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Abstract

Over the past decade, agent-based models (ABMs) have been increasingly employed
as analytical tools within economic policy institutions. This paper documents this trend
by surveying the ABM-relevant research and policy outputs of central banks and other
related economic policy institutions. We classify these studies and reports into three main
categories: (i) applied research connected to the mandates of central banks; (ii) technical
and methodological research supporting the advancement of ABMs; and (iii) examples of
the integration of ABMs into policy work. Our findings indicate that ABMs have emerged
as effective complementary tools for central banks in carrying out their responsibilities,
especially after the extension of their mandates following the global financial crisis
of 2007-2009. While acknowledging that room for improvement remains, we argue that
integrating ABMs into the analytical frameworks of central banks can support more effective
policy responses to both existing and emerging economic challenges, including financial
innovation and climate change.

Keywords: agent-based models, central bank policies, monetary policy, financial stability,
prudential policies, payment systems.

JEL classification: C63, E27, E37, E42, E58, G10, G21, G23, G51, Q54, R21.



Resumen

Durante la ultima década, los modelos basados en agentes han sido empleados cada vez
mas como herramientas analiticas en instituciones de politica econémica. Este trabajo
documenta esta tendencia mediante una revisién de la investigaciéon sobre modelos
basados en agentes llevada a cabo por bancos centrales y otras instituciones de politica
econdmica, asi como del uso de estos modelos en los diversos informes publicados
por dichas instituciones. Clasificamos estos estudios e informes en tres categorias
principales: 1) investigacion aplicada relacionada con los mandatos de los bancos centrales;
2) investigacion técnica y metodoldgica dirigida a apoyar el avance de los modelos basados
en agentes, y 3) ejemplos de la integracién de estos modelos en la elaboracién de informes
y otras tareas de andlisis de politicas. Nuestros resultados indican que los modelos basados
en agentes se han revelado como herramientas complementarias efectivas para los bancos
centrales en el cumplimiento de sus responsabilidades, especialmente tras la ampliacion
de sus mandatos a raiz de la crisis financiera global de 2007-2009. Aun reconociendo que
queda margen de mejora, argumentamos que la integracion de los modelos basados en
agentes en los marcos analiticos de los bancos centrales puede impulsar el uso de politicas
econdmicas mas efectivas como respuesta a los desafios econémicos, tanto actuales como
futuros, incluyendo la innovacion financiera y el cambio climatico.

Palabras clave: modelos basados en agentes, politicas de los bancos centrales, politica
monetaria, estabilidad financiera, politicas prudenciales, sistemas de pagos.

Codigos JEL: C63, E27, E37, E42, E58, G10, G21, G23, G51, Q54, R21.
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1 Introduction

Over the last decade, there has been increasing interest in developing and using agent-based models
(ABMs) at central banks. This paper sheds light on the drivers of this trend and reviews these
models.

Historically, the main functions of central banks have consisted of ensuring price stability; pro-
viding liquidity during crises, i.e., being the lender of last resort; supervising financial institutions;
and providing payment systems. In the last 15 years, these functions have expanded considerably
for two main reasons. First, the global financial crisis (GFC) of 2007-2009 revealed the need for a
holistic understanding of the financial system in order to ensure financial stability. Hence, many
jurisdictions expanded the remits and responsibilities of their central banks in order to address sys-
temic risks by introducing, for instance, macroprudential regulations, macro stress testing, central
clearing, restrictions on remuneration, and resolution powers over failing or failed institutions.

Second, a large number of potential new challenges—not directly linked to the GFC—have
emerged or increased in relevance. A nonexhaustive list of these risks includes cybersecurity, such
as the disruption of a large financial institution, a financial market, or a critical third-party provider;
climate change, including both physical impacts and those derived from the transition to a net-zero
economy; cryptocurrencies, including their potential for competing with or destabilizing traditional
sectors of the financial system as well as the role of central bank digital currencies (CBDCs); and
an increase in economic inequality. In many of these areas, central banks have already gained new
powers to address these challenges. All of these developments have led to an increased demand for
analytical tools to help policymakers understand how best use these newly acquired powers. Given
the novelty, variety, and potential complexity of the policies under consideration, policymakers
increasingly rely on a broad range of models and methodologies, including ABMs.

Over this period, steadily increasing computational power and major advancements in data
availability have enabled the development of large-scale, data-driven, and policy-oriented ABMs.
At the same time, the potential for applying this methodology in economics has increased due
to the growing trend of interdisciplinary research within this field, in particular in conjunction
with computer and data science. There are several advantages for central banks to use ABMs to
address policy-relevant questions. First, ABMs offer a high level of heterogeneity across multiple
dimensions and allow for complex interactions between heterogeneous agents. Second, they can
generate nonlinear dynamics similar to those observed in the real world, such as boom and bust
cycles. Third, ABMs provide a flexible framework not only for assessing the impact of various
policy scenarios on multiple aggregate measures, such as Gross Domestic Product (GDP) and
unemployment, but also for evaluating the distributional effects of these policies on, for instance,
different segments of the economy. Finally, this flexibility also allows for capturing both the
particularities of a given country and the details of real-world policies, as well as for promptly
adapting the model to changing economic circumstances.

Several policymakers have explicitly addressed the key features and advantages of ABMs in their
speeches and publications, calling for more research and attention to be devoted to this approach
or even advocating for its inclusion as part of a broader suite of modeling techniques available to
central banks. Two prominent examples are Jean-Claude Trichet while he was president of the
European Central Bank (Trichet, 2010, 2011, 2013, ECB) and Andrew Haldane while he was chief
economist of the Bank of England (Haldane, 2016, 2019; Haldane and Turrell, 2018, BoE). Stress
testing is one of the areas where the potential contributions of ABMs were acknowledged early on,
including in several working papers by various international policy institutions related to central
banking (Henry et al., 2013, ECB; Bookstaber et al., 2014, OFR; Demekas, 2015, IMF; BCBS,
2015).

