity
changes in a major way. For low values of a, that is, when consumption
smoothing is very slow, we observe long cycles: for the lowest value of a
there are about 8 complete cycles over 400 periods, that is, cycles of 50 periods.”
By increasing a, we see the cycles shortening. For the lowest value of ¢ (0.025),
the long cycle seems to remain alongside a shorter one but for higher values of
i, we only observe about 20 cycles (over 400 periods) for high values of a.

° Lower values of a(we tried 0.003 and 0.001) yield very long cycles of up to 200 periods.
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We conclude this section by looking at time series of individual runs for some
other variables than the employment rate. We choose the wage share in GDP
(0), the aggregate share of household wealth spent on consumption (i.e., the
average (;; as weighted by individual household wealth Z}}), and investment as
a fraction of output. These time series are documented in Figure 4. We docu-
ment results for the same values of « and ¢ as in the bottom panel of Figure 2,
thus avoiding the very high values of ¢ that cause rationing.
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Figure 4 Business cycles for other variables.
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In the results for the average (" and investment, we clearly recognize the
business cycle that we saw for the employment rate. Here, we observe long or
short cycles, with high or lower amplitude, depending on the values of o and .
The results for the average ¢ show the consumption-smoothing mechanism in
action: even for low adjustment speed of ¢ in the top panel of Figure 4, the
economy never strays too far away from reasonable employment rates in
Figure 2.

The wage share is different: we observe a mixture of longer and shorter
variations, but these do not clearly correspond to the movements in the corres-
ponding time series for the employment rate. The reason for this is that, given
the Q parameters, especially Q, the actual leverage ratio of firms (A) never
deviates very far from its neutral value. This is something that we impose in
light of the selection mechanism that we introduce in the next section, and
which will ensure that R&D is feasible in our simulated economy.

4 Introducing R&D-Based Productivity Growth

With the Keynesian (demand-side) part of the model in place, it is now time to
look at the Schumpeterian part that will specify the dynamics of R&D, innovation
and productivity growth. With innovation, the unemployment rate will feel an
upward pressure, because labour gets displaced by productivity change. The
model as explained so far represents an economy that is able to find a time path
with a stationary although fluctuating employment rate, functional income distri-
bution (i.e., the wage share in GDP, ¢), and other macroeconomic variables. With
the upward pressure on the unemployment rate due to the Schumpeterian
process of innovation, achieving a stationary employment path becomes more
challenging. This is where the full interaction between Schumpeterian (supply-
side) and Keynesian (demand-side) factors comes to play.

In this section, we introduce the aspects of the model that endogenize
productivity growth, through the introduction of R&D performed by firms.
This is where the agent-based part of the model, in this case the R&D strategies
of the firm, is again of central importance. Bankruptcies and the resulting entry
of new firms form the selection environment in which firms operate, and in
which their R&D strategies are shaped. We will show how the ‘stable’ macro-
economic environment of the previous section also arises with endogenous
R&D, despite the potential of R&D to cause ‘technological unemployment’,
that is, to destroy jobs by productivity increases. This is possible because the
adjustment of demand to capacity (through consumption smoothing), combined
with the adjustment of wages and o, will transform increased productivity of
firms into increasing living standards for households.
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We will explain the process that leads to such a stable macro economy in two
steps. First, we look at the cash flow of firms and households. The stability of the
leverage ratio that results from the wage-setting process as explained in
Section 3.7, has strong implications for other variables through the cash flow
equations. In this way, the firms’ cash-flow equation specifies a relationship
between investment-related variables (the capital-output ratio, the capital util-
ization rate, and the depreciation rate), the R&D strategies of firms, the resulting
growth rate (or productivity), the interest rate and the wage share of GDP. The
cash flow of firms is linked to that of households, which brings the (variable)
propensity to consume out of household wealth ({) also into the picture. The
latter variable is a key determinant of autonomous consumption, and, therefore,
plays an important role in stabilizing the employment rate.

Although the cash-flow equations, together with a stable leverage ratio, put
restrictions on other variables, they do not fix these variables. Importantly, they
leave room for variation in the R&D strategies of firms, which, in turn, are an
important determinant of growth. Thus, the final step that we will take in this
section is the specification of the R&D part of the model. This is where
evolutionary selection between firms will endogenize the aggregate R&D
strategy. The other variables are determined through the cash-flow equations.
All this will be illustrated analytically, as well as by a series of controlled
simulation experiments.

4.1 Implications from the Firm Cash-Flow Equation

Imagine that the leverage ratio (A) has become fixed at the neutral value Q, and,
hence, the wage share is stable between the current and previous periods. What
will it take for the leverage ratio to remain at the neutral value and, hence, the
wage share to remain stable? The key to this lies in the cash-flow equation of the
firm.

Remember that debt of firm B, is denoted as a positive variable (an
indebted firm has a positive value B,), and that the firm’s debt is equal to
the sum of negative cash flows from the past. Assuming, for simplicity,
that the tax rate is zero, at the aggregate level the negative cash flow is
equal to

AB= Bi1 — B = Q10101 + i1 +p0; + r?Bt = 01,

where B,. is the debt of the firm at the end of period ¢ + 1, i.e., debt at the
beginning of that period (B;) plus the cash flow that accrues over the period
t + 1 (note that this means we are using a forward difference). In this equation,
which holds at the level of the representative individual firm, the first four terms
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on the right-hand side represent expenditures for the firm: wages associated
with the production of goods, investment, R&D (note that current R&D expend-
itures are the product of the firm’s R&D strategy and previous period output, as
specified in the previous section) and interest payments, respectively. The final
term represents the firm’s income from the production of goods. Note that if the
firm is not indebted but instead has accumulated a financial surplus in the past,
the term 2B, will be negative and also represent an income.

In the appendix to this section, we analyze the preceding equation for the case of
a representative firm. Combined with the cash-flow equation for a representative
household and a number of other assumptions, of which the most important one is
that there are no bankruptcies, we are able to derive a set of steady-state values for
the most important variables in the model. Here we consider the more general case
of firm and household heterogeneity, which yields less precise but still interesting
conclusions.

The definitions for capacity utilization and the desired capital-output ratio
from the previous section imply Q; = Kju,/v. We also define the growth rate of
output g, = (Q,+1/0;) — 1. Then we note that for a stable leverage ratio, the last
equation must be set to zero. Doing that and dividing by Q,, we obtain

p-%-rf?A,X - (1 — 041 — LH)(I +g)=0.

Uy Ori1
This equation enables us to further understand how the leverage ratio can
remain stable. As the previous section showed, A = Qis a prerequisite.
Furthermore, we must realize that increasing (decreasing) p will generally
lead to higher growth (this will be specified more precisely in what follows),
and that a higher growth rate of output requires a higher growth rate of capital
(i.e., more investment) and/or a higher utilization rate. In other words, there are
important dependencies between the variables in the last form of the firms’
cash-flow equation. The interest rate 7 is the exception to this, as it will be
determined in the financial markets.

Imagine, for example, that p goes up. This means that the other two terms on
the left-hand side of the equation must compensate. Normally, g, would then
also go up, and so would investment as a fraction of output, to accommodate
a matching higher growth rate of the capital stock. This leaves the effect on the
last term on the left-hand side of the equation uncertain. In the second term, the
utilization rate may go up to accommodate the increase in R&D spending.
However, the wage share ¢ may also have to adjust. The equation does not
tell us how all these adjustments will balance, but it is clear that changing p will
have consequences for the other macroeconomic variables.

Downloaded from https://www.cambridge.org/core. IP address: 13.201.136.108, on 04 Oct 2025 at 23:25:34, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009619486


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009619486
https://www.cambridge.org/core

Keynes—-Schumpeter Macroeconomics 37

We can add the aggregate value of { to the list of macroeconomic variables
that are determined by the dynamics of the cash flow. This variable is an
important determinant of the households’ cash flow (household income is
equal to wage income and interest income, expenditures are consumption
spending out of wages and out of wealth). In the appendix, we show that for
the representative agent’s case, where firm bonds are the only form of wealth
held by households, the steady-state value of " depends on the steady-state
value of ¢ and the steady-state growth rate. This is likely similar for the more
general case with heterogeneity, because government spending plays a modest
role in our model, and therefore firm debt is the most important component of
the wealth of households.

Households use ¢ to regulate autonomous consumption demand so that total
consumption is smoothed with varying rates of employment. This process plays
the lead role in stabilizing the employment rate, a variable we have not
considered so far in this section. The value of ¢ that households ‘select’ will,
therefore, play an important role in the overall macroeconomic dynamics of the
model.

We will now explore these interdependent macroeconomic dynamics through
a number of simulations. Because we will set the value of p as a constant
between firms and over time within each simulation, these simulations can
potentially approximate the representative firm case that is analyzed analytic-
ally in the appendix. Depending on how many bankruptcies the specific param-
eter settings induce, we will be able to approximate the representative firm/
household steady state very closely, which provides a clear analytical context
for achieving two main results, through simulations of the model as explained
so far.

On the one hand, we want to show that the general workings of the model, as
explained so far, are compatible with a range of values for the (aggregate) R&D
strategies.'” This is an important point, as it leaves ‘headroom’ for the selection
environment to determine part of the macroeconomic dynamics, that is, to
‘pick’ a specific set of firm-level R&D strategies that will determine growth
and other macroeconomic variables. Without such headroom, there would not
be any truly Schumpeterian impact from economic selection. In other words, the
ultimate Schumpeterian nature of the endogenization of growth and other
macroeconomic variables is, in our model, an evolutionary dynamic process
that selects a particular set of outcomes from a wider potentially possible set of

1% This can be formally explained by counting equations and variables. Here we have one (cash-
flow) equation with at least five unknowns, while in the case of the representative agents covered
in the appendix, we ultimately have two equations with three unknowns.
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outcomes. The set of simulation results that will be presented in what follows
will illustrate this set of possible outcomes.

