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Abstract
In the 1990s, Agent-Based Modeling (ABM) began gaining popularity and represents a
departure from the more classical simulation approaches. This departure, its recent
development and its increasing application by non-traditional simulation disciplines
indicates the need to continuously assess the current state of ABM and identify
opportunities for improvement. To begin to satisfy this need, we surveyed and collected
data from 279 articles from 92 unique publication outlets in which the authors had
constructed and analyzed an agent-based model. From this large data set we establish the
current practice of ABM in terms of year of publication, field of study, simulation software
used, purpose of the simulation, acceptable validation criteria, validation techniques and
complete description of the simulation. Based on the current practice we discuss six
improvements needed to advance ABM as an analysis tool. These improvements include
the development of ABM specific tools that are independent of software, the development of
ABM as an independent discipline with a common language that extends across domains,
the establishment of expectations for ABM that match their intended purposes, the
requirement of complete descriptions of the simulation so others can independently
replicate the results, the requirement that all models be completely validated and the
development and application of statistical and non-statistical validation techniques
specifically for ABM.

Agent-Based Modeling, Survey, Current Practices, Simulation Validation, Simulation
Purpose

 Introduction
Emerging from the fields of Complexity, Chaos, Cybernetics, Cellular Automata and
Computers, the Agent-Based Modeling (ABM) simulation paradigm began gaining
popularity in the 1990s and represents a departure from the more classical simulation
approaches such as the discrete-event simulation paradigm (Heath and Hill 2009). A
primary reason for the popularity of ABM and its departure from other simulation paradigms
is that ABM can simulate and help examine organized complex systems (OCS). This
means the ABM paradigm can represent large systems consisting of many subsystem
interactions. These systems are typically characterized as being unpredictable,
decentralized and nearly decomposable. Although computer simulation as an analytical
tool has been around since the advent of computers, the ability of the ABM paradigm to
simulate complex systems has moved into a breadth of fields ranging from engineering to
mathematics to social science and economics where sometimes for the first time analysts
can utilize simulation to explore these complex systems at a level of detail that was difficult
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or impossible to previously obtain.

What Seems to be Holding Back ABM?

Due to its characteristics and abilities, some claim that ABM represents a revolution in
modeling and simulation. However, this statement is based primarily on the potential of
ABM rather than the current results (Bankes 2002). One reason for the lack of meaningful
results sometimes emanating from ABM studies, in general, is due to the type of complex
systems that ABM is used to simulate and explore. Traditionally these types of systems are
difficult to analyze given their non-linear behavior and size (Casti 1995). Nevertheless,
there is no reason why analyzing these complex systems using ABM should not eventually
always produce meaningful, model-based results. Systems that are large and difficult can
be understood. History gives many examples of problems seemed nearly impossible to
solve, but when given the proper tools scientists found solutions. For example, at one point
we did not understand why an apple fell to the ground from a tree. Newton and others were
able to develop theories and tools that helped them not only explain but also predict the
behavior of the falling apple. By extension meaningful results regarding these complex
systems will be consistently gained when the proper tools and models are in place, and
ABM is, at least for the moment, the most suitable tool for analyzing these types of the
complex systems.

ABM as a modeling technique and paradigm is really still in development. This statement is
generally supported by the relatively recent development and popularity of the paradigm, its
departure from traditional simulation paradigms and the "new to simulation" fields that are
using ABM to study OCS. Whenever a new tool or technique emerges time is needed to
flush out the details of its application, capability and limitations. For ABM, researchers must
determine what simulation techniques/philosophies are appropriate and what new
techniques/philosophies are needed specifically for ABM. Since ABM is being used in
fields that traditionally have not used simulation, it will take some time for these researchers
to hone their simulation skills and to effectively develop appropriate analytic models for
their domain.

Two key things are needed to mature the ABM paradigm. First, techniques, philosophies
and methods need to be developed specifically for ABM and distinguished from other
simulation techniques, philosophies and methods. A fair amount of research in this area
has already been done (for a few examples see Axtell, Axelrod, Epstein and Cohen 1996;
Bonabeau 2002; Epstein and Axtell 1996; Epstein 1999; Macal and North 2006; Miller and
Page 2007; North and Macal 2007). Then, teaching of ABM techniques, philosophies and
methods must improve so those using ABM can build effective models. These key things
are independent of the specific scientific domain of interest.