In the last decade, the development of policy-oriented ABMs has significantly accelerated, due
to their increased recognition and the involvement of more researchers and material resources. In
this paper, we review research that has been undertaken at central banks and, to some degree, at
other government bodies and international organizations with a similar policy focus.! We assign a
research publication to a central bank or related institution if at least one author was affiliated with

1For a more in-depth historical account of the emergence and growth of ABM research in the specific case of the
Bank of England, see Plassard (2020). For a broader review of ABM research in economics, mostly conducted in
academia, see Axtell and Farmer (Forthcoming).
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Acronym | Central bank Jurisdiction

BCB Banco Central de Bolivia Bolivia

BCBr Banco Central do Brasil Brazil

BCL Banque Centrale du Luxembourg Luxembourg
BCRP Banco Central de Reserva del Peri Peru

BCU Banco Central del Uruguay Uruguay

BdE Banco de Espana Spain

BdF Banque de France France

BdI Banca d’Italia Ttaly

BdM Banco de México Mexico

BoC Bank of Canada Canada

BoE Bank of England United Kingdom
BoG Tedmela tne EAAGBOC Greece

BoR bank Poccun Russian Federation
BRC Banco de la Repiblica Colombia

CBI Central Bank of Ireland Ireland

DBB Deutsche Bundesbank Germany

DN Danmarks Nationalbank Denmark

DNB De Nederlandsche Bank Netherlands

ECB European Central Bank Euro Area

MNB Magyar Nemzeti Bank Hungary

NBP Narodowy Bank Polski Poland

OeNB Oesterreichische Nationalbank Austria

RBNZ Reserve Bank of New Zealand New Zealand

SP Suomen Pankki Finland

Acronym | Other relevant institutions Jurisdiction
BCBS Basel Committee on Banking Supervision Member countries
CEMLA | Centro de Estudios Monetarios Latinoamericanos Member countries
DGT Direction Générale du Trésor France

ESRB European Systemic Risk Board European Union
IMF International Monetary Fund Member countries
OFR Office of Financial Research United States of America
WB World Bank Member countries

Table 1: List of central banks and other relevant institutions cited in this paper.

it at the time of publication.? The institutions covered in this paper are listed in alphabetical order
by the acronym used to refer to them in Table 1. Furthermore, we adopt a broad interpretation of
what an ABM entails, and we focus on the fundamental similarities between modeling approaches
rather than the small variations in the terminology used to describe them. Following Farmer
and Foley (2009), an ABM can be broadly defined as “a computerized simulation of a number of
decision-makers (agents) and institutions, which interact through prescribed rules”. As such, we
consider most network models and system-wide stress tests, among others, to be within the scope
of this paper.

The rest of this paper is organized as follows. Section 2 outlines ABM research developed
by central banks in relation to their various mandates. Section 3 focuses instead on the technical
research central banks have conducted on the methodology itself. Section 4 presents a few examples
of the application of ABMs for central bank policy work. In Section 5 we draw the main conclusions
of this review and point at future research avenues for ABMs at central banks.

2Since the aim of this review is to highlight the increasing interest in ABMs in central banks and related policy
institutions, we focus on research conducted, at least partially, in this type of organizations. It should be noted,
however, that this research does not necessarily represent the official views of the respective central banks or other
organizations. For the sake of simplicity, we may still refer to it as research by or at central banks.
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2 Research Related to Central Bank Mandates

The recent changes in the economy, financial system, and society described in the Introduction
have been leading to shifts in the role and mandate of central banks. At the same time, there is
a need to search for new methods that could help researchers comprehend the complexity of the
ongoing processes and inform policymakers on how to effectively design, calibrate, and implement
policies. Figure 1 provides an overview of how central bank research using ABMs has evolved over
time. Research on payment systems was one of the first use cases; however, following the GFC,
financial stability ABMs have become predominant. Several studies on price stability and climate
change have emerged since 2016, while work on CBDCs only began in 2021.

Sec. 2.3
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Financial Stability (no Climate Change)
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Figure 1: A timeline of publications from central banks and related institutions using agent-based
models. Different application domains are highlighted by different colors (available online only) and
symbols and are discussed in detail in the respective sections. For example, publications related to
climate change are indicated via a red upward-pointing triangle and are discussed in Section 2.1.5.

2.1 Financial Stability

This section explores the application of ABMs for analyzing and mitigating systemic risk, which
poses a threat to financial stability. Systemic risk “can be defined as a risk of disruption to financial
services that is caused by an impairment of all or parts of the financial system and has the potential
to have serious negative consequences for the real economy” (Caruana, 2010, BIS). As the GFC
has shown, risks can emerge in corners of the financial system that are considered to be relatively
insignificant before they materialize. However, risks can spread rapidly and engulf institutions at
the core of the system, which can then further propagate and amplify these risks. In the following
this subsections, we categorize these models into five areas: (i) interbank market, (7i) financial
markets, (iii) interaction between financial and real sectors, (iv) housing market, and (v) climate
change.

2.1.1 Interbank Market

Numerous central bank research projects have contributed greatly to the development and appli-
cation of network models that feature contagion processes within the banking system. This rich
branch of the literature provides advancements along several strands, most importantly regarding
(i) the formation and reconstruction of bank networks and (i) the spreading of shocks via different
contagion channels in the banking system. Although most of the works listed in this section have
contributed to both of these topics, we have categorized them into these two groups based on their
primary focus.

Modeling the incentives behind the formation of bank networks can help central banks better
understand the emergence of systemic risk in the interbank market. This can be used as a basis
for designing policies aimed at lowering such risks. Halaj and Kok (2013, ECB) propose a network
reconstruction method that provides a way to assess the resilience of the banking system without
observing its actual topology. Aymanns and Georg (2015, DBB), Halaj and Kok (2015, ECB),
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Wolski and van de Leur (2016, ECB), and Chan-Lau (2017, IMF) focus instead on modeling the
endogenous development of networks in the interbank market.

