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Abstract. Computational social science grows from several research
traditions with roots in The Enlightenment and earlier origins in Aristo-
tle’s comparative analysis of social systems. Extant standards of scientific
quality and excellence have been inherited through the history and phi-
losophy of science in terms of basic principles, such as formalization,
testing, replication, and dissemination. More specifically, the properties
of Truth, Beauty, and Justice proposed by C.A. Lave and J.G. March for
mathematical social science are equally valid criteria for assessing quality
in social simulation models. Helpful as such classic standards of quality
may be, social computing adds new scientific features (complex systems,
object-oriented simulations, network models, emergent dynamics) that
require development as additional standards for judging quality. Social
simulation models in particular (e.g., agent-based modeling) contribute
further specific requirements for assessing quality. This paper proposes
and discusses a set of dimensions for discerning quality in social simu-
lations, especially agent-based models, beyond the traditional standards
of verification and validation.
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1 Introduction: Motivation and Background

The field of social simulation in general, and agent-based modeling in particu-
lar; has begun to generate methodological proposals for assessing and promoting
quality across diverse and related areas (Gilbert and Troitzsch, 2005; Taber and
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Timpone, 1996)E For instance, proposals exist in the area of communicating so-
cial simulation models (Cioffi and Rouleau, 2010; Grimm et al., 2005), comparing
models (Rouchier et al., 2008; Cioffi, 2011; Cioffi and Gotts, 2003), and assess-
ing complex projects that involve large interdisciplinary teams (Cioffi, 2010).
Consensus on quality standards in social simulation has not yet emerged, but a
promising discussion by practitioners is already under way.

The properties of “Truth,” “Beauty,” and “Justice” have been proposed by
Charles A. Lave and James G. March (1993) and are widely used for discern-
ing quality in social science mathematical models. The three terms “Truth,”
“Beauty,” and “Justice” (or “TBJ,” for short) are labels for quality dimensions
referring to fundamentally good—i.e., normatively desirable—features of social
science modeling. Accordingly, the TBJ terms must be interpreted as labels, and
not literally (Lave and March, 1993: Chapter 3).

Truth refers to the empirical explanatory content of a model—its contribution
to improving causal understanding of social phenomena—in the sense of devel-
oping positive theory. For example, truth is normally judged by internal and
external validation procedures, corresponding to axiomatic coherence and em-
pirical veracity, respectively (Kaplan, 1964; Sargeant, 2004). Truthfulness is the
main classical criterion for evaluating empirical science (Hempel, 1965; Cover
and Curd, 1998; Meeker, 2002), whether the model is statistical, mathemati-
cal, or computational. “Truth” must be a constituent feature in a social science
model, such that without it a model has no overall quality contribution.

Beauty refers to the esthetic quality of a model, to its elegance in terms of
properties such as parsimony, formal elegance, syntactical structure, and similar
stylistic features. Beauty is about art and form. For example, the mathemati-
cal beauty of some equations falls within this criterion, including features such
as the style of a well-annotated system of equations where notation is clear,
well-defined, and elegant. Unlike truth, beauty is not necessarily a constituent
attribute, but is certainly a desirable scientific quality.

Justice refers to the extent to which a model contributes to a better world—
to improvement in the quality of life, the betterment of the human condi-
tion, or the mitigation of unfairness. Justice is a normative criterion, unlike
the other two that are positive and esthetic. For example, a model may im-
prove our understanding of human conflict, inequality, refugee flows, or mis-
communication, thereby helping to mitigate or improve social relations and
well-being through conflict resolution, poverty reduction, humanitarian assis-
tance, or improved cross-cultural communication, respectively. Policy analysis
can be supported by modeling.

These Lave-March criteria of truth, beauty, and justice are useful for evaluat-
ing the quality of social simulation models. For example, in the classic Schelling
(1971) model of segregation all three criteria are well-recognized. This is a

! This paper focuses on social simulations, so the broader field of computational social
science (e.g., social data algorithms or socioinformatics, complexity models, social
networks, social GIS, and related areas of social computing) lies beyond the scope
of this paper. Quality research in those other areas is subject to its own standards.
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fundamental reason why Schelling’s model is so highly appreciated. Other exam-
ples that satisfy the Lave-March TBJ criteria might also include the Sugarscape
model (Epstein and Axtell, 1996), the Iruba model (Doran, 2005), and Pick-a-
Number (Hoffmann, 2002, 2005).

However, a further challenge exists because social simulations have features
that render truth, beauty, and justice insufficient as criteria for assessing quality.
This is because social simulation models are instantiated or rendered in code
(a computer program in some language), so one can easily imagine a social
simulation that would be of high quality in terms of truth, beauty, and justice,
but fail in overall quality because simulation models pose additional challenges
beyond other social science models (i.e., beyond the features of statistical or
mathematical models).

