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A B S T R A C T   

There has been some discussion about agent-based modelling (ABM) and theory, particularly how ABM might facilitate theory building. However, there is confusion 
about the different ways they could relate and some scepticism as to whether theory is needed if one has an ABM. This paper distinguishes some of the different ways 
that the term “theory” is used in ABM papers in three important ABM journals: Environmental Modelling & Software, Computers, Environment and Urban Systems and the 
Journal of Artificial Societies and Social Simulation. Apart from the simple-minded identification of theory with mathematics, we distinguish nine different ways that 
theory and ABM relate. This analysis is situated with respect to some of the expectations and philosophical background behind the idea of “theory”. The paper 
concludes with some ways in which theory and ABM could work better together, some possible ways forward and suggests that a more cautious approach to 
generalisation might be more appropriate.   

1. Introduction – why talk about theory? 

There is considerable discussion about what the word “theory” en
tails, especially in the philosophy of science. This paper looks at the role 
of what is called “theory” in some of the agent-based modelling (ABM) 
literature, in order to extract some practical lessons. 

However, before we talk about how “theory” is used first of all it is 
necessary to look at why we should bother talking about theory at all, 
since many ABM researchers do not mention theory but rather focus on 
models only. Of course, these researchers theorise, in the widest sense – 
interpreting their models in more general terms – but most do not label 
any of this as “developing a theory”. Often, they do not explicitly 
reference entities called “theories”, maybe because their models perform 
many of the roles that theory would have played. Indeed, when asked 
informally, many (including some of the authors here) might say that 
their theory is their model – identifying theory and their models – but 
many others do not claim their models encapsulate theories and are 
content with that. 

However, other researchers do talk about theory and value it. Calling 
something a “theory” undoubtedly implies it has status – the label in
dicates that what it labels is worth considering as an entity. Further
more, having theories is one of the hallmarks of a science, part of the 
paraphernalia one associates with a science (along with data, mathe
matics, conferences, journal papers etc.). Of course, these are merely 
indicators of a science; they do not necessarily make it scientific. Phre
nology (the study of the shape of the skull as an indication of mental 
traits and character) had all the indicators of a science, including a 
pernicious theory, without any of its validity. 

Lorscheid et al. (2019) call for theory development through 
agent-based modelling. This points out that ABM produces lots of spe
cific models aimed at specific case studies but has not achieved more 
general explanations/patterns/theories from these – the so-called 
YAAWN syndrome (O’Sullivan et al., 2016), where everybody pro
duces “yet another model” with little connection to other models and no 
apparent progress towards a more general understanding of the target 
systems. As a result, Lorscheid et al. (2019) suggest methodological 
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development as part of a programme aimed at getting more theory out of 
our modelling. Previously, others have also seen ABM as a tool for 
developing theory. Carley (1995) foresaw a field using simulation tools 
which “… has the potential to move theories of organizations beyond 
empirical description to generative formalizations”. Anderson (1999) also 
looked to ABM tools to develop organisation theory. Macy and Willer 
(2002) explained ABM as a strategy for building up theory. Hedström 
and Ylikoski (2010) looked to ABM to help develop mid-range theories 
in the form of causal mechanisms. 

Thus, at least among some researchers, the idea of “theory” is 
important, and they hope that ABM will help develop theory in some 
way. Now, over 25 years since (Carley 1995), we look back on the issue 
to analyse how it has worked out, taking a pragmatic approach. We do 
not want to take a view about the issues but rather ground our discussion 
on a survey of how the term is used and what its role seems to be. Thus, 
this is not so much about the theory of “theory”, but about how the term 
is used in practice. 

In this paper, we first review some of the prior expectations of a 
“theory”, briefly looking at the history of the relationship between 
theories and models in the philosophy of science, and the challenges for 
ABM researchers in dealing with theory. Subsequently, we move onto 
the main part of this article, reviewing papers in the fields of social, 
environmental modelling and the spatial sciences where ABM is used, in 
order to establish how the term “theory” is used. We summarise these 
uses and speculate about some possible ways forward before concluding. 

2. Expectations of theories 

If people claim some proposition as a theory or label their idea as a 
theory, this indicates something about the proposition to others. Here 
we briefly consider a little of the philosophy concerning theories in order 
to prepare the way for our main analyses. This is important as the history 
of what a scientific theory is sets the expectations for theory, regardless 
of whether these are met in practice. 

In formal logic, a theory is the set of all statements that can be 
deduced from a set of axioms or assumptions, whilst a model is a 
structure that is consistent with these statements – it is a particular 
example of something that satisfies the theory (Tarski 1936). There is 
some confusion here, because there is another prior use of the word 
model, as in ‘model aircraft’ – something which is like, or acts like, what 
is modelled (Wartofsky, 1979). In the latter case there may not be any 
explicit theory, but, rather, the theory is implicit in terms of what 
characteristics and structures that were included in the making of the 
model. 

In science, theory is often conceived of as being a general explana
tion of observed phenomena that has been empirically established, such 
as the theory of gravitation (Hempel 1942, 1965). The model here is a 
more specific realisation of a theory from which one is able to make 
testable inferences, but the model is not generally true because it is 
limited in scope, i.e. to a particular case or context (Braithwaite, 1962). 
In order to obtain a specific practical prediction or to be able to compare 
the theory to data one has to add in more facts from the case in hand to 
make a model, and it is the model that predicts. Although the idea that 
theories should be axiomatized as a set of logical statements (plus a 
mapping to observations) was attractive to some philosophers – the 
so-called “Received view” of theories originating with the Logical Posi
tivists and cemented in the 1960 conference (Nagel et al., 1962), this is 
rarely done and, indeed, it is not clear how this would even be accom
plished in most cases (Hempel 1974). 