Regarding contagion channels, many central bank studies on bank networks consider only a
single channel. Barucca et al. (2020, BoE) build a model in which the value of the non-interbank
assets of banks is uncertain, while Bardoscia et al. (2019, BoE) extend this work with the possibility
for banks to default at any point in time rather than at fixed maturity. Parallel to these develop-
ments, Liu et al. (2020, OFR) build an ABM consisting of thousands of banks together with their
empirically observed decision rules, while Hataj (2020, BoC) use the ABM of Halaj (2018, BoC)
calibrated to empirical data from Canada to model contagion on the interbank market. Lastly,
Carro and Stupariu (2024, BAE) also consider the incomplete information and the heterogeneous
expectations of agents in interbank contagion.

Several central bank studies also attempt to combine multiple contagion channels in order to
capture the overall extent of systemic risks more comprehensively. Poledna et al. (2015, BdM),
Cuba et al. (2021, BCRP) and Yanquen et al. (2022, BRC) use the multilayer version of the
DebtRank model (a pivotal work by Battiston et al., 2012) to combine different types of expo-
sures, such as credit, derivatives, foreign exchange, and securities, for the Mexican, Peruvian, and
Colombian banking systems, respectively. Georg (2013, DBB), Montagna and Kok (2016, ECB),
Roncoroni et al. (2021a, BoC, ECB, ESRB), and Poledna et al. (2021, BdAM, CEMLA) consider an-
other critical contagion channel, the overlapping portfolios of banks, while Montagna et al. (2021,
BoE) define three separate contagion layers based on whether banks are affected through solvency,
liquidity, or fire sales. Regarding some of the applications of these models, Hiiser et al. (2018,
ECB, DBB) and Siebenbrunner et al. (2024, OeNB) use multilayer contagion models to analyze
the consequences of bail-in policies, while Farmer et al. (2020, BoE) propose a stress testing frame-
work for the European financial system with multiple network layers and interactions among the
different channels.

2.1.2 Financial Markets

Given their relevance for the stability of the financial system, as well as for the effective transmission
of monetary policy, financial markets are closely monitored by central banks. In this context, ABMs
have been used to study different risks emerging in financial markets as well as to explore the impact
of various policies to address such risks.

First, limit order book models have been developed at various institutions to study the emer-
gence of flash crashes in financial markets.® These models have been able to reproduce important
stylized facts of financial asset returns, such as fat tails (leptokurtic distribution), volatility cluster-
ing, and a decaying autocorrelation over moderate time lags. For instance, Bookstaber et al. (2015,
OFR) show that heterogeneity in trading decision cycles can have a strong impact on the provision
of liquidity and market stability, thereby increasing the likelihood of extreme price movements.
This provides support for regulator-imposed pauses in trading (circuit breakers), as they reduce
the heterogeneity of the decision cycles. In line with this conclusion, Kéarvik et al. (2018, BoE) also
show that an increase in the trading speed of high-frequency market participants leads to more
prevalent flash episodes, while implementing circuit breakers, which are triggered by large price
movements, reduces the magnitude and frequency of such episodes. Paddrik et al. (2017, OFR)
demonstrate that financial stability metrics using more detailed market microstructure data, which
is usually available only to regulators and exchanges, have the greatest predictive power as early-
warning indicators of impending market destabilization in the form of flash crashes. Bookstaber
and Paddrik (2015, OFR) extend this model by introducing sequential auctions, which produce
more realistic market dynamics.

Second, in order to understand the dynamics observed in real financial markets, central bank
researchers have also explored the use of heterogeneous agent models with adaptive expectations.
In particular, Hommes and Vroegop (2019, BoC) provide an explanation for the co-movement in
asset markets by extending the seminal asset pricing model of Brock and Hommes (1998) to the case
of two different (though ex ante identical) asset markets with spillover effects between them. In a
single market setting, Di Francesco and Hommes (2023, BoC) propose the inclusion of agents with
perfect foresight, which can be approximated by using a machine learning algorithm. Furthermore,

3A flash crash is a swift, steep, and highly volatile drop in the price of a security that happens in a very short
time and is quickly followed by a rapid recovery.
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they develop a measure of investor bias based on natural language processing of Twitter data.
Using a similar methodology to model the dollarization of household deposits, Khabibullin and
Ponomarenko (2022, BoR) are able to capture the varying sensitivity of dollarization to exchange
rate developments in a context of heightened volatility.

A third focal point of central bank research about financial markets has been on the specific risks
posed by various forms of leverage. For instance, building on a model of leveraged asset purchases
with margin calls, Kerbl (2011, OeNB) studies the implications of several regulatory measures on
market liquidity and stability. In particular, he finds that a short selling ban reduces volatility but
increases tail risk; a transaction tax reduces the occurrence of crashes but increases volatility; only
a mandatory risk limit is beneficial for both liquidity and volatility; and there are non-negligible
interactions between these regulations. Breuer et al. (2015, OeNB) focus instead on the exchange
of leveraged assets and bonds in a model with a continuous double auction mechanism. They
validate recent general equilibrium theory results regarding endogenous leverage and its impact on
asset pricing, and they highlight the critical role played by the institutional details of the exchange.
Building on previous models of leverage targeting among banks, Levelt et al. (2021, BoC, DNB)
allow banks to repeatedly choose between leverage targeting and an expected utility optimization
strategy. They find that, while cycles are still observed, their amplitude decreases as compared to
a system of fully leverage targeting banks.

Fourth, central bank research has also explored the consequences of the rise in passive in-
vestment strategies among funds investing in the corporate bond market. In particular, Braun-
Munzinger et al. (2018, BoE) show that a larger fraction of passive investment funds can increase
the tail risk of larger yield dislocations. Furthermore, they also show that spreading redemptions
over longer time periods can mitigate the impact of shocks during stressed periods, when investor
outflows are unusually large.