As illustrated in Figure 1 (UML class diagram), social simulations have prop-
erties that are shared with all models in science generally and social science
in particular, based on inheritance as a specialized class, in addition to having
other features of their own. For example, the specific programming language of
an agent-based model (Java, C++, or other) would be a defining feature.

The inheritance relation between social science models and social simulations
readily suggests the specific features that distinguish the latter from the former,
as illustrated in Table 1.

Additional criteria for social simulations—i.e., criteria beyond classical stan-
dards for social social models—should allow us to judge quality in terms of “The
Good, The Bad, and The Ugly.”

, Social L
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Fig. 1. UML class diagram illustrating the hierarchy of scientific models (left), social
science models (center), and social simulations (right), each having increasingly specific
standards for judging quality (left to right). Source: Prepared by the author.

Table 1. Quality Criteria for Evaluating Models in Domains of Science

Models in ...  Truth Beauty Justice Additional
Science Yes  Yes No No
Social science ? ” Yes ?
Social simulation 7 ” ” Yes

Source: Prepared by the author.
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Common practices such as verification and validation are well-known quality
control procedures for assessing the quality of scientific models in general (Cover
and Curd, 1998). However, verification and validation are insufficient criteria for
assessing the quality of social science models, specifically for social simulations.
An important implication is that current emphasis on model verification and
validation is warranted (Cioffi, 2010; Sargent, 2004), but verification and valida-
tion are insufficient by themselves for judging the quality of a social simulation
model (agent-based or other).

Therefore, a key methodological question concerning quality is: Which addi-
tional criteria—i.e., beyond Truth, Beauty, and Justice—could or should be used
to assess the quality of a social simulation model? The next section addresses
this question by proposing a set of dimensions for evaluating the quality of a
given social simulation model.

2 Dimensions of Quality in Social Simulation Models

The quality of any complex artifact—whether a social simulation model or the
International Space Station—is a multifaceted property, not a single dimension.
Dimensions of quality can be used for evaluation as well as for a checklist of desir-
able attributes for building and developing a social simulation model. Arguably,
there are two levels of quality assessment for computational social simulations,
corresponding to the concepts of a model and modeling, respectively.

First, from a model’s perspective, any set of quality dimensions for evalu-
ating a social simulation must be based on its specific attributes or uniquely
constituent features as a computational artifact in the sense of Simon (1996).
Moreover, whether the overall quality of a given model should be an additive
or a multiplicative function of individual qualitative features is less important
than the idea that overall quality depends on a set of dimensions or desirable
features beyond the Lave-March criteria, not on some single preeminent feature
(e.g., simulation environment or programming language).

Second, from a modeling perspective, quality assessment should cover the
broader modeling or model-building process as such, beyond the social simulation
model that is produced in a narrow sense. This is because a computational model
in final (i.e., committed) instantiated code is the result of a sequence of earlier
modeling stages that precede the model itself, such as the critical stage of model
design prior to implementation. Quality in design affects quality in the product
of implementation, even when implementation per se is carried out in a proper
manner (i.e., competently, with effectiveness and efficiency).

The following framework for quality assessment combines both perspectives
by focusing on the classical methodological stages of social simulation model
development:

1. Formulation

2. Implementation
3. Verification

4. Validation
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5. Analysis
6. Dissemination

Such a Lifecycle Framework provides a viable checklist of quality dimensions to
consider, based on the preceding methodological principles for social simulation.
Note that verification and validation constitute only two contexts for assessing
quality and, as shown below, some of the others involve quite a number of aspects
regarding quality evaluation.

1. Formulation. Quality can be assessed starting from the formulation of a
research problem that a given social simulation is supposed to solve. A first
set of quality assessments regards research questions: Is the research question
or class of research questions clearly formulated? Is the focal or referent em-
pirical system well defined? Beyond clarity, is the research question original
and significant? Originality should be supported by complete and reasoned
surveys of prior extant literature to assess scientific progress. Every com-
putational simulation model is designed to address a research question, so
clarity, originality, and significance are critical. Motivation is a related aspect
of problem formulation. Is the model properly motivated in terms of relevant
extant literature? Or, is the simulation model the very first of its kind? If
so, are there prior statistical or mathematical models in the same domain?
Regrettably, incomplete, poorly argued, or totally missing literature reviews
are rather common in social simulation and computational social science.