What is the Current State of ABM?

Specifically what do ABM researchers need to focus on? What specific problems exist in
the ABM paradigm domain that are keeping ABM from reaching its full potential? To help
answer this question, we present a comprehensive review of the state of ABM to determine
research directions, needs and opportunities. We surveyed 279 published articles in which
agent-based models were built and used for analysis. The survey helps to describe the last
10 years of the field's development as well as its current state of the art.

The remainder of the article is divided into four sections. Section 2 discusses the general
survey methodology and provides justification for the categorization strategy employed.
Section 3 discusses the results from the survey. Section 4 discusses the implications the
survey results have on identifying the research opportunities in the ABM paradigm. Finally,
Section 5 summarizes and concludes the article.

Methodology
Throughout the survey process every attempt was made to obtain ABM articles in an
unbiased manner. However, the ABM literature is vast and covers many scientific domains
of interest. Thus, it is quite likely, despite our efforts, that this survey will miss some
domains using ABM. However, the issues and challenges associated with ABM are quite
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domain independent. Thus, our survey provides at least a starting point in determining the
state of the art and the common research challenges.

It should also be noted that our research is primarily concerned with the philosophy of ABM
and simulation and how these simulation models are developed and validated. As a result,
the framework and methodology we developed is not concerned with the type and/or
classification of the agent. In our framework an agent is an abstract representation of a
distributed autonomous entity and the behaviors and attributes of the agent is the modeler's
decision. While we do not consider an agent's characteristics in this survey, we encourage
those interested in extending our survey to evaluate the characteristics of the agents in
these models.

Collection of the Sample

The survey methodology involved obtaining a large sample of published works where the
authors built some agent-based models and reported their analytical findings. There are
several advantages to this approach. The first is that it more accurately reflects what
simulationists are concerned with, the techniques they are using and what the publication
outlets and reviewers deem acceptable practice. This type of information directly represents
the main thoughts, feelings and techniques used by those constructing 'acceptable' agent-
based models. This approach can also help capture trends by tracking when the works
were published. Finally, this approach is less subjective to author opinion and biases. A
good representative sample of works was collected and a well defined categorization
scheme implemented to objectively capture the techniques used by the simulationists. We
did not focus on articles discussing specific techniques or methods as this focus would
yield limited information on ABM trends, issues and challenges.

The works included in this survey discuss development of an agent-based model,
produced results, were published by a peer-reviewed outlet and were published within an
approximate 10 year time frame (January 1, 1998 to July 20, 2008). Furthermore, we
primarily focused on ABM where all decisions and actions were defined prior to execution
of the computer simulation. Using this criteria, 279 works were obtain from a variety of
outlets. The primary source used to collect the samples was OhioLINK's Electronic Journal
Center. OhioLINK is a consortium of 89 Ohio colleges and universities as well as the State
of Ohio Library. Specifically, the Electronic Journal Center (EJC) is one service of OhioLINK
that was established in 1998 and is an online full-text collection of over 7,750 journals from
many different disciplines (The ohio library and information network 2008). Using the EJC,
the search "agent-based" provided the links to the works obtained.

In addition to the EJC, other sources were used to obtain samples from fields that are not as
well represented within the EJC. One such source is the Journal of Artificial Societies and
Social Simulation (JASSS). JASSS is one of the few journals dedicated to society and
social computer simulations. All JASSS articles that met the search criteria were also
included in the survey sample. One field that was noticeably missing in the original EJC
sample was military applications of ABM. To incorporate some of the military work involving
ABM, Master's Theses from the Naval Postgraduate School in Monterey, CA and the Air
Force Institute of Technology in Dayton, OH were also included into the survey. Although
not published journal articles, they are publicly available, reviewed and deemed to be
acceptable enough to award students with a Master Degree. These works not only met the
survey criteria but often provide much more detail about their models since they are not
restricted by page limits. Appropriate articles from the Winter Simulation Conference (WSC)
were included to capture ongoing work since WSC is one of the primary simulation
conferences in the world and these papers particularly represent how more traditional
simulationists utilized ABM. Note WSC articles are also reviewed before being published in
the proceedings. Finally, duplicate works were excluded. Duplicate works would include
papers using a common model but for differing purposes. Removing duplicates helped
avoid skewing the survey results.