On the other hand, we also want to illustrate the trade-offs between R&D and
the other main macroeconomic variables that exist in the model, both under the
conditions of the representative firm/household steady state (as derived in the
appendix), and under more general circumstances of firm and household het-
erogeneity. In terms of the simulations, this means that we will investigate
whether actual simulation outcomes under circumstances that are close to the
representative agent case will indeed approximate the outcomes as analytically
predicted.

This is the topic of the first set of simulations that we present now: we set
parameters in such a way as to yield a situation that is close to the representative
agent steady state, as described in the appendix. We use 11 different parameter
sets, and for each set, we use 50 random seeds. The fixed R&D strategy that
applies to all firms is what varies between the parameter sets. We start with zero
R&D strategies (i.e., no R&D) and increase in steps of 0.0075, which makes the
R&D strategy in the last step equal to 0.075.

In the simulation experiments in this section, we use a very simple specifica-
tion of the R&D-to-innovation relationship. Every firm will innovate every
period, and each innovation generates an increase in labour productivity of the
firm. The size of this increase (the innovation step) depends on the R&D
strategy. The relationship between R&D and the innovation step size is an
S-shaped function, as in Figure 5. In the next section, we will specify a more
elaborate modeling of the R&D—innovation relationship, based on the same
S-shaped relationship, but including various elements of stochasticity. For the
purpose of this section, such more elaborate modeling only detracts from the
purpose of the simulations.

The parameters that we use to create an environment that comes close to the
representative agent case are the interest rate on government bonds, #, which
we set to zero (such that households do not want to hold government bonds
and all wealth consists of firm bonds), the interest rate parameter 6;, which is
set to 250, which implies a relatively low interest rate on private bonds
(1/250 = 0.004, see the appendix), b’ = 0.7, which makes firms that have
a leverage ratio equal to or close to the neutral value Q=06 relatively
invulnerable to bankruptcy, and parameter # = 0, which avoids any loss of
capital in bankruptcies. All other parameters (except those related to changes of
R&D by firms) are as specified in the table of parameter values in the appendix
(Appendix II).

In this way, we eliminate all heterogeneities (especially between firms) that
we can control. However, due to the stochastic micro shocks to both firms’ and
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Figure 5 Innovation function used in the simulations.

households’ individual cash flows that are inherent to the stochastic workings of
the distributed multiplier process that allocates demand (for goods or labour)
between agents, substantial heterogeneities in firms’ (households’) respective
debt (wealth) stocks are bound to emerge, especially given the amplifying effect
of interest payments (receipts). This path-dependent emergence of heterogen-
eity introduces a particular kind of noise to our selection environment: some
firms are bound to go bankrupt every now and then for no reason other than
purely having had bad luck in the (recent) past. This ‘emerging heterogeneity’
occurs in all simulations throughout the Element.

In this experiment, as in the next one in this section, there is no variability in
the growth rates between runs that have the same value for the R&D strategy.
This is because the R&D strategies are identical across firms, and innovation is
non-stochastic. The growth rates that we observe are equal to the innovation
step in Figure 5. In order to save space, we will also not document any results for
the employment rate and the capacity utilization rate. These variables converge
to ‘reasonable’ values. The employment rate is always around 0.95. The
capacity utilization rate also stabilizes, but sometimes remains above 1. This
means that capital has to be worked considerably above the desired rate in some
simulation outcomes.

We show results for a set of other variables in Figure 6 in the form of boxplots
for the distribution of the results of the simulation runs over the 50 seeds used
for each parameter setting. We collect values as the average of the last
100 periods of a single simulation run that lasts 1,000 periods. The red lines
within each box denote the median outcome value. The box itself stretches from
the 25th percentile to the 75th, while the whiskers identify the most extreme
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Figure 6 Simulations for approximating steady-state values with varying R&D.

points that still fall within 1.5 times the interquartile range. Any outliers, that is,
values that are outside the whiskers, are identified by a +. The horizontal axis of
each figure covers the range of values that are used for the R&D strategy that is
common to all firms.

In these simulations, for each parameter combination (i.e., an average
over 50 seeds), there are never more than 296 (firm) bankruptcies, and
never less than 127 (over the full 1,000 periods of a single run). The results
for the leverage ratio are displayed in the top-left graph. The distributions
(boxes) do not differ very systematically between the values of the R&D
strategies, except that higher R&D and hence higher growth) yields
a narrower distribution. The median value is always very close to the
neutral value of the leverage ratio (fl = 0.6), indicating that the simulations
tend to converge to the steady point of Figure 1. The next graph (top-right)
shows the results for the investment-to-output ratio. This declines with
higher R&D (and growth rates), as predicted by the derivations in the
appendix. This means that the higher capital demand that comes with higher
growth rates is partially accommodated by higher capital utilization rates.
The next variable (bottom-left) is the wage share o. This varies over a fairly
narrow range of about 5 percentage points. The (median) wage share clearly
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declines with the R&D strategy, which confirms the expectations from the
appendix, although there is a flat part in the middle. Finally, in the bottom
right, we have results for {, the share of household wealth that is consumed. The
median values of this variable tend to rise for the middle range of R&D.

Although there are bankruptcies in these simulations, the values of g and {, as
well as of the capacity utilization rate u are relatively close to the theoretical
values for the representative agent steady state that we derived in the appendix.
We averaged the values obtained for the last 100 periods over the 50 seeds, and
compared these averages to the analytical ‘steady-state’ values that were
derived in the appendix. For #, the maximum deviation was about 0.7% (for
the R&D strategy equal to 0.075), for o it was 1.5% (for R&D strategy equal to
zero), for investment over output, it was about 0.7% (for R&D strategy equal
to 0.075), and the maximum deviation for { was about 2.6% (for R&D equal to
0.0075).

We now move to the next simulation experiment, in which we allow for more
bankruptcies, and a stronger impact of those bankruptcies, while keeping all
other things, including fixed R&D strategies, equal to the first experiment. Now
we set # = 0.8, which implies that 20% of capital is lost if a firm goes bankrupt,
and b" = 0.6, which makes a firm that is close to the neutral leverage ratio
already vulnerable to bankruptcy. All other parameters are similar to the previ-
ous experiment. With these settings, there are considerably more bankruptcies:
never less than 727, and never more than 1,004. Hence the outcomes are
expected to be further away from the representative agent steady state, which
is indeed what we observe.

These results are presented in Figure 7. The leverage ratio is even closer to the
neutral value of 0.6. This is obviously due to the different values of the
parameter b between the two runs. With the lower value in the simulations
of Figure 7, it is ‘easier’ to go bankrupt, but the higher number of bankruptcies
also keeps the economy (even) closer to the neutral leverage ratio. The invest-
ment-to-output ratio is now lower, the wage share is higher than in the previous
experiment (compare the values on the vertical axis), and the intra-run variabil-
ity (the height of the boxes) is a bit lower. The (downward-sloping) relationship
between the wage share and R&D is largely unchanged. Finally, the results for ¢
show a discontinuous upward jump at R&D strategy = 0.0525. This is due to
a strong rise of debt that is liquidated in bankruptcies, which hurts financial
wealth of households, which requires higher ¢ for consumption smoothing.

We can draw two major conclusions from these two experiments and the
analytical discussion of the equations. First, we must note that the macroeco-
nomic dynamics seem to be able to adjust to various levels of R&D spending,
leading to a stable macroeconomic environment, in which some of the crucial
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Figure 7 Simulations with varying R&D and more bankruptcies and stronger
impact of bankruptcies.

macroeconomic variables change under the influence of R&D. But R&D itself
has not yet been endogenized. This means that we still need to build an
important part of the model, which ‘fixes’ the R&D strategies of firms and,
therefore, endogenously determines which particular combination of economic
growth and other variables, such as the wage share, will emerge. This is the task
for the remainder of the section, which will specify how an evolutionary
selection mechanism driven by bankruptcies will select R&D strategies.

The second important conclusion is that although our simulation results by
and large confirm the analytical expressions for the wage share and the propen-
sity to consume out of wealth that hold in a steady state with a representative
firm and representative household, they also show that this can only be done in
parameter settings that (largely) eliminate bankruptcies. As soon as we allowed
a higher number of bankruptcies, and increased their impact on the macroeco-
nomy, the simulations converged to different values than the steady-state
equations of the appendix. Because the evolutionary selection mechanism that
we will explain in what follows needs bankruptcies to operate, we must expect
that the derivations for the representative agents will be of little value in the
analysis of the full model.
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4.2 Imitation and the R&D Strategy Parameter

Our main proposal for the endogenization of R&D is that firms will experiment
with different R&D strategies in a ‘blind’ way, that is, they will not choose their
R&D strategy based on a rational plan but instead will be randomly endowed
with such strategies. Selection in the form of bankruptcies then has the task of
weeding out R&D strategies that are not viable in the macroeconomy. As
mentioned before, this is not intended as an approximation of the real world.
Instead, it is intended to investigate if such a limited and parsimonious evolu-
tionary mechanism is strong enough to allow for a convergence of R&D
strategies to a narrow evolutionary stable range (which is resilient against the
incessant introduction of mutations of R&D strategies), and what the value of
this ‘aggregate’ R&D strategy implies for the macroeconomic variables, as in
the two simulations presented earlier.

The firm is born with an R&D strategy variable that is assigned exogenously
(and possibly randomly). There are two ways in which the R&D strategy can
change over the lifetime of the firm: whenever the firm goes bankrupt, it will be
re-born and imitate the R&D strategy of another firm, or it may change its R&D
strategy by random mutation. For the latter, at the closing of each period, the
firm draws a raffle ticket that has a fixed probability z” of bringing a mutation.
If the mutation happens, the firm draws a normally distributed random number
with mean zero and standard deviation p*? /B™ and adds this number to its
existing R&D strategy parameter. When a negative R&D strategy parameter
results, it is set to zero. The parameter p* will be explained in what follows,
while the parameter B™ specifies a bandwidth for the mutation step.