Whilst the debate about what a scientific theory is rumbles on in the 
philosophy of science, it is clear that how models and theories relate to 
each other and how science actually works with this relationship is 
important (Suppe, 2000). If we take a ‘family resemblance’ (Wittgen
stein 1953) approach to “theory”, then we might associate theory with 
many of the following characteristics: (a) it should have some level of 
generality – not necessarily global, but should be applicable to a set of 

phenomena and not only to one case (as in ‘mid-range’ theories), (b) it 
should include some kind of causal or mechanistic connection between 
its components in terms of which explanations are formulated, (c) it 
should be comprehensible or useable for humans, (d) it is usually at a 
relatively high-level description, (e) it is empirically reliable or repli
cable, (f) it can be used to infer things about the phenomena, (g) it newly 
posits and labels an entity (e.g. social capital), (h) it is formally 
expressed (e.g., using mathematics). However, not all of these hold for 
all examples of “theories” – for example, Darwin’s “Theory of Natural 
Selection” was not able to provide testable conclusions, until the 
new-Darwinian synthesis with genetics in the early 20th Century. 

This family resemblance leaves ABM researchers with a problem. 
People talk about theory for different reasons and on top of that, it 
means different things to different researchers. Theory often poses se
vere challenges for ABM researchers: (1) it can be very vague and ill 
defined, (2) it may not constrain possible interpretations very much, 
having a low explanatory content, (3) it might be founded on a great 
many assumptions, (4) it may assume a certain context of application 
that may not be explicitly described, (5) it may require many further 
assumptions to make it testable, (6) it may be more of a way of thinking 
about stuff, an analogy, rather than have any causal or mechanism-like 
content (e.g., the idea of “resilience”). One can understand why some 
prefer to avoid the term “theory” altogether and just deal with models. 

To avoid these definitional problems, we will not take an essentialist 
view as to what a theory is, nor a normative approach of what it should 
be, but rather restrict ourselves to how the word “theory” has been used 
in ABM papers, and then try to extract some practical conclusions from 
this. This is a deliberately inductive method which may frustrate some 
readers who are used to a more opinion-led approach. In other words, 
this paper is not about the theory of theory but, rather, its practice. 

3. How the word “theory” is used in some ABM fields 

Here we give examples from ABM papers that talk about theory 
explicitly. Not so many papers talking about ABM or the future prospects 
for ABM and theory but those showing examples of actually doing it. We 
look at three fields: social simulation, environmental modelling and the 
spatial sciences. 

Using the expertise present in the team of authors, we identified a 
renowned journal with a history of publishing agent-based models in 
three fields: environmental modelling (Environmental Modelling & Soft
ware), spatial sciences (Computers, Environment and Urban Systems) and 
social sciences (Journal of Artificial Societies and Social Simulation). On 
the January 25, 2022 we performed a systematic search for articles that 
include an agent-based model and maintain a focus on theories (search 
terms “agent-based” and “theory*” in title, keywords or abstract). We 
covered all papers published by these journals during the time they have 
existed. Out of the articles that matched the search criteria, we excluded 
works that did not present an ABM. Furthermore, although a reading of 
some papers might imply theoretical uses, we focussed down on those 
that explicitly use the terms: “theory” “theories” or “theoretical” The 
results of the search are summarised in Table 1, below. 

In each of the sub-sections below (one for each field considered), we 
first briefly review the discussion in that field about theory in ABM, 
before turning to a consideration of the articles in the corresponding 
journal that (a) present a specific agent-based model and (b) mention the 
word “theory” (or theories). 

3.1. ‘Theory’ in environmental modelling papers 

In the following, we constrain environmental modelling to the 
application of ABM to study social-ecological systems (SES). Due to their 

1 We used a script that scanned JASSS articles automatically in 2021. This 
found 127 such papers. 
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innate ability to represent heterogeneity in both actors and their in
teractions, ABM have been widely used to investigate human- 
environment interactions with the aim to advance theory and inform 
policy making in natural resource management (Schulze et al., 2017). 
Formal modelling in the form of ABM has helped to develop our 
knowledge of the dynamics of natural resources, their response to 
management interventions and environmental change, as well as their 
vulnerabilities and regenerative capacities (Schlüter et al., 2017). 

One of the main challenges has been – and still is – the adequate 
representation of human decision-making. There is “no culture of 
rigorous theory development, which would require that alternative 
representations be implemented and tested for their ability to reproduce 
multiple patterns observed in real social systems” (An et al., 2021). Most 
models of SES base their agent decision-making on ad hoc assumptions 
(Crooks et al., 2008, Smajgl and Barreteau, 2014) or oversimplify 
human behaviour by adopting the standard view of economic theory 
that all actors are selfish and rational. A recent survey (Groeneveld et al., 
2017) of 134 agent-based land use models found that the majority (62%) 
of these models did not explicitly ground their human decision-making 
processes on theory, whereas the most frequently applied theory was 
Expected Utility Theory (35%), a variant of rational choice under un
certainty, followed by Satisficing (9.7%). This “certainly reflects the 
dominance of economics compared to psychology in the field” (Groe
neveld et al., 2017). What is interesting (or rather alarming) is that there 
has not been an increasing attempt to base the human decision-making 
component on theory. 

3.1.1. Analysis of ABMs in Environmental Modelling & Software 
To investigate the use of theory in ABMs of socio-ecological systems 

we undertook a survey of Environmental Modelling and Software, one of 
the most relevant journals in the area. Of the 13 papers identified by the 
search described above, 6 had to be excluded for not containing an ABM. 
Another one proposes an extension to the established ODD protocol to 
include human decision-making in the model description with a section 
on the theoretical background (Müller et al., 2013), while one paper 
gives a systematic review of the theoretical foundations for human 
decision-making in agent-based land use models (Groeneveld et al., 
2017). The remaining five papers cover applications ranging from 
agriculture and land use change (Pacilly et al., 2019; Coelho and Ralha 
2022; Barnaud et al., 2013) to natural resource management (Touza 
et al., 2013) and climate change mitigation (Niamir et al., 2020). 

The majority of these papers use one or more theories from outside 
their application domain to help specify a component of the ABM, 
usually the decision-making of the agents. Evolutionary game theory is 
the basis for land manager agents to decide how many deer to cull per 
season in the agent-based model of natural resource management by 

Touza et al. (2013). Based on the received payoff and the comparative 
success of their neighbours, agents can adapt their strategy (proportion 
of deer to kill) for the next time step. An interesting aspect of this model 
is that the natural resource (deer) is mobile, so payoffs may change due 
to the number of deer present on the land. 