Altogether, a total of 279 samples were collected from 92 unique publication outlets from
the 10 year sampling period. The distribution of the number of articles per year is shown in
Figure 1 to provide a measure that is not influenced by variations in journal publication and
topic schedules. In general, this distribution appears appropriate; it reflects what is
intuitively expected. Since ABM has become more popular over time, there should be an
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increasing trend in the number of articles per year. Clearly the sample reflects this. Thus,
this sample appears to be a relatively decent representation of the population. Note 2008
data only includes articles available before July 20, 2008. Projections of final 2008 number
are not made since the survey focus is not on projecting ABM growth but on capturing ABM
trends and research challenges.

Figure 1. Number of Articles per Year in the Sample

The breakdown of the number of articles per publication outlet is shown in Figure 2. Figure
2 indicates that the majority of the samples come from publication outlets with four or less
articles in the sample. This means that many different outlets are accepting ABM articles, a
nice trend for the field. Figure 2 also shows that the sample represents a wide variety of
topics including military applications, biology, economic, social science, business,
complexity theory and simulation. This topic diversity in the range of outlets further supports
our claim that this sample is a meaningful representation of the ABM field. A complete list of
the 279 works included in this sample is found in the Appendix.

Categorization and Data Collection Strategy

With a reasonable sample of literature, the next step was determining an appropriate
categorization and data collection strategy that would give insight into the progression and
current state of ABM. Some data was standard. For example, the author(s), publication
outlet, general topic and year of publication were easily recorded from each sample. These
data do not provide the insight needed into many of the techniques, methods and
philosophies of the field. Therefore, other data were employed.

Software

Software data included whether general software packages or native languages were used
to realize the agent-based model. If authors mentioned a software package, for example the
ABM was built using Java or C++, the software package name used was recorded. If the
authors said they programmed their model directly, for example by using Java or C++, then
the programming language was recorded. This type of information gives insight into the
popularity of particular software packages and helps to determine how modelers are
creating their agent-based models.
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Figure 2. Articles per Publication Outlet in the Sample

Field of Study

Accurate information regarding the author's domain or field of study helps infer whether
different fields of study have different ABM practices. Each article was deemed from a field
of study such as economics, social science, military, biology and public policy. The field
applied was judged to best describe the topic of the model. Naturally, there were instances
where a model could exist in multiple fields of study; only the best describing field was
used. This categorization strategy gives insight into the differences and similarities
between and within domains that are using ABM.

Reference to the Complete Model

Science and engineering is the process of developing models/theories of real systems for
particular purposes. ABM is just a technique that aids science and engineering in gaining
insight into the real world and how the real world behaves. As with any science or
engineering model, ABM results must be independently replicated for the results to be
considered scientifically valuable. Each article was reviewed to see if they provided some
reference the complete model, or at least some way to obtain a complete description of the
model such that it can be independently replicated.

Validation Technique(s)

To gain insight into a real system by using a model, that model must be an accurate
representation of that real system. Since all models are incorrect representations of reality
(Ashby 1970; Stanislaw 1986), the emphasis of simulation validation is ensuring the model
is an appropriate representation of the real system of interest for a given set of objectives
(Balci 1998; Banks, Carson, Nelson and Nicol 2001; Law 2007; Sargent 2005; Zeigler,
Praehofer and Kim 2000).

There are two aspects to consider when considering the validation of ABM, or any
simulation model. The first aspect is the piece of the simulation model being validated.
There are many pieces of a simulation. For simplicity this survey examined validation of the
two most basic pieces: the conceptual model and the simulation output. There are many
different representations of how to build a good simulation model (Balci 1998; Banks et al.
2001; Law 2007; Sargent 2005; Zeigler et al. 2000). Figure 3 shows a simplified simulation
development process. Notice there are two rounds of validation, each validating different
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parts of the simulation. The first round validates the conceptual model. The conceptual
model is the abstracted model of the real system. It relies upon known system theories,
drives model development and dictates the variety of assumptions required in any model
abstraction process (Banks et al. 2001; Morris 1967; Robinson 2008;Robinson 2006;
Sargent 2005). The conceptual model forms the foundation of an ABM model; an invalid
conceptual model indicates the model may not be an appropriate representation of reality.
The second round validates results of the simulation against results from the real system.
For a model to be completely valid, it must be validated both conceptually and
operationally. For the survey, each article in the sample was examined to check whether
conceptual and operational validation of the model occurred.

