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Abstract

ESSAYS ON AGENT BASED MODELS AND THE EMERGENCE OF MONEY
Santiago Gangotena, PhD
George Mason University, 2016
Dissertation Director: Richard E. Wagner

Neo-Walrasian conceptualizations and DSGE models are incompatible with the emergence
of coordination and discoordination in economic activity. While many conceptualizations
stemming from the Austrian tradition are generally consistent with these fundamental problems, their process driven approach is hampered by the use of equilibrium constructs. The
first chapter argues for the adoption of formal models that avoid this problem by addressing
the following questions. Why should Austrian macroeconomists model? Where do models fit in with respect to pure and applied theory? How to model without equilibrium?
To answer this final question I present a framework called Dynamic Coordinating NonEquilibrium (DCNE) that aids in the construction and communication of macroeconomic
agent based models.
The second chapter presents of a toy model of the emergence of money from barter in
an endowment economy that illustrates how the DCNE framework can be used to construct
and communicate macroeconomic agent based models. The model is a generalization of
search theoretic and agent based models of the emergence of money.
Explanation of the spontaneous emergence of commodity money must show how beginning in a state of barter a commonly accepted medium of exchange emerges through

the self-interest of interacting individuals. Following Carl Menger’s account of this spontaneous origin, a number of mathematical and computational models have been developed
to demonstrate the convergence to a commonly accepted medium of exchange. However
all the models of the emergence of money assume specialization in production. Because
of the difficulties of direct and indirect exchange, without money, specialized production
would be prohibitively costly. Thus it must be the case that money and specialization
emerge together, not from barter, but from subsistence. The third chapter uses the DCNE
framework to develop an agent based model where specialization and money emerge from
an underlying state of subsistence production.

Chapter 1: Dynamic Coordinating Non-Equilibrium

1.1

Introduction: Tools and Conceptualizations

Neo-Walrasian conceptualizations and DSGE models are incompatible with the emergence
of coordination and discoordination in economic activity. These conceptializations of economic activity and the models they embody rely on the notion of equilibrium, a state in
which all gains from trade given the institutional arrangments that govern exchange have
been exploited. The strength of equilibrium as a tool for economic analysis is that it selects and constrains the state of an economic system at any given point in time. In other
words it provides a solution concept that allows the theorist to characterize the outcome
of economic processes. While many models that employ equilibrium as a solution concept
can leave some gains from trade unexploited, these unexploited trading opportunities are
due to underlying assumptions about institutional arrangements regarding information (or
lack of information) possessed by participants, and the existence of markets (as in the case
of models with incomplete markets) in which trading can take place, not from a failure of
equilibrium to obtain. As such the resulting equilibrium assumes that all possible gains
from trade that can be exploited, given the institutional arrangements governing exchange,
have been exploited. The strength of equilibrium as a solution concept is also its weakness
because by assumption it rules out the process of the emergence of coordination, and the
possibility of discoordination. Unless one strictly believes that the world is everywhere and
at all times in equilibrium such that all shocks to the system are exogenous, equilibrium
tools are at best an approximation from which a large class of interesting and relevant
economic phenomena are excluded.
While many theoretical conceptualizations stemming from the Austrian tradition are
capable of dealing with the emergence of coordination and discoordination, the process
1

driven approach can be hampered by the use of equilibrium for the reasons stated above. In
addition, verbal reasoning as the main tool of the Austrian tradition, is at best an imperfect
substitute for formal models that seek to fully flesh out the implications of the di↵erent
institutional arrangements that allow economic coordination (or the lack of coordination)
to take place. Put another way, models are not theory. Theory consists of verbal reasoning
which among other things specifies the correct conceptualization of the objet under scrutiny.
Modeling instantiates, to borrow the language of computer science, those conceptualizations
in a structure that allows conclusions to be drawn about the object under scrutiny. As I
will argue below verbal reasoning is a poor substitute for formal models (and should rather
complement them) especially when the object under scrutiny is the economy as an integrated
whole.
Neo-Walrasian conceptualizations are fundamentally incompatible with a process driven
approach to economic phenomena because of the use of equilibrium. As such DSGE models
are the best suited tools for the Neo-Walrasian paradigm. On the other hand adopting
the rigor of DSGE tools is fundamentally incompatible with the process driven approach of
the Austrian tradition. In what follows I will argue that process driven conceptualizations
need to be complemented with formal models. In contrast to DSGE models I call these
Dynamic Coordinating Non-Equilibrium models (DCNE). DCNE models consist of a class
of agent based models (ABM) that follow certain guidelines to ensure their compatibility
with process oriented conceptualizations. I will attempt to provide a novel justification
for DCNE models, and lay out their relationship with respect to theory and empirical
work. I then provide a structure that aids in the construction, and communication of such
models, that is readily accesible to researchers both familiar and unfamiliar with agent
based models (ABM). I will first attempt to elucidate the necessary link between tools and
conceptualizations in order to motivate what follows.

2

1.2

Tools and concepts, the macroeconomics of value and
exchange

The problems tackled by theoretical science arise from particular ways of looking at the
world. Particular ways of looking at the world lead to particular sets of problems, which in
turn dictate particular analytical tools used to tackle these problems. By the same token,
the availability of particular analytical tools limits the set of problems that can be dealt
with within a theoretical enterprise. This in turn conditions the way practitioners look at
the phenomena they study. Determining whether tools precede conceptualizations or the
other way around is ultimately not as important as recognizing their interrelationship in
established theoretical disciplines.
Within the exercise of normal science, tools and conceptualizations can be mutually
reinforcing. In the course of training, established tools are acquired by participants. Tools
dictate and constrain the set of problems that can be tackled, and reinforce conceptualizations of how a discipline sees its objects of inquiry. In a similar fashion, established
conceptualizations lead to particular problems and formulations of these problems, which
in turn call for particular analytical tools. Adopting Kuhn’s terminology, the collection
of particular conceptualizations, problems, and tools constitute a paradigm (Kuhn, 1962).
The reinforcing nature of tools and conceptualizations implies that paradigms can be self
perpetuating.1
While the self perpetuating nature of paradigms can be a boon to scientific progress,
allowing advances to build upon each other and creating a common understanding of the
subject matter among practitioners, it is also accompanied with dangers. In disciplines that
lack crucial experiments due to the complexity of the objects under scrutiny, it is hard to
dispose of paradigms that cloud rather than illuminate understanding. Also the lack of fully
1

A paradigm can be self perpetuating as long as it provides problems for practitioners to solve. Here
incentives play a role because the problems that theoretical sciences present are not necessarily related to the
phenomena of the real world in a way that advances understanding. The pursuit of the problems o↵ered by
a particular paradigm can be thought of as more related to the practices and livelihood of the participants
in the profession, and the institutional setting in which these incentives are embodied, not necessarily their
“truth”, or relevance. See for example Wagner (2010, 23), or Rorty (1989) for a more extreme view.

3

articulated alternatives can make it difficult to push to the background those paradigms
that have already rendered most of their contributions. Science is a necessarily conservative enterprise, but this implies both costs and benefits. Particular conceptualizations can
proliferate because they pose problems that can be solved with existing tools, even if the
problems themselves are far detached from the underlying reality of the object under study.
Appealing to methodology as a way to select appropriate paradigms does not help solve
this problem because the use of a particular set of tools already presupposes a correct way
of conceptualizing the object under study, something that cannot be assumed, but must
first be established on its own. The self perpetuating nature of paradigms is especially
problematic when the scale of the phenomena that is the object of inquiry is such that it
can never be observed directly but must necessarily be conceptualized. As Wagner (2010, 3)
aptly points out “the economy” is one such object, and as he and others argue, economics
as a discipline is locked into a paradigm that is unsuitable to the task of understanding this
object. This is particularly worrisome when the object under study is the economy as an
integrated whole and the concern is the coordinating (or lack of coordinating) properties of
the market system.
Buchanan (1964) gives one of the earliest explicit recognitions that the prevailing paradigm
in economics is unsuitable to the task of understanding the economy. Though it could be
argued that Hayek (1945), and as Wagner (2010, 98) notes, even Menger recognized that the
path being taken by theoretical economics would prove of limited usefulness, Buchanan’s
contribution explicitly recognizes the problems with the prevailing paradigm in economic
theory. In Buchanan’s formulation there are two alternative though not mutually exclusive
conceptualizations of the phenomena studied by economics. The first is the study of the
process of exchange, the second is the study of the allocative outcomes viewed through the
calculus of rational choice. Economics, Buchanan argues, should predominantly deal with
exchange, not allocation and choice. The allocation-choice paradigm conceptualizes economic problems as technological problems of choosing the optimal allocation of resources
for given ends. The “market” is then conceptualized merely as a computational device to
4

find this optimal allocation, usually via a Walrasian auctioneer. The exchange paradigm on
the other hand views the economy as “the institutional embodiment of the voluntary exchange processes that are entered into by individuals in their several capacities” (Buchanan,
1964, 219). When viewed as a process, the economy is not merely a computational device,
it is the process through which individual’s plans are coordinated through specific institutional structures as individuals try to advance their plans. Though under di↵erent names,
recent literature has drawn attention and further refined the distinctions between the two
paradigms in economics. Kohn (2004), terms them the value (choice-allocation), and the
exchange paradigm. Wagner (2007, see also Wagner (2010)) refers to them as the NeoWalrasian (choice-allocation), and Neo-Mengerian paradigms alluding to their respective
intellectual precursors.
Economics deals with the reasons that lead individuals to act and the ensuing interactions between individuals, which are subject to particular forms of conceptualization that
are not independent of one another. While the value and exchange paradigms share some
superficial similarity in how individual behavior is conceptualized, they completely depart
on how interaction is conceptualized. Both paradigms assume individuals act purposively in
pursuit of their goals. This is a fairly uncontroversial theoretical assumption which simply
ascribes agency to individuals in the sense of defining what individuals do consistent with
some notion of rationality. However the qualitative di↵ernce between how each paradigm
conceptualizes agency leads to, and is informed by, the fundamental di↵erence between how
each paradigm conceptualizes interactions. As Wagner (2010, 50) aptly points out, agency
in the value paradigm is a determinate response to external circumstances, while agency
in the exchange paradimg is open ended action where through social interactions adaptive
individual behavior leads to emergent social outcomes. While the process of interaction is
the focus of the exchange paradigm, the outcome of interaction is the focus of the value
paradigm. Because of the tight relationship between conceptualizations and tools, the way
interactions are conceptualized in the value paradigm dictates the analytical tools that it
uses.
5

As Kohn describes it, the driving assumption of the value paradigm is trading equilibrium, a situation where all gains from trade are exploited given the institutional arrangements that govern exchange (Kohn, 2004, 308-309). As Kohn explains, in the value
paradigm maximizing behavior is not an assumption about individual behavior but a reflection of equilibrium (Kohn, 2004, 310). In other words if agents are purposive and we assume
that all gains from trade have been exploited (equilibrium) it must be the case that agents
are acting to maximize those gains from trade. This assumption is driven by the conceptualization of the economy where plans are always coordinated but for shocks external to the
system itself. While the notion that plans can be coordinated through exchange relations is
probably true, assuming that this is the case without showing how it is so obscures rather
than enlightens the subject of inquiry. Assuming equilibrium allows the construction of
tractable mathematical models, but the actual process by which coordination takes place
is assumed away. Equilibrium as an analytical tool leads to conceptualizing the market as
a “disembodied spirit” (Kohn, 2004, 310), as an invisible hand.
Wagner (2010, 17) echoing Hayek (1937), notes that while equilibrium, understood as
consistency of plans, may be a suitable way of conceptualizing the coordination of actions
for an individual, it is an inappropriate concept to apply by assumption to the interactions
between individuals. In this sense, applying equilibrium to the market as a whole, constitutes a category mistake. Questioning the assumption of equilibrium to the collection of
interactions among individuals is the negative proposition of the exchange paradigm. At
the very least a rigorous justification that explains how equilibrium is reached is needed in
order to justify the value paradigm. However this justification can not invoke maximizing
behavior itself because as noted above maximizing behavior is a characteristic of the assumption of equilibrium. While the resulting outcome of a given process may in fact be
close to equilibrium, what the exchange paradigm pleads is to rigorously fill in the gaps of
how equilibrium is reached, if it is reached at all. The consequence is that the market can
no longer be assumed away, but must be specified, and the process analyzed.
Fully specifying the exchange process does not imply however that every detail of the
6

exchange process must be included. All conceptualization requires abstraction, otherwise
modeling the economy would entail duplicating the real world just for the purpose of studying it (even if attainable, this would be undesirable for ethical reasons). The view that
abstraction is what is problematic with the value paradigm is a misunderstanding of the
criticisms leveled against it, and of the problems with the conceptualizations of the value
paradigm (as for example in Caplan (1999)).
The reason we are able to comprehend systems of any type without having to duplicate
the system is precisely because the behavior of the system is ordered, such that we may
speak of a system without having to reference each of its constituent parts and interactions.
Abstraction, which consists of pealing away the inessential elements of interactions to isolate order and make it intelligible is certainly part and parcel of understanding. As Long
(2006, see also Runde (1997)) explains, the problem with the value paradigm is the type of
abstraction that is utilized. Abstraction is usually understood as simplifying, or conceptualizing the complex phenomena of the world. However abstracting away to the point where
exchanges have taken place such that an equilibrium is reached is unwarranted when it is
the exchange process itself that is generating outcomes, which may, or may not be borne
out in practice. Abstracting to the limit such that the existence of process is assumed away
means that the assumption of equilibrium is doing all the work. Furthermore as Wagner
(2010) and Kohn (2004) point out, equilibrium precludes the possibility of true uncertainty,
novelty, and innovation, which are surely features that impinge upon outcomes. Any formal
model of the market will have difficulty dealing with these features because of the necessary
simplifications and the open ended nature of these concepts. However, even in the absence
of such features there are other valid reasons for an explicit treatment of process.
The first is that since process determines outcomes, the way a process plays out a↵ects
outcomes. In other words path dependence may be an important feature of the economy in
terms of the outcomes that are reached (as in Axtell (2005) for example). While equilibrium
formulations can handle multiple equilibria, they often can’t isolate which one will actually
come about, something that is not a problem when one explicitly conceptualizes interactions
7