Coelho and Ralha (2022) apply evolutionary game theory to model 
agent interaction and conflict resolution, arguing that the emergence of 
social phenomena like certain behaviours in human society can be 
interpreted as evolutionary games. In their model agents competing for 
land parcels repeatedly play 1-1 games until the winner is determined 
and allowed to decide the land use for the parcel in question. Losers are 
able to adapt their strategies by learning from the outcomes of the games 
and either take on the strategy of their opponent (reactive mode) or the 
strategy with the currently highest payoff (registry-based mode). 

The other two papers use behavioural theories from psychology to 
inform the decision-making of their agents. Pacilly et al. (2019) rely on 
the Consumat framework (Jager and Janssen 2012) to model farmers’ 
decision-making regarding disease control in potato plants. Originally 
devised to model consumer behaviour (Jager et al., 2000), the Consumat 
approach incorporates aspects from a variety of psychological theories 
on human needs, motivational processes, social comparison, social 
learning and reasoned action into a comprehensive conceptual frame
work, answering the call for a meta-theory of human behaviour (Val
lacher and Nowak 1994). Key drivers for the selection of behaviour are 
need satisfaction and uncertainty, resulting in agents applying one of 
four strategies to determine which behavioural options to adopt: repe
tition, imitation, inquiring and optimising. 

To overcome the limitations of macroeconomic models in repre
senting heterogeneous agents and behaviour change, Niamir et al. 
(2020) combine an empirically calibrated computable general equilib
rium model (CGE) (Ivanova et al., 2019) with an agent-based model of 
household energy choices (Niamir et al., 2020). The use of theory here is 
two-fold: Firstly, the agent-based model draws on established psycho
logical theories (theory of planned behaviour (Ajzen 1985), norm acti
vation theory (Schwartz 1977) and value-belief-norm theory (Stern 
et al., 1999)) to model the decision-making process of its household 
agents. Secondly, by aggregating individual choices and feeding them 
into the CGE model, the ABM is used to refute the assumptions of clas
sical economic theory about human behaviour: that rational, homoge
neous actors are solely seeking to maximize their utility. 

The “odd one out” is the paper by Barnaud et al. (2013), which de
scribes a companion modelling process using role-playing games and 
agent-based models to facilitate discussions between stakeholders 
involved in the establishment of a new national park in Thailand. The 
use of theory here is not directly related to the ABM but to the negoti
ation process evolving around different model scenarios. When focus
sing on the proposed boundary of the national park discussions tended to 
be distributive, i.e. participants ‘divided up the cake’ (access to land/
resources) with the most vulnerable stakeholders (poor farmers) set to 
lose out, while an – admittedly unrealistic – scenario without fixed 
boundaries let the stakeholders see options for joint uses of the land in 
question, thus resulting in an integrative mode of negotiation where 
participants try to reframe the problem to ‘enlarge the cake’. 

3.2. ‘Theory’ in spatial science papers 

Typically, within the spatial sciences, theory has been developed 
based on sparse data and observations around phenomena such as 
migration, diffusion of ideas/products and gentrification (‘classic’ the
ories are typified by those put forward by Hägerstrand, 1952; Christal
ler, 1933). Many of these theories were derived at a time when fine 
grained data was largely unavailable and computational resources were 
sparse. These spatial theories were constructed from a largely deductive 
perspective based on common-sense assumptions such as Tobler’s law – 
that “everything is related to everything else, but near things are more 
related than distant things.” (Tobler 1970, page 236). 

Table 1 
A summary of the three chosen review fields the journals focussed upon and the 
number of articles reviewed.  

Field: Journal 
Title 

Environmental 
modelling: 
Environmental 
Modelling & 
Software 

Spatial sciences: 
Computers, 
Environment and 
Urban Systems 

Social sciences: 
Journal of 
Artificial 
Societies and 
Social Simulation 

Number of 
articles 
matching 
the search 
terms 

13 23 117 

Number of 
articles 
qualifying 
for the 
review 

5 17 >361 

Number of 
articles 
reviewed 

5 17 36  
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The famous Schelling-Sakoda model of segregation (Schelling 1971; 
Sakoda 1971) is able to formalise the processes described in these. It 
shows that it is possible that “… marked segregation can arise from 
rather mild individual preferences for living amongst one’s own kind” 
(Crooks 2010) – and is thus a counter example to the assumption that 
segregation must result from a strong preference for what is perceived as 
one’s own kind. But this model is highly abstract and is being used in this 
example to develop ideas about residential segregation, rather than to 
develop theory per se. Conclusions of the paper state that the model 
developed represents individuals and their preferences at the micro level 
with “recognisable patterns emerging at the macro scale”, which is 
something like a theory, however this isn’t quite the same as developing 
or testing theory. 

There are many ABMs that develop the Schelling-Sakoda approach 
(Sakoda 1971; Schelling 1971). Crooks (2010) investigates the effect of 
moving away from the rectilinear grids used by Schelling to arbitrary 
(vector) shapes, facilitating relating this kind of model to GIS data. He 
sees this as a way of testing the robustness of its underlying assumptions, 
and clearly sees this as a start of a process of moving towards something 
like theory, saying “The model provides the essential ingredients for 
cumulative scientific inquiry with a clearly specified model that facili
tates replication and extension” (2010, page 674). However, changing 
the model in this way also reveals a host of new issues concerning scale 
and the interpretation of residential clustering. Picascia (2017) adapts a 
Schelling kind of model but bases the micro-level changes in rent gap 
theory. He shows that this can result in some plausible macro-level 
behaviour and that the model can reproduce changes in price in both 
Manchester and London to a convincing degree. However, there are 
many other elements in his model so this can only be seen as a test of the 
combination of many theories and assumptions. If a “theory” is a series 
of models with strong family resemblance (Giere 2010) then the 
constellation of Schelling-Sakoda like models might qualify. 