Figure 3. A Simplified Simulation Development Process

The second aspect is the techniques used to validate each piece of the simulation model.
Within the simulation domain are many different validation techniques (for several
examples see Balci 1998). This survey partitioned these techniques into statistical and
non-statistical techniques. Statistical techniques use formal statistical hypothesis tests to
check the validity of some piece of the model. Non-statistical techniques do not use formal
statistical hypothesis tests, but rely instead on more qualitative assessments such as expert
opinion. For the survey, each piece (conceptual and operational) of a model was examined
to determine if a statistical technique, a non-statistical technique, some mixture, or no
validation technique was performed on that piece of the model.

All validation techniques involve the evaluator subjectivity in determining whether the
simulation is a valid representation of reality. Some say that validation, which implies truth,
should really be called sanctioning (Winsberg 1999), which implies more of a process in
which evaluators agree that a model is close enough for useful purpose. For the survey, an
article was reviewed and data recorded when a validation technique was performed within
the framework established. No measure was assigned pertaining to the quality of the
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validation process as such a measure would be inherently biased based on the authors like
or dislike of the technique.

Purpose of the Simulation

Defining the purpose of the model can be subjective and ambiguous. However, knowing a
model's purpose allows conjectures regarding how different ABM techniques and model
philosophies support differing ABM purposes. To reduce subjectivity and ambiguity another
framework describing the different simulation purposes was established. This framework is
based upon the level of understanding associated with the system of interest and more
recent research concerning the role that simulation and modeling plays in modern science
today (Kuppers, Lenhard and Shinn 2006).

Figure 4. Purpose of the Simulation

Figure 4 relates our three defined roles or purposes of the simulation (Generator, Mediator
and Predictor) with the level of understanding known about the real system. When the
system is well understood the simulation is called a Predictor; it is used like a calculator to
provide clear and concise predictions about the system. An example of this could be a
simple queuing system or a very well understood assembly line activity. As less is
understood about the real system, the simulation moves toward a Mediator role. In this role
the simulation provides insight into the system, but is not a complete representation of how
that system actually behaves. When using a simulation as a Mediator, theories can be put
forth and tested and the simulation can be subsequently improved. For more about
simulations and models as Mediators see Morrison and Morgan (1999). When little is
known about the real system of interest, the simulation takes on the role of a Generator; the
simulation acts as a generator of hypotheses and theories about how the real system
behaves. As a Generator, a simulation serves the same purpose as other mediums where
theories and hypotheses are proposed (Ashby 1970).

These three roles are not mutually exclusive. Figure 4 shows that these roles exist on a
continuum meaning simulations can exist between two different roles. For this survey, the
model was recorded into the dominant role. For example, if a model was deemed 40%
mediator and 60% generator, the model was classified as a Generator. For the survey, the
following definitions were used:

A Generator is a simulation where little is known about the system of interest and it is
used primarily to determine if a given conceptual model/theory is capable of
generating observed behavior of the system.
A Mediator is a simulation where the system is moderately understood and it is used
primarily to establish the capability of the conceptual model to represent the system
and to then gain some insight into the system's characteristics and behaviors.
A Predictor is a simulation where the system is well understood and it is used
primarily to estimate or predict a system's behavior with little time spent on ensuring
that the conceptual model is correct because this aspect of the simulation has already
been established.

Results
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This section provides the main results compiled from the survey. A further analysis of each
topic and the implication of the results is discussed in the next section.

Software

Figure 5 displays a summary of the software packages or programming languages used.
Overall, a total 68 unique software packages or programming languages were referenced
with many of them (22.6%) being referenced less than three times overall. It is clear that
both ABM specific software packages and generic programming languages are being used
and that the most popular software packages are ones that are public domain. In fact, only
AnyLogic and Matlab are commercial packages listed in Figure 5. A striking result is that
104 articles (37.3%) did not provide any details on what package or programming language
was used to construct and execute the simulation. Also, there is no clear evidence in the
data suggesting that software packages or programming languages are more popular.

Figure 5. Histogram of Top Used Software

Figure 6. Breakdown of Articles by Field

Fields of Study
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The breakdown of the articles by domain is displayed in Figure 6. In the sample the three
most popular fields of study using ABM are economics, social science and biology. In
general, the fields of study in the survey show ABM being used by fields whose systems
involve many interacting autonomous entities. This supports the fundamental belief that
ABM is good at modeling and analyzing interacting entities. Although the majority of the
fields of study in the survey are not traditional scientific disciplines, there are still a
significant number of traditional disciplines using ABM. This supports the wide appeal of
ABM as a methodology.