2. Implementation. Rendering an abstracted model in code involves numer-
ous aspects with quality-related implications, starting with aspects of in-
stantiation selection. Does the code instantiate relevant social theory? Is the
underlying social theory instantiated using a proper program or program-
ming language? Code quality brings up other aspects that may be collectively
referred to as “The Grimson-Guttag Standards” (Guttag, 2013): Is the code
well-written? Is the style safe/defensive? Is it properly commented? Can it
be understood with clarity one year after it was written? In addition, what
type of implementation strategy is used? L.e., is the model written in na-
tive code or using a toolkit? If toolkit (Nikolay and Madey, 2009), which
one, why, and how good is the application? Is the choice of code (native or
toolkit) well-justified, given the research questions? In terms of “nuts and
bolts,” quality questions include such things as what is the quality of the
random number generator (RNG)? Think Mersenne Twister (Luke, 2011),
MT19937, or other PRNG. Which types of data structures are used, given
the semantics? Are driven threshold dynamics used? If so, how are the firing
functions specified? In terms of algorithmic efficiency, What is the imple-
mentation difficulty of the problem(s) being addressed by the model? How
efficient is the code in terms of implementing the main design ideas? In
terms of computational efficiency, how efficient is the code in terms of using
computational resources? This differs from algorithm efficiency. From the
perspective of architectural design, is the code structured in a proper and
elegant manner commensurate to the research question? In terms of object
ontology, does the model instantiate the object-based ontology of the focal
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system for the chosen level of abstraction? These quality-related questions
precede verification and validation.

. Verification. Which passive and active tests were conducted to verify that

the model is behaving in the way it is intended to behave? Social scientists
also call this internal validity. Verification tests include but are not limited
to the following: Code walkthrough, debugging, unit testing, profiling, and
other common procedures used in software development (Sergeant, 2004).
What where the results of such verification tests? Quality assessment should
cover investigation of which verification procedures were in fact used, since
results can range widely depending on the extent of verification methods
employed. Unfortunately, most social simulations are reported without much
(or any) information regarding verification procedures, as if “results speak
for themselves.”

. Validation. Similarly, validation of a social simulation, what social scientist

call external validation (or establishing external validity), consists of a suite
of tests, not a single procedure. Such tests are important for assessing quality
in a social simulation. Which tests (histograms, RMSE for assessing goodness
of fit, time series, spatial analysis, network structures, and other forms of real
vs. artificial pattern matching tests) were conducted to validate the model?
What were the results? Validation tests are often the focus of reporting
results, at the expense of all other phases in the lifecycle of a social simulation
model.

. Analysis. The preceding aspects provide a basis for establishing overall con-

fidence in a given model. What is the level of confidence in the model’s re-
sults, given the combined set of verification and validation tests? If networks
are present and significant in the focal system, does the model exploit theory
and research in social network analysis (Wasserman and Faust, 2005)7 Does
the model facilitate analysis of complexity in the system of nonlinear inter-
actions and emergent properties? Which features of complexity (emergence,
phase transitions, power-laws or other heavy-tailed distributions, criticality,
long-range dynamics, near-decomposability, serial-parallel systems, or other
structural features) are relevant to the particular model? If spatial features
are significant, does the simulation employ appropriate spatial metrics and
statistical tools for spatial data? What is the overall analytical plan in terms
of simulation runs and how is it justified? How does computational analysis
advance fundamental or applied understanding of social systems? In terms
of overall effectiveness, does the model render what is necessary for answer-
ing the initial research question or class of research questions? This differs
from efficiency. In terms of the simulation’s computational facilities, does the
model possess the necessary functionality for conducting extensive compu-
tational analysis to answer the research questions or go even beyond? How
powerful is the model in terms of enabling critical or insightful experiments?
For example, in terms of parameter exploration (evolutionary computation)
and record-keeping. What is the quality of the physical infrastructure that
renders the most effective simulation experience?
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6. Dissemination. Finally, the quality of a social simulation should be as-
sessed in terms of its “life-beyond-the-lab.” For instance, in terms of peda-
gogical value: Does the model teach well? I.e., does it teach efficiently and
effectively? In terms of communicative clarity and transparency: Are useful
flowcharts and UML diagrams of various kinds (class, sequence, state, use
case) provided for understanding the model? Are they drawn with graphic
precision and proper style (Ambler, 2005)7In terms of replicability, what is
the model’s replication potential or feasibility? How is reproducibility facili-
tated? Aspects related to a model’s graphics are also significant for assessing
quality, not just as “eye candy.” In terms of GUI functionality, is the user
interface of high quality according to the main users? Is the GUI fundational
for answering the research questions? More specifically, in terms of visual-
ization analytics: Is visualization implemented according to high standards
(Thomas and Cook, 2005)? This does not concern only visual quality (Tufte,
1990), but analytics for drawing valid inferences as well (Cleveland, 1993;
Few, 2006; Rosenberg and Grafton, 2010). In terms of “long-term care:”
What is the quality of the model in terms of curatorial sustainability? How
well is the model supported in terms of being easily available or accessi-
ble from a long-term perspective? In which venue (Google Code, Source-
forge, OpenABM, Harvard-MIT Data Center/Dataverse, or documentation
archives such as the Social Science Research Network SSRN) is the model
code and supplementary documentation made available? Finally, some so-
cial simulations are intended as policy analysis tools. Is the model properly
accredited for use as a policy analysis tool, given the organizational mis-
sion and operational needs of the policy unit? Does the model add value to
the overall quality of policy analysis? Does it provide new actionable infor-
mation (new insights, plausible explanations, projections, margins of error,
estimates, Bayesian updates) that may be useful to decision-makers?