as a process. Furthermore equilibrium models necessitate exogenous shocks to move between
equilibria. As Axtell (2007, 107) points out, this leads to the unsatisfying situation of looking
for non-economic phenomena as the ultimate drivers of change in economic systems. It may
also be the case that robust features emerge regardless of the actual path followed by the
process. These features may be di↵erent or quite similar to those that would be postulated
using equilibrium. In either case, explicitly dealing with process elucidates the mechanisms
by which outcomes are generated. If the generated outcomes di↵er from those of equilibrium
models, these are novel predictions about real world phenomena that can be verified.
It is relatively easier to find better alternatives to the conceptualizations of the value
paradigm than to o↵er alternative tools to replace equilibrium models. For this reason much
economic theory that has attempted to respond to the problems with the value paradigm
by relaxing assumptions (information economics for example) has still been equilibrium
theory as Kohn (2004) notes. For a long time verbal models and historical narratives
were the only tools available to the exchange paradigm. While some subjects such as
innovation, novelty, and uncertainty will probably always have to be dealt with verbally
because of their open ended nature, verbal models of production and exchange are at the
least imperfect substitutes for mathematical equilibrium models in all but the simplest
cases. The underlying reason for the inadequacy of verbal models is the difficulty of dealing
verbally with all the concurrent interactions of participants in systems where everything
a↵ects everything else. While by definition DSGE models take into account the fact that
changes in one part of the system may a↵ect the whole economic system, by abstracting
away from interactions and positing complete coordination of plans given the institutional
assumptions that govern exchange, they fail to explain real economic systems.
In the midst of the financial crisis macroeconomists from two long embattled factions of
the profession were largely in agreement that the state of modern macroeconomics, particularly its methodology, was good. Blanchard (2008), on one side of the debate spells out the
basic methodological framework for modern macro instantiated in New-Keynesian DSGE
models. Output and consumption are determined by optimizing representative firms and
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households. Prices are set by monopolistically competitive firms and updated stochastically.
The central bank behaves according to a pre specified rule that aims at maximizing welfare.
Exchanges are assumed to have reached equilibrium given the institutional constraints on
information and the existence of markets. The reason is that since the model is always in
equilibrium, the process of exchange as described in the previous sections disappears by
assumption. Frictions in the function of markets stand in for adjustment processes in response to external shocks. Thus nominal rigidities are represented by staggered stochastic
pricing updates on the part of firms (Calvo pricing). On the opposite side Chari et al.
(2009, 243) characterize the function of these models as specifying “a language by which
we [macroeconomists] can communicate”. The main source of disagreement is whether or
not DSGE models, for example Smets and Wouters (2007), can be used in their current
incarnation for contemporaneous quantitative policy advice. The underlying assumption
of instantaneous optimal adjustment with frictions included, can be gleaned from the fact
that shocks are needed to generate the dynamics of the model. Chari et al. (2009) rightly
point out that while disagreement remains about some substantive features of the models
and the nature of the shocks, there is fundamental agreement on the tools that should be
used to explore the macroeconomy.
While some in the profession recognized a failure by macroeconomists to predict and
understand the origins of the financial crisis and ensuing recession, the proposed solution
was to go back to older traditions. Krugman (2009) for example argued for going back to
the Keynesian ideas that predate the New-Keynesian synthesis. On the other side Cochrane
(2011) argued that we should keep the insights advanced by the new classical economists.
Interestingly both proposals would likely undo the New-Keynesian synthesis. Thus one
could conclude that after much work and time, the crisis has brought macroeconomics
under the value paradigm full circle, and not in a very productive way. The merger of
Keynesian and New Classical ideas proved unsuccessful although both traditions certainly
contain elements of truth. There are periods of systemic discoordination. Competitive
forces and forward looking agents are driving features of any economy. The failure of
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merging equilibrium by chance and equilibrium by assumption is not necessarily a fault
of the insights in both traditions, but of the tools used to carry out this merger.Colander
et al. (2008) provide an excellent critique of DSGE models and Colander et al. (2009) argue
that it is the failure of equilibrium models that blinded macroeconomists to the possibility
of endogenous discoordination. Leijonhufvud’s statement that “Keynes’s theory of how
a monetary market economy can fail to coordinate activities “automatically” was flawed.
But what we have on the other side is little more than blind belief in the stability of
general equilibrium” a few years before the crisis unfolded is truly prescient in this context
(Leijonhufvud, 2006, 1636).
Macroeconomics as viewed through the exchange paradigm attempts to answer the
challenge of avoiding equilibrium by assumption and equilibrium by chance, while still
being able to explain the social world. Wagner (2012) sets forth a compelling framework
for thinking about a macroeconomy of exchange. Wagner argues that a macroeconomy
should be conceptualized as an ecology of plans formulated by purposeful individuals with
limited local knowledge. Since the success or survival of a particular plan depends on its
dovetailing with other plans which are not pre-reconciled, the dynamics of the model follow
specific paths that are generated through the interactions of the constituent parts. In this
manner the dynamics of the model are generated endogenously through local interactions
between heterogenous agents, leaving out the need for exogenous shocks to drive the system.
Adopting an ecology of plans framework that avoids equilibrium by assumption leads to
analysis where turbulence is an inherent characteristic of an economy.
Interactions between agents are necessarily local. However since it is the interplay of
local interactions that leads to emergent features, these interactions may have global e↵ects
in the form of capacities at the level of the system.The network through which interactions
take place is in turn itself the emergent result of the interactions. While interactions between agents generate emergent features, these features are not themselves subject to direct
control. This view of the macroeconomy directly links to the the strengths of ABM as a tool
for studying how capacities (for example to ability of agents to coordinate plans) emerge
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at the level of the system. Thus in broad strokes the minimum components of a macroeconomics of exchange consists of the local interactions between heterogeneous agents which
formulate plans to pursue their ends. The assumptions that go into these models consist of
the specification of agent behaviors, goals, information, and interaction mechanisms. The
object of study is the process itself and the emergent features that are generated at the
level of a system that displays order but constant turbulence as well.

1.3
1.3.1

Theoretical Considerations
Why Model? Answering Cartwright’s Concerns

An agent based computational model (ABM) is an excellent tool with which to explore the
process driven conceptualizations of the exchange or Neo-Mengerian paradigm. At heart,
what an (ABM) does is create a “toy” software economy. A population of agents with goals
and behavior is specified and the ensuing interactions may be observed. The structure of
interactions can be pre specified or can emerge from the behavior of interacting agents.
A large literature exists detailing the costs and benefits of ABM. Rather than extensively
summarizing the literature on the costs and benefits of ABM I will briefly point to the
main contributions and then attempt to present a novel justification for ABM framed in the
exchange between Sugden (2000) and Cartwright (2009) on the role of models in economics.
Simon (1996), and Miller and Page (2007) provide an accesible introduction to the use of
ABM in social science. Miller and Page’s chapter on computation as theory is particularly
relevant as they answer common objections to the use of computational tools in theoretical
work. Furthermore Miller and Page point to the complementarity between computational
tools and mathematical tools in theoretical work. Their discussion is akin to the discussion
in Wagner (2010) about the complementarity between the conceptualizations (and hence
tools) of the value paradigm and the exchange paradigm (Koppl, 2011). Epstein and Axtell
(1996) present their Sugarscape model, one of the first ABM in social science, which is also
accesible and replete with examples of what can be done with agent based models in social
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science. Axtell (2000) di↵erentiates three distinct uses of agent based models and how they
can complement or in the last case substitute for mathematical models in theoretical social
science.
Holland and Miller (1991) present one of the earliest proposals for the adoption of ABM
in economics. They stress the need to conceptualize economies as adaptive systems with
adaptive agents capable of producing perpetual novelty. More recent arguments for the
adoption of ABM in economics can be found in Vriend (2002), Tesfatsion (2002), Tesfatsion
(2003), Tesfatsion (2006), Axtell (2007), and Farmer and Foley (2009). Seagren (2011)
argues that ABM is wholly consistent with the generally process driven approach of Austrian
Economics. His contribution should be noted because it suggests that ABM can be a useful
tool for exploring themes in Austrian Economics. In addition since ABM are formal models
they can serve as vehicles for the ideas of Austrian Economics to gain greater acceptance.
Finally, Leijonhufvud (2006) argues specifically for the use of ABM in macroeconomics.
Leijonhufvud lays out the two equally unsatisfactory visions of modern macroeconomics. In
the Keynesian vision plans are only ever coordinated by chance whereas in the neoclassical
vision plans are always coordinated by assumption. Because of their explicit treatment of
process agent based models are “the only way in which we can explore the self-regulatory
capabilities of complex dynamic models and thus advance our understanding of the adaptive
dynamics of actual economies.” (Leijonhufvud, 2006, 1637).
The role of economic models, agent based or otherwise, is to create credible worlds
(Sugden, 2000). Models, Sugden argues, are not simplifications or abstractions of the real
world, but counterfactual worlds. Model and reality can only be bridged through inference
based on the credibility of the models. He cites Schelling’s segregation model (Schelling,
1971), and Akerlof’s market for “lemons” (Akerlof, 1970) as examples of how models create
counterfactual worlds. While these and other economic models are certainly abstractions
from reality, they have recognizable features that make them credible counterparts to reality.
Cartwright (2009) counters that what Sugden calls a credible world is actually a tool for
isolating the operation of certain capacities. As such the recognizable features of models are
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in reality capacities, and models serve as tools that isolate how capacities unfold. While in
certain situations inference from the model to the real world may be justified, Cartwright
argues that in economics in particular there are two reasons to be skeptical of extrapolating
from the model (be it an isolating tool or a credible counterfactual world) to the real world.
The first reason is that for a capacity to operate it must obtain, that is be present,
which is something that a by itself a model can’t uncover. As Cartwright remarks a model
serves as an isolating tool that “measures a contribution, it doesn’t tell us that the cause
in the model has a stable contribution to make. That information must come from elsewhere.” (Cartwright, 2009, 55). The second reason is that since economic models must
make structural assumptions to reach conclusions, inference is perilous when the structural
assumptions are known to di↵er significantly from those of the target situation. Cartwright
remarks that in economic models “results depend on structural circumstances and not just
on the exercise of other capacities, even in principle” (Cartwright, 2009, 51), a clear allusion
to the equilibrium assumptions needed for mathematical analysis to yield conclusions. Furthermore as Runde (1997) points out, what Cartwright refers to structural assumptions are
more akin to idealizations than abstractions of economic phenomena. Idealization consist
of conceptualizing entities that don’t exist in reality, rather than abstraction which consists of peeling away elements of reality to focus on specific features of the target situation.
Skepticism of equilibrium models is justified because the conclusions of the model depend
on structural assumptions and idealizations that may be radically di↵erent from the target
situation, yet it is these assumptions and conceptualizations that are doing all the work.
Agent based modeling complemented with the conceptualizations of the exchange paradigm
can provide answers to both of Cartwright’s concerns.
It is relatively easy to show how ABM are able to overcome Cartwright’s second concern.
By explicitly modeling the structure of interactions instead of postulating equilibrium, inference from the model to the real world is less perilous. Correspondence between structural
features (how trade is conducted for example, or how are prices set) in the model and the
target situation need not be significantly sacrificed for the sake of tractability. ABM, like
13

all models, are significantly simplified versions of reality, however they need not completely
abstract away from the very process that generates outcomes. Equilibrium models, even
those that relax certain assumptions (for example models of asymmetric information) still
ultimately depend on the assumption of equilibrium to generate results. Thus they can not
address Cartwright’s second concern.
In order to answer Cartwright’s first concern regarding capacities it is necessary to
distinguish between two types of capacities that concern economists. Economics as I have
argued studies two related but di↵erent objects: individuals and their behavior; and the
economy as an emergent system which is made up of, but not wholly reducible to the
interactions of individuals (for more on emergence see Miller and Page (2007); Harper and
Lewis (2012)). Thus there are two classes of capacities operating in economics, those at the
level of individuals, and those emergent phenomena at the level of the system. ABM in which
an agent corresponds to an individual can’t uncover capacities at the level of individuals,
these are built in the behavior and goals of agents. Thus ABM must constantly seek to
justify the behavior and goals of agents that are built into the model. This is why ABM
must be complemented with conceptualizations about why and how humans act. While the
value paradigm presents an all encompassing basis for action (utility maximization), the
exchange paradigm presents a much broader and useful perspective of purposeful action
(for example in Simon (1996, 26) with regards to firm behavior, or Wagner (2010)). The
capacities at the agent level that must be included for inference between the model and
the target situation to be justified will depend on the context and necessarily subjective
appreciation of the operant capacities of individuals in a given situation.
However ABM can serve to uncover emergent capacities at the level of the system
and it is here where these tools are most useful. By explicitly modeling processes, emergent
features of the system can be uncovered. Cartwright argues that since models can’t uncover
capacities the credibility of the worlds they embody is limited by the inputs, (behavior and
structural assumptions) of the model. But if capacities are the emergent outcomes of the
interaction among goal oriented agents, emergent capacities at the level of the system can be
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uncovered through modeling. As long as the capacities of agents are credible and informed
with outside “inputs”, to use Cartwright’s term, and the process is explicit and sufficiently
similar to that of the target situation, then inference from the model to the capacities of real
world systems can be justified. Agent based models can only provide insight into capacities
at the system level if they come from credible and correct conceptualizations (correct in
that the generative mechanisms are not abstracted away), and credible capacities operate
at the level of agents.

1.3.2

Equilibrium, Disequilibrium, Non-equilibrium

Before moving on to specify where models fit in within a process oriented conceptualization
of the economy, a few more words on the appeal of equilibrium as a tool, and the meaning
of non-equilibrium. Equilibrium, defined as the situation in which gains from trade have
been exhausted subject to structural assumptions about information and the existence of
markets (usually specified as the vector of prices and quantities that satisfy this condition)
is appealing for two reasons. The first is that it is a solution concept, and as such it allows
the modeler to specify the outcome of a process. The second is that when used within the
value paradigm it allows the theorist to draw normative conclusions about the equilibrium
configuration of the system.
In its role as a solution concept, equilibrium allows the modeler to constrain the possible
states of the world to those where all gains from trade have been exploited subject to the
information available to the agents. If taken as an approximation, the reasoning for this
assumption need not be far fetched, after all Paris gets fed. This is especially true when
thinking about a single market or a partial equilibrium. However when thinking about the
coordinating ability of the economy as an integrated whole this no longer holds. Departures
from equilibrium in one market do not cancel out departures from equilibrium in other
markets. Equilibrium implies coordination among plans (as if in a single mind) and little
discoordination in one market does not cancel out discoordination in a di↵erent market
(there is no such thing as too much coordination that can cancel out discoordination).
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If all that mattered was the speed and path of adjustment in di↵erent markets, notwithstanding their inability to glean light on the emergence of coordination, equilibrium tools
may suffice for many purposes. The problem is that disequilibrium, and hence the dynamic
behavior of the system, can only be brought about by exogenous shocks, hence discoordination is ruled out by assumption, even disequilibrium requires an optimal adjustment path of
plan coordination back to equilibrium. For example in DSGE models the e↵ects of exogenous shocks are amplified by adding frictions to the model in order to match empirical data.
However because the system is assumed to be in equilibrium at all times, the disequilibrium
path back to equilibrium is always an optimal path in the sense that plans are necessarily
coordinated on the disequilibrium path back to equilibrium. Thus for example under Calvo
pricing, where monopolistically competitive firms update their prices stochastically, as they
do so, the adjustments of quantities follow an optimal path subject to the price rigidities
imposed on the model. It is the added friction of stochastically adjusting prices that determines the disequilibrium path of the aggregate variables in the economy. One must be
careful not to confuse the disequilibrium adjustments to equilibrium, in which plans remain
coordinated, with non-equilibrium systems. In non-equilibrium models, there is no disequilibrium behavior because the plan coordination among economic agents is never externally
imposed on the system. Coordination emerges, if at all, from the underlying interactions of
the participants of the system.
It is tempting to confuse a system with unstable equilibrium with a non-equilibrium
system. In a system with an unstable equilibrium, small exogenous shocks can drive the
system out of the equilibrium trajectory to other stable or explosive trajectories. Unstable
equilibria are still equilibria however, regardless of whether the trajectories of the variables
under scrutiny stay in disequilibrium (unstable) or head to equilibrium (stable). Plans
are posited to remain coordinated at equilibrium, follow the optimal path to equilibrium
(disequilibrium behavior), or explode after small disturbances (unstable equilibria). Explosive paths are often ruled out in DSGE models because of their implausibility, however the
justifications for ruling out explosive trajectories are not well established.
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The second reason equilibrium tools are appealing is that when coupled with the conceptualizations of individual behavior from the value paradigm they allow the modeler to
make welfare statements about the welfare properties of a particular state of the world, and
of specific policies. The normative basis of institutional arrangements and the policies that
seek to perfect them in the value paradigm lies in a unanimity norm (Pareto Efficiency)
that is attained in equilibrium. In equilibrium, the preference satisfaction of individuals,
subject to the structural assumptions of the model, is maximized by assumption. Aside
from the deficiencies inherent in standard welfare economics as noted by Sen (1977), Calabresi (1991), and Hausman and McPherson (2009), among others, two additional reasons
for reconsidering preference satisfaction as a normative criteria can be gleaned from nonequilibrium models that use ABM. The first is that by explicitly modeling a population of
agents, ABM allow distributional concerns to be incorporated.
The second related reason is that what is good for the stability of the system may not be
the same as what is good for specific individuals in specific circumstances. The comparative
statics of DCNE models would seek to compare time invariant properties of the system under
di↵erent policies and institutions, and the ability of the system to foster plan coordination.
Agent based models may uncover tradeo↵s between the performance of the system and
the performance of individual agents, or the distribution of outcomes. Developing a new
normative apparatus congenial to non-equilibrium models and the exchange paradigm is
well beyond the scope of this paper. At the very least these issues must be kept in mind if
ABM and the exchange paradigm are to serves as guides to policy. Ideally they could help
rehabilitate economists into thinking seriously about the role of economic science in public
discourse. Cordato (1992) provides an excellent starting point for exploring normative
criteria appropriate for a process oriented economics devoid of equilibrium by assumption.

1.3.3

Where do models fit in?

Imagine a landscape with high peaks in the background and an ocean full of life in the
foreground. If we liken the peaks in background to economic theory and particular real
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world economies to the life filled oceans in the foreground, models are the midground that
connects theory to specific cases. DSGE models propose that the theoretical backdrop
is connected to real world economies via assumed coordination of plans. DCNE models
on the other hand connect theoretical conceptualizations to the performance of real world
economic systems via the process of exchange which may take many di↵erent forms. The
midground of the theoretical conceptualizations that connect the exchange paradigm to real
world cases is rather sparse when viewed in comparison to the myriad instances of DSGE
models. The goal of creating DCNE models is to fill in this midground with models that
help connect theoretical insights of the Neo-Mengerian paradigm with real world economies.
As such DCNE models o↵er another tool for applied institutional analysis.2
Because the exchange paradigm doesn’t focus on end states but places a premium on
generating outcomes without the assumption of equilibrium, the social institutions that facilitate coordination in DCNE models can themselves be generated from DCNE models. In
line with this generative approach, steps would be missing if a fully fledged monetary economy with specialized production is posited without considering how (in generative terms)
such an economy can emerge. I am not advocating that all DCNE models must begin with
the transition from subsistence to exchange and build from there. But a generative approach does suggest that in addition to attempting to model the emergence of coordination
among various markets in a monetary exchange economy, a line of DCNE models should
attempt to emerge the institutions that facilitate emergence of an economy. Thus DCNE
models should not only focus on the behavior of fully fledged market economies, but also
attempt to provide formal generative models of the institutions such as property, money
and specialization, and contract that underpin all modern economies.
2

Schotter (1992) argues that Morgenstern’s motivation for, and contribution to, the creation of game theory was to provide tools that could explore the myriad institutional arrangements that can govern exchange,
and the determinants of price formation in di↵erent institutional arrangements.
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1.4

A DCNE Toolkit

Dynamic stochastic general equilibrium models happen in time, but time itself plays no
role in the coordination of plans. The dynamics of the system are then driven by stochastic
shocks as the name implies. Dynamic coordinating non-equilibrium models on the other
hand allow the coordination of plans to emerge from the interactions and capacities of the
participants. The dynamics of the system are then driven by the coordinating process in
which time plays a substantive role. While turbulence in DSGE models is brought about
through exogenous shocks, in DCNE models turbulence is an inherent part of the system.
At its core a DCNE model consists of a collection of agents that interact according to
adaptive behavioral rules in the pursuit of their goals. The following sections specify in
general terms how the conceptualizations of the exchange paradigm can be formalized in a
way that facilitates the creation and communication of DCNE models. An working example
of a model that uses the tools laid out in the following sections is presented in the next
chapter.