Purpose of the Simulation

In terms of model purpose, 111 (39.8%) of the models surveyed were Generators, 168
(60.2%) were Mediators and 0 (0.0%) were Predictors. This confirms the belief that agent-
based models are used primarily to gain insight into the system of interest. It is interesting to
note an almost equal number of generators and mediators. Simulationists are not only
using agent-based models to generate theories about a system's behaviors but as a
mediating instrument to capture certain behaviors of the system and to characterize how the
system may behave under certain scenarios. This general characteristic of how agent-
based models are used is relatively constant over the last 10 years, as shown in Figure 7.

Figure 7. Simulation Purpose by Year

There does appear to be differing model purposes by domain of interest. As shown in
Figure 8, the only domains where the majority of the models were generators are social
science (66.2%) and economics (65.8%). The domains with the lowest number of generator
models are business (0.0%), public policy (4.3%) and the military (5.6%). These differences
are reasonable. Social science and economics are still relatively new and in the process of
developing theories about how their systems of interest operate. Thus, using agent-based
models as generators allows them to explore hypotheses and ideas that are not easily
manipulated using other theory generating techniques. Conversely, it makes sense that
business, public policy and the military are more interested in mediating models that can be
used to gain insight into the system to in order exploit some aspect of the system's
characteristics.

Reference to the Complete Model

Only 44 (15.8%) of the articles surveyed gave a reference for the reader to access or
replicate the model. This indicates that the majority of the authors, publication outlets and
reviewers did not deem it necessary to allow independent access to the models. This trend
appears consistently over the last 10 years as shown in Figure 9.



3.7

Figure 8. Simulation Purpose by Field

Figure 9. Reference to Complete Model by Year

Figure 10 depicts model references by domain. The domains with the most references to
the complete model are social science (26.5%) and economics (19.0%), while those with
the least are the military (2.8%) and business (0.0%). These results are again reasonable.
Social science and economics are scientific fields interested in theory development, so
they are more likely to provide their model to others. The military and business fields are
more secretive (e.g., security, competitive advantage) so less they are less willing to share
their complete model.
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Figure 10. Reference to Complete Model by Field

Figure 11. Reference to the Complete Model by Purpose

The defined purpose of the simulation generally has little impact on the whether the
complete model is referenced. Figure 11 indicates that only 21.6% of generator models and
only 11.9% of mediator models gave references to the complete model. It may seem that
this is a significant difference, but the correlation between purpose and domain better
explains the difference depicted in Figure 11.

Validation (Not Considering Technique)

We next focus on whether a model was conceptually validated, operationally validated,
conceptually and operationally validated or not validated at all. Figure 12 indicates that
29% of the models were not validated, 17% only had their conceptual model validated, 19%
only operationally validated their model, and 35% validated their model both conceptually
and operationally. A reasonable position is that a model is only validated, or sanctioned,
when it is both conceptually and operationally validated. In this case, at least 65% of the
models in the survey were incompletely validated. This is alarming since most outlets for
scientific publication insist on some level of model validation.
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Figure 12. Validation of the Simulations (Not Considering Technique)

Emphasis on model validation does seem to be changing. As seen in Figure 12, the
percentage of models not completely validated is declining. The difference between the
beginning and the end of the 10 year period is distinct and shows that the field is improving
in terms of completely validating their models. However, between 2005 and 2008 the
number of articles that both conceptually and operationally validate their model remains
relatively constant and averages to just under 43%.

Figure 13. Validation by Year
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Figure 14. Validation by Field of Study

Breaking down model validation by domain reveals that some fields are more concerned
with validation than others. As shown in Figure 14, the fields with the highest percentage of
completely validated models are ecology (77.8%) and biology (70.0%) and the fields with
the lowest percentage of validated models are military (16.7%), economics (20.3%) and
social science (27.9%). A reasonable conjecture regarding the differences is their scientific
tradition. However, while economics and social science are relatively new fields and not as
well connected to the classical scientific tradition, the military has a long history of using
computer simulation and their issues with simulation validation are well documented (Davis
and Blumenthal 1991). Thus, this aspect of validation for military agent-based models is
somewhat surprising.