Finally, several strands of the literature have built network models of financial contagion similar
to those described above for the interbank market, although crucially including other types of
financial institutions, such as asset managers, investment funds, insurance companies, or central
counterparties (CCPs). Importantly, these institutions are allowed to interact with each other in
various markets. Caccioli et al. (2024, BoE) model fire sales contagion through common asset
holdings between banks, open-ended investment funds, and insurance companies in the United
Kingdom. Sydow et al. (2024, ECB, BdI, BoE, BoG, BCL, BdF, CBI, DNB, DBB), Halaj (2018,
ECB), and Calimani et al. (2022, ECB, BoC) explicitly include other types of financial institutions,
such as asset managers or investment funds. A common finding of these studies is that banks that
are active in both the interbank and the securities market have a central role in propagating shocks.
Bookstaber et al. (2018, OFR) include prime brokers, hedge funds, and cash providers, among
others, in their ABM and assess the risk of fire sales on both the asset and funding sides. Kotlicki
et al. (2022, BoE) focus on the counterparty credit risk stemming from reinsurance contracts for
both life and non-life insurers, which can act as a source of financial contagion in the UK reinsurance
sector. BoE (2021) and Tompaidis (2017, OFR) propose supervisory stress tests for CCPs.

2.1.3 Interaction between the Financial and Real Sectors

An increasing number of studies focus on financial stability concerns originating from network
connections outside of the financial system. Silva et al. (2017, BCBr) and Silva et al. (2018,
BCBr) use a network framework to analyze the feedback effects between the Brazilian financial
sector and the real economy by observing not only the bank network but also the loan contracts
between the banks and their clients. Both Silva et al. (2020, BCBr) and Alexandre et al. (2023,
BCBr) investigate the impact of monetary policy shocks on the Brazilian economy by using similar
network model setups. Landaberry et al. (2021, BCU, BAM, CEMLA) take into account not only
bank—firm links but also the intrafirm network in Uruguay using a survey about these connections.
In a similar manner, Borsos and Mérg (2020, MNB) build a simulation model of shock propagation
based on the observation of the entire Hungarian multilayer bank network, the bank—firm loan
connections, and the firm-level supplier network of the country. Kaszowska-Mojsa and Pipien
(2020, NBP) also represent bank—firm interactions in a general macroeconomic ABM environment
designed to simulate the economic consequences of macroprudential policies. Lastly, Ponomarenko
and Sinyakov (2018, BoR) examine the impacts of different regulatory regimes in a model that
also includes interactions between the financial and real sectors. However, these interactions are
defined in a more general manner, without explicitly addressing the topology of the loan and
deposit markets.
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2.1.4 Housing Market

The GFC has shown how a downturn in the housing market can destabilize the financial system
and the real economy. Since then, several countries have implemented prudential tools such as
loan-to-value (LTV), loan-to-income (LTI), and debt-service-to-income limits to help contain risks
originating in the housing market. ABMs provide a natural setting to investigate the potential
impacts of these housing tools on the housing market. First of all, ABMs are able to capture the
high degree of heterogeneity in the housing market, such as households with varying ages, incomes,
and wealth profiles, as well as housing stock with different qualities. Second, ABMs can generate
nonlinear dynamics similar to those observed in real housing markets, such as housing booms and
busts. Importantly, these dynamics emerge endogenously from the complex interactions between
different types of households based, for instance, on their housing tenure, i.e., on whether they are
renters, first-time buyers, home movers, or buy-to-let investors. Finally, ABMs enable researchers
to incorporate potentially complex policy interventions, such as policies targeting a certain segment
of the market (e.g., residential mortgages) and/or involving thresholds (e.g., a soft LTI limit).

The model by Baptista et al. (2016, BoE) was the first housing ABM developed by central bank
researchers to study the impact of housing tools on the housing and mortgage markets. This model
builds on the seminal work of Axtell et al. (2014) by incorporating realistic life-cycle dynamics, both
a buy-to-let sector and an autonomous rental market, as well as a more realistic double-auction
market mechanism. With these new features, the authors are able to analyze the impact of housing
policies on different types of households in the United Kingdom, such as renters, first-time buyers,
home movers, and buy-to-let investors. This model has been extended and improved in various
directions, as well as adapted and calibrated to different national housing markets: in Denmark
by Cokayne (2019, DN) and Cokayne et al. (2024, DN, RBNZ, BoE); in Italy by Catapano et al.
(2021, BdI) and Catapano (2023, BdI); in Spain by Carro (2023, BAE); and in the UK by Carro
et al. (2023, BAE, BoE). These models are used to conduct counterfactual analyses in order to
understand the impact of different LTV and LTI limits on credit and house price cycles. These
studies find a dampening effect of these housing tools on mortgage lending and house price cycles.
Some other key findings from these studies can be summarized as follows: housing tools lead to
a reduction in household indebtedness, loan riskiness, mortgage default, and negative equity, and
an increased demand for lower quality houses; first-time buyers are affected more by these policy
interventions; policies targeting the owner-occupier mortgage market can have spillover effects
to buy-to-let mortgages/house purchases, and therefore affect the rental market as well; when
calibrating an individual housing tool, the calibration of other policies and the joint distribution
of risk characteristics should be taken into account.

Building on Baptista et al. (2016, BoE), though significantly departing from it, Mérs et al.
(2023, MNB) develop a 1:1 scale model of the Hungarian residential housing market, incorporating
detailed characteristics of four million households and the entire housing stock. This type of
very granular and detailed ABM is useful for studying the impact of a range of policies, from
macroprudential tools to family support programs. Furthermore, this high level of granularity
allows for close monitoring of the effects of these policies across, for instance, different regions of
the country. Laliotis et al. (2020, ECB) and Bauer and Krakovitch (2021, DGT) build on the
original model of Axtell et al. (2014) to develop housing ABMs for European economies and the
French housing market, respectively. These models are then used to evaluate the impact of various
housing tools. Based on a simpler approach, Bolt et al. (2019, DNB) and Emenogu et al. (2021,
BoC) introduce a small ABM component into a standard user cost of capital (housing) model in
order to represent endogenous switching between heterogeneous expectations. While Bolt et al.
(2019, DNB) use this model to identify housing bubbles and crashes across different countries,
Emenogu et al. (2021, BoC) use it to build indicators of housing exuberance for a broad set of
Canadian cities.