After bankruptcy, the re-born firm finds another firm that it will imitate. The
(re-born) firm that is going to imitate will randomly (with uniform probability)
select other firms as potential imitation targets, until it has a pool of n™ targets
to choose from (it will select less than n targets if it considered all other firms
and still found less than »™"). Firms that are about to go bankrupt are not
considered as imitation targets, and we also allow for the possibility of very
young firms (that have yet to prove their viability in the marketplace) to be
disregarded as imitation targets. The latter is implemented by multiplying the
uniform probability of a firm to be chosen as target by min (1, Age;/4 ), where
Age; is the age (in time periods) of the potential target j, and 4 is a parameter. 1
Among all potential targets, the one that has the lowest bankruptcy probability
is actually imitated.

"' 'We set A =1 in all simulations so that age has no impact on the probability of being an
innovation target.
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Once the bankrupt-and-reborn firm has found a firm to imitate, adjustments to
its debt are made, as described in Section 2. Also, the reborn firm gets a new
R&D strategy and a new labour productivity level. For productivity, we have
two options, implemented by the parameter imit. When imit = 0, the new firm
receives the labour productivity level of the imitated firm. This usually leads to
a fairly large externality because imitated firms tend to be more productive than
bankrupt firms. This is why we introduce imit = 1, which specifies that the
reborn firm gets the economy-wide average labour productivity a;.

Independent of the way labour productivity of the reborn firm is determined,
its R&D is imitated, although with a (small) mutation. Like in the case of
mutation, the reborn firm draws a normally distributed random number with
mean zero and standard deviation p*’ /B™". This is similar to what happens in
the case of mutation, but we set B > B"™ 5o that the random number that is
drawn in the case of imitation will usually be much smaller in absolute value
than the random number drawn for mutation. The reborn firm adds the randomly
drawn number to the R&D strategy parameter of the imitated firm and adopts
this as the new R&D strategy.

4.3 Dynamics of Innovation

The only thing that is now left to be described in terms of the model is how R&D
affects innovation and productivity growth. For this, we set up two possible
ways in which the R&D strategy of a firm leads to innovation and productivity
growth. These ‘innovation modes’ are, in fact, assumed technology landscapes
that describe the relationship between R&D expenditures and productivity
growth. Although there is work in the evolutionary economics literature that
assumes fairly complicated technology landscapes (e.g., NK landscapes, as in
Frenken, 2006 and Valente, 2014; percolation landscapes as in Silverberg and
Verspagen, 2005), our landscape will be very simple (in line with earlier work in
the Schumpeterian tradition, e.g., Silverberg et al, 1988; Silverberg and
Verspagen, 1994). This is, again, done to keep the model as simple as possible.

Although, in principle, these two innovation modes could be combined, in the
actual practice of our simulations, we do not mix the innovation modes. In mode
1, the probability that a firm innovates depends on its R&D strategy, while the
productivity increase that innovation brings is a fixed (i.e., independent of
R&D) percentage. In mode 2, the probability that a firm innovates is fixed
(independent of R&D), while the percentual productivity increase depends on
the R&D strategy. In both cases, we assume for simplicity that only the current
period R&D strategy of the firm matters. A firm that jumps from zero R&D in
the previous period to some positive R&D strategy has the same innovation
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probabilities as a firm that has been using the same R&D strategy for a long
time.

In the first innovation mode, the innovation step is equal to a fixed size
(proportional productivity increase) @"°?!. The probability that a firm j innov-
ates at the end of period ¢ is equal to

1 modl __ 1
jt pmod1
odl __ (Dmodlpup 1+e )

e G -

modl __
Lt =

1 +ewmadl

The variable 27" is a (logistic) S-shaped function of the R&D strategy
variable. The innovation probability function resembles this logistic curve,
but it is re-scaled to yield a maximum probability that is equal to ®"°! %

The shape of the innovation probability function for the default parameters is
displayed in the top panel of Figure 8. Because ®"°?! p? = 0.5 with the default
parameters, the function maxes out at 0.5 probability. Note that the parameter
p'P appears twice: it determines both the slope of the logistic function itself and
the ceiling of the innovation probability function. Increasing (decreasing) p'”
while adjusting @' to keep ®"°?'p*? constant will stretch the innovation
probability function to the right (left), thus making it more (less) difficult to
achieve a high innovation probability. The parameter ¢"°?' adjusts the slope of
the logistic function independently of the ceiling of the innovation probability
function.

In innovation mode 2, we set the probability of innovation to a fixed value

v, Then, the innovation step for firm j is equal to

1 mod2 __ 1 -

mod2 __ mod2 __ ~ Jt 149"

Lﬂ - _gnod2 (ﬂ—l) " Pjt =¥ 1 — 1 :
1 + e P 1+e¢mad2

The shape of this innovation step function is very similar to the innovation

probability function of mode 1. The logistic S-shaped function L”°?? increases

with the R&D strategy parameter. In most cases, when comparing innovation

"ot = ¢ 5o that these functions are identical

modes 1 and 2, we will set
between the modes.'? The actual innovation step function re-scales the logistic
function to reach a maximum at , which is the maximally attainable innovation
step. The shape of the innovation step function at default parameters is dis-
played in the bottom panel of Figure 8.

One additional aspect of innovation remains to be explained: the influence of

firm age. We assume that learning by R&D takes some time after the firm is born

12 Default parameter values for the slope parameters are ¢"°?! = ¢ = 2.5 which implies that at

p"?, the S-shaped innovation function is at about 90% of its saturation level.

Downloaded from https://www.cambridge.org/core. IP address: 13.201.136.108, on 04 Oct 2025 at 23:25:34, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009619486


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009619486
https://www.cambridge.org/core

46 Evolutionary Economics

0.50

0.45

=
I
o

=
£
o

=
w
=]

0.25

0.20

0.15

Probability of making an innovation

=
[
=]

0.05

0.00
0.00 0.02 0.04 0.086 0.08 0.10
R&D strategy of the firm

0.008

0.007

Innovation step
=
(=] (=]
b &

e
o
=}
@

0.002
0.001

0.000
0.00 0.02 0.04 0.06 0.08 0.10
R&D strategy of the firm

Figure 8 Innovation functions for mode 1 (top) and mode 2 (bottom).
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out of a bankruptcy, which is in line with the effect of age on the probability to
be imitated, as explained in the previous section. In order to reflect this new
learning-by-doing effect, we multiply the innovation that a firm realizes by the
following S-shaped ‘innovation efficiency’ function:

I D B
1+ (1—1) Le ) ted T el )

" T+ed

where 7 is the minimum efficiency, and 4 is the age at which the function has an
inflection point. This function is displayed in Figure 9, using the parameters that
are also used in the following simulations.

4.4 Simulation Experiments lllustrating the Selection of R&D
Strategies

We are now in a position to run simulations with both the Keynesian and
Schumpeterian sides of the model in full operation. This is the first experiment
in which the model operates in its full complexity, that is, with R&D free to
change under the influence of mutation and imitation. The issue that we will
investigate in these simulations is how the selection environment works on
diversity of R&D strategies. This is an important experiment, as it will illustrate
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how Keynesian and Schumpeterian forces interact to endogenously select (or
not) an evolutionary stable R&D strategy that leads to growth with a stationary
employment path, that is, with endogenous demand matching endogenous
productivity growth.

In this simulation experiment, we set the initial R&D strategy of each of the
50 firms to a random value that is uniformly distributed between 0 and p*”. In
the first set of experiments, we have innovation mode 1, that is, R&D influences
the probability of an innovation, while the innovation step size is fixed. The
innovation parameter settings are as in the appendix table (Appendix II), which
imply p*? x @™ = 0.075 x 6.667 = 0.5 is the maximum innovation prob-
ability that a firm can reach, and "' =0.006 or 0.002. We also set
7% = 0.00075, the interest rate parameter #; = 250. With these parameter
settings, the model will be operating relatively far from the representative
agent’s steady state, yielding heterogeneity between firms.

Because we want to focus on the heterogeneity between firms within a single
simulation, we graph the results of individual runs. All firms start with labour
productivity = 1. During the first 50 periods of each run, no innovation takes
place, so that the model can adjust from the initial settings. After this, for
another 50 periods, firms can innovate (on the basis of their R&D strategies),
but no imitation takes place after bankruptcy. In this way, innovating firms can
build up a productivity advantage that reflects their R&D strategy (otherwise
R&D would not play any role in imitation during the very first few periods after
which innovation starts). After 100 periods, innovation and imitation start to
operate, and the run continues for another 900 periods. This is how all simula-
tions will operate from now on.

We again illustrate simulation results using boxplots. In this case, the boxplot
reflects the distribution of the R&D strategies between firms within a given
period. In Figure 10, boxplots are presented for three different simulation
experiments, with each experiment occupying one row (i.e., two plots). The
boxplots on the left cover the first 120 periods after when innovation and
imitation are fully operational (periods 100 — 120 of the simulation), with
every fifth period documented in one box. The figure covers the simulation’s
history from period 220 onwards, but here, only every 30th period is represented
in a box.

The first experiment, at the top of the figure, sets the innovation step
@4l = 0.006, imit = 1, so that bankrupt and re-born firms get the average
labour productivity of the economy, and b = 0.6 (firms at the neutral leverage
ratio are already vulnerable to bankruptcy). The results of this experiment show
what we call an R&D shake-out. Initially, we see a broad distribution that covers
the entire range from 0 to p"”, with the median in the middle, which means that
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Figure 10 Simulations showing R&D heterogeneity, 3"/ = 0.006.

we are still very close to the random initial distribution. With imitation after
bankruptcy kicking in, the median starts to fluctuate, and around period 140, the
distribution narrows and becomes skewed towards the higher R&D strategies.
Variety in R&D strategies is diminished by selection of strategies in a particular
(high) range slightly above 0.06.