There does appear to be a relationship between the purpose of the simulation and
validation efforts. In Figure 15, 11.7% of generator models were completely validated while
51.2% of mediator models were completely validated. Since generator models are based
on systems that are less understood, these models are harder to validate because there is
less information available about the system. Conversely, more 'validation activities' should
occur for mediator models because more information is known about the system being
modeled.

Figure 15. Validation by Purpose
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Validation Techniques

Of the models validated in some way, 0.5% used only statistical validation techniques,
95.0% used only non-statistical validation techniques and 4.5% used a combination of
statistical and non-statistical validation techniques. Thus, it appears that in ABM the
primary validation techniques employed are expert opinion and qualitative comparisons of
behaviors. The statistical validation techniques often taught in basic simulation courses are
not as popular. This result may be due in part to difficulties in capturing statistics from the
ABM simulation and the system being challenging to analyze due to nonlinear output.
When examining validation techniques by year, as shown in Figure 16, a trend shows that
a decreasing number of models not using any validation technique. For the most part the
use of non-statistical validation techniques are being employed.

Figure 16. Validation Technique by Year

Figure 17 breaks out the validation technique used by field and again the most commonly
used are non-statistical validation techniques, but with no strong relationship between
validation technique and the field of study. Figure 18 displays validation techniques by
model purpose. These results show thatÊnon-statistical techniques areÊthe most popular
validation techniques. For mediator models there is a slightly higher use of statistical
validation techniques; this is expected since more is understood about the real system.
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Figure 17. Validation Technique by Field

Figure 18. Validation Technique by Purpose

Discussion
These survey results provide information about the development and current state of ABM.
From this data research directions, needs and opportunities are identified. While there are
many different implications these results may have depending upon a researcher's interest,
in this section we discuss just some of the most important implications these results have
on developing and maturing the field of ABM.

Software and Verification

With 68 unique software packages or programming languages used to build and execute
the surveyed simulations it is clear that there are many ways that a model can be
represented in a computer simulation. This variety can most likely be attributed to the
background of the simulationist, programmer or non-programmer. Thus, no software
package or programming language will likely ever become the standard in building agent-
based models. This means that tools developed to aid in constructing and documenting
agent-based models as well as teaching techniques, should not be specifically geared
towards a particular software package or programming language. Instead, development
and documentation tools and teaching techniques should be independent of software and
programming languages and should focus on the general issues involved in constructing
and executing an agent-based model while emphasizing the fundamental methods and
issues of building a simulation. This idea is also reflected in many computer science higher
education standards, such as ABET in the US.

There are also implications for reviewers and evaluators of agent-based models where
there is a lack of common software package. ABM evaluators must understand basic
simulation programming techniques. Because agent-based models can address a wide
range of problems it is essential that researchers provide sufficient discussion of their
application for the evaluator to assess the realization of the system abstraction into the
simulation. Publication outlets, and their reviewers, do not seem to be requiring such detail.

Addressing the Many Fields of Study or Creating a New One

ABM is connecting diverse fields. The fields of biology, business, ecology, economics, the
military, public policy, social science and traffic, among others, all use ABM. These diverse
fields are trying to understand complex systems and are using ABM as a one common tool.
If it holds that complex systems generally have similar properties, then these diverse fields

http://www.abet.org
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should be actively sharing insights about their complex systems. Naturally, ABM
publications promote sharing. However after reviewing the surveyed articles it is clear that
each field has developed their own ABM terminology to describe techniques, applications
and results, have their own ABM standards and their own ABM philosophies.

Observing the growth of multiple ABM theories points to a fundamental need for ABM to be
studied as an independent discipline, a subset of simulation, so that standard ABM
techniques, practices, philosophies and methodologies can be established. A common
ABM theory means all disciplines could speak the same ABM language and develop
techniques and models based on proven and accepted approaches. Similar measures of
standardization supporting these same ideas are also found in the food, drug,
manufacturing and collegiate industries. To gauge the depth of this division one only needs
to realize that even the definition of an agent is not clear, depends upon who is writing and
can vary widely. Bringing together the field of ABM will result in a better analysis tool for
every field of study and considering that some believe that ABM and simulation is
becoming the epistemological engine of our time (Kuppers et al. 2006) it is important that
such standards be established.