1.4.1

Structure of DCNE models

As with any model, there will be external parameters that govern initial conditions and
boundaries of a model. The set of external parameters can include the number and types
of agents, the number of goods, including their physical characteristics, and other global
parameters that help bound and instantiate the model. Because these parameters are
external, that is not derived from theoretical considerations alone but the product of the
modeler’s choice, they should be kept to a minimum and be as transparent as posible.

1.4.2

Agents: Syntax of action

Loosely following Holland (1995) agents can be described by their internal state, their
information set, their set of available actions, and the set of rules that maps between states
subject to their information at any given point in time. Formally, in any given period t,
each agent, i 2 N , is characterized by its state, sit 2 S, its information set,
19

i
t

2

, its

available actions, a 2 A( ), and the set of behavioral rules that maps between states and
determines the actions an agent undertakes, (sit | ti ) 2

.

A potential problem with Holland’s original proposal is that because all behavior is
adaptive, all actions are allowed at all times so that behavior emerges from the set of all
possible actions. For example in the learning classier system (LCS) approach that Marimon
et al. (1990) employ, all possible actions are allowed, even if they are not logically conducive
to attaining desired ends. This is problematic for two reasons. The first is that when all
actions are allowed at all times running an ABM becomes very computationally intensive.
The second reason is that if the justifications for ABM comes from their credibility, certain
implausible sequences of actions should be ruled out. A syntax of action provides a concise
way to rule out implausible actions and limit possible behaviors.
Agency involves a purposeful sequence of actions undertaken in order to replace a less
preferred for a more preferred state based on the information available to them at any
given point in time. The rules that map between states specify the sequence of actions
that agents engage in to pursue their ends. Information is generated and acquired by
undertaking actions and thus takes time (which often but not always involves interactions
with other agents). The syntax of action for a model concisely specifies the relationship
between states, rules, and actions subject to the information set of the agent. The syntax
of action provides a concise way to describe why, when, and how agents act, in short what
agents do. By extension the syntax of action specifies interactions between agents as well.
In contrast to other approaches to agent based models, a well defined syntax of action helps
limit the available actions for agents to smaller set of actions that when taken in sequence
make sense for what the agent is attempting to accomplish. A well specified syntax of action
allows certain nonsensical sequences of actions to be barred from the model (for example the
possibility of consuming before trading as in Marimon et al. (1990)). This allows the model
to focus on the phenomenon of interest while allowing agents to maintain some notion of
rationality in the sense of purposive behavior.
The syntax of action depends on the specific situation the model is intended to represent.
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It can most concisely be represented by a directed network diagram where the set of nodes
is the set of states S, and the edges are the behavioral rules that govern the transitions
between states. The only condition on this network is that there exist a path between states
such that all states are connected, that is such that agents can proceed from state to state
as they pursue their plans. The set of actions is given as a function of the behavioral rules,
and the behavioral rules are executed as a function of the information set of the agent. An
endowment barter economy will help illustrate the syntax of action.
In an endowment barter economy agents are endowed every certain number of periods
with a certain number of goods and they can either consume or attempt to find a partner to
exchange them with. Agents can either be inactive, sit = I, or attempt to exchange sit = E,
thus the set of states is S = {I, E}. The set of behavioral rules determines whether an agent
changes states. One possible set of behavioral rules is given by
where

={

i
1 (I| t ),

i
2 (E| t )}

: S ! S. The set of actions an agent undertakes while changing states is the given

by A( ). Figure 1.1 shows the directed network specified by this particular syntax of action.
Figure 1.2 illustrates a how the syntax of action can be used to build and communicate a
DCNE model with greater complexity for a production and monetary exchange economy.
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φ1(I|ψ)=I

φ2(E|ψ)=E
A(φ2(E|ψ)=E)

A(φ1(I|ψ)=I)

φ1(I|ψ)=E

Inactive

A(φ1(I|ψ)=E)

Exchange

φ2(E|ψ)=I
A(φ2(E|ψ)=I)

Figure 1.1: The syntax of action for an exchange economy. Since there is no production,
and in barter there is no distinction between buying and selling, the states of an agent are
either inactive or exchange, S = {I, E}. The behavioral rules,
= { 1 (I| ti ), 2 (E| ti )}
i
map between states subject to the information, t available to the agent at time t. The
set of actions that are executed when transitioning between states are given by A( ). Note
that there are behavioral rules that specify when an agent subject to its information set
remains in a given state, and actions that can be executed as well. Thus it is possible that
an agent may remain inactive for some period of time or attempt to exchange.
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φ1

φ3
Inac%ve(

Buying(

Planning/Produc%on(

Selling(

φ2

φ3

Figure 1.2: The syntax of action for an monetary production exchange economy.
In a monetary economy selling and buying are distinct states. Hence agents can
be inactive, producing, exchanging, buying, or selling so that the states are given
by, S = {Inactive, P roduction/P lanning, Buying, Selling}.
The behavioral rules,
i
i
i
= { 1 (Inactive| t ), 2 (P roduction/P lanning| t ), 3 (Buying| t ), 4 (Selling| ti )} map
between states subject to the information set, ti , available to the agent at time t, and are
denoted by the di↵erent colors of the edges.
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1.4.3

Markets in the mind, markets in space and time

As stated above interactions are already incorporated into the syntax of action. Thus for
example in the endowment barter economy one of the actions when agents transition from
being inactive to exchange may entail finding a trading partner. Agents may find trading
partners either on endogenously generated networks or on pre-established networks, depending on the application and focus of the model. Memoryless bilateral exchange however is not
the same as market exchange. Markets don’t merely enable mutually beneficial exchange
to take place, they allow individuals to search for better mutually beneficial exchanges.
This competitive process is an important driver of the coordination that takes place in a
specialized production and exchange economy and must be included in DCNE models if
these models are to be useful tools for exploring coordination and discoordination. Two
possibilities for implementing the competitive process are sketched out below.
Markets can be locations in space and time that allow participants to engage in mutually
beneficial exchanges. By gathering traders in a physical location at specific point in time,
agents can compare the prices being o↵ered. Markets in space and time allow individuals
to compare prices across traders at a given point in time. This can be accomplished by
allowing agents that want to exchange at any given point in time to compare the proposed
prices of other agents attempting to exchange. However, if agents are able to observe all
other proposed prices, the local nature of interactions is lost. There is a cost to comparing
prices and finding trading opportunities. Thus DCNE models should limit interactions to
a subset of agents in order to keep interactions local.
Price comparisons however need not take place across agents. An individual may compare a current proposed price, with the past prices (either proposed prices or realized prices).
Thus even if interactions are restricted to bilateral exchanges, agents endowed with memory
can compare past exchange prices setting in motion the competitive process. However just
as the local nature of interactions is lost if an agent can compare prices across all other
agents, agents should not be able to recall all of the prices they have encountered. There is
a cost to memory. Thus DCNE models should limit the memory of agents.
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Framing the competitive process as markets in the mind and markets is in space and
time breaks up the competitive process into two dimensions. Markets in the mind allow
an agent to compare a present proposed price with a limited set of past prices the agent
has encountered. Thus the memory (or distribution of memory if agents have di↵erent
memories) of agents characterize the dimension of markets in the mind . Markets in space
allow an agent to compare prices across traders at a given moment in time. Thus the
number of agents an agent can interact with (or the distribution if there is heterogeneity
among agents in terms of the locality of their interactions) characterize the dimension of
markets in space. The real competitive process is of course a mixture of both dimensions.
Di↵erent competitive processes in DCNE models can be accomplished by mixing markets
in the mind and markets in space and time to di↵erent degrees, which can vary depending
on the characteristics of the goods being traded, or the characteristics of the agents.

1.4.4

Visualizing a DCNE: a structure of production

One of the appealing features of the proposed structure for DCNE models is that it lends
itself to a fairly intuitive visual representation. The visual representation of DCNE models
builds upon Wagner’s notion of a macroeconomy as an ecology of plans (Wagner, 2012). In
a DCNE model plans are coordinated through exchanges between agents. Plans are always
forward looking (even if they use information about the past), whilst exchanges interconnect agents. Visualizations of an agent through time must include information about the
evolution of the plan and the exchanges undertaken by the agent. In a DCNE model of a
monetary economy, the expected value of a plan can be found through economic calculation
based on the information set of the agent.3 Figure 1.3 depicts the temporal evolution of a
plan for an agent in a DCNE model where the area of the node is proportional to the value
of the production plan. Plans can be represented by vectors, where the magnitude is given
by the expected value of the plan, and the direction is forward in time.
3

As for example in,Hicks (1973), Lewin (1997), or Cachanosky and Lewin (2014), where the expected
present value of a production plan that employs heterogenous and multi-specific capital goods is given by
the expected present value of the future cash flows stemming from the plan.
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Figure 1.3: Visualizing an agent through time. The area of the node is proportional to
the expected value of the plan given the information available to the agent. The edges
represent the exchange relations of inputs and output that connect plans. Panels a), b),
and c) represent the temporal evolution of the plan from agent 1 such that plan 3 has
disappeared by t2 , and the expected value of plan 1 has been revised.

Exchanges can also be represented as vectors that connect agents at a particular moment
in time. Like plans, exchange vectors have a magnitude proportional to some measure of
the magnitude of the exchange. In a monetary economy the magnitude of the exchange
can simply be expressed as its monetary value. The direction of exchange vectors is given
by joining the nodes that participate in an exchange. Figure 1.4 pictures the exchanges
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that take place at a moment in time in a DCNE model. The nodes represent agents at
a moment in time and the size of the nodes represent their plans. Figure 1.5 pictures
the exchanges for the same model at a later moment in time. Plans have been updated
new plans have been created by agents as expectations about the value of plans have been
realized or disappointed through exchanges.

1"
4"
5"

3"

6"
2"
8"

9"

7"

Figure 1.4: Visualizing agents at a moment in time as a network of exchanges. As before
the nodes represent agents at a moment in time and the size of the nodes represent the
monetary value of their plans.
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Figure 1.5: The network of exchanges at a later moment in time. As plans unfold and are
realized, revised, or abandoned, the network and the projected value of plans has changed.
With respect to figure 1.4, the production plan of node 3 has shrunk, 1 has expanded and
a new at plan at node 10 has been introduced.

Planning vectors connect an agent to itself at a the next moment in time. Formally, at
any time, t, if there are N agents in the model, the N ⇥ N matrix
elements

t

2

t

where the diagonal

represents the magnitude of the planning vector (its expected present

value) and o↵ diagonal elements are 0 span the planning dimension of the model. Exchange
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vectors connect an agent’s plans to the plans of another agent at some given moment in time.
Formally at any time, t, if there are N agents in the model, the N ⇥ N matrix Et where the
diagonal elements are 0, and o↵ diagonal elements ei,j
t 2 E denote exchanges between agents
i and j at time t. Summing the two network representations of the system at moment in time
yields ⌦t =

t +Et ,

which is a full description of its state at any given moment in time. This

description can be appropriately be named the structure of production of the economy. Thus
the coordination throughout time in a macroeconomy can be analyzed by looking at the
evolution of the structure of production ⌦t in a given institutional environment represented
by a particular DCNE model. The visual representation that corresponds to the network
representation is the sequence, or moving picture, of diagrams that display the evolution
of ⌦t through time (for example going from figure 1.4 to figure 1.5). Thus there is an
explicit visual and mathematical representation of how plans are coordinated throughout
an economy.
Finally I would like to point out two interesting aspects of this network representation
of the structure of production in a DCNE model. The first is that it is relatively straightforward to go from ⌦t to the aggregate magnitudes of the model by summing over the respective
elements, and hence relating the moments and trajectories of the aggregate variables of the
model evaluated under di↵erent parameters, di↵erent institutional arrangements (indirect
exchange vs. direct exchange only for example), to real world data. Thus for example the
trajectories of aggregate consumption, investment, and government expenditures (if one of
the agents represents the government) can be obtained for subsequent analysis by summing
over the appropriate elements in the structure of production.
The second is that it lends an appealing visual interpretation of the impossibility of a
completely vertically integrated economy. Following Boettke (1998), Mises’ contribution to
the calculation argument in broad strokes is as follows. The argument against a socialist, or
a completely vertically integrated economy centers around the the impossibility of assigning
value to capital goods without market prices. In a socialist economy without private ownership of the means of production there is no private production of capital goods. Without
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private production of capital goods there are no market prices for capital goods. Market
prices for capital goods are necessary because they reflect the relative scarcity of capital
goods. Capital goods can be combined in di↵erent ways to produce first order consumer
goods, and the same capital good can serve multiple purposes. Consider building a desk.
It can be made of tin, wood, or gold. Now imagine the machine that makes the desk
and so on. The only way to decide in an economic manner between the alternative uses
of capital goods is through monetary calculation which necessitates market prices. Thus
a completely vertically integrated economy has no way of economically allocating capital
goods to di↵erent uses.(Boettke, 1998, 134-135)
According to the conceptualizations of the exchange paradigm, the economic problem
is the coordination through certain institutional arrangements of production through monetary exchanges given that knowledge is dispersed among a population of agents and interactions are local. Following the DCNE framework, this coordination can be represented by
the network of forward looking plans mediated through monetary exchanges, summed up
in the structure of production ⌦t . Thus a completely vertically integrated economy would
look like a single node that produces all goods and services and the distributes them to
the other nodes which consume them. Given the DCNE formulation of production plans as
the expected present value of a given combination of capital goods, it is clear that without
exchanges it is impossible for the central node to ascertain and adjust the expected present
value of its production plan and thus coordinate production to reflect the relative scarcity
of capital goods. By not comparing alternative uses through exchanges, we have no way
of knowing the economic alternative uses of capital goods. At the same time since the
production vector is only the expected value, we have no way of knowing whether the value
of that production is actual valued by consumers until it is sold.
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1.5

Conclusion

ABM models are a great tool to complement traditional tools such as analytic narratives and
applied institutional analysis to study an economy while avoiding equilibrium by assumption. Their credibility lies in that they help the researcher avoid structural assumptions that
are imposed upon the system by explicitly modeling the processes that govern exchange in
specific institutional settings. In addition the coordinating capacities of given institutional
settings can be studied as emergent features of the system. In doing so, formal ABM models
can help link theory along the lines of the exchange paradigm to real world economies. However care must be taken to ensure the compatibility of ABM with the conceptualizations of
the exchange paradigm.
The DCNE framework provides a straightforward method for constructing and communicating ABM that study the coordinating capacity of given institutional arrangements.
The syntax of action aids in specifying, building and communicating DCNE models by providing a concise way of specifying what agents do and how they interact. The competitive
market process can be summarized as the comparison of prices across individuals, or in
terms of past prices. The structure of production gives a concise way of describing a DCNE
model and studying its coordinating capacity. Providing a common framework for modeling
endeavors will make it possible to make di↵erent DCNE models comparable amongst each
other.
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Chapter 2: A Toy Model of the Emergence of Money from
Barter

2.1

Introduction

The model presented below is an example of how the DCNE toolkit above can be used to
construct and communicate DCNE models. The primary aim of this model is to explore
the theoretical plausibility of Menger’s account of the spontaneous emergence of money1
Menger (1892), Menger (2007). Menger’s account details how the transition from direct
exchange to indirect exchange naturally leads to the convergence upon a single good (money)
used as a commonly accepted medium of exchange. A key feature of his account is that
convergence upon the most marketable good used for indirect exchange emerges from the
decentralized decisions of individuals interacting to acquire the things they require. An
agent based exploration model of Menger’s account allows for a systematic exploration of
the plausibility of his account in terms of the cognitive capacities of agents, and of the
structure of interactions necessary for money to emerge. The model is implemented in the
NetLogo (Wilensky, 1999a) platform.

2.2

Model Description

The model consists of N 2 Z++ agents and K 2 Z++ goods. Agents interact in time with
each other as they attempt to accomplish their ends on an endogenously generated network
by following adaptive rules. In terms of traditional economic models, agents live in a world
of radical uncertainty, information and interactions are local, and agents are purposive but
have bounded rationality. A full list of external parameters is given in table 2.1.
1

The model is available from the author upon request.
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The model documented below is similar to the agent based model of Marimon et al.
(1990) (MSM), which in turn is based on Kiyotaki and Wright (1989) (KW) search theoretic
model of the emergence of money. The model described in this report can be viewed as a
generalization of their approach to a more plausible setting where complete specialization
in production and consumption is not assumed beforehand.