Since that time, ABM has been successfully used for decades to 
replicate and simulate a range of spatial models from very abstract (e.g., 
Schelling 1971; Magliocca et al., 2011) to more empirical models with a 
a focus on prediction (e.g., Bonabeau 2002; Hoertel et al., 2020; Rosés 
et al., 2021) and everything in-between depending on the models’ 
purpose (Wu 2002; Epstein 2008). Perhaps the most abundant of spatial 
ABMs are for the representation of micro-scale processes, such as indi
vidual movement around neighbourhoods or city centres. Here, the 
ability of ABMs both to handle dynamic complexity and a range of data 
types can be readily exploited (Helbing and Balietti 2011). 

Several modelling approaches show that introducing heterogeneity 
to agent preferences makes a significand difference to the outcomes, 
including Parker and Meretsky (2004) and Sasaki and Box (2003) which 
demonstrated how spatial patterns can result from economically 
rational agent behaviours. These seem to aim towards something like a 
theory (or testing a theory) but remain very abstract. They do not seem 
to have the power to refute a theory, for example, due to the necessary 
presence of other assumptions. 

However, despite the success of ABMs, there is criticism about the 
way in which theory is embedded/represented by these models. Crooks 
et al. (2008) commented that while most models contain theories, the 
“theoretical implications of many ABMs remain implicit and hidden, often 
covered by a thick veil of ad hoc assumptions about structure and process”. 
This is a point that O’Sullivan et al. (2016) develop in their critique of 
ABMs commenting that “… there has been a drift away from using ABMs to 
engage with theory … Instead an increased focus on applications has directed 
attention to more ad hoc efforts attempting to build realistic models of 
particular systems. 

The remainder of this section will examine examples from urban 
analytics - a particular, well-developed area of the spatial sciences - to 
look at how theory is embedded within these models and whether the 
role of theory is explicit within the model or whether the theory is dealt 
with in an ad hoc manner. 

3.2.1. Analysis of ABMs in Computers, Environment and Urban Systems 
In this subsection we review the use of “theory” in one of the most 

popular applied geography journals, “Computers, Environment and 
Urban Systems”. The papers reviewed covered a range of applications 
from urban traffic dynamics, crime to land-use modelling. Of the 17 
papers reviewed, 10 came under the label of (1) when a theory is im
ported from elsewhere to help specify/justify/label a component of a 
wider ABM with only 2 papers under (2) the focus of the whole ABM is 
an existing theory or an idea. 

Applications that exemplify this mainly fell within the area of land 
use modelling (e.g. Koomen et al., 2015; Zhuge et al., 2016; Robinson 
et al., 2012). Here, utility theory or rent gap theory is used to validate 
the processes contained within the ABM and decisions taken in 
designing the ABM. These examples do not seek to test the theories, but 
instead use them to build an aspect of ‘realism’ into the application. In 
terms of individual behaviour, aspects of theory can also be found 
embedded in models of crime. Both Rosés et al. (2021) and Zhu and 
Wang (2021) exemplify this through use of Routine Activity Theory in 
their design and justification of agent behaviour to predict the occur
rence of different crime events. 

Whilst the majority of applications use theory in an ad hoc manner, 
there are a couple of examples where the focus goes a little deeper i.e. 
the whole ABM is an existing theory or idea. Filatova (2015) uses eco
nomic theory combined with rich spatial data and econometric analysis 
to build an ABM of land markets whilst Liu and O’Sullivan (2016) use 
several theories (rent gap theory, filtering theory and household life 
cycle theory) to build a detailed model of gentrification. Whilst the 
previous examples use theory to design and validate part of the model, 
these examples have the theory as the core of the model. 

Huang et al. (2013) present a detailed overview of how ABM has 
been used in the development of urban residential models - for example, 
several published ABM studies (e.g. Torrens and Nara, 2007) use 
‘representative features’ drawn from bid rent theory. Here, the embed
ding of theory within ABM seems to be more of a half-way house i.e. only 
elements of a theory appear in the form of variables, but the treatment of 
theory is more implicit than explicit. 

The above examples suggest that the theory incorporated is only 
tested along with a host of other assumptions. On the other hand, new 
theory coming out of ABM spatial simulation is more of a prospect than 
an actuality, at least as yet (echoing Crooks et al. (2008) comment above 
that theory in models is hidden under ad hoc assumptions about model 
structure and process). If theory can be a family of closely related models 
(Giere 2010) then indeed ‘theory’ can result in this sense. 

3.3. ‘Theory’ in social simulation papers 

Many in the field of social simulation do not bother with theory, 
except where the label is used for ideas imported from other fields. 
Others equate theory and their models, saying, if pushed, that their 
model is their theory2. Where theory is discussed more generally it is 
often a proxy for discussions about modelling methodology and use, e.g. 
as a route to importing relevant arguments from philosophy (e.g., 
Troitzsch 2009; Elsenbroich 2012). Some use their models to attack 
specific theories, e.g. the overly strong assumptions behind much eco
nomic theory (e.g., Moss 2008). 

However, as in other fields, many researchers in the field feel a need 
for theory (e.g., Carley 1995; Anderson 1999; Macy and Willer 2002; 
Lorscheid et al., 2019). It is difficult to pin down this feeling, but maybe 
being stung by the criticism of its relative absence compared to the 
‘hard’ sciences, they want to prove that they are a science or maybe the 
success in using abstract models illuminating ideas means that theory 
seems to be within their grasp. 

2 This is not said explicitly in their papers, but if one ‘corners’ them in a 
workshop this is what they say. 
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3.3.1. Analysis of ABMs in the Journal of Artificial Societies and Social 
Simulation 

‘Theory’ was mentioned many times within the Journal of Artificial 
Societies and Social Simulation (JASSS) in ABM papers, but this is not 
surprising as JASSS is particularly focussed on ABM and has always 
included methodological as well as more applied papers. To ensure that 
this paper is not too imbalanced towards JASSS, we thus limited the 
review to 30 papers, composed of the 6 papers that mention ‘theory’ the 
most (Vu et al., 2020; Taghikhah et al., 2021; Dilaver 2015; Balzer et al., 
2001; Spaiser and Sumpter 2016; Hassan et al., 2013) plus the 24 most 
cited papers that do (there was no overlap). We start with the papers that 
use the terms prolifically and then (more briefly) look at the others. 