The figure on the right-hand side shows boxplots for the remaining
780 periods of the run (note the different scales on the vertical axis). Here the
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first box (on the left) represents period 220, which is the same period as the end
of the graph on the left. We see that the distribution of R&D strategies remains
relatively narrow with few exceptions. There is also some fluctuation in the
median strategy, but this mostly takes place within the upper part of the zero to
p"? range. This indicates that firms keep experimenting with different R&D
strategies, under the influence of mutation as well as small ‘errors’ in imitation.
However, such experimentation is never allowed to move too far away from the
R&D strategy that resulted from the shake-out.

Although there are fluctuations of the aggregate R&D strategy, and there is
even an intermittent period (460-670) in which lower values prevail, but
eventually firms return to values slightly above 0.06. This suggests that firms
have converged to an evolutionary stable R&D strategy, and firms that experi-
ment with different (in particular, lower) strategies will eventually not be
successful. In other words, the strategy seems to be evolutionary stable. In
order to test this further, we repeated this experiment 50 times with different
random seeds, and calculated the average R&D strategy over the last
100 periods of each run (this is documented in the figure, along with its standard
deviation). Over these 50 random seeds, R&D strategies converge to a narrow
range slightly beyond the inflection point as in Figure 8: average 0.065 with
standard deviation 0.107.

This is the endogenous selection of R&D that we aimed at in our Keynes—
Schumpeter synthesis. As we will explore further in the next section, the
outcome of this selection process also determines the other macroeconomic
variables, leading to a fully endogenous model with growth and business cycles.
In the remainder of this section, we will present a few more simulation out-
comes to see whether the emergence of an evolutionary stable R&D strategy
also happens with other parameter settings.

The next row in the figure covers a new experiment, with changes in one
parameter: imit = 0. This is an important aspect of the selection process, as it
means that firms that go bankrupt now get the labour productivity level of the
imitation target firm at re-birth. This generally represents a very strong positive
externality because, with these parameters, imitation targets are about 2% above
average productivity in the economy. This externality increases the value of
R&D, and it leads to more rapid convergence to a very high R&D value and, up
to around 7 = 500, generally, a narrower distribution of R&D strategies.

At the end of this run, we see firms moving up to R&D strategies well above
0.1, which puts them on the ceiling of the innovation function (as in the left-
hand side of Figure 8, which reflects parameters of all runs in this section).
There is very little ‘rationality’ to such high values, because R&D has very little
marginal pay-off at these levels. We consider this imit = 0 as a less interesting
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(and ‘less’ evolutionary stable) case and set imit = 1 in all simulations in
Section 5.

Finally, the bottom row of Figure 10 moves back to imit = 1 (no productivity
externality), and sets 5 = 0.7. Again this changes the selection environment,
as it means that selection pressure is lower (vulnerability for bankruptcy starts at
a higher leverage ratio). Weaker selection leads to a weaker shake-out: the
narrowing of the distribution of R&D strategies takes longer. However, R&D
strategies still clearly converge to a high range (in between the values for the
other two experiments).

In order to investigate the details of an even wider range of selection
environments, these three experiments are repeated in Figure 11, with a much
lower value for the innovation step size: "°?! = 0.002. This means that there
are lower technological opportunities, and the pay-off to R&D is generally
lower. In the first row, that is, without the productivity externalities (imit = 1)
and with high selection pressure (b = 0.6), this leads to a low R&D result. The
shake-out eliminates firms with high R&D strategies, because the costs of R&D
are too high compared to the pay-off, and the result is an evolutionary stable
R&D strategy that is almost equal to zero. In the later stages of the run, there is
experimentation with higher R&D strategies (as indicated by the large amount
of outliers), but this always fails.

Next, we introduce the R&D externalities (imit = 0). This increases the pay-
offto adopting higher R&D strategies, and now convergence is to a high level of
R&D, as it was with the higher step size in Figure 10. Convergence to the high
R&D level is rapid. Experimentation with higher and lower R&D values
remains throughout the run, but is largely unsuccessful.

Finally, we have the experiment with lower selection pressure (b = 0.7), but
without externalities (imit = 1). In this case, the distribution of strategies
narrows, but there are a few firms with higher R&D values that remain alive.
This is almost a bimodal distribution, with average and median values in
between the two other experiments in Figure 11, but with a relatively high
standard deviation. There does not seem to be a clear unique evolutionary stable
R&D strategy in this case.

These results do not change in any qualitative way if we use innovation mode
2, where R&D influences the step size and the innovation probability is fixed.
We implemented experiments similar to those in Figures 10 and 11 with
innovation mode 2 and parameter settings ¢"*! =2.5, P™” =0.5 and
© = 0.006 or ¢ = 0.002. The results resemble those in Figures 10 and 11.

In conclusion, we note that different operationalizations of the selection
environment generally lead to very different outcomes of the R&D selection
process. When technological opportunities and selection pressure are high
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Figure 11 Simulations showing R&D heterogeneity, 7"°/' = 0.002.

enough, firms will converge to high R&D strategies that seem to be evolution-
ary stable. But if selection is weaker (for example, because of financial factors
that affect the bankruptcy rate, or because of externalities that give low-R&D
performing firms an advantage), R&D may not emerge (or, in other words, the
evolutionary stable R&D strategy is close to zero). We will now turn to
investigating, in the next section, how these selection dynamics affect macro-
economics, in particular the growth rate and the employment rate.
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5 Exploring the Full Model: Monte Carlo Simulations

With the Keynesian and Schumpeterian parts of the model in place, and the
R&D selection process shown to be effective, at least under some parameter
settings, we are now ready to explore the model more fully by systematic
simulations. Despite its relative parsimoniousness, the parameter space of the
model is vast. This is why we select a number of experiments that are aimed at
various aspects of our theoretical interest, linked both to the Keynesian demand-
side and to the Schumpeterian supply-side of the model.

5.1 General Setting of the Simulations

In this section, we will explore the model more completely. Even though the
model is kept relatively simple by making only a part fully agent-based, its
parameter space is vast. We cannot explore this parameter space in a complete
and systematic way. While we carried out many more simulations than what can
be documented, we present a selection of what we believe are the most
interesting results in light of our main question, which is how the emergence
of endogenous R&D can support a growing economy in which demand adjusts
to growing productivity while keeping the economy on a more or less stable
employment path.

These experiments are organized in the same fashion as the experiment carried
out on business cycles in Section 3.6. This means that we will pick two param-
eters to vary, with 11 values for each of the parameters, and 50 random seeds for
each parameter set. This yields a grid of 11 x 11 parameter sets, each with 50
realizations. We will monitor a set of result variables (e.g., R&D and growth) for
each simulation run, and collect average values of these variables over the last
100 periods of each simulation of 1,000 periods. By comparing the distribution
of these 50 averages across parameter sets by a ¢-test, we will investigate how
the values of the chosen parameters influence simulation outcomes.

We will present five different ‘experiments’, that is, five different combin-
ations of two parameters that we vary. In the first of these five experiments, the
interest rate parameter 6, is one of the parameters that are varied, and we pick
different second parameters for each of the four experiments. In the final
experiment, 8; will be fixed.

The first experiment is aimed at investigating the emergence of a (more or
less) stable R&D strategy across the population, from an initial state in which all
firms have equal R&D strategies, including the case where no firm carries out
any R&D. In other words, this is a generalization of the earlier experiments in
Section 4.4, where we documented the microdynamics of the evolution of R&D
strategies.
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In the second experiment, we explore the difference between innovation
mode 1 and mode 2. Here we will specify a parameter set where a firm that
spends the maximum amount of R&D, that is, a firm that reaches the ceiling of
the innovation curves in Figure 8, has an equal expected productivity increase
between the two modes. In mode 1, this is achieved by maximizing the innov-
ation probability with a given step size. In mode 2, the innovation probability is
given, and the step size is maximized by doing R&D. We ensure that the
multiplication of step size and probability remains constant for a firm at the
ceiling of the innovation curve.

In the third experiment, we will look at some of the parameters that affect the
financial situation of firms, again generalizing some of the experiments from
Section 4. This includes the value of the neutral leverage ratio, Q and the
minimum level of the firm’s leverage ratio at which the firm becomes vulnerable
to bankruptcy, b’°. We vary these parameters simultaneously, keeping them at
a fixed distance from each other throughout the experiment.

In the fourth experiment, we look at the interaction between R&D and
consumption. Here we vary the marginal propensity to consume out of wage
income (c), and investigate whether this influences the R&D strategy that firms
converge to. This experiment illustrates how demand and supply interact in our
model, through the channel of the firms’ cash-flow equation.

Finally, in the fifth experiment, we return to the topic of business cycles. Here
we run experiments similar to the business cycle experiment of Section 3, but
with endogenous R&D, and investigate the nature of business cycles using
Fourier analysis.

5.2 Emergence of R&D

Our first set of experiments is aimed at further exploring the nature of the
selection process that determines whether R&D emerges at all. This is
a generalization of the experiments in the previous section. In this set of experi-
ments, the main ‘parameter’ that is varied is the initial level of the R&D strategy.
This is specified as a fraction of p*¥ = 0.075, for example, initial R&D = 0.5
means that all firms start with R&D strategy 0.0375. We vary initial R&D from
0 (no R&D initially) to 1 in steps of 0.1, that is, 11 values. The issue that we want
to investigate is whether the level of R&D that emerges at the end of
a simulation run varies systematically by its starting value.