Table 2.1: External parameters of the toy model
Parameter
N
K
ē
c̄
⌧¯
age
¯
M
⌘

Name
number of agents
number of goods
maximum endowment
maximum consumption requirement
maximum trade attempts
link age threshold
most saleable good
liquidity factor

Type
N 2 Z++
K 2 Z++
ē 2 Z++
c̄ 2 Z++
⌧¯ 2 Z++
age
¯ 2 Z++
M 2 Z++
⌘ 2 Z++

Value
N 2 [3, 1, 000]
K 2 [3, 12]
ē 2 [1, 20]
c̄ 2 [1, 20]
⌧¯ 2 [1, 4K]
age
¯ 2 [1, 100]
M 2 [1, 12]
⌘=2

In any given period t, each agent, i 2 N , is characterized by its state, sit 2 S = {I, E},
i
t

information set,

= {ei , y i , ci , g i , ⌧ i , oi , si , mi }, available actions, A( ), and the set of

behavioral, or state transition, rules that maps between states and determines the actions
an agent undertakes,

={

1 (I| i ),

2 (E| i )}.

Figure 2.1 shows the syntax of action which

relates states, behavioral rules, information sets, and actions. The syntax of the model
consists of the set of states S = {I, E} and behavioral rules

2 {

1 (I|

i ),

2 (E|

i )}

that determine the conditions for agents to transition between states contingent on the
information set

i
t

of the agent. Actions A( ) are executed when behavioral rules are

evaluated. Thus at time t one iteration of the model runs (updates) by asking agents in
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state I, si = I to run behavioral rule 1,
to run behavioral rule 2,

2 (E| i )

1 (I| i ),

and then asking agents in state E si = E

and then time is updated to t + 1, and the process is

repeated.

φ1(I|ψ)=I

φ2(E|ψ)=E
- Search for partner
- Update trade attempts
- Exchange

-No Actions

Inactive

φ1(I|ψ)=E
- Choose indirect
exchange strategy

Exchange
φ2(E|ψ)=I
- Evaluate indirect
indirect exchange strategy
- Consume
- Initialize

Figure 2.1: The syntax of action for a toy model of the emergence of money.

At any point in time an agent can either be inactive s = I, or attempting to exchange
s = E. The information set is a list of vectors that detail the agent’s endowment e ,
current stock of goods y, and consumption requirements c for each good. In addition the
information set details the excess demand of goods, g = c

y, that agents attempt to clear

by engaging in a maximum of ⌧¯ trade attempts, where ⌧ keeps track of the number of
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trade attempts undertaken during each trading period. The vector oi specifies the ordinal
importance assigned to each class of goods when they engage in exchange. In this version of
the model order is assigned to classes of goods as whole and not to each unit of each good
that is exchanged.2 Finally when agents engage in indirect exchange they choose a good
m before their trade attempts which they will accept regardless of their excess demand for
that good in order to barter for goods for which they do have an excess demand in later
trade attempts. This is their indirect exchange strategy. Each variable in their information
set is explained in table 2.2.

Table 2.2: The information set, ti = {e, y, c, g, ⌧, s, }, characterizes the agent at any given
moment in time. Each variable is summarized in the table above.
Variable
ei
ci
yi
gi
⌧i
oi
si
mi

Name
endowment of goods
consumption requirements
stock of goods
excess demand
trade attempts
ordinal importance of good
state
indirect exchange strategy

Type
2 ZK
+
i
c 2 ZK
+
y i 2 ZK
+
g i 2 ZK
⌧ i 2 Z+
oi 2 ZK
+
ei

mi 2 Z++

Value
eik ⇠ U [0, ē]
U [0, max requirements]
determined through trade
g i = ci y i
⌧ 2 [0, ⌧¯], trade attempts
o 2 [1, K]
si 2 S = {I, E}
m 2 [1, K]

Actions that alter an agent’s variables either through interactions with other agents or
simply update their holdings of goods (for exmple when the stock of goods is consumed)
2
The reason is that only goods that are in excess supply or excesses demand with respect to use value
are exchanged. Thus no marginal valuation takes place. The underlying reason for this is that agents in this
model don’t have the cognitive capacity of exchange value, they only give up goods that are not economic
goods from their own point of view (to use Menger’s terminology goods whose quantity commanded is greater
than their requirements) in exchange for goods which are economic goods from their point of view.
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are detailed in table 2.3.

Table 2.3: Sequence of actions performed by agents when each rule is executed.
Behavioral Rule
i
1 (I| ) = I
i
1 (I| ) = E

2 (E|

i)

=E

Sequence of Actions
1. choose mi

1. search
2. update ⌧
3. exchange

2 (E|

i)

=I

1. evaluate mi

2. consume
3. initialize

Description
Inactive agents do not perform any actions.
Agent i chooses a good it doesn’t want to use for
indirect exchange, and saves the magnitude of
his excess demand at the beginning of his trade
attempts, |g⌧i i =0 |.
Agent i searches for a trading partner j, such
that sj = E
Agent i and j update their trade attempts to
⌧t = ⌧t + 1
Agent i attempts to barter with trading partner
j. Trading partner is also willing to accept good
j
mj regardless of excess demand gm
j.
Agent i evaluates the success of the indirect exchange strategy mj during the last ⌧ trade attempts, by comparing |g⌧i i =0 | to |g⌧i i | such that
⌧fi is the value of ⌧ i when agent i can’t trade
anymore.
Agent i consumes his stock of goods yti that has
changed through barter.
Agent i initializes ⌧ i = 0, and y i = ei

As described in table 2.2 all agents are initialized with vectors that detail their endowment of goods, e, and their consumption requirements c. For all agents to be able to trade,
all agents must have an excess supply of at least one good and an excess demand of at least
one good when initialized. Formally each agent is initialized such that;
Definition 1. Agent i has an endowment of K di↵erent goods, ei 2 ZK
+ , and consumption
i
requirements, ci 2 ZK
+ , such that each k element is a random draw, ek ⇠ U [0, ē], and
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i
cik ⇠ U [0, c̄]. The initial stock of goods yt=0
= ei . Initial excess demand is then g i =

ci

y i = ci

ei . In order for all agents to engage in trade, all agents are initialized such

that they have an excess demand of at least one good and an excess supply of at least one
i
good. All agents begin with ⌧t=0
= 0.

In addition following Menger (2007), and Menger (1892), a good is selected as the most
marketable, or saleable, good, M across the population of agents. In this model the most
saleable good is defined as the good with the smallest excess demand (or the greatest excess
supply). This is implemented by multiplying all heterogenous (across agents) consumption
requirements for all goods except the most saleable good by the liquidity factor ⌘ when
the model is initially set up. While the most saleable good would usually be interpreted as
the good in greatest excess demand (i.e. the most wanted good), given that agents do not
value units of goods at the margin but instead attempt to completely fill their consumption
requirements the most saleable good is defined as the good with the greatest excess supply.
In this manner, over the population of all agents, on average agents usually have an excess
supply of the most saleable good in excess supply such that they can use it as an indirect
exchange strategy.
Definition 2. Agent i can trade if it has an excess demand of at least one good, an excess
supply of at least one good, and it has available trade attempts.
1. At time t, 9 at least one k : gki > 0 and at least one l : gli < 0.
2. ⌧ti  ⌧¯
All agents begin the model in an inactive state (s = I). Rule 1,

1 (I|

whether the ith stays inactive or attempts to exchange, (s = E). Rule 2,

i ),

determines

2 (E|

i ),

deter-

mines whether the ith agent attempts to exchange again, or becomes inactive.
Definition 3. Rule 1 determines whether agents stay inactive or attempt to exchange.
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1 (I|

i)

: I ! S.
1 (I|

i

)=

8
>
>
<I

if i can’t trade

>
>
:E

(2.1)

if i can trade

Definition 4. Rule 2 determines whether agents attempt to exchange or becomes inactive.
2 (E|

i)

: E ! S.
2 (E|

i

)=

8
>
>
<I

if i can’t trade

>
>
:E

(2.2)

if i can trade

Actions are executed when rules are evaluated. The sequence of actions that agents
perform when rules are executed is given in table 2.3. Each action in the sequence only
executes if the previous action executes successfully. For example, agent i only updates his
trade attempts if he successfully finds a trading partner. Finally the trading period for the
ith agent is defined as the interval

T = [t, t0 ],where the beginning of the trading period,

t, is the time period agent i transitions from state I to state E, and the end of the trading
period, t0 , is the time period agent i transitions from state E back to state I. The following
sections detail the di↵erent actions in di↵erent versions of the model.

2.2.1

Network of Interaction

Agents interact on an endogenously generated network. Four di↵erent network generation
algorithms are employed in order to systematically explore their e↵ects. The algorithms are
implemented by altering the way agents search for trading partners. On a given run, all
agents employ the same search algorithm. The four di↵erent search algorithms, randomparnter, previous-partners, and preferential-attachment are summarized in table 2.4. The
network at any given point in time is a graph G = {N, E}. N is the set of nodes corresponding to agents and E is the set of undirected edges, or links, between nodes. The
matrix representation of the graph is given by the symmetric N ⇥ N matrix, Ei,j , where
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Ei,j = 0 if there is no link between i and j and Ei,j = 1 if there is a link between i and j.
In all but the random-partner version of the search algorithm, the age, or number of time
periods since a given link has been created is recorded. If the age of a given edge is greater
than the link age threshold a link is deleted. If the link is used for a successful exchange
before it is deleted its age is reset to 0.

Table 2.4: The di↵erent network generations algorithms that are implemented through the
way agents search for trading partners
Search Algorithm
random-parnter

previous-partners

preferential-attachment

preferential-habit

Description
Agent i selects a random partner j 6= i. If i and j are succesful in their attempt to trade an edge is generated between
them. When an agent becomes inactive ( 2 (E| i ) = I), all
of i’s edges are eliminated.
A previous trading partner of i is an agent that has succesfully traded with i at some previous point in time. If agent
i has no previous trading partners that can trade, a trading partner j is selected at random. If agent i has previous
trading partners that can trade one of them is chosen to
trade attempt to trade. The age of an edge that leads to a
successful exchanges is set to 0. Edges with age equal to the
link age threshold are removed.
If there are no edges (Ei,j = 08i, j), i chooses partner j at
random. Otherwise i chooses j from all agents that have
links, can trade and are in state s = E, with probability
proportional to the degree (number of edges) of j. If there
are no edges on the graph a random partner is chosen. The
age of an edge that leads to a successful exchanges is set to 0.
Edges with age equal to the link age threshold are removed.
This algorithm combines the previous-partner and
preferential-attachment algorithms.
Agent i first attempts to trade with a previous trading partner. If there
are no previous trading partners i chooses j from all agents
that have links, can trade and are in state s = E, with
probability proportional to the degree (number of edges)
of j. If there are no edges on the graph a random partner
is chosen. The age of an edge that leads to a successful
exchanges is set to 0. Edges with age equal to the link age
threshold are removed.
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2.2.2

Exchange

Once agent i finds a trading partner j, both agents attempt to exchange. For a trading pair
i and j, exchange can take two forms, direct and indirect. First suppose j has at least one
good in excess supply that i wants. If the converse is true such that i has at least one good
in excess supply that j wants both agents can engage in direct exchange.
Formally;
Definition 5. Mutual coincidence of wants. Direct exchange between agent i and agent j
is possible () for at least two goods k and l.
1. gkj < 0 and gki > 0
2. gli < 0 and glj > 0
Agents consumption requirements specify the amount of each good that each agent
requires in the period during which they attempt to acquire goods through exchange ( T 2
[0, ⌧¯]). As such the consumption requirements specify an agent’s preferences3 . Agents
attempt to engage in direct exchange attempt to acquire the goods following the ordinal
importance they give to each class of goods represented by oi for agent i, and oj for agent
j. Thus for example suppose there are K = 5 goods, and that the ordinal importance for
agent i is, oi = {3, 4, 1, 2, 5}. Then when attempting to exchange agent i will first attempt to
satiate his excess demand of good 3, then good 4, then good 1, then good 2, and finally good
5. Recall that agents only give up those goods in excess supply such that their requirements
of the good in question are smaller than the stock under their command.
The difficulty of direct exchange is the double coincidence of wants that arises from
limiting the good an agent is willing to accept to those goods that it values for use. Indirect
exchange expands the number of possible transactions and thus should allow agents to better
satiate their unmet needs by allowing agents to accept goods that they do not value for
3
While it may be possible to represent preferences with traditional utility functions, the use of utility
functions to represent demand curves is problematic because it presupposes the use of monetary prices in
order to construct a budget constraint, when money and money prices do not yet exist!
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use in order to exchange them later for goods they do value for use. In this model for each
trading period each agent selects an indirect exchange strategy, mi . The indirect exchange
strategy of the ith agent denotes the good the agent will accept in order to exchange later
for goods it does want. The indirect exchange strategy is given by;
Definition 6. Let mjt 2 Z++ such that m 2 [1, K] is the indirect exchange strategy of the
jth agent during the trading interval

T = [0, ⌧¯]. The strategy denotes the good mi that the

agent will accept for the purpose of indirect exchange.
Agents only accept goods they do not want when they have exhausted the possibilities
of accepting goods that they do want. This ensures that if there is an excess demand of
the good that is used for indirect exchange, the agent will satiate this excess demand first
and then accept additional units of this good for the purpose of indirect exchange (such as
to carry an excess supply) . Finally agents will not accept goods they do not want in their
final trade attempt (⌧ i = ⌧¯) because they will not be able to dispose of them.
From the point of view of agent i there are two possibilities for acquiring goods through
exchange. Either i wants what j has, or i is willing to accept (WTA) what j has. The
converse is true for agent j. As detailed above, when i wants what j has and j wants
what i has direct exchange is possible. The remaining three possibilities are considered
indirect exchange. To formalize the possible exchanges let the ordered pair (ai , aj ) represent
the possibilities for acquiring goods for agent i and agent j, such that a equals 1 when
i acquires goods he wants, and a equals 2 when i acquires goods following his indirect
exchanges strategy. Thus four di↵erent types of exchanges are possible; (1, 1) represents
direct exchange, and (1, 2), (2, 1), (2, 2) represent indirect exchanges. To ensure that agents
do not exchange the same good back and forth a final limitation must be placed on exchanges
of type (2, 2), that the goods being used for indirect exchange in this case be di↵erent. The
di↵erent possibilities for acquiring goods shown in table 2.5 can be combined to yield all
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four exchange types.

Table 2.5: The 4 di↵erent types of exchanges where k and l are the good being exchanged
are obtained by combining the possibilities for acquiring goods for each agent given in the
table above. The condition k 6= ensures that same good is not exchange back and forth.
i receives good k from j
k : gki > 0, gkj < 0
k : k = mi , gkj < 0, ⌧ i < ⌧¯

j receives good l from i
l : gli > 0, glj < 0
i 0, ⌧ j < ⌧
l : l = mj , g<
¯

Goods in excess supply are not valued by their holders. Thus the quantities exchanged
are not subject to marginal valuation. The quantities exchanged are determined as follows.
Agents attempt to get rid of their entire excess supply of goods regardless of whether the
accepting agent wants the good (values for use) or is merely WTA the good to exchange
it later (values for exchange). The agent that is acquiring the good attempts to satiate his
excess demand for the good if the good is valued for use (positive excess demand), If the
good is not valued for use, the accepting agent will accept all the excess supply from the
giving agent.
The full description of the barter algorithm is given below.
Definition 7. Suppose i finds trading partner j such that both agents can trade. The ordered
pairs that denote the exchange type, (ai , aj ), are such that; ai = 1 if i wants what j has, and
ai = 2 if i is willing to accept what j has to exchange later. Agents attempt the di↵erent
exchange types in the following order until the possibilities for exchange are exhausted for
each type of exchange.
1. Attempt exchange type (1,1) for all pairs of goods k and l in order of their respective
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importance, oi and oj .
2. Attempt exchange type (1,2) for all k order of importance oi , and l = mj .
3. Attempt exchange type (2,1) for all l order of importance oj , and k = mi .
4. Attempt exchange type (2,2) for all k and l such that k 6= l
Let g i , y i , g j , y j , be the agents’ variables before trade, and g 0i , y 0i , g 0j , y 0j , be the
agent’s variables after trade. The exchange operator X

alters the stock of the goods being

exchanged.

X (gki , yki , gkj , ykj ) = (g 0i , y 0i , g 0j , y 0j )

(2.3)

For ai = 1 . Suppose i wants good k and j has good k then the exchange operator
alters their stocks of goods as follows;gkj < 0 and gki > 0 =) yk0j = ykj

min{|gkj |, gki }, yk0i =

yki + min{|gkj |, gki }.
For ai = 2. Suppose i is willing to accept good k : k = mi and j has good k then the
exchange operator alters their stocks of goods as follows; k : k = mi , gkj < 0, ⌧ i < ⌧¯ =)
yk0i = yki + |gkj |, yk0j = ykj

|gkj |.