One of the papers mentioning the word ‘theory’ most is Vu et al. 
(2020), which presents a modelling framework within which ABMs can 
be developed that support a “middle range theory approach” aiming to 
discover possible mechanism-based explanations. In paragraph 1.13, 
they hint at their interpretation of what a theory is in a mereological 
statement justifying the requirement for a common language in the ar
chitecture the article describes to express “the diverse range of mecha
nisms and entities that constitute a theory” (emphasis is ours); noting in 
the ensuing paragraph that “a theory sometimes only explains a limited 
aspect of an observed phenomenon”. This is a framework to support the 
implementation of ABMs from existing theories. The plurality of po
tential implementations of a theory in computer code is acknowledged 
(see Muelder and Filatova 2018), which showed that different imple
mentations of the same theory can result in significantly different out
comes. Even so, they argue that social simulations founded on theory are 
preferable in that they “are not ad hoc, but rooted in sociological 
discourse” (para. 5.1) - and thus avoids the problem of simulators just 
making stuff up on the basis of common sense or to fit the data. In both of 
these, theories come from elsewhere and (partially and incompletely) 
these provide external constraints for the design of the ABM to avoid this 
problem. 

Founding social simulations on theory, and the ‘contrast’ between 
theory-driven and empirical models, is the subject of Taghikhah et al.’s 
(2021) study, which compares a version of a model in which the agents’ 
behaviours are based on formalizations of social theories, with a version 
of the same model in which the behaviours are developed using statistics 
and machine learning algorithms from data. Whilst there are significant 
differences in the result of these two models, in this case both fit the shift 
to organic consumption as accurately as the other. In the same sentence 
(para. 1.6), they claim that “theory-driven models are powerful tools in 
representing general dynamics”, while quoting Sun et al.’s (2016, p. 57) 
observation that “simple theoretical assumptions” are often used in 
models as a cover for the lack of empirical knowledge and data. Just as 
Vu et al. (2020) do, Taghikhah et al.’s (2021) theoretical model com
bines theories – Ajzen’s (1985) theory of planned behaviour, alphabet 
theory (Zepeda and Deal 2009), goal framing theory (Lindenberg and 
Steg 2011), and cognitive dissonance (Festinger 1962). This emphasises 
Vu et al.’s (2020, para. 2.19) points about theories’ individual insuffi
ciency when faced with preparing the algorithms needed to develop a 
model in a particular context. It also raises the question of whether and 
how to integrate theories in a single model (which connects to Voinov 
and Shugart’s (2013) cautionary article about model integration in 
Environmental Modelling and Software). 

Almost all of the usages of theory in Dilaver (2015) refer to ‘groun
ded theory’, a systematic methodology to develop theory based on the 
analysis of (qualitative) data from the bottom up - inductive reasoning 
(Glaser and Strauss 1967). It is worth noting Dilaver’s (2015, para. 1.5) 
commentary on Glaser and Strauss (1967) being positive about the use 
of theory, in contrast with Vu et al.’s (2020, para. 5.1) negative opinions 
on models not founded on theory cited above. Dilaver expounds a more 
inductive approach to model building, starting from qualitative data, 
noting the common concern that “Both social simulation models and 
grounded theory research often receive scepticism, if not severe criti
cism, about whether or not their methods would accommodate anything 

goes.” (Dilaver 2015, para. 1.5 – emphasis the author’s.). The themes and 
patterns resulting from a grounded theory can be seen as a cautious 
approach to abstraction, but one that results in patterns and themes 
rather than anything causal. These patterns are then used to inform the 
design of the ABM. 

The debate about whether models should be founded in theory goes 
back to the earliest years of JASSS, and is given detailed general atten
tion by Balzer et al. (2001), albeit in the context of a specific (and, as the 
authors give the impression of believing, rather tedious) argument at the 
time between game theorists and social simulation modellers about 
which is the better approach to understanding social phenomena. In 
section 3 (paras. 3.1–3.16), the article addresses the apparent criticism 
from the game theorists’ side that simulations lack an ‘underlying the
ory’ by breaking down the constituents of a ‘scientific theory’ (para. 3.5) 
into: hypothesis, data, specification of intended system and community 
of practitioners. It then translates the hypothesis and data into the 
simulation domain (para. 3.10) as being the model’s computer program 
and initialisation data. While acknowledging (para. 3.14) that a simu
lation model may have only a single practitioner (the developer), they 
are then explicit in making the claim that “every simulation study has 
the same status as a scientific theory” when it is first proposed (para. 
3.16). Founding a model in theory assumes that there exists a theory that 
is adequate to the task. “Game theory” is not a single theory, but rather 
an approach that has produced a set of models with a strong family 
resemblance (Giere 2010). Game theory is thus more a framework for 
modelling interaction – inference can be gained from a model that adds 
sufficient detail but not from the framework itself. In a different domain, 
Spaiser and Sumpter (2016) give specific attention to Human Develop
ment Sequence theory (Ingelhart and Welzel, 2005). In their paper, they 
find that they need to augment the original theory about how de
mocracies emerge to account for social inequality in access to resources 
(Spaiser and Sumpter 2016, para. 5.26). 

Many of the usages of the term ‘theory’ in Vu et al. (2020) reference 
existing work that is typically written with the word ‘theory’ – e.g. ‘norm 
theory’ (Rimal and Real 2005; Cialdini et al., 1991), ‘role theory’ 
(Knibbe et al., 1987; Wilsnack and Cheloha 1987; Yamaguchi and 
Kandel 1985), ‘rational-choice theory’ (Becker and Murphy 1988), 
‘theory of planned behaviour’ (Ajzen 1991). In such contexts the status 
of the concept referred to as ‘theory’ is unquestioned; rather, it is simply 
a token to refer to a body of knowledge already accepted by one com
munity or another as having the status of being a theory. Not using the 
word ‘theory’ to refer to the body of knowledge would then seem 
strange, and the usage is merely a matter of habit. Less unquestioning 
usages in Vu et al. (2020) are categorical in nature, including ‘mid
dle-range theory’, ‘single-theory’, ‘multi-theory’, ‘mechanism-based 
theory’. To these, Dilaver (2015, para. 3.27) adds ‘mainstream theory’, 
Balzer et al. (2001) add ‘scientific theory’. However, Vu et al. (2020) 
also refers to discipline-oriented categories – ‘psychological theory’, 
‘social theory’, ‘cognitive theory’ – which are more akin to referential 
usages, even though the constituents of a theory and criteria for recog
nition of knowledge as such might well differ from one discipline to 
another. 