Redefining the Meaning of Results by Purpose

Those considering ABM, as a simulationist or evaluator, must re-consider how they define
results of the model. ABM naysayers argue the models do not produce results while this
survey found otherwise. This contradiction is likely the result of different definitions of the
term 'result' and the different expectations associated with simulation. There is a general
belief that simulations should produce clear predictions and estimations of system
behaviors to be considered successful. This expectation fits well with the long standing
ability of systems simulated in the discrete-event simulation paradigm, but it does not
necessarily fit well with the kind of systems that an ABM simulates.

It could be conjectured that the majority of simulations developed throughout history are of
fairly well understood systems and that their general purpose was to provide some
estimation or prediction about the behaviors of a particular system. In other words, the
majority of past simulations are held up to predictor expectations. But from the survey it is
clear that ABMs are being used as mediators (60.2%) and generators (39.8%). This survey
finds that ABM is living up to its potential as a revolution in modeling and simulation by
extending the applicability of simulation to new fields of studies and complex system
abstractions. As the use of ABM expands and complex systems become more understood,
we conjecture that eventually the ability of an agent-based model to provide predictions will
improve as more is understood about the complex systems they are simulating.

Providing a Reference to the Complete Model

A low value of 15.8% of the surveyed articles provided a reference to the complete model. If
the reader or evaluator does not have access to a complete model, how can they verify the
results produced? In other sciences, such shortfalls would give the article little or no chance
of publication. This prompts the question of why such limited model descriptions are
allowed?

There are probably several main reasons why references to the complete model are not
considered an important part of many ABM articles. The first is that simulationists may not
be willing or able, due to propriety issues, to provide their complete model to the public.
This is not likely to change. However, a potential remedy to this problem is to require
authors to provide enough of a description of the model such that independent evaluators
can reconstruct the model. Such detail does allow others to quickly review the logic and
execution of the model and reproduce it in their choice of software package or programming
language. For this to occur some model describing tools or diagrams from the fields of
systems engineering or computer science may help by providing rich and complete
descriptions of these models sufficient for independent evaluation and replication.

An ABM developmental tool offers other benefits to the ABM community. First, methods
could help enforce good simulation programming practices by emphasizing particular
aspects of the model that must be described. This information aids those building the model
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and provides evaluators a way to evaluate and validate every model. The tool could also
be used as a teaching aid to help researchers build more effective models. This could
mean more effective ABM employment resulting in improved understanding of modern
complex systems.

Complete Validation is Required for Every Model

It could be argued that validation is one of the most important aspects of model building
because it is the only means that provides some evidence that a model can be used for a
particular purpose. Without validation a model cannot be said to be representative of
anything real. However, 65% of the surveyed articles were not completely validated. This is
a practice that is not acceptable in other sciences and should no longer be acceptable in
ABM practice and in publications associated with ABM. One of the other potential reasons
why models are not being completely validated is that the authors may consider that just
conceptually or operationally validating their model is good enough. This survey found that
overall 36% (the majority) of the articles only validated one aspect of the model. Our
position is that both conceptual and operational validity are required for complete validity.

If a model is only conceptually validated, then it unknown if that model will produce correct
output results. For example, consider a scientific experiment. In this experiment a
hypothesis about some macro-level behavior is made based on some conceptual model
that appears valid based on what is known about the system. However, when the
experiment is performed the hypothesis is rejected because it did not properly predict the
macro-level behavior. The operational-level hypothesis based on the conceptual model is
invalid even though the conceptual model of the hypothesis appears valid prior to the
experiment.

Conversely, if a model is only operationally validated, then it is unknown whether that
model is based on any appropriate representation of reality. For example, consider a
simulation of a standard single server queuing model where the objective is to achieve the
theoretical performance (Jensen and Bard 2003). Typical performance measures are the
average time in the queue or system throughput. The standard approach to build this
simulation is to observe the real system, measure arrival rates, measure server processing
times and then build a realistic representation of the system using some discrete event
simulation packages. It is expected that the simulation will behave like the real system and
therefore the simulation would be both conceptually and operationally validated. Now
consider using an ABM simulation based on reproducing bugs to model the queue. In this
simulation, the bugs move about their environment looking for food and reproduce with
other bugs, much like those of the Sugarscape ABM (Epstein and Axtell 1996). Key
measures about the bugs, such as lifespan and birthrate, are mapped to the goal
performance measures of the single server queuing model. Parameters concerning the
bugs and their environment are adjusted using some algorithm until the simulation's
performance measures match the expected queuing performance measures. The bug
model is then deemed useful for queuing analysis, even though it is unlikely that anyone
would accept this conceptual construct as a queuing system construct. Although this is an
extreme example, without complete validation the effectiveness and ability of the model to
represent a system is unknown.