As mentioned earlier, the other parameter that is varied is the interest rate
parameter #;, which ranges from 100 to 400. Note that the interest rate spread
between the public and private rates tends to 1/6; (see the appendix
Section 4.5). Hence, we increase 0, in a nonlinear way, such that 1 /6, decreases
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in fixed steps of 0.00075. For example, starting with ; = 100, the spread
1/6, =0.01, and, in the next step, we set 1/0; = 0.00925, so that
6, = 108.108, up until at the last step 1/6; = 0.0025, or ; = 400.

Figure 12 shows the main modality in presenting the outcomes of
a simulation experiment. On the left-hand side, we present 3D surface diagrams
for four main outcome variables: aggregate R&D strategy (R&D as a fraction of
output), the growth rate (of labour productivity), the wage share ¢ and the
fraction of household wealth spent on consumption {. Each of the points in
these surface diagrams represents one parameter setting (a combination of 6
and initial R&D), and the value on the Z-axis is obtained by first averaging the
value over the last 100 periods of a 1,000-simulation run, then averaging those
averages over the 50 random seeds that are used for each parameter set.

The diagrams on the right-hand side provide an indication of the statistical
significance of differences within each of the surface diagrams. These ‘signifi-
cance maps’ belong to the surface diagram on their left-hand side. Each cell in
the significance map corresponds to one parameter set, that is, the significance
maps can be imagined as the ‘floor’ of the box in which the surface diagrams are
plotted (but note that the floor in the actual surface diagram is rotated). The
significance maps are based on the p-values of a #-test (assuming unequal
variances) for the null hypothesis that the average (over 50 seeds) of a value
in the surface diagram is equal to the centre cell of the surface diagram. In the
case of this experiment, the centre cell of the surface diagram corresponds to
initial R&D = 0.5 and 1/0; = 0.00625. Thus, for example, the bottom-left cell
of the significance map represents the #-test for the null hypothesis that the
outcome for R&D = 0.0 and 1/6; = 0.0025 is equal to that of R&D = 0.5 and
1/6, = 0.00625. Statistical significance of these tests is indicated according to
the coding in Figure 13. By definition, the centre value is always white.

This experiment consists of three sub-experiments: we run each of the 121
initial R&D and #, combinations in innovation mode 1, for three different
values of the (fixed) innovation step size ©"°¢!. The values for "' are
0.006, 0.004 and 0.002, corresponding to high, medium and low technological
opportunities. All other parameter values are as in the appendix (Appendix II),
thus @' = 6.667, which implies that the maximum innovation probability in
a given period is 0.5 (this is obtained by spending enough on R&D).

Figure 12 shows the simulation results for the setting with high technological
opportunities ("' = 0.006). For R&D, we see that the average value of the
R&D strategy reached at the end of the simulation is higher for cases where the
initial R&D is higher, and also for cases where the interest spread is lower. This
is clear from the curvature of the surface diagram for R&D, and also from the
corresponding significance map: compared to the centre cell, runs with low
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Figure 12 Varying initial R&D against the interest rate parameter 6,
P4l = 0.006.
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H Cell is larger than the center, p < 0.01
Cell is larger than the center, 0.01 = p < 0.05
Cell is larger than the center, 0.05 < p < 0.1
Cell is not significantly different from the center, p > 0.1
Cell is smaller than the center, p < 0.01
Cell is smaller than the center, 0.01 = p < 0.05
Cell is smaller than the center, 0.05 < p < 0.1

Figure 13 Legend for significance maps

initial R&D show significantly lower R&D averages at the end, and those with
initial R&D tend to score higher, except for high interest rate spreads.

The lowest R&D value observed in the grid of 121 parameters sets is about
0.03, and it is observed at initial R&D = 0. This means that although all firms
started at zero R&D, they converged to at least 3% at the end, and in almost all
cases significantly more than 3%. In some cases, they converged close to 7%.
This happens only for values of initial R&D close to 1, that is, in those cases
R&D stayed very close to what it was at the beginning of the run. All this
suggests that in this environment of high technological opportunities, moder-
ately high R&D spending is what firms converge to, but it may take a significant
amount of time to get to high levels of R&D spending if firms start at low levels.

Results for growth rates follow R&D closely, as can be expected because
R&D translates into higher productivity growth. Still, the significance map for
growth is slightly different from that of R&D, due to stochastic variations. The
wage share and spending out of household wealth also show significant vari-
ation over the parameter sets. Low R&D spending and low interest rates lead to
a higher wage share. This can be understood from the firm’s cash-flow equation:
the more it spends on R&D, the less it can afford to spend on other cost items,
such as wages. Thus, when the selection environment presses for more R&D,
and firms are not allowed to become more indebted because the neutral leverage
ratio does not change, wages must fall. The same mechanism works for interest
rates: a high spread leads to higher interest payments and lower wages (as well
as lower R&D).

Finally, the results for { show less variation than the other variables: the
significance map is largely white in this case. Only the edges of the simulation
grid show significant variation. With low initial R&D, households spend less of
their wealth, presumably because there is less need to compensate for falling
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employment due to rapid productivity growth. On the other hand, when interest
rates are high, consumers tend to spend a larger fraction of their wealth, which is
a faint reflection of the steady expressions for this variable.

Next, Figure 14 looks at the case of intermediate technological opportun-
ities. In this case, the runs that start at zero initial R&D hardly escape this
low level: they end at around 1% R&D. However, at initial R&D levels
around 0.4, a fairly high level of R&D is reached at the end of the
simulations. Overall, firms reach lower levels of R&D spending than in
the previous case of high technological opportunities. This suggests that in
this case, there is a lock-in to low R&D strategies because firms that ‘try to’
escape from very low R&D level do not survive long enough to reap the
benefits of doing more R&D. However, when all firms start collectively
with higher R&D levels, this high level can be sustained. These differences
are clearly visible in the significance map, which leaves less white and has
much more blue than in the case of Figure 12. Results for growth are fully
in line with those of R&D.

For the wage share, the general shape of the surface diagram and the signifi-
cance map look similar to that in Figure 12, although there is an area with
intermediate interest rate spread and low R&D that does not differ significantly
from the centre. Results for { show more differences within the experiment than
before. This is mostly due to low values of { in the range where R&D locks into
a low level.

Finally, Figure 15 shows results for the simulations with low technological
opportunities. Here we see that although there are small variations depending on
initial R&D, there is never any real take-off of R&D. Aggregate R&D spending
never comes above 0.2%. In this case, runs with initial R&D close to or equal to
1 still have higher R&D, which suggests that these runs take a long time to come
down to the low levels of R&D that seem to be the attractor in this regime of
technological opportunities. Performing R&D does not yield enough advan-
tages to compensate for the costs. Growth is correspondingly low. There are,
however, still significant variations in the wage share as well as in , but these
seem to depend more on the interest rate spread than on initial R&D (especially
variations in ¢).

The conclusion from these experiments is that emergence of R&D crucially
depends on technological opportunities and also takes time, especially when
technological opportunities are low. Even without rationality at the firm level,
that is, with evolutionary selection alone, the population of firms ‘discovers’
that R&D does not always pay off, which moderates the growth potential (and
realization) of the economy.
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Figure 14 Varying initial R&D against the interest rate parameter 6,
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Figure 15 Varying initial R&D against the interest rate parameter 6,
P4l = 0.002.
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5.3 Innovation Waiting Time

In the next pair of experiments, we continue the investigation of the innovation
process by focusing on the exact way in which innovation influences product-
ivity growth. Specifically, we investigate whether any differences arise between
innovation mode 1 and innovation mode 2. For this, we start with an experiment
using innovation mode 2. Besides #;, which is varied as in the previous section,
we now vary the parameter I_DmOdz, which represents the exogenous probability
that a firm innovates. T’mdz is varied from 0.1 to 1, in steps of 0.09, and the
middle value for Fm()dz, used in the construction of the significance maps, is
0.55. If the innovation is realized, the innovation step size depends on the R&D
strategy, as explained in Section 4.3. In this experiment, the maximum step size
that can be obtained, denoted by ¢, is varied together with T’mOdz, in such a way
that % x P = 0.002— % = 0.002/P"*"
falls when the innovation probability increases. All other parameter values are

, that is, the maximum step size

as in the appendix table (Appendix II). Each firm starts with R&D strategy equal
to 0.0375.

Note that p x P is the expected innovation step in each period for the
firm that spends enough on R&D to reach (close to) the ceiling of the innovation
curve as displayed in Figure 8. This expected innovation step remains constant
in the entire experiment, but when we vary P "% and ¥, the expected waiting

. . . . .. g mod2
time for an innovation changes. Obviously, with "

= 1, there is no waiting
time, as the firm innovates every period, while with P . 1, the firm will
have to wait, on average, 10 periods between innovations. R&D expenditures
during this waiting time will represent costs, and hence increase the debt burden of
the firm, while no productivity increase is forthcoming during such waiting time.
Note also that these simple calculations of the expected innovation for each
period do not take into account compounding of productivity. In a simulation
where firms innovate often, that is, where P is large, compounding provides
an advantage over runs where P"” is lower. For example, with P = 1,
a firm that manages to get the maximum step size @ all the time will have
increased productivity by (1 + &)'0 after 10 periods, while in the case of

—mod?2 . . . . . .
P"* = 0.1, a firm that has to wait until period 10 for an innovation will

have a productivity increase of (1 4 103), which is smaller than (1 + ).

Thus, in principle, larger 7" should give firms an advantage. However, in our

setup, all firms in a single simulation have the same value for F"mdz, so that there

is no direct competition between large and small values of P"”. We can only
. —mod?2

compare aggregate outcomes for different values of P~ .