Spaiser and Sumpter (2016) and Vu et al. (2020) make reference to 
macro-micro-macro dynamics in their articles, with references to 
Hedström and Swedberg’s (1996, 1998) metamodel, and Coleman’s 
(1986) ‘boat’. A key advantage of agent-based models over other ap
proaches is the explicit representation of micro-micro emergent 
behaviour (micro-macro) and that, at least in principle (if not always in 
practice) agents could observe and reason about the macro level to 
inform their action, or have their behaviour constrained by macro out
comes (macro-micro) (Hassan et al., 2013). However, many of the spe
cific theories referenced pertain to micro-micro interactions and do not 
include macro-micro processes. The arguments given by Balzer et al. 
(2001) already put pressure on the idea that models must be founded on 
theory to be scientifically sound. However, one point Balzer et al. (2001) 
does not raise in objection to this principle, which is still alive and well 
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nearly twenty years later in Vu et al.’s (2020) article, is the 
path-dependency this creates: the set of theories available at any one 
time is a function of the work done by theoreticians. Historical (and to a 
significant but proportionally lesser extent ongoing) disciplinarity of 
such studies means that there is variation in the size of the menu of 
theories for each part of the ‘boat’ in any specific modelling case study. 
In social-ecological systems modelling the matter is brought into even 
sharper relief there, because each of the macro-micro-macro links also 
has social-social, social-ecological, ecological-ecological and 
ecological-social dimensions. 

Moving to the 24 most cited that mention ‘Theory’, many of them 
used the term when a theory is imported into a simulation having 
already been called a theory (either individually or under a collective 
label), most frequently the term ‘game theory’ (Galan and Izquierdo 
2005; Izquierdo et al., 2008; Hartshorn et al., 2013), with Rauhut and 
Junker (2009) also mentioning boundedly rational alternatives, and 
(Power 2009) also mentioning ‘fuzzy set theory’. Two of these 
(Izquierdo et al., 2008; Rauhut and Junker 2009) applied the theory in 
the sense of using the mathematical machinery of game theory to infer 
conclusions (as well as via ABMs), the rest simply used the structure of 
game theory in terms of how interaction was implemented. Other the
ories that were mentioned in the selected papers included ‘activities 
theory’ (Fonoberova et al., 2012), ‘costly signalling theory’ (Wildman 
and Sosis 2011), ‘self-categorization theory’ (Salzarulo 2006), ‘optimal 
distinctiveness theory’ (Smaldino et al., 2012), ‘theories of mobilisation’ 
(Armano et al., 2003), ‘theory of planned behaviour’ (Knoeri et al., 
2011), the ‘Act-R memory model’ (Wijermans et al., 2013) elsewhere 
called a theory in the paper, various theories from environmental psy
chology (van der Kam et al., 2019) and theories of emotion and 
computation (Staller and Petta, 2001). In seven of these ‘theory’ (Galan 
and Izquierdo 2005; Izquierdo et al., 2008; Fonoberova et al., 2012; 
Wildman and Sosis 2011; Hartshorn et al., 2013; Salzarulo 2006; Staller 
and Petta, 2001) only played a part in terms of labelling the justification 
for a core modelling element and the term had no other usage or sig
nificance in them. 

The second most common usage among the 24 papers was to 
designate a more general framework, within which the implemented 
ABM was specified. This was less precise and tended to indicate more of 
a way of approaching the subject matter. Thus (Bergman et al., 2008) 
took the general framework of ‘Socio-Technical Transitions’ (Lustick 
2000), within ‘constructivist theory’ (Holtz 2014), was informed in a 
general way by ‘practice theories’ (Rand et al., 2015), claimed to be 
‘grounded in social theory’, (Knoeri et al., 2011) used the general ideas 
of Giddens’ ‘structuration theory’. This is a matter of degree rather than 
absolute kind – these took a vaguer and more general inspiration from a 
collection of ideas (grouped as a ‘theory’), whilst in the previous case the 
‘theories’ justified the specification of a particular mechanism or pro
cess. However, some of the latter were not described precisely in its 
original form and were, at least, somewhat vague. 

More ambitiously in a few papers the whole of the ABM was an 
implementation of a theory (as opposed to a specific component or a 
general approach). Gilbert et al. (2001) seek to make a theory of inno
vation networks – a whole modelling framework instantiating and 
specifying this theory, which will then be applied to different cases. The 
whole of the ABM in Li and Xiao (2017) is an instance of ‘social judge
ment theory’. (Muelder and Filatova, 2018) compare different versions 
of the ‘theory of planned behaviour’. A whole approach to using 
parameter exploration to ‘test’ a theory (implemented as a sub-model) is 
described in (Thiele et al., 2014) with example ABMs, each imple
menting the theory to be tested. 

Using an ABM to result in theory (other than simply implementing it) 
were rarer, though this was the implicit goal (e.g., of future work) 
implied in many of the papers already mentioned. The most common of 
these was to refine the theory by implementing it and revealing the 
additional assumptions or choices needed to get there. This included 
(Holtz 2014) for practice theories, the ‘optimal distinctiveness theory’ of 

social identity in (Smaldino et al., 2012) – pointing out that these will 
never be resolved at the purely individual level, the versions of the 
theory of planned behaviour (Muelder and Filatova, 2018), and to some 
extent (Rauhut and Junker 2009) in terms of the need for refined 
theories. 

Two papers aimed to test theory using an ABM (Rand et al., 2015): on 
diffusion mechanisms in social media, and (Wijermans et al., 2013) that 
aimed to produce ‘testable theory’ in terms of their multi-level analysis 
of ABMs. However, it is clear in both of these that many other as
sumptions were also imported into these models to be tested together 
with the headline theory, which is OK as long as these other assumptions 
are not critical to the results. 

