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Abstract This article addresses three pieces of contemporary literature interested in the ethics
of computer simulations. Although questions about the ethics of computer simulations are not
as prominent as epistemological ones, it is nevertheless possible to find pressing issues worthy of
discussion. To this end, the article begins by presenting concerns raised from professional behavior in designing and programing computer simulations, as addressed by Tuncen Ören and Andras
Tolk who elaborate extensively on a Simulationist Code of Ethics; it follows with a discussion by
Terence Williamson on the inappropriate uses of computer simulations and erroneous allocation
of resources when results are untrustworthy, making the ethics of computer simulations highly
dependable on the epistemology of computer simulations; finally, issues related to the representation of computer simulations are brought up by Philip Brey, who makes his case on standards of
representation in computer simulations, and how failing to uphold certain standards could cause
harm or mislead researchers to the point of causing harm. I illustrate each one of these author’s
positions with a simulation F3 type tornado from climate science. The article ends with a recap
of the main findings as well as a suggestion on further questions of importance for the ethics of
computer simulations.
Keywords Ethics · Scientific and Engineering Responsibility · Computer Simulations · Code of
Conduct for Simulationists

1 Introduction
The specialized literature on computer simulations has standardly focused on epistemological,
ontological and methodological issues, leaving moral and ethical concerns largely unattended.
Initially, there is some plausibility to the claim that ethical concerns are, by and large, closely
related to epistemic claims. Indeed, to find reasons why researchers are morally justified in using
the results of computer simulations is dependent upon the trustworthiness of such results. Take
for instance the researcher interested in finding moral grounds for calling for an evacuation
based on the results of a simulation that predicts the advance of a tornado over a certain highly
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populated area. Would she be justified in calling for an evacuation if she knew that the results
were untrustworthy? Prima facie, the answer is no, for the right moral action is required to be
based on knowing that the results of the simulation are to be trusted.1 These considerations
give us an idea of the relationship between the epistemology of computer simulations and ethical
interests. In fact, we are in the position to claim that, within a normative claim lies embedded an
epistemological presumption. From the ethicists point of view, therefore, the epistemic trust that
researchers have in computer simulations as well as their results give way to moral action.2 This
article is an attempt to foster ethical studies on computer simulations motivated by previous work
on the epistemology and methodology of computer simulations (Humphreys, 2004; Winsberg,
2010; Morrison, 2015; Durán, 2018). Here, I present and discuss the current literature on ethics
of computer simulations, and illustrate the viewpoint of these authors with an example from
climate science: the simulation of an F3 tornado.
Unfortunately for us, the current literature is scarce since only four authors can genuinely be
said to have worked on the ethics of computer simulations. This fact raises the question ‘why
is there so little interest in the ethics of computer simulations?’ To me, there are two possible
answers to this question. One involves taking computer simulations as methods for finding the set
of solutions to mathematical models when analytic methods are unavailable (e.g., Humphreys
(1990); Frigg and Reiss (2009)).3 In this case, ethical concerns can be referred to the science
underlying the simulation. For instance, the simulation of a tornado requires the attention of
ethicists insofar as it is concerned with environmental ethics, climate ethics, and global justice,
to mention just a few. Thus understood, computer simulations are a subsidiary method for a more
elaborated discipline such as climate science, and conceptually at the same level as numerical
mathematics and other forms of calculations. The alternative answer to our question is that
computer simulations have not been considered to raise any relevant ethical question in and by
themselves. In this respect, the second answer has its roots in a tradition that began with James
H. Moor (1985) and Deborah Johnson (1985) on computer ethics, and which continues today
with studies on information ethics, computer ethics, and more generally ethics of technology.
This tradition, one could summarize, is noteworthy for putting computers at the center of the
ethical debate. Although many of the topics covered by these studies do not apply to computer
simulations sensu stricto (e.g., internet privacy, security, artificial life, etc.), this tradition has a
clear influence on the position taken by the authors here discussed.
In this article I will not put any effort into addressing either answer. Any attempt would require a starting point where an ethics of computer simulations is in place. The article, instead, is
an effort to approach studies on the ethics of computer simulations from the current discussions.
To this end, I present and discuss three different positions found in the contemporary literature.
These are, in order, concerns about the professional behavior of designing and programing computer simulations (Ören, 2002; Ören et al., 2002); worries regarding the reliability of computer
simulations (Williamson, 2010); and issues related to the representation of computer simulations
1 Of course, this claim begs the question of the moral use of computer simulations and their results when basic
epistemic trust is not in place (e.g., when validations processes are not available, or the simulations are based on
representationally unrealistic models (Durán and Formanek, 2018).
2 It goes without arguing that the epistemological and ethical enterprise are still analytically independent. I
am only interested in pointing out their connection in a context where the epistemology of computer simulations
has been prominent in the literature.
3 This position is less appealing when more contemporary computer simulations are under consideration. With
increasingly fewer exceptions, computer simulations are considered complex, data-intense, and socially intricate
systems. Reducing their conceptualization to finding the set of solutions to a mathematical model is, at best, a
simplification. The example I present and discuss in this article is of a simulation of a tornado, which certainly does
not qualify as merely solving a simple mathematical model. Complexity, amount of data, and social cooperation
bring about interesting ethical concerns that do not necessarily have an antecedent in a more basic science or
engineering setting.
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(Brey, 2008). To illustrate each author’s position, I use a simulation of an F3 type tornado from
climate science. The structure of the article is as follows: section 2 presents the example of the
simulation of the F3 type tornado, along with some inside information on how it was designed
and programmed, the recorded reactions by the tornado chasers when they experienced the simulation, and the meaning of the visual realism of computer simulations. Section 3 presents and
discusses in detail the viewpoint of the three authors previously mentioned. I begin with Tuncen Ören and Andras Tolk, who elaborate extensively on a Simulationist Code of Ethics (SCE)
(section 3.1); the second author is Terence Williamson, who argues for a high dependence of the
ethics of computer simulations on the epistemology of computer simulations (section 3.2); finally,
there is Philip Brey who makes his case on standards of representation in computer simulations,
and how failing to uphold certain standards could cause harm or mislead researchers to the point
of causing harm (section 3.3). Section 4 recapitulates the main findings of this discussion and
suggests further questions of importance for the ethics of computer simulations.