In the first instance, this innovation mode 2 experiment is aimed at

investigating whether this variation in waiting time and the corresponding
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Figure 16 Varying the exogenous innovation probability v (mode 2)
against the interest rate parameter.
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increased step size have an impact on R&D spending. This experiment is
documented in Figure 16, which has similar information as in the figures in
the previous section. In the two top rows, we see a clear impact of varying the
waiting time and innovation step size on R&D levels and growth at the end of
the simulations. Interestingly, a long waiting time (i.e., P = 0.1) com-
bined with a larger innovation step size yields higher R&D spending than
a short waiting time with a low step size. This effect is stronger for high
interest rates. It is not easy to trace the ‘evolutionary logic’ of this result with
certainty. When P s low, firms will, on average, have to survive longer
periods without increasing productivity. Higher R&D spending will yield
a higher productivity buffer that can be used to outlive these periods, but it
also raises costs, thereby indebting the firm more. In this particular setting,
the productivity buffer effect seems to outweigh the R&D debt effect. But
this may change in other parameter settings, such as a different slope (¢"°%)
of the innovation function in Figure 8. We leave simulations to explore this
further to future work.

In this experiment, the wage share seems mostly influenced by the interest
rate spread, although there is a range in the graph for intermediate-low v
and high interest rates spread where the wage share is relatively high. Spending
out of wealth ({') mostly varies proportionally with v,

Next, an equivalent of this experiment is run with innovation mode 1. In this
case, the innovation step size (") is fixed for all firms throughout a single
simulation run, but the ‘R&D efficiency’ parameter ®"°¢! is adjusted. Note that
@4 p" defines the maximum innovation probability in mode 1. p*
remains fixed at 0.075, so that the maximum expected innovation step that
a firm can have is ¢! x 0.075 x $"¢!. While we change ®"*?', we simul-
taneously vary @”°?!, in such a way that @' x 0.075 x "' = 0.002,
which is the same value as in the previous experiment. All other parameter
values than those relating to the innovation mode are the same as in the
experiment of Figure 16.

These results are displayed in Figure 17. At first sight, the results are similar
to those in Figure 16. R&D and growth similarly fall with the maximum
attainable innovation probability, the wage share remains mostly influenced
by the interest rate spread, and consumption spending out of wealth by R&D.
However, the significance maps show a weaker effect, that is, there is more
white in those maps in Figure 17 than in Figure 16.

Figure 18 shows the significance maps for the #-tests that compare the means
of the corresponding cells from the mode 2 experiment (Figure 16) and the
mode 1 experiment (Figure 17). This always compares one cell in the 11 x 11
grid of parameter sets to the same cell in the other experiment. A negative
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Figure 17 Varying the maximum attainable innovation probability (mode 1)

against the interest rate parameter.
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Figure 18 Comparing the two waiting time experiments: significance maps for
results of mode 2 simulations minus those of mode 1 experiments.

(positive) sign in these tests indicates that the value in the mode 2 experiment
was smaller (larger) than in the mode 1 experiment.

Despite the fact that the outcomes of the two experiments look similar, there
are clear and significant differences between the two innovation modes. For
example, the mode 2 experiment almost always results in significantly higher
R&D when the (maximum) probability of innovation is close to 0.1, that is, the
left side of the significance maps. At the same time, it results in lower R&D in
the diagonal band in the significance maps near the right-upper corner, that is.,
with high interest rate spreads and low (maximum) probability of innovation.
However, these differences do not translate so clearly into similar differences in
growth, probably because of stochasticity, especially in terms of high-
productivity firms going bankrupt. Overall, mode 2 seems to result more often
in lower values of all the variables than in higher values.

The conclusion from these experiments is that the nature of the R&D and
innovation processes also influences growth. Whether innovation tends to take
place in small or large steps, and how this can be influenced by the R&D that the
firm undertakes leads to different growth outcomes. Of course, in reality, there
are many more aspects of innovation that can be influenced by R&D, and hence,

we may expect an even larger variety in growth.
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5.4 Finance and Selection: Varying the Neutral Leverage Ratio
and Minimum Bankruptcy Vulnerability

As the final experiment on the Schumpeterian (innovation) side of the model,
we continue the analysis of the selection environment. However, instead of
looking at the nature of R&D and innovation, we now explore the impact of
financial factors as they influence the bankruptcy of firms. We continue with the
familiar setup of the experiments, that is, varying parameters in two dimensions
inan 11 x 11 grid. As before, one of the dimensions of this grid is the interest
rate parameter 6. In the other dimension of the grid, we vary two parameters at
the same time: the neutral leverage ratio Q and the minimum bankruptcy
vulnerability 5. Again, each firm starts with R&D strategy equal to 0.0375.

It was already shown in Section 4 that the difference between these two
parameters has big implications for selection pressure. Because the aggregate
leverage ratio does not wander far from the neutral value, the leverage ratios of
individual firms tend to be distributed in the vicinity of Q. Then, if 5 is just
a bit larger than (or even equal to) Q, relatively many firms will be vulnerable to
bankruptcy. With a larger difference between the two parameters, fewer firms,
namely, only those with the very highest leverage ratios are vulnerable.

The emerging heterogeneity that was discussed in Section 4.1, which implies
the presence of stochastic ‘noise’ in the selection environment, plays
a particularly salient role in these experiments. Due to stochasticity in the
core Keynesian module (i.e., distributed multiplier mechanism) of the model,
some bankruptcies will happen ‘for no good reason’, that is, without the firm
having structural characteristics that make it less ‘fit’ than other firms. The
likelihood of these types of bankruptcies is a decreasing function of the differ-
ence between parameters 5 and Q. However, b° > Q also implies less
stringent selection to separate the wheat from the chaff, that is, this will also
affect the macroeconomic viability of competing and heterogeneous R&D
strategies. This is what motivates the interest in the specific simulations in
this section.

In the first experiment, in Figure 19, we vary the neutral leverage ratio from
0.6 to 0.8 in steps of 0.02, and we set b = Q. Hence this is an experiment with
high selection pressure. In the next experiments in this section, the neutral
leverage ratio will be varied over the same range, but we set b’ = Q+0.1
and b° = Q +0.2. In all experiments in this section, all firms start at R&D =
0.0375. The innovation mode is 1, and we set the fixed innovation step to 0.004.
All other parameters are as in the table of the appendix (Appendix II).

Figure 19 shows the first experiment, with 5 = Q. We see that irrespective
of the interest rate spread, R&D and growth are highest for a narrow band of low
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Figure 19 Varying the neutral leverage ratio (ﬁ) and minimum bankruptcy
vulnerability (b = S~2) against the interest rate parameter.
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values for Q. With values of this parameter equal to 0.6, only relatively high-
R&D (approximately 4% of output) firms survive in the market. When Q rises,
observed R&D levels quickly fall until they settle at around 2%. At Q =0.66
and beyond, R&D settles at around 2% of output.

The key to understanding this result is that R&D both increases productivity,
which makes firms less indebted because their profit margin increases, and
represents extra costs, which tends to increase firm indebtedness. Different
levels of R&D spending will result in different levels of indebtedness (note
that the productivity effect is nonlinear as in Figure 8). With Q=>0b"=0.6,
firms spending less than 4% on R&D will tend to go bankrupt at a high rate
because they do not realize sufficient productivity increases, and firms spending
more will go bankrupt because the productivity increases they realize do not
outweigh the extra R&D costs. With Q rising, these basic characteristics of the
selection environment change to favour firms that spend less on R&D.

In the results for the wage share (o), we see the familiar (e.g., from the steady-
state analysis in Section 4) result that high R&D spending leads to low wage
shares, because higher R&D costs must be compensated by lower wages for
firms to remain close to the neutral leverage ratio. For very high values of Q, the
wage share hits the hard ceiling of 0.9 that is built into the model. For
consumption spending out of wealth, the relationship is highly nonlinear.

In Figure 20, the experiment is repeated with b’ = Q + 0.1. In this case, we
also see strong variations in the selection environment in the parameter space
grid, but now the interest rate parameter also makes a difference. R&D is high in
a broad corner of the parameter grid where Q and the interest rate spread are
both relatively low. With high S~2, R&D is lower irrespective of the interest rate
spread. The wage share and consumption spending out of wealth follow these
movements, leading to widely varying values of these variables over the
simulation grid.

Finally, in Figure 21, we set b’ = Q +0.2. This changes the selection
outcome again. Now R&D is low in the (broad) corner where the interest rate
spread and Q are both high, with little significant variation elsewhere (except
with the lowest interest rate spread, when R&D is high). Growth, the wage share
and spending out of wealth follow this pattern.

Together, the experiments in this section show that the model endogenously
generates R&D under a wide range of financial selection environments. Thus,
R&D truly is an emergent property of the model, with the precise outcome in
terms of R&D (and resulting effects on, among other things, growth, the
functional income distribution and consumer wealth spending) difficult to
predict in a precise sense by any equation that results from modelling individual
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Figure 20 Varying the neutral leverage ratio (ﬁ) and minimum bankruptcy
vulnerability (b = Q+ 0.1) against the interest rate parameter.
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Figure 21 Varying the neutral leverage ratio (:(v)) and minimum bankruptcy
vulnerability (b = Q+ 0.2) against the interest rate parameter.
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agents. By tweaking the (financial aspects of the) selection environment, a wide
variety of endogenous growth patterns can emerge.

5.5 Consumption

Next, we run two experiments that look at the influence of the (Keynesian)
demand-side on R&D and growth, in particular consumption in the form of the
marginal propensity to consume out of current-period income (wages and

. . . .y =mod2
interest). We use innovation mode 2, with P

= 0.5 and vary  between
two experiments (p = 0.006 and 0.004). In the parameter grid, we keep the
interest rate spread parameter d; as one dimension and S, the propensity to
consume out of wage income, as the other dimension. We vary f from 0.675 to
0.85 in steps of 0.0175. All other parameter values are as in the table of the
appendix in Appendix II. As before, each firm starts with R&D strategy equal to
0.0375.