Finally each agent records whether he has accepted a good he doesn’t value for use
(good mi ), and whether he has on a later trade attempt within the same trading period
exchanged such a good away for a good that is valued for use. If agent i has accepted and
later disposed of the indirect exchange strategy good mi , he has used his indirect exchange
strategy good.

2.2.3

Indirect Exchange Strategy and Learning

Agent i engages in indirect exchange by accepting a good defined by their indirect exchange
i  0 ) so that in a later trade attempt within the same
strategy mi they do not want (gm
i
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trading interval

T they are able to get things they do want (gki > 0) in exchange for good

mi . Initially there is an equal probability of choosing any good for use in indirect exchange.
Thus the initial probability of for all agents of choosing any k good is as their indirect
exchange strategy is, P (mi = k|t = 0) =

1
K.

Agents evaluate the success their indirect exchange strategy by evaluating changes in
their excess demand vector. The magnitude of the excess demand vector is a measure of
how many goods an agent needs to acquire and dispose of through exchange to clear his
p
excess demand. The magnitude is the traditional Euclidean norm, |g i | = g i · g i . An

excess demand vector with magnitude equal to 0 means that the agent has cleared his
excess demand. The excess demand vector can also be broken down into vectors that only
contain the positive (excess demands) and negative (excess supply) components. Let g i+
and g i be vectors that respectively contain the positive and negative elements of the excess
demand vector g i , and all other elements are equal to 0. A positive excess demand vector of
magnitude equal to 0 means that the agent has no unmet wants. A negative excess demand
vector of magnitude equal to 0 means that the agent has no more free goods to dispose of.
These vectors are useful to evaluate how well a given indirect exchange strategy has worked
for an agent during a given trading period

T . As shown in table 2.3 agents choose their

indirect exchange strategy when they first go into state E and record the magnitude of their
excess demand vector. Suppose the time period when the ith agent transitions into state
E is t.
Definition 8. The positive excess demand vector , g i+ , and the negative excess demand
vector ,g i , are defined as follows.

gki+

=

8
>
>
<g i

k

>
>
:0
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if gki > 0
if gki  0

gki

=

8
>
>
<g i

k

>
>
:0

if gki < 0
if gki

0

Agents engage in indirect exchange in order to acquire their goods in excess demand.
Assuming free disposal of goods in excess supply, agents’ indirect exchange strategy is
judged solely from the reduction in their positive excess demand vector gki+ when indirect
exchange is used. The learning process for agents indirect exchange strategy follows a
reinforcement technique illustrated in Holland (1995), where strategies bid in order to be
used. For each agent, each possible strategy mi in[1, K] is assigned an initial strength
from which winning bids are deducted. Let the kth component in the vector

i (t)

2 ZK
+

denote the strength of the k strategy at time t. The initial value, at t = 0, of each
component of the strategy strength vector is equal to the magnitude of positive excess
demand,

i
k (t

= 0) = |g i+ (t = 0)|. At the beginning of the trading period

each of the k strategies places a randomly drawn bid bk ⇠ U [0,

k (t)].

T = [t, t0 ],

Suppose strategy

corresponding to the winning bid bm ax = max{b1 , b2 , ..., bK } is selected as indirect exchange
strategy. For example suppose bm ax = bk then mi = k for the trading period begging at
time t.
To evaluate their indirect exchange strategy agents record wether they have accepted
a good they do not want (for ai = 2)

T . If they have accepted and used the good in

their indirect exchange strategy, agents evaluate the change in their positive excess demand
when they transition from state E to state I at the end of the trading period at some
time, t0 : t0

t. The strategy is deemed successful if the magnitude of their positive

excess demand vector has fallen. A smaller magnitude of the positive excess demand vector
signifies that the indirect exchange strategy has helped the agent acquire goods it wants.
Formally, at the end of the trading period at time t0 (when the agent transitions from state
E to state I) if the indirect exchange strategy was used, the bid for the winning strategy is
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subtracted from the strength of the corresponding strategy such that

i 0
k (t )

=

i
k (t)

bk . If

the strategy was successful defined by helping the agent acquire the goods in excess demand,
|g i+ | = |g i+ (t0 )| |g i+ (t)| < 0, the winning bid is paid back to the strategy plus a premium
equal to the absolute value of the change in excess demand, such that the final strength for
succesful strategies is given by

i 0
k (t )

=

i
k (t)

+ | |g i+ ||.

Definition 9. Indirect exchange strategy mi is succesful () during the trading period
T [t, t0 ];
1. Agent i accepted good mi in some trade attempt ⌧ .
2. Agent i gave good mi in some trade attempt ⌧ 0 > ⌧
3. |g i+ (t0 )|

2.3

|g i+ (t)| < 0

Performance Measures

As detailed in section 2.2.3, the magnitudes of an individual’s excess demand, positive
excess demand, and negative excess demand vectors are good measures for assessing the
success their indirect exchange strategy as they attempt to acquire and dispose of goods
through indirect exchange. Certain ways of aggregating the excess demands and their
magnitudes across agents are also useful to evaluate the overall performance of the exchange
economy in the model. In an exchange economy agents attempt to lower the magnitude of
their individual excess demands through trade. One way to think about the the exchange
economy of the model is in terms of coordination between what agents want and what
they have. Agents attempt to coordinate what they want with what they have through
exchange.4 The following example helps to illustrate how di↵erent aggregate measures can
evaluate the performance of the model in terms of coordination.
4

Note that excess demands in this model are independent of prices, which is justified because of the
decentralized nature of exchange in the model, and because without money, there are no money prices for
goods. The elements of an individual excess demand vector are scalar quantities, where positive elements
are the quantities desired and the absolute value of the negative elements are the quantity of “free goods”,
or goods in excess supply.
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Consider an economy made up of two agents, i, and j with respective excess demands,
g i = {3, 4}, and g j = { 3, 4}. Thus i wants 3 units of good one and has 4 units of
good two, while the converse is true for j. If both agents were to rearrange their stocks
of good through barter it is possible for each to clear their respective excess demands such
that both agents are able to get what they want. Formally, applying the exchange operator
above defined in section 2.2.2 to both agents’ excess demand vectors yields, X (g i , g j ) =
g 0i , g 0j such that g 0i = g 0j = {0, 0}. Now lets consider each di↵erent aggregate measure of
coordination with respect to this example.
First consider the aggregate excess demand vector, G, defined as the vector sum of
individual excess demands. Note that aggregate excess demand in the example above is the
same before and after trade G = G0 = {0, 0}. Because aggregate excess demand is una↵ected
by trade it is not a good measure of how trade helps i and j get what they want. However
the aggregate excess demand vector does have a useful interpretation. Aggregate excess
demand denotes the best possible rearrangement of goods among the N agents, subject to
consumption requirements, endowments, and stocks of goods at any particular moment in
time. The magnitude of aggregate excess demand, |G|, measures the maximal amount of
coordination, or conversely the minumum amount of discoordination (in the sense of agents
being able to get what they want through exchange) possible in the exchange economy,
subject to consumption requirements, endowments, and stocks of goods of held by the N
agents at any given moment of time t.
From the previous discussion on the interpretation of aggregate excess demand it is easy
to define a similar measure for the maximal amount of discoordination in the model. The
magnitude of an individual’s excess demand denotes the distance in terms of quantities
that must be exchanged for an individual to exchange what he has but doesn’t want for
those goods he wants but doesn’t have. Thus in the example above, |g i | = 5, means
that before trade agent i must traverse a distance of 5 units in commodity space to get
what he wants and dispose of what he doesn’t want. After trade |g 0i | = 0, means that
agent i has acquired what he wants and disposed of what he had in excess supply. By the
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definitions of section 2.2.2, exchange only takes place if it lowers the excess demands of
both participants5 . Thus the sum across agents of the magnitude of excess demands before
any exchanges take place is a measure of the maximal amount of discoordination, D0 in the
model. Similarly the sum across agents of the magnitudes of excess demands at any given
point in time is the level of discoordination Dt of the model at any point in time. In order to
compare across models it is useful to normalize maximum discoordination to 1 (Dmax = 1),
and to normalize discoordination and aggregate excess demand with respect to maximum
discoordination. Finally it is possible to break down discoordination into discoordination
of wants, and discoordination of excess supplies by respectively adding the magnitudes of
g i , and g i+ across agents.
Definition 10. Maximum discoordination D̄ is the sum across agents of the magnitude of
excess demand at time t = 0 normalized to 1;

D0 =

X
8i

|g i (0)|

Dmax = D0 /D0 = 1
Discoordination at any moment in time is given by;

Dt =

P

8i |g

i (t)|

D0

Want discoordination at any moment in time is given by;

Dt+

=

P

8i |g

i+ (t)|

D0

5
When agents engage in indirect exchange while initially individual excess demand will go up by accepting
a good they don’t necessarily want, their aim is to try to lower the magnitude of their excess demand vectors
by the end of the trading period.
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Excess supply discoordination at any moment in time is given by;

Dt =

P

8i |g

i

(t)|

D0

P i
Definition 11. The aggregate excess demand vector at time t is Gt =
8i g (t). The
p
magnitude of the excess demand vector is the Euclidan norm |Gt | = Gt · Gt . Normalized
aggregate excess demand is the minumum amount of discoordination

Dmin =

2.4

|Gt |
|D0 |

Results and Discussion

The most saleable good M , emerges as the most widely used indirect exchange strategy
in all runs of the model for varying parameter combinations. Figures 2.2, and 2.3 show
the evolution of the relative frequencies for each indirect exchange strategy for a typical
run with varying number of agents. As can be clearly seen by comparing panel a), b),
and c) in the corresponding figures di↵erentiation between the di↵erent indirect exchange
strategies emerges relatively early in the model. Increasing the number of agents appears
to give a closer grouping (lower variance) for the paths taken by the relative frequencies of
the di↵erent indirect exchange strategies.
Figures 2.4, and 2.5 show box-plots for the relative frequencies of each indirect exchange
strategy after 1,000 periods for 40 runs of the model with varying number goods and agents.
The model is run 40 times for each variation in the number of agents (N = 300, N = 600,
N = 1200) to account for the stochasticity in the model. As can be seen, this more extensive
set of runs also displays a closer grouping as the number of agents in the model increases
by comparing panels a), b), and c) in the respective figures.
It is worth noting that runs with a greater number of goods (comparing figure 2.2 and
figure 2.3 seem to have a greater di↵erentiation between the relative frequency with which
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(a) N = 300

(b) N = 600

(c) N = 1200

Figure 2.2: The evolution of the relative frequencies in a typical run for each indirect
strategy for a model with 3 goods where the most saleable good, M = 1, and the external
parameters are ē = 20, c̄ = 20, ⌧¯ = 15, age
¯ = 25, ⌘ = 2. The search algorithm used is
pref erential habit.

(a) N = 300

(b) N = 600

(c) N = 1200

Figure 2.3: The evolution of the relative frequencies in a typical run for each indirect
strategy for a model with 6 goods where the most saleable good, M = 1, and the external
parameters are ē = 20, c̄ = 20, ⌧¯ = 15, age
¯ = 25, ⌘ = 2. The search algorithm used is
pref erential habit.
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(a) N = 300

(b) N = 600

(c) N = 1200

Figure 2.4: The of the relative frequencies for each indirect strategy after 1,000 time steps
for 40 runs in a model with 3 goods where the most saleable good, M = 1, and the external
parameters are ē = 20, c̄ = 20, ⌧¯ = 15, age
¯ = 25, ⌘ = 2. The search algorithm used is
pref erential habit.

(a) N = 300

(b) N = 600

(c) N = 1200

Figure 2.5: The of the relative frequencies for each indirect strategy after 1,000 time steps
for 40 runs in a model with 6 goods where the most saleable good, M = 1, and the external
parameters are ē = 20, c̄ = 20, ⌧¯ = 15, age
¯ = 25, ⌘ = 2. The search algorithm used is
pref erential habit.
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the most saleable good is used and the relative frequency of all other indirect exchange
strategies. This would suggest that convergence to a commonly accepted medium of exchange is accentuated in proportion to the number of possible goods that can be used as
indirect exchange strategies in this toy model.
The results for the model presented in figure 2.2, 2.3, 2.4, and 2.5 all use the preferential
habit search algorithm described in table 2.4. The results did not vary significantly when
using di↵erent search algorithms for the formation of exchange networks.
When the model is run without a most saleable good (setting the liquidity paramenter,
⌘ = 0) no good systematically emerged as the most prevalent indirect exchange strategy
except in those circumstances where due to the stochastic nature of the model, some good
had much larger excess supply (much lower excess demand) than the others. The e↵ect of
having a most saleable good (in this model defined as the good with the greatest average
excess supply across the population of agents) is that on average agents have an excess
supply of a good which they can dispose of to acquire goods that they do want in later
trading periods.
While this seems contrary to the notion that the most saleable good is the good in
greatest excess demand (i.e. the most wanted good), this can be explained by the lack of
marginal valuation in the model. In this model agents attempt to completely satisfy their
consumption requirement vector. Thus the entire consumption requirement is valued as a
whole. Because of this they are never willing to give up units of goods (for direct or indirect
exchange) unless the stock they hold is greater than their consumption requirement for a
given good. Goods in excess supply in this model are not valued for use, and they are called
“non-economic” goods by Menger (2007, 101) or“free goods” by Mises (1935, 47). Because
agent’s don’t assign use value to free goods (by definition) and because they do not have
the ability to value these goods for exchange, they are the most likely goods to be used as
an indirect exchange strategy.
The most wanted good (i.e. the good with greatest excess demand) can’t emerge as
a medium of indirect exchange without the assignment of use value to the marginal unit
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because in an endowment economy agents will always be trying to acquire this good, and
when they do manage to acquire it, they will not be willing to give it up unless they hold
an excess supply. While it is possible that any given agent will have an excess supply of
the most wanted good, when that good is used as an indirect exchange strategy, it will
on average go to satisfy another agent’s consumption requirement. Since the most wanted
good in an endowment economy (agent’s can’t alter the total stock of goods) is by definition
the good in greatest excess demand, across all agents it is impossible for a large number of
agents at any given moment in time to have an excess supply of this good which can be
used as an indirect exchange strategy.
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Chapter 3: Subsistence or Exchange: The Emergence of
Money and Specialization

3.1

Introduction

Any explanation of the spontaneous emergence of commodity money must show how beginning in a state of barter a commonly accepted medium of exchange (CAMOE) emerges
through the self interest of interacting agents. Carl Menger’s account of the origin of money
describes the spontaneous process convergence to a CAMOE (Menger, 1892), (Menger,
2007). In his description, goods with certain characteristics, chief among them saleability,
are more likely to be adopted as media of exchange and then through network e↵ects certain
media of exchange gain common acceptance. Since Menger’s account, a number of mathematical and computational models have been developed to demonstrate the convergence to
a CAMOE from barter. A weakness in all the models is that they assume a high degree of
specialized production at the outset. The assumption of a high degree of specialization is
problematic because the degree of specialization is itself limited by the widespread use of
money, and hence can’t assumed to exist before the emergence of money. Thus models of
the emergence of money must not only tackle how convergence to CAMOE is reached, but
also with the transition from subsistence production to production for exchange.
In this paper I first analyze why specialized production is a problematic starting point
in models of the emergence of money and how relevant this problem is to the various
models. I then show why all of the existing models are at odds with Menger’s account of
the emergence of money as a medium of exchange. Finally I develop a simple agent-based
computational model (ABM) that follows Menger’s framework where money emerges along
with the transition from subsistence production to specialized production for exchange.
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3.2