One paper aimed to show that one input theory explained the 
observed data better than another given the other constant things in the 
models (van der Kam et al., 2019). One paper had elements of an 
inductive move towards new theory by observing the qualitatively 
different effects of theory elements upon the outcomes (Power 2009). 

Finally, three papers associated theory with mathematics (Izquierdo 
et al., 2009): with the mathematics of Markov chain analysis, (Staller 
and Petta, 2001) mentioned deontic logic being some of the theory 
behind social norms and (Rauhut and Junker 2009) with the maths of 
game theory that they used. 

4. Theory as mathematics 

There is a tradition (coming from physics and hence economics) that 
simply calls any analytic mathematics, “theory” and any simulation, a 
“model”. Where by “analytic” we mean it is possible to solve the 
mathematics to obtain a general “closed form” equation that specifies 
the value of output variables over the possible (maybe using appropriate 
approximations). Thus, an analytically solvable mathematical model 
can take the form of a general, theory-like formulation. However, the 
mathematics of most complex systems are not analytically solvable, 
which means that either (a) the maths only addresses a very restricted 
aspect of the system (e.g. when it is in equilibrium) or (b) they involve 
strong simplifying assumptions. Thus, with complex systems, the 
apparent generality of analytic solutions may be deceptive as the solu
tions obtained pertains to either: only the narrow aspect that the maths 
addresses, or only when the simplifying assumptions hold. ABMs can 
avoid these restrictions because it calculates solutions rather than using 
analytic proof but, on the other hand, each simulation run gives the 
output only for a specific set of inputs and random seed, so one can only 
sample the set of all outcomes. 

Whilst equating theory with maths might be understandable from a 
historical perspective, it does not seem to be very useful terminology in 
today’s context. It confuses the tool (the kind of formal system) with 
what it expresses – any maths could be made into a computational model 
and vice versa but this would not change the generality of its content. 
Maths can express general patterns but might also be used for describing 
very particular cases – there exists more theory-like and more model-like 
mathematics. Similarly, specific simulations can be summarised by more 
theory-like simulation models. We already have the words “simulation” 
and “mathematics” to distinguish these two so this maths = theory usage 
does not allow new distinctions and indeed confuses methodological 
considerations. Thus, although there are examples of this usage in ABM 
papers, we do not find it very helpful. 

5. What theory goes “in” to an ABM 

Although it is far from the case that all ABMs use anything called a 
theory in their formulation, they almost always are based on some ideas 
that are theory-like. 

First, we look at when theory is used in construction of an ABM. That 
is in terms of informing its specification, before the results are known. 
This is irrespective of whether what is specified is about the macro-level 
(as in statistical or traditional economic modelling) or the micro-level 
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(as in generative modelling). What we are distinguishing here by “in” 
and “out” is what is assumed compared to what is inferred. 

We distinguish several cases, as follows.  

(I1) When a theory is imported from elsewhere to help specify/justify/label 
a component of a wider ABM. Here the aim is to restrict choice – to 
constrain how the ABM is implemented – especially in terms of 
agent behaviour. This avoids the danger of entirely ad hoc models 
and has the happy side effect of justifying an element of an ABM 
within a published paper. However, the effectiveness of this 
approach depends upon how vague the theory is (and thus the 
range of implementations that are consistent with the theory) and 
the reliability of the theory being used (in other words, its 
empirical support).  

(I2) When the focus of the whole ABM is an existing theory or idea so the 
purpose of making an ABM from it is to test/refine this – often 
bridging between micro and macro levels. In this case (as well as 
the one above), what results is usually some understanding of the 
results of a combination of the focus theory, but in combination 
with a whole host of other theories and assumptions – in this case, 
it does not convincingly test the focus theory but rather explores 
its potential outcomes with respect to this set of other assump
tions. This has the potential to identify gaps as a result of for
malisation (Sawyer, 2005), but, in many cases, the number of 
possible ways of filling these gaps is very large.  

(I3) The specific ABM is designed within a more abstract framework 
(sometimes called a ‘theoretical framework’). The impact of this 
approach depends upon how much the framework constrains 
what can be implemented within it. A strongly constraining 
framework makes this effectively similar to the I1 or I2 cases, 
whilst a weakly constraining framework becomes more of a 
programming language which is used in implementation – mak
ing different models easier to compare (which has the potential to 
facilitate generalisation to a theory, however we did not find any 
examples where this was achieved). 

Clearly these categories can overlap. For example, one might take a 
theory from elsewhere, intending to use it to specify an ABM but find 
that one has to refine it in order to do this. The point is that each of these 
has different goals. 

6. What theory comes “out” of an ABM 

Is it not necessarily the case that we want any theory to result from a 
simulation – a major outcome of ABMs is not about theory at all but 
exploring the consequences of a particular set of entities, processes, 
structures and settings. However, there are several kinds of expectation 
when one does. The first four cases are as follows.  

(O1) That one might refute or support a theory of the (I2) kind above. This 
does not give a straightforward refute/support example, but de
generates into the O2 type discussing what kinds of assumptions 
might be necessary for the theory to hold.  

(O2) It might result in a refined theory (or set of theories) of the I2 kind 
demonstrating a concrete instantiation of the original (more 
vague) theory, revealing the additional assumptions that make 
this possible. This does seem to work as stated, but there are often 
alternative possible instantiations of the original theory.  

(O3) It might show that one theory of the I1 kind explains observed 
outcome patterns whilst another (or a null hypothesis) does not. 
There are some examples of this, but the conclusions about which 
I1 theory is right are usually relative to a whole host of other 
assumptions that went into the ABM, so the conclusion is only as 
reliable as those assumptions.  

(O4) The ABM is used in an inductive fashion to suggest a completely new 
theory. We have not come across many examples of this – it seems 
to be currently more of a hope than realised. 

There were two further ‘theoretical’ uses of ABMs that were not 
explicitly mentioned in the papers reviewed but were implicit in 
many of them. These are as follows.  