2 An example of climate simulation: an F3 type tornado
Let us begin by illustrating the case of a simulation of an F3 type tornado in a supercell. One
relevant issue in storm science is that the amount of information available about tornadoes at
the disposal of the researchers is rather limited, even in the context of current atmospheric science, where satellites can provide good understanding of weather changes, and sensors located
in the sea can provide accurate measurements of salinity, tides, as well as monitor pollution, and
fishing, among other variables (Kröger and Law, 2005). There are, of course, field researchers
that follow tornadoes everywhere (so-called ‘tornado chasers’) and who provide the most sensible
and accurate information that researchers have today. Their relevance for storm science comes
from observing and monitoring tornadoes in the field, as well as supplying the data that allows
forecasting their occurrences. The introduction of computer simulations into storm science has
significantly changed the discipline, whether by offering a more accurate representation of tornadoes, or by allowing their study from the comfort and safety of an office desk. Lou Wicker, from
the NOAA National Severe Storms Laboratory portrays a fair picture of the current situation
in the discipline: “[f]rom the field, we can’t figure out completely what’s going on, but we think
the computer model is a reasonable approximation of what’s going on, and with the model we
can capture the entire story” (Barker, 2004).
The example to be examined here is the genesis of a supertwister tornado similar to the
one seen in Manchester, South Dakota in June 2003. The team responsible for this simulation
includes Lou Wicker and Robert Wilhelmson, as the two chief scientists of the project. Wicker
and Wilhelmson decided to include in their simulation equations of motion for air and water
substances (e.g., droplets, rain, ice), grid sizes ranging from five meters with uniform resolution
to a much higher resolution, as well as empirical data from storm chasers. In particular, the data
used for seeding the pre-tornado conditions, such as wind speed, atmospheric pressure, humidity
and the like are similar to that day and time in Manchester. Now, despite the high resolution of
the simulation, and despite its realism, Wicker and Wilhelmson warn us that the simulation could
represent points separated by distances that vary from twenty meters up to three kilometers.
Let us note that the entire genesis of a tornado consists of several computer hours, and
therefore the simulation needs to be scaled down spatially and temporarily. In this respect, the
spatial size of the tornado is scaled down to a few kilometers high, and a few hundred kilometers
wide and deep. The total runtime of the simulation is also reduced, depending on the resolution
of the tornado and the number of elements included in it. For instance, the time scale is not the
same for a simulation with one tornado over an empty field, as it is for a simulation with two
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or more tornadoes that includes the destruction of an entire city. For these reasons, computer
simulations are typically measured in ‘storm hours.’ The visualization of an F3 type tornado
within a supercell represents an hour of storm evolution, although the visualization only takes
about one and half minutes (Wilhelmson et al., 2005). Although this is standard practice in
climate simulation, it does represent epistemological challenges (e.g., affecting the reliability of
the simulation) and ethical concerns (e.g., suspicion of fabrication of data). While I will pay
attention to the latter, the former shall remain untreated.
The integration and choreography of the visualization is also an important component of
the simulation, since it is the point of access to the simulation for any researcher (stakeholder,