Money and Production for Subsistence or Exchange

All models of the emergence of money as a CAMOE try to get around the problem of
“double coincidence of wants”. The “double coincidence” problem comes about in a barter
economy because the person I trade with must not only be willing to give up what I want,
but must also want what I am willing to give up. A medium of exchange emerges to facilitate
indirect exchange when individuals accept a good they don’t necessarily want in order to
exchange it later for other goods they do want. In Menger’s account, indirect exchange
involves the adoption of more saleable goods as a medium of exchange. The saleableness of
goods is constrained by their demand, storage costs, durability, divisibility, and the extent
of organized markets (Menger, 1892, 246). Through imitation and because of the network
quality of money, traders converge to a good (or a few goods) that are commonly accepted
as a medium of exchange.
Lewin (1998, 507) points out that conditioning the emergence of money on the extent
of organized markets is problematic. While indirect exchange certainly helps individuals
get around the “double coincidence” problem, if the medium of exchange is not commonly
accepted, the range of transactions available to to individuals will be also be limited, albeit
not as severely as in the case of direct exchange. Thus without a CAMOE, even in the
presence of indirect exchange it is unlikely that many organized markets will emerge. This
does not mean that exchange will not take place without money or that certain goods will
not be more saleable than others without an organized market. It merely points out that
without a CAMOE indirect exchange is limited, so the extent of available trades will be
limited as well. Thus the extent of the market is limited by the adoption of media of
exchange. As a medium of exchange becomes more commonly accepted, the extent of the
market will tend to grow, and with it the marketability of goods used as media of exchange.
Adam Smith famously pronounced that “the division of labour is limited by the extent of
the market”(Smith, 1991, pg. 24). When the extent of the market grows individuals are able
to specialize in the production of certain goods not valued (at the margin) for use because
they have more certainty they will be able to exchange their surplus for things they want.
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Since the degree of specialization is limited by the extent of the market, and the extent of the
market is limited by the use of money (indirect exchange), the degree of specialization must
also be limited by the use of money (White, 1999, 6-7 ). Thus the emergence of money,
economic organization (markets), and specialized production for exchange are not only
interlinked, but must emerge together interdependently. Since specialization is so limited
by the extent of the market, a higher degree of specialization must come after the use of a
medium of exchange increases. In a similar fashion, the highest degree of specialization in
production is only possible when a medium of exchange is widely accepted. This is a hurdle
models must overcome if they are to demonstrate how money emerges spontaneously.1
The ways the canonical functions of money (medium of exchange, medium and unit of
account, and store of value) are related to the emergence of specialization, or production for
exchange, help to clarify the logical precedence of each function of money in an exchange
economy and provide a blueprint for how the emergence of money should be modeled.
While all three functions of money are usually cited with equal weight, the theory of the
emergence of money and its relation to specialization points to a logical precedence of its
function as a medium of exchange, and its functions as medium and unit of account and
store of value as corollary functions that emerge because of money’s function as a commonly
accepted medium of exchange. Thus in addition to not assuming specialized production at
the outset, attempts to model money should also begin with convergence to a CAMOE and
then move to its other functions.
In its role as medium of exchange money facilitates specialized production by allowing
individuals in their capacity as producers and consumers to get around the problem of double
coincidence of wants. Before the advent of a market economy, where goods are routinely
bought and sold in exchange for money, individuals must choose between production for
1
With regard to the problem of double coincidence of wants Menger notes that “This difficulty would
have been insurmountable and would have seriously impeded progress in the division of labor, and above
all in the production of goods for future sale” (Menger, 2007, 258). Thus Menger is aware that the absence
of money would constrain the extent of the division of labor and production for exchange. Menger also
conditions the saleablenes, or marketability, of goods on the extent of organized markets Menger (1892, 246
and 247). Taken together, Menger would seem to point to the interdependency of money, the extent of the
market, and specialization.
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exchange or subsistence production. Subsistence production consists of production of those
goods that have use value in accordance to the use value scale of individuals. Production
for exchange consists of the production of goods that are either not directly valued for use
or that have a lower marginal value than other goods that can also be produced. As Lewin
(1998, 508) and White (1999, 7) point out indirect exchange with a commonly accepted
medium of exchanges lowers the risk associated with specialized production for exchange
by making it easier for individuals to get rid of goods that are in excess supply and acquire
those that are in excess demand. Money’s function as medium of exchange is the most
basic, both in the sense of being more fundamental, and of being the simplest way that
money facilitates specialization.
Money is a also a medium of account and as Niehans (1978) shows some definite quantity
of the good used as money is used as a unit of account. White (1999, 8) points out it makes
sense for the good used as medium of exchange to be the good used as the medium of
account. Using a medium of account di↵erent from the good used as medium of exchange
would involve unnecessary conversion of exchange ratios between the good used as medium
of account and the good used as medium of exchange. With respect to specialization, the
use of money as a medium of account facilitates the calculation of the exchange value of
goods that are to be sold so that goods that have use value can be then be acquired. It is
apparent that the usefulness of money as a medium of account increases with the degree of
specialized production for exchange. In a subsistence production economy there is no need
to consider the exchange value of goods. Given that the usefulness of a medium and unit of
account increases in proportion to the prevalence of specialized production for exchange, and
that production for exchange depends on the existence of media of exchange, the emergence
of a medium and unit account should not antecede or be separate from the emergence of a
media of exchange.
There are two ways that the function of money as a medium and unit of account is more
complex than that of a medium of exchange. The first is that as argued above, money’s
function as a medium of exchange necessarily precedes money’s function as a medium and
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unit of account, because the emergence of the form of economic organization (specialization
and production for exchange) where money’s function as a medium and unit of account is
most useful depends on the emergence of a medium of exchange. As will be shown in the
model developed below, there is no need for a medium or unit of account for the emergence
of a medium of exchange and a greater degree of specialization. However this does not mean
that the function of medium and unit of account doesn’t spur and facilitate specialization
and convergence to a CAMEO. To the contrary, as Lewin (1998) points out this function is
critical for specialized production for exchange especially in the presence of capital goods.
The second way that money’s function as a medium and unit of account is more complex
is that it is associated with an additional cognitive capacity on the part of individuals. In
the presence of direct exchange, all that individuals need know to benefit from exchange is
their own subjective use value scales which govern possible exchanges. While knowledge of
prevailing exchange ratios in market exchanges (market prices) would certainly further help
individuals successfully dispose of and acquire goods to reach fuller states of satisfaction,
they are not strictly necessary for direct exchange.
In the presence of indirect exchange individuals also benefit from knowing the exchange
value of goods and how these correspond to their own subjective use value scales. Ludwig
von Mises points out that in the presence of indirect exchange individuals will benefit from
knowing the exchange value of goods, and money’s function as medium and unit of account
helps an individual “in finding his way among the confusing multiplicity of the exchange
ratios” (von Mises, 1935, 15) among goods. As will be shown in the model below, finding
the exchange value of a given stock of goods is not necessary for the emergence of media of
exchange and as argued above the usefulness of this function grows with the emergence of
a medium of exchange which makes specialized production for exchange possible. Thus the
usefulness of knowing exchange values (and the associated cognitive capacity on the part
of individuals) increases in proportion to a good’s usefulness as medium of exchange and
economic organization based on production for exchange.
Money’s function as store of value is also subsidiary to its function as a medium of
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exchange, and thus is not a prerequisite for the emergence of money. Money is not simply a
store of value, it is a store of exchange value. This function is implicit in indirect exchange
where the medium of exchange “stores” exchange value between the moment a good that
is not valued for use (at the margin) is accepted as payment and the moment that good is
exchanged for goods that are valued for use (at the margin). Money’s function as a store of
exchange value has no immediate relation to specialized production for exchange when this
function is taken in isolation. However because of the relationship between the function
of money as a medium of exchange, and the relation of the latter function to specialized
production for exchange, it is also apparent that money’s function as media of exchange
precedes its function as store of value and is enhanced when the transition from subsistence
production to production for exchange is facilitated by the existence of a CAMEO.

3.3

Problems with current models

The theoretical considerations laid out above should serve as guides to evaluate the plausibility of models that purport to demonstrate the emergence of money. While certain models
of the emergence of money choose to focus on specific issues and functions of money in their
own right, they also usually serve explicitly of implicitly as the basis for other models and
conceptualizations of the role of money in the economy (Gangotena, 2016). Thus analyzing
their plausibility is especially important when the models of the emergence money serve
as the basis for models of the macroeconomy where money plays a fundamental role, or
of models of the emergence of economic organization and specialization. Below I evaluate
both mathematical and agent based computational models of the emergence of money.
The main mathematical model of the emergence of commodity money is Kiyotaki and
Wright (1989). In their model there are 3 infinitely lived agent types that exchange 3 goods,
but only produce those goods which they do not consume, such that there is complete
specialization both in consumption and production. Agents maximize lifetime utility by
selecting an indirect exchange strategy that consists of a good to accept even if they don’t
consume it so that they can use it for indirect exchange. Goods are di↵erentiated by storage
59

costs in the form of disutility from holding a good not meant for consumption but used for
indirect exchange. Agents are then matched at random. The search theoretic result is that
a pure strategy Nash equilibrium exists in which all agents choose to accept the same good
for indirect exchange and thus the good is a CAMOE. Similar mathematical models of the
emergence of money are Jones (1976), and Siandra (1990).
Kiyotaki and Wright’s model problematically begins with specialized production and
consumption. If this model purports to explain the emergence of money from barter, it
must also explain how agents go from a state of autarky to one of exchange. The model
gets around this by assuming agents only consume a single good, but produce other goods.
But why would one choose to produce a good he doesn’t consume unless indirect exchange
exists in the first place? Thus in some way the setup of the problem presupposes an indirect
exchange solution through money. The role of search theory in the model is simply to show
that such a monetary equilibrium in fact exists. As far as their model can be interpreted as
a realistic account of the emergence of money, the main problem is highlighted when they
state that “the driving force behind the use of money is specialization, which implies that
agents do not necessarily consume what they produce” (Kiyotaki and Wright, 1989, 928).
While specialization does imply agents do not consume what the produce, there are reasons
other than specialization why this may be the case. Not consuming all that one produces in
a state of subsistence and barter hardly implies specialization. Unless one assumes rational
agents and perfect information as they do, in an uncertain world a surplus may come about
by choice or by chance. Given that the alternative to specialized production for exchange
is production for subsistence, it is not reasonable to presuppose specialized production at
the outset.2 Not consuming what one produces implies that agents place a relatively low
value on marginal units of output and may wish to exchange them. But the surplus may
have been accidental rather that the result of deliberate action. For example a normally
self-sufficient household may enjoy an unexpectedly large apple crop one year and wish to
2

Kiyotaki and Wright (1993) present another search theoretic model where consumption is not specialized,
however the setup does require specialized production. This model is interesting because it analyzes the
relationship between specialization, barter, and money in a equilibrium framework.
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exchange the surplus for some other good if a suitable trading partner can be found.
Contrary to Kiyotaki and Wright, the driving force behind money is the desirability of
indirect exchange not specialization, which comes about later as the extent of the market
grows. Their setup creates the need for indirect exchange by assuming complete specialization in production and consumption, but as argued this is not necessarily the case in reality.
Thus while specialization is sufficient to generate large benefit from indirect exchange given
agents are randomly matched for barter, it is not the only reason why indirect exchange
is needed, nor the state that money emerges from. Furthermore as argued above, a high
degree of specialization can’t be presupposed before the existence of money, it must emerge
along with it. Along with perfect information, complete specialization make the model analytical tractable. Although their model follows the spirit of Menger’s account in that agents
converge to a CAMOE in order to engage in indirect exchange because of the uncertainty
of who they will meet the next period, the loss in realism at the level of agents and their
role in the market puts this model at odds with a Neo-Mengerian account of the emergence
of money and specialization.
In addition to the use of unrealistic abstractions another cost of tractable mathematical models of emergent economic phenomena is the loss of the dynamics of the underlying
process. The search theoretic approach of Kiyotaki and Wright displays this problem in
that it shows a monetary equilibrium exists, but given that it is Nash equilibrium, one may
ask shouldn’t money always have existed? There are no dynamics that show us the path
adaptive learning agents approach the monetary equilibrium. Agent-based computational
models avoid this problem by using more realistic abstractions that explicitly model interactions between agents. Many agent based models of the emergence of money have been
created. All agent-based models of money consist of a population of agents that interact
with each other and are matched at random, and where money emerges as convergence to
the same strategy (good) used for indirect exchange. The main di↵erence between ABM
models and search theoretic models is that by explicitly modeling learning and interactions,
ABM don’t need a solution concept like equilibrium in order to generate results.
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The first agent-based model of the emergence of money was developed by Marimon,
McGrattan, and Sargent (MSM) (Marimon et al., 1990). This model is a straightforward
implementation of Kiyotaki and Wright’s model. Agents meet at random and adopt a
strategy of what good to trade in order to engage in indirect exchange. Like Kiyotaki and
Wright’s model, there are three goods and three agent types. A strategy is represented
by a vector of length three that contains ones and zeros that tell the agent what good to
accept as a means of indirect exchange. Then for example a strategy consisting of a one in
the first position followed by two zero’s tells the agent to only accept good one for indirect
exchange. Agents’ change their strategies in order to increase their utility by means of
a genetic algorithm. The genetic algorithm consists of preserving strategies that increase
or maintain an agent’s utility between periods and duplicating successful strategies, albeit
imperfectly. The imperfect duplication of strategies is meant to imitate genetic mutations,
giving the algorithm its name. The model duplicates the results of Kiyotaki and Wright’s
model with the added benefit that the dynamics that lead to equilibrium are included.
However as the model is a straightforward implementation of Kiyotaki and Wright the
same criticisms concerning specialization in production apply. Interestingly two models
very similar MSM were developed independently in the physics literature (Yasutomi (1995),
Gorski et al. (2009)) that su↵er from the same problem with specialization.
A di↵erent strand of agent based models is that of Howitt and Clower (2000) and Hu
et al. (2010). Howitt and Clower’s problem with MSM’s approach is that it doesn’t consider
the role of specialist traders that mediate indirect exchange (Howitt and Clower, 2000, 59).
In their model agents can only interact through specialist traders, or shops which mediate
exchanges. However unlike Kiyotaki and Wright direct barter is not ruled out in the way
preferences are set up. Howitt and Clower’s approach while avoiding one of the problems
of Kiyotaki and Wright by allowing for direct exchange, has a more severe problem of
specialization as a precondition for the emergence of money. Howitt and Clower’s setup is
an unsuitable starting point for modeling the emergence of production for exchange from
subsistence because agents can only produce a good they don’t want (Howitt and Clower,
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2000, 60), thus production for subsistence is not an option. Furthermore because their
model only allows agents to interact through specialist traders, and given that production
for subsistence is not allowed, specialist traders are the only way agents can acquire goods
they want. Specialist traders in this setup do not emerge out of a state of subsistence of
autarky, but are a precondition not only for economic organization but for the survival
of the agent. Because of the setup of their model specialists traders do not emerge but
are a precondition for exchange. Specialist traders should not be a precondition for the
emergence of money but an outcome that emerges along with and because of the adoption
of a CAMOE.
Although all models touch upon the relationship between money and specialization
none of the models reviewed deal with the problem of the co-emergence of money and
specialization. If agent based models are to overcome equilibrium models they should try
not to presuppose that which needs to be demonstrated. As such none is consistent with
an account of the spontaneous emergence of commodity money. In the following section I
present an agent based model that doesn’t su↵er from the problems of the models above.

3.4

A New-Austrian model of the emergence of money and
specialization

One of the main motivations of the following model is the observation that there is a plausible “agent based reading” of Menger’s work on the origin of money specifically, and of
economic organization in general. As Seagren (2011) suggests, the methodological, process
driven approach of the Austrian school is fundamentally compatible, and can be complimentary to agent based computational models. This model attempts to answer the question
posed by Wagner (2010) of what economic theory would look like if we take Menger as a
theoretical point of departure. Stated in a more specific way, if Menger had ABM at his
disposal, how would he have modeled the emergence of money? If there is a plausible agent
based reading of Menger it should be possible to follow the theory in Menger (2007), and
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Menger (1892) to construct an ABM where money and specialization emerge together from
an underlying state of subsistence.

3.4.1

Model Description

Table 3.1: External parameters that bound the model
Parameter
N
K
L
c̄
Ā
⌧¯
M
⌘
◆

Name
number of agents
number of goods
labor units
maximum consumption requirement
maximum productivity
maximum number of trade attempts
link activity threshold
most saleable good
liquidity factor
imitation probability

Type
N 2 Z++
K 2 Z++
L 2 Z++
c̄ 2 Z++
Ā 2 Z++
⌧¯ 2 Z++
2 R++
2 Z++
2 Z++
2 R++

Value
N 2 [3, 10, 000]
K 2 [3, 12]
L=K
c̄ 2 [1, 20]
Ā 2 [1, 4)
⌧¯ 2 [1, 5K)
2 (0, 1)
2 [1, K]
⌘=2
2 (0, 0.1)

The model presented in this paper consists of a population of interacting agents that
produce, exchange, and consume following an agent based reading of Menger’s descriptions
of exchange and the spontaneous process of the emergence of money. The model is developed following the Dynamic Coordinating Non-Equilibrium (DCNE) framework laid out
in Gangotena (2016) and, is implemented in the NetLogo agent based modeling platform
(Wilensky, 1999b). Loosely following Holland (1995), agents are modeled as finite state
machines (Gnilomedov and Nikolenko, 2010) that adapt their strategies with respect to
production and indirect exchange to better satisfy their wants. A set of behavioral rules
updates the states of agents subject to their information set and executes the actions agents
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perform, including their interaction with other agents. The set of external parameters that
instantiates and bounds the model and can be found in table 3.1.
The DCNE framework can be succinctly formalized in a directed graph called the syntax
of action where each node represents the possible states an agent can be in and the directed
links that connect the nodes represent the behavioral rules that update the state of each
agent subject to their information set. The advantage of constructing ABM models using
the DCNE framework is that it facilitates communication of agent based models amongst
practitioners.

Figure 3.1: Agents can be in one of three states, inactivity, production, or exchange. The
set of behavioral rules ( 1 , 2 , and 3 ) determines what actions an agent takes to when it
evaluates whether to change state or to remain in the same state subject to the information
set of the agent which in turns evolves according to interactions and new information.