It is important to note that all the models described above are partial, in the sense that
they all focus exclusively on the housing and mortgage markets, thereby neglecting the multiple
feedback effects between these sectors and the rest of the economy. A major breakthrough in this
regard is the model recently proposed by Bardoscia et al. (2025, BoE, BAE), which incorporates
Carro et al. (2023, BAE, BoE)’s housing ABM into Popoyan et al. (2017)’s macroeconomic ABM.
By properly accounting for these feedback effects in a stock-flow consistent manner, this model
enables researchers to understand the impact of housing tools on the broader economy as well as
to conduct comprehensive cost and benefit analyses.
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2.1.5 Climate Change

In recent years, an increasing number of central banks and financial supervisors have come to
identify climate change as a potential source of risk to financial stability (Carney, 2015; Gros
et al., 2016; NGFS, 2019; Dunz and Power, 2021; BCBS, 2021; Brunetti et al., 2021). On the one
hand, regulatory changes aimed at fostering the transition to a low-carbon economy may entail
important shifts in the use of energy, with potential macroeconomic consequences, as well as a
sudden revaluation of carbon-intensive assets (transition risk). On the other hand, the increased
exposure to natural hazards driven by climate change can lead to significant financial costs for
companies and households, such as repair and replacement expenses for damaged infrastructure,
as well as to losses due to the disruption that these hazards cause to businesses (physical risk).

Most of the ABMs developed by central banks to study the impact of climate change have
focused on transition risks. In this context, Roncoroni et al. (2021b, BAM, CEMLA) expand on the
interbank network contagion model of Barucca et al. (2020, BoE) by also considering the indirect
contagion between banks and investment funds via common asset exposures, and they use this
expanded model to focus on transition-related shocks derived from various climate policy scenarios.
They find that, during a disorderly low-carbon transition, stronger market conditions enable the
adoption of more ambitious climate policies without increasing systemic risk. Expanding on Halaj
(2018, BoC) and Hatlaj (2020, BoC), the network contagion model developed by Bruneau et al.
(2023, BoC) includes banks, investment funds, insurance companies, and pension funds, and it also
considers various contagion channels, such as interbank lending, common asset exposures, and fire
sales. They find that certain types of entities, such as investment funds, are more likely to amplify
transition shocks within the financial system, while others, such as pension funds, tend to dampen
them. Focusing on the real economy, Stangl et al. (2024, MNB) build a model of shock propagation
through supply chains, which they calibrate using the entire firm-level production network of
the Hungarian economy. With this model, they are able to identify optimal emission reduction
strategies with a minimum of additional unemployment and economic losses. In particular, they
find that, for a given emission reduction (20%), the most effective strategy minimizes job and output
losses (both 2%), while a naive approach targeting the largest emitters results in significantly higher
losses (28% in jobs, 33% in output).

Considering both transition and physical risks, Gourdel and Sydow (2023, ECB) develop a
model of short-term stress propagation in the investment fund sector which takes into account both
cross-holdings of fund shares and overlapping exposures. In terms of transition risk, they find that
the diverse sustainability investment strategies of funds act as a limiting factor for contagion and
network amplification. Physical risk, on the contrary, is found to be more equally distributed across
funds, also leading to more substantial contagion losses. Also taking into account both transition
and physical risks, Gourdel et al. (2024, WB, ECB) build a stock-flow consistent behavioral model
(based on Monasterolo and Raberto, 2018) in order to examine the reciprocal influence between
climate, the real economy, and the financial system. They find that an orderly transition yields
early benefits by lowering emissions and promoting economic growth, while a disorderly transition
worsens economic output and financial stability. Furthermore, if coupled with a higher degree of
physical risk, a disorderly transition can also lead to a strong economic contraction (12% fall in
GDP). Finally, they find that climate policy credibility plays an important role in accelerating
the transition to a low-carbon economy and in decreasing the risk of carbon-stranded assets for
investors.

2.2 Price Stability

This section explores ABMs that have been used to investigate the implications of monetary policy.
Since the 1990s, central banks have primarily relied on dynamic stochastic general equilibrium
(DSGE) models and econometric analyses for this task. Recently, however, central banks have
made increasing efforts to incorporate alternative modeling approaches such as ABMs into their
toolkits.

One of the most important contributions in this regard is the paper by Poledna et al. (2023,
BoC), who develop a macroeconomic ABM of the small open economy of Austria that can com-
pete with benchmark vector autoregression and DSGE models in out-of-sample forecasting of
macro variables. Crucially, the model not only serves as a competitive forecasting framework for
aggregate variables but also enables detailed sector-level forecasts due to its agent-based nature.
As an application, the authors present projections for the medium-term macroeconomic impacts
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resulting from the lockdown measures implemented in Austria in response to the COVID-19 pan-
demic. Hommes et al. (2024, BoC) build on this model by adapting and recalibrating it to the
Canadian economy, as well as by extending it in three main directions: (i) increased household
heterogeneity (e.g., heterogeneous incomes); (ii) a dynamic monetary policy; and (iii) a more so-
phisticated price-setting rule for firms allowing for a decomposition of inflation into demand-pull,
expectations, and cost-push factors. With this extended model, the authors are able to explore the
main drivers behind the post-pandemic inflation surge in Canada and analyze the uneven impact
of the lockdown across households and industries. Using this same model, Grazzini et al. (2023,
BoC) delve deeper into the dynamics of post-pandemic inflation in Canada, tracing its origins
back to the lifting of economic restrictions in mid-2020, which triggered demand-pull inflation.
Finally, Hommes and Poledna (2023, BoC) extend the original model by Poledna et al. (2023,
BoC) with a financial accelerator mechanism, which paves the way for its application in analyzing
and potentially forecasting financial crises in the absence of any exogenous shock. In particular,
they calibrate this extended model to the euro area and focus on three recent economic crises:
the financial crisis of 2007-2008 and the subsequent Great Recession; the European sovereign debt
crisis; and the COVID-19 recession. Importantly, the out-of-sample forecasts produced by this
model are, in general, significantly better than those of the benchmark vector autoregression and
DSGE models.