The importance of validation in science and simulation cannot be overstated. Not enough
scientists using ABM as an analysis tool are properly validating and documenting their
model. It is absolutely essential that all models be completely validated and that the articles
associated with them clearly document the validation techniques used and the validation
results. Likewise, publication outlets and reviewers should be stringent in their validation
requirements in order to produce better models and to advance not only their field of
interest but also the field of ABM.

Statistical vs Non-Statistical Validation Techniques

It may be surprising that so few of the articles surveyed used statistical validation
techniques given the widespread use of statistical validation techniques in other simulation
paradigms. Two conjectured reasons for this are that ABM is used to simulate systems
whose output are not conducive to statistical analysis and that those building and
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evaluating these agent-based models have validation criteria that differs from validation
criteria used in other simulation paradigms. The surveyed models are primarily being used
in non-traditional simulation fields that may not be as influenced by the statistical validation
techniques of other simulation paradigms. Further, the surveyed models generally reflect
their use for generator and mediator purposes, as opposed to predictor purposes that are
more focused on matching system outputs and therefore more conducive to statistical
analysis.

The popularity of non-statistical validation techniques in ABM highlights potential research
opportunities. First, the effectiveness of statistical validation techniques for ABM needs to
be further explored and evaluated. Second, there is a need for new statistical validation and
data collection techniques specifically for ABM. Researchers must then convey the
usefulness of statistical validation techniques for these agent-based models. Unlike non-
statistical techniques, which requires evaluator knowledge of the domain modeled,
statistical techniques do not require complete domain knowledge about the system or field
for the evaluator to judge the validity of the model. Finally, the field must develop more
standardized and comprehensive non-statistical validation techniques specifically for ABM.
Fundamentally, by developing and discussing the use of both statistical and non-statistical
validation techniques for ABM, the resulting models will be validated to a higher standard,
yielding more robust models that can advance the knowledge of the system being modeled
and the field of ABM.

Conclusion
Based on a survey of 279 published articles this article portrayed the state-of-the-art in ABM
and identified key research directions. It has been conjectured that ABM is an immature
method and that standard practices promoting effective ABM modeling are neither clearly
established nor accepted. This survey seems to support that conjecture. The lack of
maturity and standard practices in the ABM field is reflected by the lack of models that were
completely validated, the lack of references to the complete model and what is accepted as
publishable results. A remedy is that techniques, philosophies and methods need to be
adopted from other simulation paradigms, or developed specifically for ABM, and these
techniques, philosophies and methods need to be taught to those using ABM such that they
can build more effective models.

Six specific research directions, needs and opportunities for ABM were identified in the
survey. The first is that development and documentation tools for ABM need to be
independent of software and that published articles should detail the software package or
programming language used to build and execute the simulation. The second identified
research direction and need is that since ABM is a departure from other simulation
paradigms, it needs to be studied as an independent discipline and as a subset of the
simulation discipline. From this standard techniques, practices, philosophies and
methodologies are needed to extend ABM as a functional analysis tool. Third, since ABM is
used for different purposes, simulationists should have different expectations for ABM. The
fourth research need is that articles need sufficient information about the model so other
researchers can independently develop and evaluate the effectiveness of these models.
The fifth, and most significant, conclusion reached from the survey is that reviewers and
publication outlets must require that the model discussed be completely validated and be
documented in the article. Finally, both statistical and non-statistical validation techniques
specifically for ABM need to be developed and conveyed effectively to those building these
models.

These six research directions, needs and opportunities represent some initial things
needed to mature and help establish standard practices for ABM. If ABM is to reach its full
potential as a modeling and simulation paradigm, these fundamental opportunities must be
addressed. This is especially true as simulation takes on new roles and begins to extend
our limited ability to comprehend and mentally analyze modern complex systems. By
establishing clear research goals and standards, the field of ABM will continue to mature
and progress and every field exploring complex systems will be better equipped to
understand, evaluate and predict these systems through the exploitation of more
appropriate and effective agent-based models.
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