The syntax of action for this model is shown in figure 3.1. Agents can be in three di↵erent
states, inactive, production, or exchange. The three corresponding behavioral rules,
and

3

1,

2,

map between states and execute actions subject to the agent’s information set, . A

full description of the behavioral rules and actions is shown in table 3.2. A full description
of all variables in the the information set of agents is given in table 3.3. A more detalied
description of the operation of the model follows.
Agents begin in a state of inactivity. If they have a positive stock of goods they consume
and return to inactivity. If they have no goods they select a production strategy and produce
a stock of goods by combining their labor endowment with their productivity and go to a
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state of production. When agents are in a state of production they evaluate if their stock of
goods allows them to trade. If they can’t trade they evaluate their production strategy and
go to a state of inactivity. If they can trade they select an indirect exchange strategy and
go to a state of exchange. When agents are in a state of exchange they evaluate whether
they can or can’t trade. If they can’t trade they evaluate their production and indirect
exchange strategies and go back to a state of inactivity. If they can trade they attempt to
find a trading partner and attempt to exchange until they can’t exchange anymore with the
selected partner.
Further details on the model are given in each subsection below.
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Table 3.2: Sequence of actions performed by agents when each behavioral rule is executed
for a direct exchange production economy.
Behavioral Rule
1 (I|

i)

=I

Sequence of Actions

Description

Consume

- If agents have a positive amount
of any good they consume their
stock of goods. Goods in excess
supply are disposed with no cost.

1 (I|

i)

=P

Select production strategy

- Agents choose a production
strategy and produce accordingly
by combining their productivity
with their labor endowment.

2 (P |

i)

=I

Evaluate production strategy

- Agents determine if they can
trade based on their excess demand and their ranked stock of
goods. Agents that can’t trade
go back to inactivity and evaluate their production strategy in
term of the satisfaction provided
by their stock of goods in terms
of their use value scale.

2 (P |

i)

=E

Select indirect exchange strategy

- Agents determine if they can
trade based on their excess demand and their ranked stock of
goods. If they can trade they select an indirect exchange strategy and go to state of exchange.
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Table 3.2: Sequence of actions performed by agents when each behavioral rule is executed
for a direct exchange production economy.
Behavioral Rule
3 (E|

i)

=E

Sequence of Actions

Description

Find partner

- If the agent has no previous trading partners he attempts
to find a random trading partner that also wants to exchange.
If the agent does have previous
trading partners he selects the
one from which he successfully
acquired the highest valued good
that is not held in his stock of
goods.

Exchange

- Agents attempt to engage in direct and indirect exchange.

3 (E|

i)

=I

Evaluate production strategy

- Agents evaluate their production strategy in term of the satisfaction provided by their stock of
goods in terms of their use value
scale.

Evaluate indirect exchange strategy

- Agents evaluate their indirect
exchange strategy in term of
the satisfaction provided by their
stock of goods in terms of their
use value scale.
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Table 3.3: The information set, ti = {s, c, y, g, v, x, u, l, p, , , ⇢}, characterizes the ith
agent at any given moment in time t. Each variable is summarized in the table above.
Variable

Name

Type

Value and description

s

state

scalar

si 2 S = {I, P }

c

consumption

c 2 ZK
+

ck 2 c, ck ⇠ U [0, c̄]

y 2 ZK
+

Determined by the agent’s pro-

requirement
y

goods stock

duction strategy.
g

excess demand

v

use value

g 2 ZK
+
P
dim(v) = d = K
k=1 ck

g=c

y

List of ordinal ranking denotes
the subjetive use value for each
unit of each good in c. The elements of the list are the typoes of
goods, v 2 K. The list is initialized by randomly ordering each
unit of each good in c.

x

ranked stock

dim(x) = d

List that orders each unit of each
good held in y according to its
use vale v. The jth element xj 2
x is equal to 1 if the corresponding unit of the good denoted in
vj is held and 0 if it is not.

u(x)

utility

production strat-

u(x) =

Pd

xj
j=1 2j

2 ZL
+

egy

Scalar measure of ranked stock
according to use value.
A list that assigns each unit of
labor to a good to be produced
(activity).
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Table 3.3: The information set, ti = {s, c, y, g, v, x, u, l, p, , , ⇢}, characterizes the ith
agent at any given moment in time t. Each variable is summarized in the table above.
Variable
p

Name

Type

production strat-

p 2 ZK
+

egy vector

Value and description
Vector that specifies for each k
good the number of labor units
devoted to its production.

production strat-

K ⇥ L matrix where the columns

egy strengths

vectors

l

denote the strength of

the production strategy for each
k activity for each unit of labor. Thus kl 2 i denotes the
strength of the kth activity for
the lth unit of labor of the production strategy. The matrix is
initialized such that all rules have
the same strength,
psub

subsistence

pro-

psub 2 ZK
+

kl

=1

Vector that specifies the the units

duction strategy

of labor assigned to each each

vector

activity for optimal subsistence
production.

m

indirect exchange

m 2 Z+ : m 2 [1, K]

strategy

Scalar integer that specifies the
good chosen to be used for indirect exchange.

µ

indirect exchange

µ 2 ZK
+

strategy strengths

Vector where each element denotes the strength of each possible indirect exchange strategy
(good to be used for indirect exchange).
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Consumption, Valuation, and Satisfaction
Agents seek to consume a variety of goods such that there is no specialization in consumption
and there is heterogeneity in their wants. Following Menger, the variety of goods that an
agent wants is ordered on an ordinal scale of use value that is also heterogenous among
agents. In addition, in accordance with Menger where the saleability or marketability of
goods is the crucial factor for the emergence of money, one good is in greater demand than
all other goods for all agents.
The variety of goods that each agent seeks to acquire via production or exchange is
given by their consumption requirement vector, c. Each element of the vector denotes the
consumption requirement for each good and is randomly drawn from a uniform distribution,
U (1, c̄), where c̄ is the maximum consumption requirement. After the consumption requirement vector is created, the consumption requirement for the good M that is selected as the
most saleable or marketable good is multiplied by a liquidity factor ⌘ for all agents. This
ensures that regardless of the heterogeneity of consumption requirements, and use value
scales of each agent, the most saleable good is on average more sought after relative to all
others goods across all agents.
The use value scale for each agent is created by randomly ordering each unit of each
good in a list, v. For example in world with 3 goods suppose the consumption requirements
of an agent are given by c = {3, 1, 2}. A possible use value scale for this agent could be
v = {3, 1, 1, 2, 3, 1}, where the first unit of good 3 is the most valuable, the first unit of good
1 is the second most valuable, the second unit of good 1 is the third most valuable, and so
on. This use value scale is very similar, if not identical, to the use value scales described by
Menger (2007). The use value scale used in this model is a particular case of the standard
preference orderings of consumer theory where di↵erent baskets of goods are ranked and
then represented by a utility function. As such the use value scale presented admits of a
utility representation which is used to rank di↵erent posssible stocks of goods held by the
agent.
The stock of goods held by the agent consists of a vector, y, where each element denotes
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the amount of each good in the agent’s possession. The stock of goods can be ranked
according to the use value scale and represented in a ranked stock, x, which simply assigns
a 1 or 0 to the use value scale when the corresponding unit of the good is held (1) or not
held (0).
Preferences are such that agents always prefer holding units of goods of higher ordinal
value (higher on the list) than goods of lower subjective value. Thus the highest satisfaction
(bliss point) of the agent is reached when c = y, or when the ranked stock, x, has 1 for
each good in the use value scale.3 Each possible ranked stock, x, corresponding to a given
stock of goods, y, can be ranked according to the level of satisfaction it gives the agent as
specified by the preference criteria. A utility function representation that maps a ranked
stock to a real number can be used (as given in table 3.3) or all possible ranked stocks can
be compared to determine the relative satisfaction enjoyed by the agent.4 Agents evaluate
production and indirect exchange strategies based on whether they allow them to increase
their satisfaction, i.e. hold more desirable stocks of goods.
Production and production strategies
Agents are able to choose their production strategies to satisfy their consumption requirements in accordance with their ordinal use value scale. The model does not assume specialization in production, as production itself is a choice. There are no capital goods, and
agents combine their endowment of labor e↵ort with their productivity to produce goods.
All agents are endowed with the same amount labor e↵ort equal to the number of goods
in the model, but the productivity of each agent at producing each good is heterogenous
across goods, and across agents. Agents learn production strategies through reinforcement
3
Preferences do not satisfy local non satiation. However the setup of the model makes it very unlikely
for agents to reach their bliss point, and even if they did they still interact because they constantly consume
and produce.
4
For example consider an agent that requires only 3 units. For the purpose of this example, and in
general, to describe preferences it doesn’t matter how those units are divided amongst the di↵erent goods
in order to rank di↵erent stocks of goods. The use value scale of the agent is a list of three elements such
that the first element is the highest valued and so on. The preferences among the possible ranked stocks of
goods are then: {1, 1, 1} {1, 1, 0} {1, 0, 1} {1, 0, 0} {0, 1, 1} {0, 1, 0} {0, 0, 1} {0, 0, 0}. It is
straightforward to demonstrate that the utility function in table 3.3 represents these preferences.
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learning.
A production strategy, , consists of a vector which assigns each unit of the agent’s labor
endowment to a good to be produced. The associated production strategy vector, p, is a
vector where each element denotes the number of units of labor devoted to the production
of each good. For example the production strategy

= {1, 2, 1} means that the first unit

of labor is assigned to producing good 1, the second to producing good 2, and the third to
producing good 1. The associated production strategy vector p = {2, 1, 0} means that there
are 2 units of labor assigned to producing good 1, 1 unit of labor is assigned to producing
good 2, and 0 units of labor are assigned to producing good 3.
The productivity of labor for each agent and for each goods is given by the vector A,
where each element denotes the number of units produced of the corresponding good for
each unit of labor. Productivity is heterogenous across agents and across goods and drawn
randomly from the uniform distribution U (1, 4) at the beginning of the model. Output for
each good, k, for a given production strategy is obtained by multiplying the corresponding
elements of Ak and pk . Then for example an agent with a productivity vector A = {1, 3, 1},
and a production strategy vector p = {2, 1, 0}, yields a stock of goods y = {2, 3, 0}.
Agents learn production strategies through reinforcement learning loosely following the
description of a “bucket brigade” algorithm in Holland (1995). The algorithm works in
the following manner. Consider the case of 3 goods and 3 unit of labor. The first unit of
labor can be assigned to producing one of three goods. Let each of the three elements of
the column vector

1,k

={

1,1 , 1,2 , 1,3 }

denote the strength or likelihood that the unit of

labor will be used to produce the kth good. Initially there is equal likelihood of producing
any good thus every element of

1,k

= {1, 1, 1}. Strategies are determined by randomly

drawing bids less than or equal to their strengths and selecting the highest bid. Thus for
example suppose the following bids are drawn: {0.9, 0.1, 0.3}, leading the first unit of labor
to be assigned to the production of good 1. This process is repeated for each of the units of
labor such that the matrix

= [ 1,

2 , ..., L ]

contains the column vectors for the strengths

of each potential production strategy for each unit of labor.
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Strategies are evaluated by whether in the course of production and exchange agents
are able to increase their satisfaction according to their use value scale better than in the
previous trading period. If satisfaction increases (i.e. if they hold a stock of goods that
they prefer more to the one they had in the last time they evaluated their strategies)
the winning strategy is paid a return of 1. If satisfaction decreases the amount bid is
deducted from its strength. In the unlikely event that satisfaction doesn’t change, nothing
happens to the strategy’s strength. Thus in the example above if satisfaction increases
or decreases (the ranked stock corresponding to production strategy is more or less fully
satisfies the agent’s use value scale), the new strengths would be respectively updated to
1,k

= {2, 1, 1}, or

1,k

= {0.1, 1, 1}. The change in satisfaction can be measured relative to

the agent’s previous trading period level of satisfaction or with respect to the average level
of satisfaction over the agent’s lifetime. Results for both methods of strategy evaluation are
presented below.
Finding trading partners and Exchange
Agents engage in bilateral exchange by finding other agents according to a matching algorithm. When two agents attempt to exchange they can engage in direct and indirect
exchange. Exchanges and exchange ratios are constrained by the use value of the marginal
unit of the good being exchanged and procede unit by unit of each good. Each agent
chooses a good which they will accept regardless of whether they want it or not as their
indirect exchange strategy, m, and adapt this strategy through reinforcement learning and
imitation. There is a maximum number consecutive periods that agents can attempt to
exchange before proceeding to consume their stock of goods. The number of consecutive
periods an agent attempts to exchange is called a trading period.
Agents can attempt to exchange if there is at least one unit of a good an agent values
for use but doesn’t hold, if the agent has something to o↵er in exchange, and if the number
of trade attempts for the agent is smaller than the maximum number of trade attempts, ⌧¯.
Agents can o↵er units of goods that are lower on the use value scale than the good that is
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wanted, or goods that are held but not valued for use (goods in excess supply). Agents that
can attempt to exchange search for trading partners, and if trade is successful they form a
link which records their transactions. Links that are used between agents are active. For a
link to remain in the model it must be active for at least a certain percentage of its lifetime
given by the link active threshold, . Links are active if when the agent’s they connect
successfully engage in either direct or indirect exchange. The purpose of this is to reflect
agents’ limited memory and to constrain the number total number of links in the model at
any moment in time.
The partner finding algorithm is such that each agent first attempts to trade with other
agents it has successfully traded with in the past (agents connected by links). If no such
agent can be found the agent attempts to find a new random partner that also wants to
exchange. When searching amongst previous trading partners the agent first attempts to
find partners from whom he has successfully acquired the highest valued good that the
agent does not hold. If the agent is unable to find a trading partner he simply waits until
the next iteration of the model, and his number of trade attempts is updated.
When an agent finds a trading partner they attempt to exchange. The exchange algorithm consists of finding the highest valued unit of the good that each agent wants and
doesn’t have, and finding the maximum willingness to pay in terms of all other goods that
the each agent has. Thus each agents’ willingness to pay for a good is given by the use
value of the marginal, or additional unit. There are no composite exchanges of the form
where one agents receives one unit of a good in exchange for a basket of goods. If there
is double coincidence of wants agents engage in indirect exchange. If there is no double
coincidence of wants, agents engage in indirect exchange by accepting a good they don’t in
exchange for a good they do want (subject to the trading partner having and being willing
to give up the good accepted for indirect exchange). The exchange ratio is determined by
finding a random exchange ratio from the limits given by the willingness to pay of each
agent, which are in turn obtained from their valuation of the marginal unit of the good
each agent wants. The process repeats until there are no more possible exchanges between
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the trading partners.
At the beginning of each trading period each agents selects an indirect exchange strategy,
m. The strategy determines the good the agent is willing to accept even if doesn’t value
it for use. if the good is valued for use then the usual marginal valuation applies. Since
there is no CAMEO or medium of account, there is no basis yet for the agent to value the
marginal units of a good to be used as medium of exchange. Further there are no markets
in the sense of competition among agents and the ensuing market prices. All exchanges
are bilateral in this model. While an expanded model would benefit from adding marginal
valuation of exchange value and not only use value, the purpose of this model is to show the
minimum conditions sufficient for the emergence of money and specialization from a state
of subsistence.
The learning process for indirect exchange strategies is almost identical to that of production strategies. Each good that can potentially be used as an indirect exchange strategy
is associated with a strength denoted by each element of the vector, µ. Consider a world
of 3 goods, initially the strength of each strategy is equal, so initially µ = {1, 1, 1}. Each
potential strategy then bids and the strengths are updated as described in the previous section for production strategies. Additionally every time an agent that has trading partners
selects a new strategy, with a probability equal to the imitation probability, ◆, the agent
imitates the strategy of a randomly chosen trading partner. This doesn’t alter the strengths
of the imitating agent’s strategies but it provides for an additional level of variation. If the
imitating agent’s strategy is evaluated as successful the strategy’s strength gets a return of
one, and if it is unsuccessful the bid corresponding to that strategy is deducted from its
strength.