Several other ABMs investigate issues that are relevant for monetary policy. De Grauwe and
Gerba (2016, BAE) develop a behavioral macroeconomic framework with bounded rationality and
provide a comparison of impulse responses to monetary policy shocks against a DSGE model
with rational expectations. Their findings indicate that the impulse responses of the bounded
rationality model are more closely aligned with the empirical evidence on the effects of monetary
policy shocks. Alexandre et al. (2023, BCBr) also study the impact of monetary policy shocks,
in particular to enhance our understanding of the financial network channel of monetary policy
transmission. Although the model does not consider a fully endogenous monetary policy, it helps
to assess how exogenous shocks to the policy interest rate affect some key topological measures of
the bank-firm credit network through simulations. Khabibullin et al. (2018, BoR) develop an ABM
that includes a realistic mechanism of money creation and assumes different scenarios of foreign
reserve accumulation in Russia.

The evolution of central bank mandates has led to increased research on the interplay between
monetary policy frameworks and financial stability regulations (see Section 2.1). In this context,
Alexandre and Lima (2020, BCBr) study the impact of various combinations of monetary policy
and prudential regulation frameworks on macroeconomic and financial stability. In particular, they
focus on several rules for setting interest rates as well as various capital requirement regulations
(specifically, different types of cyclical buffers). They find that (i) the effectiveness of a given
policy (e.g., interest rate rule) depends on the specification of the other policy it is combined with
(e.g., capital requirement rule); (4i) interest rate smoothing is more effective than the traditional
Taylor rule and a leaning against the wind rule; and (%ii) there is no trade-off between achieving
monetary and financial stability. At the intersection of monetary policy and financial stability
analysis, Deryugina et al. (2022, BoR) use ABMs and New Keynesian models to generate artificial
credit cycle episodes. They show that the decrease in the measures of the natural rate of interest so
widely discussed in the literature does not always reflect changes in macroeconomic fundamentals
but rather reflects the effect of the measurement technique around peaks in the credit cycle.

To summarize, while the use of ABMs in monetary policy is not yet widespread, the papers
discussed above demonstrate the value of this approach. In particular, these studies have high-
lighted ABMSs’ ability to provide useful insights even during periods of high uncertainty, such as the
COVID-19 pandemic. Moreover, ABMs have also proven useful in enhancing our understanding
of the interaction between monetary policy and other policies, such as fiscal, macroprudential, and
even social policies, provided we consider the potential redistributive effects of monetary policy
(Gleiser et al., 2024, NBP). Further research on this topic is crucially needed.

2.3 Payment Systems and Central Bank Digital Currencies

With the rapid rise of digital technologies in the early 2000s, central banks have been compelled
to evaluate the opportunities and risks associated with new forms of digital payments. Computer
simulations have proven particularly suited for this task, given their natural ability to reproduce
specific payment flows under controlled conditions. In this context, the decentralized modeling ap-
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proach of ABMs offers the additional advantage of permitting the analysis of emergent macroscopic
patterns from detailed microscopic behavioral changes.

The first wave of research in payment systems simulations revolved around the study of real-
time gross settlement (RTGS) systems. RTGS simulations were pioneered by the Bank of Finland
through the development and use of the general software Bank of Finland Payment and Settle-
ment Simulator (BoF-PSS), which also encompasses simulators based on ABMs (Leinonen and
Soramiiki, 2003; Leinonen, 2009, SP). Notably, the simulation software created by the Bank of
Finland (2024) has been licensed to more than 90 central banks and continues to be enhanced
to this day. Following this, other central banks have proposed ABMs for similar purposes. Alen-
torn et al. (2011, BoE, BIS) develop an ABM for assessing the risks and costs associated with
different payment systems design choices. Galbiati and Soraméki (2011, BoE) use ABMs to study
the properties of the game-theoretic equilibria that are achieved when banks try to optimize lig-
uidity costs within an RTGS system. Arciero et al. (2008, BdI) set up an ABM to simulate and
analyze the macroscopic impact of a disruptive event that happens at the level of a single bank.
Caceres-Santos et al. (2020, BCB, BAM, CEMLA) assess the systemic risk of the Bolivian high-
value payment system and interbank market by characterizing the properties of both networks
and performing stress-testing experiments. The advent of electronic payments for retail use also
led to an interest in ABM simulations for these payment technologies. Alexandrova-Kabadjova
and Negrin (2009, BAM) and Alexandrova-Kabadjova et al. (2015, BAM) use ABMs to assess how
network effects and payment fees impact the growth of card payment networks.

Recently, with the rise of native digital asset technologies, central banks have begun to explore
the potential for issuing direct liabilities in the form of central bank digital currencies (CBDCs).
Researchers at central banks and other policy institutions have analyzed the potential effects of
this novel means of payment using ABM simulations. Gross and Siebenbrunner (2022, IMF) study
how bank loans could be granted in a CBDC-dominated financial system where all money is digital
and directly issued by the central bank. Martens (2021, DNB) study the crowding-out effects of
CBDCs on traditional cash and deposits across various scenarios, including simulations of deposit-
like and cash-like CBDCs to examine the impact of CBDC competitiveness and the critical role of
network effects. Gross and Letizia (2023, IMF) quantitatively explore the potential implications of
a CBDC on banking profitability through an ABM that encompasses banks modeled as learning
agents setting the remuneration rates in a competitive game. Benedetti et al. (2024, BdI) simulate
a scaled-down hypothetical European CBDC based on blockchain technologies for studying its
trade-offs between liquidity, payment success rate, throughput, and latency.

3 Technical and Methodological Research

Agent-based models are highly computational tools and, for this reason, can greatly improve over
time through the ever-growing availability of data and computational power. However, this also
means that technical and methodological research efforts are particularly important for the success
of the approach and the progressive mitigation of its limitations. In this section, we review some
directions of methodological progress that are currently being investigated and point at relevant
contributions from central banks and related institutions.