(O5) When an ABM can show the consistency of a complete set of theories 
and assumptions with each other (and hence enhances their plau
sibility). Maybe this is simply assumed by simulation modellers 
and thus not worthy of specific comment. Is a common and 
productive use, but only allows weak theoretical conclusions (in 
the sense that it is difficult to infer anything useful from them) 
depending upon how often that combination of theories and as
sumptions go together (and this is often not part of the main 
purpose of such integration exercises).  

(O6) When a family of related models results from a body of work, 
collectively constituting a ‘theory’ in some sense, as Giere (2010) 
argues. Theories of this latter kind tend not to be trumpeted 
within a single paper but is maybe something that emerges within 
post-hoc reviews of the research landscape. This is perhaps the 
most convincingly achieved of the possible results of ABM 
modelling, but the establishing the relationship between the 
explored abstract families of models and empirical models or data 
has, up to now, not been extensively focussed upon. 

7. Some possible ways forward 

This brief survey has highlighted substantial holes in terms of 
effectively testing existing theories or generating new theories. If ABM 
models and theory are to work more productively together, as antici
pated in some of the more visionary papers mentioned in the introduc
tion, then we think substantial methodological advances are needed 
(hopefully supported by the development of new tools to support these). 
This will require a lot more rigour in how we use models and precision in 
terms of what one wants the theory to do. 

The lack of precision as to why one wants theory seems to come from 
a fundamental dichotomy about what one wants of it, between (a) a 
human-comprehensible account that helps one think about some sys
tems and (b) a formal account that empirically matches a range of 
observed cases. The ultimate, physics-inspired, hope seems to be that 
one would find a theory of socio-ecological systems that does both. The 
basic problem is we have not come up with something that is both, so 
that we either have abstract models that give us nice stories of emer
gence etc. But do not have an empirically rigorous relation to observed 
cases or models that relate closely to data from observed cases but not to 
a wide range of them. 

There is no problem with developing ways of thinking about systems 
using abstract models as long as one does not delude oneself that this is 
an empirical relationship, but rather you are using the model to un
derstand a set of ideas – similar to the analogical or theoretical explo
ration purposes in Edmonds et al. (2019). The difficulty comes if one 
wants theory to be empirical, e.g. to explain or predict observed data. 
One may hope that an abstract model might later be developed to 
become rigorously empirical, but one should only claim that once this 
has been established. 

In terms of testing theory empirically, in the examples we found, the 
test was relative to a raft of other assumptions (in addition to those from 
the theory being tested). These assumptions were often not fully 
described. In particular, it was frequently not clear how essential or 
reliable these auxiliary assumptions were. If we are to use ABM to 
rigorously test theory we need at least two steps: (1) a more formal 
listing of all the assumptions in a model, describing each in terms of their 
provenance and reliability (e.g. A is empirically established, B is sug
gested by the literature, C is a traditional assumption, D seems to us 
based on common sense, E was necessary to get the simulation to work) 
and then (2) to systematically vary the relatively unreliable assumptions 
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to check if the result of the testing remains the same. If we did this, we 
would know the reduced set of auxiliary assumptions under which the 
target theory held. 

A similar approach with assumptions might be necessary in terms of 
inducing new empirically-valid theory, since we need to distinguish 
what is essential to the theory and what is irrelevant detail. Two ap
proaches seem possible here.  

1. The first is doing a lot of empirical models of specific cases of a 
certain class of system and then analysing what was common to all of 
those models. This might be aided by machine algorithms to compare 
mechanisms and outcomes automatically, but you still need the set of 
base case models to work on. This is a lot of work, so has not been 
done for socio-ecological systems as far as we can tell. It is possible 
that, by agreeing on some certain commonalities first (e.g. ontol
ogies) that the subsequent comparison process would be easier.  

2. The second is via a process of meta-modelling, starting with an 
empirical model and then modelling that model with a simpler one 
(Lafuerza et al., 2016a). In this approach the important outcomes are 
identified and then ensuring that any simplifications in the 
meta-model do not result in any significantly different outcomes. 
Thus, even if an initial meta-model over-simplifies (resulting in 
significantly different outcomes) more of the detail from the original 
can be reinstated until the align. This process can progress further to 
a meta-meta-model etc. (as in Lafuerza et al., 2016b). 

The trouble with empirical science is that it takes a lot of work and 
the more complex the target system, the more work it takes. The amount 
of work probably means that such efforts need to be collectively, rather 
than individually, organised. It is far easier to deal with abstract models 
of ideas, but those can merely give the impression of progress. 
Furthermore, any theories that result may well not be simple, for 
simplicity is not a reliable indicator of empirical truth (Edmonds 2007). 

8. Concluding summary 

Equating maths with theory does not seem very helpful and risks 
confusing debate about which formal tool is most suitable for the task in 
hand with how to proceed in terms of generalisation. We recommend 
that this usage is avoided, since it does not increase clarity or enable 
useful distinction. 

The use of theories as input is difficult due to (a) their vagueness (and 
hence many other assumptions are needed to instantiate these into an 
ABM) and (b) their reliability, since the theories often do not make clear 
their empirically established conditions of application (or they are not 
even known). Exploring all the possible additional assumptions to turn 
theory into an ABM (all or part of it) is usually infeasible. To get a new 
theory out of ABMs with any level of generality would require the 
comparison and analysis of several ABMs, which takes a lot of work and 
is rarely done. Any conclusions about theories put into an ABM is rela
tive to a host of other added assumptions. Precision is needed in 
describing this kind of activity, so that readers are clear about how 
theory is used. 

Whilst existing theories are often used to help specify ABMs, the link 
from what comes out of ABMs to theories as they are in their domain 
subjects is weak. We suggest that: (a) the link from model back to theory 
needs to be strengthened by collaboration with theory colleagues after 
simulation results are known, (b) more rigorous methodologies (maybe 
new inductive approaches such as sketched above) are needed if new 
theory is to be identified from ABMs, (c) the rhetoric about testing or 
developing new theory should be moderated in line with what can 
actually be achieved, maybe aiming for some level of generalisation 
rather than trying to ‘jump’ to supposedly very general conclusions (d) if 
we are serious about obtaining greater empirical generality for our 
models then we need to organise so we can collectively achieve this, and 
(e) decide what is important to us in terms of theory – what we want it 

for. 
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