3.4.2

Performance Measures

The overall performance of the model is evaluated in terms of 2 performance measures, that
are meant to capture the main results of the model. In most economic models, the performance of the system is measured relative the performance of an economy in an ideal setting
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of perfect and full information. However as Demsetz (1969) has argued, the performance of
economic systems should be measured against the relevant institutional alternative. This
should apply both to real world, and ABM economies. The relevant alternative to specialization and indirect exchange is a world of subsistence production and no exchange.
Thus whenever possible, the performance of the model presented in this paper is measured
relative to how the model would behave in a world of production for subsistence and no
exchange. The performance measures for this model are: the frequencies of the di↵erent indirect exchange strategies in use at a given moment in time, and the relative aggregate level
of specialization in production (relative to the aggregate level of specialization in subsistence
production).
Measure of convergence to CAMOE
The relative frequencies of the di↵erent indirect exchange strategies at any moment in
time are measured by counting the number of agents using each possible indirect exchange
strategy at every time period and dividing over the total number of agents using any given
indirect exchange strategy. The total number of agents using any given indirect exchange
strategies may vary from period to period because if an agent doesn’t go to an exchange
state before consuming his stock of good, no indirect exchange strategy is chosen, or because
agent’s don’t have an indirect exchange strategy when they are in an state of inactivity or
production.
A commonly accepted medium of exchange emerges when a large percentage of agents
select the most saleable good, M as an indirect exchange strategy relative to all other possible indirect exchange strategies. Given that there is no market competition (only bilateral
exchanges) and that the exchanges are conducted through an endogenously generated network, lack of perfect convergence (all agents converge to M ) should not be interpreted as a
failure of money to emerge. Lack of perfect convergence simply reflects the decentralized,
network structure of exchange without market competition. Di↵erent media of exchange
can be used in di↵erent parts of the network. The e↵ect of having a the most saleable good,
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M , in the model is to ensure that over the whole population, this good should emerge as
the most common indirect exchange strategy.
Measure of specialization
Specialization is measured using an entropy based measure which lends itself nicely to
aggregating the individual level of specialization of each agent. Recall that agents choose
a production strategy by assigning each unit of labor to a the production of a good. Using
Jayne’s principle of maximum entropy (Jaynes, 1957), in the absence of prior knowledge the
most likely distribution (i.e. highest entropy) of labor units is to assign each unit of labor
to the production of each good. This is the state of lowest possible specialization because
labor is equally divided to the production of each good (or highest possible entropy, i.e. the
most likely state in the absence of prior information). Any deviation from this assignment
increases the level of specialization. The highest level of specialization for an agent consists
of devoting all units of labor to the production of a single good. It can be verified that this
is a state with lowest probability of occurring (i.e. the lowest amount of entropy).
For a given agent, the measure of specialization consists of finding the probability of
assigning L units of labor to match his production strategy vector, p. Recall the production
strategy vector p specifies the number of units of labor assigned to the production of each
good. This probability can be found by finding the multiplicity of p, which consists of all
the possible ways L units of labor can be assigned to match p, and dividing by all the
possible ways L can by assigned to the production of K goods.5 Thus production strategy
vectors with higher (lower) specialization correspond to production strategy vectors with
lower (higher) probability. The specialization, ⇠i (pi ), for the ith agent’s production strategy,
pi = {pi,1 , pi,2 , ...pi,k , ...pi,K } is then given by equation 3.1, where L is the number of units
of labor and K is the number of goods.
5

This is the standard way of finding entropy in statistical mechanics where the numerator (multiplicity)
is defined as the number of microstates in a given macrostate (in this application p is a macrostate which
can be obtained by assigning L distinct units of labor in di↵erent ways) and the denominator is the total
number of microstates that could potentially exist (total number of ways of dividing L units of labor to the
production of K goods).
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⇠i (pi ) = multiplicity =

L!
K
Q
pi,k

k=1

(3.1)

LK

In equation 3.1 the multiplicity of a given production strategy is given by

L!
,
K
Q
pi,k

and

k=1

the total number of ways of arranging L units of labor to K goods is given by LK .
As argued above the level of specialization should be measured relative to the level of
specialization that would be present in a state of subsistence production. This is bolstered
by the fact that agents are not specialized in consumptions and have di↵ering consumption requirements. Thus the relevant alternative is the level of specialization of subsistence
production. We can find the ith agent’s optimal production strategy for subsistence production, psubs
, by assigning each unit of labor such that the agent produces a stock of goods
i
that satisfies his own use value scale to the fullest extent possible. Then the level of specialization of subsistence production for a given agent is given by ⇠isubs (psubs
). The level of
i
specialization of a given production strategy can then be measured relative to the level of
specialization for subsistence production.
The relative aggregate level of specialization for a group of agents can then be found by
adding the level of specialization of the group’s current production strategies and dividing by
the sum of the level of specialization for the groups subsistence production strategies. Thus
a relative aggregate level of specialization equal to one means that all agents are producing
using psubs
. A measure of relative aggregate specialization smaller than one means that in
i
general agents in the group have higher level of specialization (recall that lower values of ⇠
imply a higher level of specialization) than they would in optimal subsistence production.
The relative aggregate level of specialization for 4 groups of agents is measured: for all
agents (⌅), for agents that are exchanging (⌅E ), for agents that are not using the most
saleable good as their indirect exchange strategy (⌅m6=M ), and for agents that are using the
most saleable good as their indirect exchange strategy (⌅m=M ). Equations 3.2, 3.3, 3.5, and
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3.4 show the corresponding measures of relative aggregate specialization for each group.
P
⇠i
⌅ = P i subs
i ⇠i
P
⇠i
⌅ = P isubs
)
i ⇠i
E

8i

(3.2)

8i : si = E

(3.3)

P
⇠i
⌅m=M = P isubs
⇠
)
i i

8i : mi = M

(3.4)

P
⇠i
= P isubs
)
i ⇠i

8i : mi 6= M

(3.5)

⌅

m6=M

This is done in order to compare the specialization between the groups. The first pair
of measures serve to check if the specialization amongst agents that engage in exchange
increases relative to those that do not exchange. The di↵erence between the first pair of
measures of specialization,

E,

(equatio 3.6) is a measure of how overall specialization

increases in the model. Because a lower value of relative aggregate specialization represents
a higher level of specialization, the specialization of the agents engaged in exchange is
greater than the overall level of specialization if

E

is positive. If

E

is increasing and

positive it means that the specialization of those agents that are engaged in exchange is
not only greater than the overall population, but that the level of specialization for those
agents engaged in exchange is increasing in time.

E

=⌅

⌅E

(3.6)

The second pair of measures servers to check if the specialization of those agents that use
the most saleable good as an indirect exchange strategy is greater than those that don’t. As
before, the di↵erence between the second pair of measures,
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M,

(equation 3.7) is a measure

of how much more specialized the group that uses the most saleable good as an indirect
exchange strategy is relative to agents using all other indirect exchange strategies. If it
is the case that using the most saleable good helps spur specialization we should see the
specialization of the group using M as an indirect exchange strategy increase but only after
this indirect exchange strategy becomes prevalent. As before if

M

is positive it means

that the specialization of those agents that are using the most saleable good as an indirect
exchange strategy is greater than the specialization of those not using the most saleable
good as an indirect exchange strategy. If

M

is increasing it means that those agents using

the most saleable good as their indirect exchange strategy are becoming more specialized
over time (relative to those not using the most saleable good). Thus we should initially
observe

M

close to zero, and then it should turn positive, denoting greater specialization

of agents that use the most saleable good as their indirect exchange strategy.

M

3.4.3

= ⌅m6=M

⌅m=M

(3.7)

Results and Discussion

The results of the model are robust across parameters with the most saleable good always
emerging as the most prevalent indirect exchange strategy. No model reached complete
convergence to M among the entire population. This should not be surprising because of
the nature of the model. Local and unstable networks develop endogenously as individuals
attempt to find mutually beneficial bilateral exchanges. Some media of exchange may be
more useful for sections of the network at any given moment.
Figure 3.2 shows evolution of the relative frequency of indirect exchange strategies (m)
for a typical run. As can be seen the good chosen as the most saleable good (M = 1)
emerges as the most used in indirect exchange strategy. This result is robust to the way
strategies are evaluated with a much larger e↵ect when strategies are evaluated relative to
the average level of satisfaction, as can be seen by comparing the 2 panels of figure 3.2.
This suggests there is a bigger convergence e↵ect for marginal improvements in satisfaction
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relative to the average level of satisfaction than when strategies are evaluated relative to
the agents’ trading period to trading period satisfaction. The relative frequencies of m at
the end of 30 runs (20,000 time periods, 6 goods, good 1 chosen as the most saleable good)
are shown in figure 3.3. This confirms convergence to the most saleable good and the larger
e↵ect when strategies are evaluated relative to the average level of satsifaction.
The evolution of specialization also followed the expected pattern. The evolution of
the degree of specialization for agents engaged in exchange relative to the overall level of
specialization (

E)

for a typical run is shown in figure 3.5. As can be seen in both panels,

agents engaged in exchange tend to become more specialiazed over time. Although the type
of strategy evaluation doesn’t seem to matter much for the evolution of this measure, when
strategies are evaluated relative to the average level of satisfaction there is a much tighter
grouping of the path (figure 3.4 panel a).
The evolution of the degree specialization between the group using the most saleable
good, M , as indirect exchange strategy, m, also evolved according to the expected patter.
The bottom panel of figure 3.4 shows the

M

strategy evaluation. As can be seen the average

at the end of 30 runs for both types of
M

is greater than zero suggesting agents

that use the most saleable good as an indirect exchange strategy tend to be more specialized
than those that don’t for both types of strategy evaluation. The variance over runs is more
volatile when strategies are evaluated relative to average satisfaction. This is can also be
seen by comparing a typical run of the model in figure 3.6.
The bottom panel of figure 3.6 shows a structural break in terms of the average DeltaM
and its grouping at around 10,000 time periods. Comparing this to the evolution of indirect
exchange strategies (bottom panel of figure 3.2), suggests that the specialization of the
group using m = M increases only after the most saleable becomes most prevalent strategy.
This illustrates the notion that specialization increases when money emerges because having
a widely accepted medium of exchange makes production for exchange less risky.
Comparing the di↵erence in the results of the model in light of two types of evaluation
strategies lends interesting insight into the nature of money and specialization. In general
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the convergence e↵ect to a widely used medium of exchange is greater when strategies
are evaluated with respect to the agents’ average level of satisfaction (figure 3.3). The
specialization e↵ect for agents using indirect exchange strategy m = M compared to agents
with m 6= M is greater when strategies are evaluated trading period to trading period. The
results can be reconciled by noting that the emergence of money is a memory dependent
process. When evaluating strategies with respect to the average level of satisfaction, the
memory of all past interactions is taken into account such that only marginal improvements
over the average of all previous trading periods lead to a positive evaluation strategy. In
a sense convergence of money is more pronounced when agents are more conservative in
the way they evaluate their strategies. This makes sense when one considers that the use
of a widely accepted medium of exchange is not only a trading period to trading period
problem, but a problem involving uncertainty over potential exchanges over multiple trading
periods over a large part of the population. Production, especially in the absence of market
competition, on the other hand is more process that is more local in both in terms of agents
and across time. Production strategies can be adjust better in response to immediate
possibilities of exchange, something that is easier to do when production strategies are
evaluated from trading period to trading period.
The results of the model for 4 goods are presented in figures 3.7, 3.8, 3.9, 3.10, 3.11.
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(a) Strategies evaluated relative to average satisfaction

(b) Strategies evaluated relative to satisfaction
last period.

Figure 3.2: The evolution of the relative frequencies of di↵erent indirect exchange strategies
for a model with 6 goods after 20,000 time periods for a typical run. The most saleable
good is set to good 1. External parameters are N = 1000, c̄ = 6, Ā, ⌧¯ = 20, = 0.06,
M = 1, ⌘ = 2, and ◆ = 0.08.
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(a) Strategies evaluated relative to average satisfaction.

(b) Strategies evaluated relative to satisfaction last period.

Figure 3.3: The relative frequency of indirect exchange strategies for a model with 6 goods
after 20,000 time periods for 30 runs. The most saleable good is set to good 1. External
parameters are N = 1000, c̄ = 6, Ā, ⌧¯ = 20, = 0.06, M = 1, ⌘ = 2, and ◆ = 0.08.
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(a) The di↵erence in specialization between the
overall population and exchanging agents, E .

(b) The di↵erence in specialization between the
agents using, and those not using, the most
saleable good as an indirect exchange strategy,
M
.

Figure 3.4: The di↵erences in specialization for the two types of strategy evaluation for a
model with 6 goods after 20,000 time periods for 30 runs. The most saleable good is set to
good 1. External parameters are N = 1000, c̄ = 6, Ā, ⌧¯ = 20, = 0.06, M = 1, ⌘ = 2, and
◆ = 0.08.
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(a) Strategies evaluated relative to average satisfaction.

(b) Strategies evaluated relative to satisfaction
last period.

Figure 3.5: The di↵erence in specialization between the subset of agents that are exchanging
and the overall level of specialization, E , for a model with 6 goods after 20,000 time periods
for a typical run. External parameters are N = 1000, c̄ = 6, Ā, ⌧¯ = 20, = 0.06, M = 1,
⌘ = 2, and ◆ = 0.08.
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(a) Strategies evaluated relative to average satisfaction.

(b) Strategies evaluated relative to satisfaction
last period.

Figure 3.6: The di↵erence in specialization between the subset of agents using the most
saleable good as an indirect exchange strategy and all other agents, M , for a model with
6 goods after 20,000 time periods for a typical run. External parameters are N = 1000,
c̄ = 6, Ā, ⌧¯ = 20, = 0.06, M = 1, ⌘ = 2, and ◆ = 0.08.
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(a) Strategies evaluated relative to average satisfaction

(b) Strategies evaluated relative to satisfaction
last period.

Figure 3.7: The evolution of the relative frequencies of di↵erent indirect exchange strategies
for a model with 4 goods after 15,000 time periods for 12 runs. The most saleable good is
set to good 1. External parameters are N = 1000, c̄ = 6, Ā, ⌧¯ = 20, = 0.06, M = 1,
⌘ = 2, and ◆ = 0.08.
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(a) Strategies evaluated relative to average satisfaction.

(b) Strategies evaluated relative to satisfaction last period.

Figure 3.8: The relative frequency of indirect exchange strategies for a model with 4 goods
after 15,000 time periods for 30 runs. The most saleable good is set to good 1. External
parameters are N = 1000, c̄ = 6, Ā, ⌧¯ = 20, = 0.06, M = 1, ⌘ = 2, and ◆ = 0.08.
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(a) The di↵erence in specialization between the
overall population and exchanging agents, E .

(b) The di↵erence in specialization between the
agents using, and those not using, the most
saleable good as an indirect exchange strategy,
M
.

Figure 3.9: The di↵erences in specialization for the two types of strategy evaluation for a
model with 4 goods after 15,000 time periods for 30 runs. The most saleable good is set to
good 1. External parameters are N = 1000, c̄ = 6, Ā, ⌧¯ = 20, = 0.06, M = 1, ⌘ = 2, and
◆ = 0.08.
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(a) Strategies evaluated relative to average satisfaction.

(b) Strategies evaluated relative to satisfaction
last period.

Figure 3.10: The di↵erence in specialization between the subset of agents that are exchanging and the overall level of specialization, E , for a model with 4 goods after 15,000 time
periods for 12 runs. External parameters are N = 1000, c̄ = 6, Ā, ⌧¯ = 20, = 0.06, M = 1,
⌘ = 2, and ◆ = 0.08.
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(a) Strategies evaluated relative to average satisfaction.

(b) Strategies evaluated relative to satisfaction
last period.

Figure 3.11: The di↵erence in specialization between the subset of agents using the most
saleable good as an indirect exchange strategy and all other agents, M , for a model with
4 goods after 15,000 time periods for a 12 runs. External parameters are N = 1000, c̄ = 6,
Ā, ⌧¯ = 20, = 0.06, M = 1, ⌘ = 2, and ◆ = 0.08.
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3.5

Conclusion

The division of labor is limited by the extent of the market. The extent of the market is
limited by the use of a money. As a medium of exchange becomes more prevalent the risk
associated with higher degrees of specialization in production falls because it is easier to
dispose of unwanted or less marginally valuable units of goods to acquire more marginally
valuable units of goods through exchange. The results of the model are not surprising
in that they conform to what was expected, but considering the relative simplicity of the
model (agents do not directly value goods for exchange, there is no budgeting, there are
no market prices that emerge through competition), it is remarkable that money and specialization emerge at all. Furthermore the results of the model show that there is indeed a
plausible “agent based reading” of Menger, which is a statement about the enduring relevance of his work, and should encourage future translations of verbal theory to agent based
computational models.
More specifically, the model presented in this paper can be used as a point of departure for several potentially fruitful research avenues. One immediate addition to the model
would be for agents to not only know their use values, but also the expected exchange value
of goods and adapt their behavior accordingly. As Mises (1935, 48) notes “opportunities for
exchanging induce the individual to rearrange his scales of values”. This addition should
lead to faster convergence to a CAMOE and even higher degree of specialization. A second
natural addition would be to allow individuals to compare prices before engaging in exchange, in other adding market competition. Finally, having shown that specialization and
money emerge can in fact emerge spontaneously from a state of subsistence, one could think
of adding shops in the sense of Howitt and Clower (2000), without having to assume any
degree of specialization or foresight (shops) on the part of agents. These additions should
also lead to faster convergence to a CAMOE and a higher overall degree of specialization.
Including production that uses capital goods (produced producer goods) in addition
to those aspects mentioned above would serve to explore considerations about the role of
money prices in economic calculation. Such models may serve to explore consideration
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about how the degree of specialization grows and relates to the complementarities between
di↵erent capital goods from the perspective of emergent phenomena.
One of the most natural ways this model may be used in addition to demonstrating the
spontaneous emergence of money and specialization is to examine inflationary processes
with an endogenously determined demand for money. The demand for money, or how individuals seek to acquire money balances, depends on their planned sequence of transactions.
Once exchange value is added to the model, the demand for money balances would be determined endogenously be the agents as they seek to acquire goods and services in order
to conduct transactions. Exogenous changes in the supply of the good used as medium of
exchange could then imposed on the system to explore how the inflationary process spills
throughout, and to see up to what threshold agents continue using that good as an indirect exchange strategy. Such a model would also be useful to explore the processes of
spontaneous dollarization and to explore the determinants of the velocity of money.
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