A first direction of methodological progress lies in the development of very large-scale models.
Following the categorization of Axtell and Farmer (Forthcoming), we can divide ABMs in three
broad classes: (1) ‘small-scale’ models that qualitatively reproduce some stylized facts; (2) ‘medi-
um-scale’ models that quantitatively reproduce aggregate economic data, and which serve to link
micro and social levels; (8) ‘large-scale’ models in which micro-data are used to quantitatively
identify the behavior of individuals through calibration or estimation procedures in order to recre-
ate or predict important economic phenomena. Significant improvements in data availability and
computational capabilities, coupled with the increased prevalence of interdisciplinary research in
economics (especially in conjunction with computer and data science), are leading to a rapid
progression of the field toward the latter category, and even toward models that aim for a 1:1 rep-
resentation. These models have the advantage of often being directly calibrated using microdata
and could lead to authentic digital twins of the real economy, as was also advocated in Haldane
(2019, BoE). Key contributions in this area include the work of Mérg et al. (2023, MNB), which
establishes the first central banking model at a 1:1 scale with the real-world. Furthermore, Hosszu
et al. (2024, MNB) present an in-depth analysis of the implications of downscaling economic ABMs;
concluding that optimal model size is often larger than previously imagined. Lastly, in Glielmo
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et al. (2024, BdI) researchers introduce an open-source software package designed to support the
development of large-scale macroeconomic models.

A second direction of methodological progress involves the exploitation of machine learning al-
gorithms and software tools for model calibration on large volumes of data. This could enable more
accurate and more efficient calibrations and, at the same time, eliminate the need for the lengthy,
human-driven trial-and-error process that would otherwise be required. A prominent contribution
in this area is the work of Benedetti et al. (2022, BdI), which introduces a software package specifi-
cally designed for ABM calibration encompassing, e.g., search methods based on machine learning
surrogates, genetic algorithms, or low discrepancy sequences. The software had been originally
designed for calibrating the ABM of the Italian housing market (Catapano et al., 2021, BdI) and
was later expanded, re-engineered, and made available in open source. Additionally, Glielmo et al.
(2023, BdI) explore how reinforcement learning algorithms can accelerate the calibration process
of ABMs.

A third direction of methodological progress is motivated by the rapid rise of artificial intel-
ligence (AI). In the future, Al software agents with complex decision-making behavior could be
integrated within ABMs, thereby ensuring realism and lifting the modeler’s need to specify precise
behavioral rules in advance. Important contributions in this area include the work of Atashbar
and Shi (2022, IMF) which investigates the application of reinforcement learning to enhance tra-
ditional macroeconomic models with learning agents. The work suggests that, combined with this
technique, ABMs can be used to simulate complex economies featuring numerous learning and
interacting economic agents. Complementarily, Brusatin et al. (2024, BdI) expand a traditional
macro ABM by incorporating reinforcement learning agents which derive behavioral rules from the
rational maximization of a reward function. Additionally, Hill et al. (2021, BoE) leverage reinforce-
ment learning to solve a hybrid model that combines features of both macro ABMs and general
equilibrium models. Looking ahead, we can imagine large language models (LLMs) to be used
as models for human decision-making in ABMs, as also suggested by Coletta et al. (2024, BdI)
in their assessment of the capability of existing LLMs to effectively capture subrational human
behavior.

A final promising future development lies in the exploitation of recent advancements in auto-
matic differentiation coming from the deep learning community to build ABMs that can be differ-
entiated algorithmically. Having access to the derivative of the simulation results with respect to
any model parameter would facilitate conducting a sensitivity analysis, ultimately improving the
interpretability and trustworthiness of the resulting ABMs even for researchers and policymakers
who are not experts in the field. This area of research is only now beginning to attract researchers
from the ABM community and has not yet been pursued at central banks.

4 Applications in Policy Work

Agent-based approaches have already been used by several central banks to inform actual policy
processes. While the specific analytical tools and methodologies used by central banks in their
policy work are sometimes not explicitly mentioned, we collect in this section examples where such
use of ABMs has been publicly disclosed.

The European Central Bank was among the first to recognize the value of this methodology and
to use it to inform some of its policy work and assessments, particularly in relation to the contagion
of distress in financial networks and systemic risk monitoring. For instance, it has highlighted the
importance of understanding the financial system as a complex and dynamic network, and it
has advocated for the development of contagion models with behavioral features to gain a deeper
understanding of systemic risk and improve the identification of systemically important institutions
(ECB, 2010; Adam et al., 2019, ECB). Furthermore, a number of its policy reports in the last decade
have included contributions based on the use of such models. For example, ECB (2012) and Halaj
et al. (2013, ECB) address the emergence of the network of interbank exposures, as well as the
potential effect of macroprudential policies on the structure of the resulting network. Cappiello
et al. (2015, ECB), Covi et al. (2018, ECB), and Covi et al. (2019, ECB) focus on measuring
systemic risk and identifying systemically important institutions based on network models that
account for different subsets of contagion channels (from direct exposures to overlapping portfolios
and fire sales). Finally, Dubiel-Teleszynski et al. (2022, ECB) uses a system-wide stress testing
framework with multiple contagion channels and various types of institutions (banks, investment
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funds, and insurance companies) to analyze the impact of a severe climate change stress scenario
(disorderly transition) on the financial system.

The Bank of England was also among the early adopters of agent-based modeling, incorporating
this methodology into some of its policy analyses and evaluations (Plassard, 2020; Turrell, 2016,
BoE). It has used system-wide stress tests in which banks and non-bank financial institutions, such
as insurers, central counterparties, pension funds, hedge funds, and other types of managed funds
have participated (BoE, 2023). It has also used its housing ABM, among other evidence, to inform
its analysis of financial stability risks stemming from the UK buy-to-let market (Zemaityte et al.,
2023, BoE).