In Figure 22, there is only little influence from the change in f. Differences in
R&D are not large across the parameter grid: it roughly varies between 5.5%
and 6.5%. The lowest values occur with high interest rates, especially with high
values of 5. Most variation occurs in the results for the wage share and consump-
tion out of wealth. The latter clearly offsets the effect of spending out of wage
income: with high values for £, { tends to be lower. The wage share is lower for
high-interest rate spreads, and low f. Interestingly, this suggests that high
consumer spending, at least in terms of j, raises the wage income of households.

In Figure 23, technological opportunities are lower (¢ = 0.004), and this
changes the outcomes considerably. R&D spending is generally lower, but
with more variation across the grid. Minimum R&D spending is about 1.8%
(this happens with high-interest rate spread and high ), while the maximum
value (observed in the opposite corner with low £ and low-interest rate spread)
is about 4.6%. Thus, in this simulation, both high consumer spending (out of
wages) and high-interest rate spreads crowd out R&D expenditures. Such crowd-
ing out results from the cash-flow equation of firms, where balancing different
types of expenditures keeps the firm near the neutral leverage ratio. For the other
variables, consumption spending again compensates for variations in f, but in this
case variations in the wage share are mostly related to the interest rate spread.

The experiments in this section show that although the model has Keynesian
features in the form of endogenous demand, this does not imply that demand has
a positive impact on growth in the long run. Endogenous demand keeps demand
in pace with productivity, but demand follows rather than leads. High demand
may even crowd out R&D investment. In this sense, our model is clearly
Schumpeterian rather than Keynesian.
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Figure 22 Varying the marginal propensity to consume out of wage income (/)

against the interest rate parameter, innovation mode 2, » = 0.006.
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Figure 23 Varying the marginal propensity to consume out of wage income (/)

against the interest rate parameter, innovation mode 2, ¢ = 0.004.
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5.6 Business Cycles with R&D and growth

Finally, we return to the topic of business cycles. Our main interest here is
whether the nature of business cycles changes as a result of endogenous
growth based on R&D. Therefore, we use the same experiment as in
Section 3.8, that is, we vary the adjustment parameters a (for the share of
household wealth spent on consumption, {) and ¢, the parameter from the
investment equation. These two parameters form the base grid of two experi-
ments that vary S, the propensity to consume out of wage income (also used in
the previous section). a varies from 0.005 to 0.025 in steps of 0.002, ¢ varies
from 0.025 to 0.055 in steps of 0.003. The values for f that are used are 0.675
and 0.84. Firms invest in R&D with innovation mode 1, with fixed innovation
step "% = 0.004 and ! = 6.667. All other parameters are as in the table
of the appendix (Appendix II).

Figure 24 shows the spectral decomposition results for f = 0.675. As in
Section 3, these are averages of the spectral decomposition of 50 runs with
identical parameters but different random seeds. The last 400 periods of
a 1,000-period run were used for this Fourier analysis. The figure presents
results for the four corners of the parameter grid (i.e., low/high o and low/
high ¢ in all four possible combinations), as well as the centre of the parameter
grid (middle values for a and ).

These results are rather similar to those in Section 3, that is, without
R&D and technological progress. For low values of a we see (very) long
cycles, and with increasing o these cycles become shorter. In this case, the
cycles for the lowest values of o are very long, up to the point that for low values
of ¢, the highest (average) density peaks at one cycle per 400 periods (i.e.,
atrend) when a is equal to 0.005 (the minimum value). This peak value is part of
a range of high spectral density for 1-3 cycles.'” Between 5 and 10 cycles per
400 periods are observed with low a and high ¢ (bottom-left and upper-right
plots). Cycles grow shorter (up to 20 cycles per 400 periods) for higher values of
a and .

When f is raised to 0.84, as in Figure 25, these basic results emerge again.
However, in this case, a secondary cycle also emerges, with lower spectral
density and shorter than the cycles in Figure 24. This is observed in the top- and
middle-right, and the bottom-left sub-diagrams of Figure 24. Thus, it seems to
be the case that a high value of the propensity to consume out of wage income
can also contribute to (high-frequency) business cycles.

13 We also did the Fourier analysis after removing a linear trend. This does not change the results
much, although the peak density is now at 2 cycles rather than 1.
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Figure 24 Fourier analysis of the employment rate in individual time series
(spectral density on the Z-axis), f = 0.675.

Thus, we can conclude that the nature of business cycles does not change in
any major way when we introduce endogenous innovation in the model. The
Keynes—Schumpeter economy that we modelled shows fairly long business
cycles largely independent of its growth rate.
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Figure 25 Fourier analysis of the employment rate in individual time series
(spectral density on the Z-axis), f = 0.84.

6 Conclusions and Outlook

The Keynes—Schumpeter model that we proposed and analyzed in this Element
portrays the macroeconomy as a disequilibrium process in which the demand-
side and the supply-side are both endogenous. On the Schumpeterian side,
innovation is endogenous through a selection process in which, under most
parameter settings, an evolutionary stable R&D strategy emerges. This means
that firms converge to a relatively narrow range of R&D strategies that remain
stable, despite constant mutation of strategy.
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R&D vyields productivity growth, which implies a tendency for unemploy-
ment to grow under the pressure of replacement of labour. However, on the
Keynesian side of the model, demand adjusts to keep the employment rate in
a stable narrow range. This is achieved through a mechanism of consumption
smoothing of households, which adjusts the fraction of their stock of financial
wealth that they consume each period. The evolution of this stock of financial
wealth is fully endogenous in a stock-flow-consistent (SFC) way. No govern-
ment intervention is necessary to keep the growth of demand in line with the
growth of productivity.

Our simulation experiments show that the evolutionary stable level of R&D
strategies, and hence macroeconomic R&D spending and productivity growth,
adjust to parameter settings. For example, we have shown that parameters related
to the working of the bankruptcy, which is the main vehicle for the evolutionary
selection of firms, affect the aggregate level of R&D spending, as do parameters
related to how R&D spending influences innovation or parameters related to
demand and saving. Also, other endogenous variables in the model, such as the
real wage rate, consumer spending out of financial wealth, and investment, adjust
under the influence of endogenous changes in R&D spending.

We have kept important parts of the model very simple, to make it as
parsimonious as possible. Thus, the preceding characteristics and outcomes of
the model emerge under a very minimalistic setting. For example, we have no
explicit modelling of the financial market, we have no rationality (only blind
mutation) with regard to the choice of R&D strategies by firms, and we have
a very simple technology landscape describing an S-shaped relationship
between R&D spending and productivity growth.

This means that there are many ways in which our model could be developed
further. One way is by incorporating more elements from the SFC modelling
tradition, which pays great attention to the details of the financial system. Our
modelling of finance is crude, but financial mechanisms play a key role in the
evolutionary selection mechanism that yields the evolutionary stable level of
R&D spending. Incorporating (some of) the details of existing SFC models into
our model will enrich both our modelling of evolutionary selection, and the
supply side of SFC models, which usually have no endogenous R&D. This
would provide a significant deepening of the Keynes—Schumpeter synthesis,
and include an important element of current (post-)Keynesian modelling.

On the Schumpeterian side of our model, we see important potential for
improving both the bounded rationality modelling of firms’ decisions and of
technology landscapes. On the latter, one relatively straightforward way would
be to adopt NK landscapes or percolation landscapes as the representation of
technological opportunities. This will provide a much richer set of possibilities
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for modelling the relationship between R&D spending and innovation, which
could also include product innovation, instead of just productivity growth.
However, with both NK landscapes and percolation landscapes, the problem
of technological search (R&D) is essentially reduced to the trade-off between
local search and the exploration of the landscape beyond the local environment.

This is an admittedly important facet of technological search, but bounded
rationality of real-world R&D-performing firms also includes important other
aspects. The key to using bounded rationality in evolutionary models like ours
seems to be that firms must have truly different perceptions of the technology
landscape and the economic system in which it is embedded. Thus, the way the
technology landscape is modelled and the way bounded rationality can be oper-
ationalized seem to be closely connected. In a landscape where the only distinction
is between local and global search, bounded rationality can only include this as
a source of variation between firms.

The incorporation of NK landscapes into our model would allow the
selection of firms on their boundedly rational R&D strategy in terms of
local and global search. The outcome of the evolutionary selection process
would then favour firms with a particular mix of local and global search. This
would already be a major improvement compared to the ‘completely blind’
changes in firm strategy in our model. However, in reality, there are also
other important aspects of the technology landscape and R&D and innovation
strategies, for example, the relation between product and process innovation,
possible complementarities between technologies, services innovation versus
manufacturing innovation, the paradigmatic nature of technological change,
and so on.

The inclusion of both a model of bounded rationality and of technological
landscapes that would include many of these aspects is where we would like to
see our model developing in the future.
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Appendix |

The Steady State for a Notional Representative
Agent

In this appendix, we will use a representative firm and household to investigate
the dynamics of the aggregate leverage ratio. It should be noted that it is not
straightforward to conceptualize a representative agent in the context of an
agent-based model. In the exercise we present in this section, we assume
a hypothetical steady state where, due to economic selection, all agents of the
same type (be they firms or households) have converged to an identical state
(regarding individual wealth/debt and behavioural variables such as the indi-
vidual propensity to consume out of wealth, ;, or firms’ individual R&D
strategy p;,), similar to the hypothetical case of an evolutionary stable symmet-
rical Nash equilibrium.

Under this assumption where none of the agents ever face bankruptcy
(also implying that bond holders never face any wealth losses associated
with bankruptcy), a representative agent can be understood as the aggregate
of all the agents of its type. In this way, we will be able to derive exact
mathematical expressions for the wage share o and the share of wealth that is
consumed, ¢. In the full model, as we simulate in Section 5 of the main text,
such representative firms or households do not exist. As a result, the ‘steady-
state’ expressions that we will derive in this appendix will not be observed in
full simulations of the model. However, the equations that we will derive here
give a much more precise indication of the trade-offs between important model
variables that we derived in the main text, for example, between R&D and the
wage share.