3 Discussion

Verification and validation are obviously essential dimensions of quality in social
simulation models; but they are just two among other dimensions of interest in
assessing quality across the full spectrum of model development stages. Thus,
and contrary to common belief, verification and validation may be viewed as
necessary but insufficient conditions of a high-quality social simulation. The
many dimensions of quality in social simulations extend far beyond and much
deeper than the Lave-March TBJ criteria. Some of these criteria may be viewed
as utilitarian (e.g., based on resources), while others are non-utilitarian (based
on style).

Quality has dimensions because it is a latent concept, rather than a single
directly measurable property. Therefore, proxies (i.e., measurable dimensions
or attributes) are needed. The quality dimensions proposed in the preceding
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section provide a viable framework while social simulation develops as a field,
not as a permanent set of fixed criteria. Each stage in the Lifecycle Framework
contains numerous dimensions for quality assessment because social simulations
are complex artifacts, in the sense of Simon.

Interestingly, Osgood’s first dimension in cognitive EPA-space is Good-Bad
(evaluation). This is why quality evaluation (good-bad-ugly) is essential (Os-
good, May, and Miron, 1975). The proposed criteria should allow a classification
of social simulations into categories of good, bad, or outright ugly.

As computational social scientists we need to better understand the micro-
processes that compose the overall quality of social simulation:

— How is a problem chosen for investigation?

— How is the problem-space reduced by abstraction?
— How is the model designed?

— How well are the entities and relations understood?
— How is the simulation language chosen?

— How is the model implemented?

— How are verification and validation conducted?

— How are simulation runs actually conducted?

— How is the model being maintained?

Requiring additional quality criteria for social simulation models is not an ar-
gument against the unity of science. It is a plea for greater specificity and more
rigor in the evaluation of quality in the field of social simulation.

From a methodological perspective, quality criteria could also help support
the (virtual) experimental function of social simulations in terms providing ways
for assessing the veracity of artificial worlds. Computational experiments could
thus be framed within the context of a social simulation characterized by a set
of quality features, taking all lifecycle stages into consideration, as in evaluating
experimental results conditional upon the quality of the social simulation model.
Such a function would enhance the value of social simulation as an experimental
method and highlight its scientific usefulness.

Finally, the topic of quality in social simulations also motivates a broader
discussion concerning similarities and differences between social simulation and
other scientific approaches in science, such as statistical and mathematical mod-
els. While all scientific approaches share some of the same quality criteria, each
has also unique quality criteria that are not applicable in other approaches.
For social simulations there are aspects such as quality of code or visualization
dashboards that are sui generis to the approach itself. The lifecycle approach
to assessing quality in social simulations could also shed new light on parallel
efforts in statistical and mathematical models of social systems, since there too
we find a similar sequence of stages, from the formulation of research questions
to analyzing and communicating model results, albeit with significant variations
in technical details if not in the overall process.
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4 Summary

Computational social science arises from a number of research traditions that
have roots in The Enlightenment and even earlier origins in Aristotle’s compar-
ative analysis of social systems. Therefore, our existing standards of scientific
quality and excellence have been inherited through the history and philosophy
of science in terms of basic principles, such as formalization, testing, replication,
and dissemination.

More specifically, the properties of Truth, Beauty, and Justice proposed for
mathematical social science (Lave and March, 1993) in an earlier generation re-
main equally valid quality criteria for assessing social simulation models. But
useful as such classic standards of quality may be, social computing adds new
scientific features (e.g., emphasis on understanding complex adaptive systems,
object-oriented ontologies, network structures that can evolve in time, nonlinear
dynamics) that require development as new standards for quality evaluation. So-
cial simulation models in particular (e.g., agent-based modeling) require further
specific requirements for judging quality. This paper proposed a set criteria for
discerning quality in social simulations, especially agent-based models, based on
universal stages of simulation model development. These criteria are offered as
an initial heuristic framework to consider and develop as a work-in-progress, not
as a finalized set of fixed criteria.
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