The Magyar Nemzeti Bank, the central bank of Hungary, has also extensively used this method-
ology. Specifically, it has used its housing market ABM to assist in answering several questions of
financial stability, such as the impact of loan-to-value ratio limits, financial support, or increased
utility costs on households (see, for instance, MNB, 2021a,c, 2022b). It has also used the same
model for questions related to the housing market more specifically, such as the impact of increases
in home construction costs and in the base interest rate on housing and credit markets (see, for in-
stance, MNB, 2021b, 2022a). Additionally, the Magyar Nemzeti Bank has also embedded a version
of the Borsos and Mér6 (2020, MNB) network model into its liquidity stress testing framework to
represent various contagion channels in the banking system. The results of this stress test exercise
have been regularly published in the Financial Stability Reports of the Magyar Nemzeti Bank since
2016 (MNB, 2016).

Another example is the Bank of Canada, which has been a pioneer in incorporating ABMs
into its general toolkit for macroeconomic projections and policy analysis. In fact, it has recently
become the first central bank to formally acknowledge a role for this methodological approach
within its official modeling strategy. In particular, Coletti (2023, BoC) outlines a strategic plan
for developing a suite of models to better support a risk management approach to monetary policy
that recognizes the significant uncertainties in how the economy functions. In this context, ABMs
are explicitly included within the category of specialty models, which are defined as models whose
goal is to consider “alternative plausible economic structures that are too complex to include in
the core model or its variants.” The role played by ABMs within the modeling strategy of the
Bank of Canada has been further discussed by Gosselin and Kozicki (2023, BoC), who address the
challenges involved in adapting research-oriented models for policy use. Specifically, they highlight
that the macroeconomic ABM by Hommes et al. (2024, BoC), described above in Section 2.2, has
been particularly informative during the COVID-19 lockdowns and subsequent supply chain issues.

Finally, it is worth emphasizing that, over time, a growing number of central banks are in-
corporating this methodology into their policy analysis toolkit, as a complement to their existing
tools. For instance, the most recent Financial Stability Report of the Banco de Espana employs
a network contagion model for the first time to evaluate the potential contagion losses resulting
from a severe shock to the Spanish banking system (BdE, 2024).

5 Conclusion

We have reviewed the literature on the use of ABMs by central banks and related policy institutions
over the last decade, focusing particularly on how these models have helped address traditional
central banking mandates — such as price stability and financial stability — as well as the new
challenges that emerged following the global financial crisis and the COVID-19 pandemic.

The strengthening and consolidation of this relatively novel tool of economic investigation
seems particularly timely in relation to the new challenges that central banks will have to face
in the coming years, and for which a range of modern instruments will certainly be needed. We
have already described some of these challenges and how ABMs could be used to address them.
For example, we referred to the proliferation of digital assets and the potential introduction of
a CBDC, and described how ABMs can serve as valuable analytical tools in this context due to
their ability to simulate individual monetary transactions within structured and realistic payment
networks. Another relevant challenge concerns the analysis and regulation of nonbank financial
intermediaries. This growing sector already accounts for more than 50% of total financial assets
in the euro area, and while it is difficult to include within traditional modeling frameworks, it
can be easily modeled in an ABM along with its interaction with the banking sector. In recent
decades, economic inequality has increased considerably in almost all advanced economies. This
phenomenon also poses a challenge for central banks, both because of its macroeconomic impact on
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inflation and growth and for the analysis of any potential unintended redistributive consequences
of monetary and financial stability policies. The ability of ABMs to naturally model heterogeneity
in both wealth and income makes them particularly suitable for these studies. Finally, it is also
worth mentioning that some global processes that are not strictly economic or financial in nature
still appear to be of interest to central banks for their potential disruption of certain markets. For
example, climate change and the green energy transition can have significant effects on the energy
or housing markets, digital innovation and the rise of Al are likely to cause significant changes to
the labor market, and geopolitical tensions can cause disruptions of global supply chains.

Given their key strengths, ABMs could be valuable tools for analyzing each of the described
trends. First, intrinsically nonequilibrium shocks, e.g., an abrupt suspension of certain supply
chains, can be difficult to model accurately within traditional equilibrium frameworks, while ABMs
are well suited for this purpose. Second, the granular and heterogeneous nature of ABMs is a
highly valuable feature for providing practical policy advice, e.g., for differentiating the specific
job categories that are most vulnerable to being replaced by AI. Third, ABMs have the potential
to be coupled with simulation models from disciplines other than economics in order to provide a
richer and timelier picture of the phenomenon being studied. For example, the effects of climate
change on house prices could be examined by coupling a housing market model with geographical
or environmental models. Similarly, the economic effects of another possible pandemic could be
studied by coupling an economic ABM with a detailed model of the transmission of infectious
diseases.

The advantages of ABMs come with some challenges. The granular and heterogeneous nature
of ABMs, while enabling rich and diverse agent behaviors, also presents difficulties. Defining the
behavioral rules that govern agent interactions can be complex, particularly when deviating from
standard economic assumptions, and often requires novel approaches at the frontier of economic
theory. Precise calibration of parameters is challenging, especially when empirical data is scarce.
Simulating large numbers of heterogeneous agents in a dynamic environment makes the model
computationally intensive and complex. Due to the nonlinear nature of agent interactions, trac-
ing the pathways from specific behaviors or rules to emergent outcomes demands significant time
and effort. Moreover, large-scale ABMs require specialized skills, such as programming, data pro-
cessing, and simulation modeling, which often necessitate interdisciplinary research teams. While
these challenges limit the widespread use of ABMs in some institutions, continuous technological
and methodological advancements are gradually reducing these barriers. Alleviating computa-
tional constraints, in particular, could help address modeling challenges, especially in the crucial
calibration phase of ABMs.

To summarize, agent-based modeling has proven to be an effective analytical tool for central
banks in carrying out their responsibilities, especially after the expansion of their mandates fol-
lowing the global financial crisis. While there is still significant room for improvement, ongoing
advancements in the methodology provide a solid foundation for the future. Considering the many
challenges that modern economies will face in the coming years, from digital currencies to climate
risks, ABMs represent a unique opportunity for central banks to enrich their analytical frameworks
to promptly provide informed policy responses.
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