Before we get to the main part of the derivations, which are formed by the
cash-flow equations of the representative firm and household, we look at
capacity utilization, and the interest rate. The latter is determined in the financial
market, and with additional simplifying assumptions, we can derive a simple
expression for it. In particular, we assume that 8y = 1, that the government
interest rate ¥ = 0, that, as a consequence, households do not want to hold any
government bonds (they require B/W = 1), and also the sales tax rate is zero
(because there are no government expenditures for which taxes need to be
raised). Finally, we require that B/W = 1 is obtained as an ‘interior solution’.
This means that in terms of the equation for the interest rate spread that we
introduced in the previous section, we have:
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=0y +6,(7 — ) =2 = 1/ :911.
Note that we use the superscript * to denote a steady-state value.

For a steady-state capacity utilization rate u*, it is required that the growth
rate of output is equal to the growth rate of the capital stock. Dropping firm
subscripts because we are looking at a single representative firm, denoting
the growth rate of the capital stock as x;= (K, 1/K;) — 1, and that of output
as g = (0r11/0;) — 1, we must have g* = x*. The equation (from the previous
section) for the evolution of the capital stock then requires /, = (g* + 0)K,,
while the investment plan made by firms implies /;; = dK;,—1 + Ki,—1¢
(u[,,,l — ﬁ) (the growth rate is assumed to be positive, hence investment must
also be positive). By equating these two expressions, we obtain

g+ +g)—-6

(8" + 0)Ki = 0Kiy1 + Kiyro(i—1 — 1) —u" = - +1u.

This says that the stable capacity utilization rate increases with the stable growth
rate g* in a quadratic fashion. This also enables us to find an expression for the
stable investment-to-output ratio. With K; = O;v/u; and I, = (g* + 9)K;, we
easily obtain

1 Y

—=(g"+0)—.

0 (g +9)

Now, it is time to return to the investigation of the implications of a stable
leverage ratio. Using the forward difference AB,= B, — B,, stability of the
leverage ratio can be expressed as follows:

B Bi+AB _ﬂ_ﬁ
K K(l+x) K .

Note that A* = Q. With the definitions for capacity utilization and the desired
capital-output ratio that were formulated in the previous section, we have
O; = K,u;/v. Together with the previous equation, this implies

~ ~ o~ ~ v
AB[ - Kt(l + K[)Q _Bt == Kt(l +K't)Q - QK[ = QK[Q[LT.
t

Now we must bring back the negative cash flow equation from the main text,
this time explicitly denoting it as a forward difference:
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AB,=B1 — B, = Q10011 + It +pOi + 1B, — Q141

We equate the right-hand sides of the previous two equations, and substitute
Iiyy = (kee1 + 6)Kep1, By = AK,, K; = Qv/u, and the steady-state values u*
and 75 to yield

~ .V * * v % vy Vv *
Qg E:(1+g)at+1+(g +6)E(1+g)+p+r39u—*—(1+g).

This equation can be solved for the wage share o, yielding the steady-state value
for this variable:

u%((l —§~2+g*+5)g*+5+r3*£~2) +p
1+g* '

o =1-
We can further substitute the steady-state value for u*:

V(p((l—§~2+g*+5)g*+5+r‘3*f~2) )
@+ +g) (g —0)(l+g) 1+g

With our assumption that there are no government bonds because the govern-
ment interest rate is zero, B, also represents the wealth of the representative
household, for which the cash flow equation is as follows:

ABt = Ql‘+l(1 — C)O-t — é’th + V[Bt.

The basic logic of this equation is similar to the firm’s cash-flow equation: we
subtract the expenditures of the household in period # + 1 from income in the
period, but note that in this case we do not use negative cash flows, as an
increase in B, represents an increase in wealth. The first term on the right-hand
side represents the household’s ‘gross’ savings, that is, wage income minus
consumption out of wage. The second term is consumption out of wealth, which
is autonomous consumption if seen from the aggregate point of view. The final
term is interest income during the period.

Now we use AB; = ﬁK,QtV /u; as derived earlier, and substitute steady-state
values, including B/K = A* = ﬁ, that were already obtained:

~ v X Vo~ Vo~
Qg QtE:Qt-H(l —c)o —CtQtEQ‘FrtQtuTQ-

From this, we can solve for a steady-state value for (:
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= = tr—-g.

(1+g)(1 - o) *
X0

Substituting the expression for u*, this becomes

C«* = %0(1 +g*>(1 _C)U* +7 _g*
vQ <(g* +0)(1+g)—0d+ cpﬁ)

Wrapping up what we have found so far, we have two steady-state expressions,
one for ¢* and one for ¢*, with four unknowns: g*, p, {* and ¢* (#®* has its own
equation, that does not include any of the other steady-state values). This clearly
leaves the system of two equations under-determined, but we have to consider
one additional relationship, which is the one between p and g*. This relationship
is the topic of Section 4.3, where we specified two different innovation modes,
which, in principle, could be combined.

Although it would be possible to use the representative firm framework to
specify the relationship between p and g* in an exact manner, we do not pursue
this road, because the relation is non-linear and, therefore, would not yield
easily interpretable relationships. It is clear, however, that increasing p will
generally lead to an increasing g*, under both innovation modes.

This leads to two further observations with respect to the steady-state expres-
sions for {* and ¢*. The first is that even if we take into account the relationship
between p and g*, the system is still under-determined, as we are one ‘equation’
short. This means that there is scope for multiple aggregate R&D strategies (p)
to be consistent with the steady state with the representative firm and household.
Which of these R&D strategies will prevail will ultimately depend on the
selection process, and especially the imitation process, as described in
Section 4.2. Of course, this is only relevant in the case with firm (and household)
variety, as there is no selection with a single representative firm.

Second, because of the positive dependence of g* on p, it is hard to see how
o*, and therefore {*, will change when p changes. In the steady-state expression,
we see that the partial effect of a positive (negative) change in p will be to
decrease (increase) ¢*. This makes intuitive sense because money that a firm
spends on R&D cannot be spent on wages. Increasing (decreasing) o* will also
have the partial effect of increasing (decreasing) . However, the indirect effect
of increasing p through g* is difficult to grasp analytically, due to the compli-
cated nature of the steady-state expressions. We explore those relationships
numerically in the simulations in Section 5.2.
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Appendix Il

List of Variables, Parameters and Parameter
Settings

Variable Description

Short-run utilization rate of a firm

Stock of monetary wealth of a household

Proportion of financial wealth spent on consumption (household
level)

Fractional employment rate of a household

Investment of a firm

Capital stock of a firm

End-of-period capacity utilization rate of a firm

Output of a firm

Full-capacity output of a firm

R&D spending of a firm

Cumulative outstanding debt of (and bonds issued by) a firm

Interest rate paid by firms

Operational surplus of a firm

Leverage ratio of the firm

Labour productivity of the firm

Sales tax rate

Accumulated government deficit

Government bonds

Consumption

Employment

Wage rate

Wage share of aggregate income

Aggregate leverage ratio

v

™S

>R T LERQO R X

S|
Q

> 9 = A

Note: firm-level or household-level variables can also be represented as
weighted averages for aggregate versions.
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Default
Parameter Description value
grin Lower capacity utilization limit for being chosen 0.9
as seller
g Upper capacity utilization limit for being chosen 1.1
as seller
Y Batch size for transactions in the goods market 0.05
€ Batch size for transactions in the labour market 0.01
€ Maximum amount of work a household supplies 1.1
s Marginal propensity to consume out of wage 0.675
income
TE Number of periods that are remembered in the 5
employment history
a Adjustment parameter for { 0.02
E Target employment rate for households 0.95
o Rate of depreciation of physical capital 0.025
© Adjustment of investment to capacity utilization 0.025
v Capital coefficient, or normal capital-output ratio 8
ro Interest rate on government bonds 0.0025
6o Interest rate bond preference parameter 0 1
0, Interest rate bond preference parameter 1 Varying
bl Lower bound of the positive bankruptcy window 0.6
of the leverage ratio
b Higher bound of the positive bankruptcy window 2
of the leverage ratio
bh'e Lower bound of the positive bankruptcy window 4
of the household debt ratio
b Higher bound of the positive bankruptcy window 5
of the household debt ratio
X Bankruptcy debt liquidation 0.5
n Capital loss in bankruptcy 0.2
b Productivity lenience parameter 1 for bankruptcy 3
b Productivity lenience parameter 2 for bankruptcy 0.9
d Tax adjustment parameter 0.25
9 Target public debt ratio for tax adjustment 0.9
" Maximum sales tax rate 0.6
ol Minimum admissible share of wages in income 0.4
ol Maximum admissible share of wages in income 0.9
Q Wage-setting parameter, max/min limit 1
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(cont.)
Default
Parameter Description value
Q Wage-setting parameter, base 0.15
Q Wage-setting parameter, center 0.6
Q= Wage-setting parameter, exponent 1.5
T Fixed probability of mutation of the firm’s R&D 0.01
strategy (every period)
imit Imitation mode parameter for labour productivity 1
of a reborn firm
PP Upper limit for R&D strategy initialization and 0.075
mutation of R&D strategy
Bt Bandwidth parameter for R&D strategy mutation 9
Bimit Bandwidth parameter for R&D strategy imitation 75
after bankruptcy
Pmod! Slope parameter for the innovation function in 2.5
mode 1
Pt Slope parameter for the innovation function in 2.5
mode 2
@med! R&D efficiency parameter in mode 1 6.667
ped! Fixed innovation step in mode 1 varying
P Innovation probability in mode 2 varying
® Maximum innovation step in mode 2 varying
A Inflection point of the innovation efficiency 3
function
1 Minimum innovation efficiency (at Age = 0) 0.2
A Age parameter for selection of imitation target 1
nmit Number of imitation targets considered 5
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