policy maker, etc.) that is not directly involved in the design and programming of the simulation. It is therefore crucial that the visualization focuses on the most important significant data
and events, and presents them in a comprehensible manner. In the visualization of the tornado,
thousands of computed trajectories need to be edited down in order to allow researchers to focus
their attention on a few of the most meaningful ones. There are typically two reasons for editing
visualizations in this way. Either there is data that is irrelevant for the visualization (e.g., data
that contains noise), or there is data that is irrelevant for certain purposes in the visualization
(e.g., it does not emphasizes aspects of the phenomenon that have the most scientific significance
for the researchers (Kitcher, 2003)). Interestingly, while this selection of data should raise concerns regarding professional behavior (see the discussion in section 3), researchers are typically
more worried about the epistemological consequences of data selection (e.g., with how data selection affects the reliability of the simulation as a whole). If there is an overwhelming amount
of information displayed, then the visualization fails in its purpose as it would provide little
understanding of the phenomenon at hand. For instance, Trish Barker reports that a complete
visualization of (Wilhelmson et al., 2005) would “look like a plate of angel hair pasta” (Barker,
2004) if all the data were to be visualized.
For the majority of cases, then, researchers do not have an alternative but to explicitly select
the data they want to visualize. It is only in this way that they can obtain reliable information
about the phenomenon under study. Now, it is expected that such a selection brings about
shortcomings of the simulation itself. An interesting case is given by Leigh Orf, another team
member involved in the simulation by Wicker and Wilhelmson, who mentions that in their
visualization of the genesis of the tornado, rain was not centrifuging out of the tornado as it
should. He concludes: “that’s something we need to work on” (Orf et al., 2014).
The visual realism provided by computer simulations is more than just a gratifying aesthetic
feature, as it is essential to the epistemic assessment of computer simulations as reliable sources of
knowledge about the empirical world. Orf recalls asking professional tornado chasers their opinion
on the visualization of the simulation, receiving as response that the visualization looked fairly
reasonable and accurate, and thus dependable according to their standards. In other words,
the visual realism is convincing despite the tornado chaser lacking deep understanding of the
simulation model, the methods for solving such a model, and the intricacies of visualizing the
tornado.
As it is possible to appreciate by now, the aim of this computer simulation – and, one
could say, extensible to a large number of simulations – is not to merely compute a complex
mathematical model, but rather to visualize the structure, development, and demise of large,
damaging tornadoes developed in supercells. As mentioned, this goal can be achieved by means
of good computer simulations with sufficient resolution to capture low-level tornado inflow, thin
precipitation shafts that form ‘hook echoes’ adjacent to the main tornado, clouds and, if possible,
the ground level over which the tornado passes along with the debris it scatters in its path.
Thus understood, researchers can create very complex computer simulations of a tornado in
‘real-time,’ as well as visualize it along with its properties and behavior within acceptable degrees

The ethics of climate simulations: the case of an F3 type tornado

5

Fig. 1 Image of the visualization of a F3 type tornado with formation of clouds. Created by the Advanced
Visualization Laboratory at NCSA. Courtesy of the National Center for Supercomputing Applications (NCSA)
and the Board of Trustees of the University of Illinois.

of numerical accuracy and visual realism.4 Through these simulations, researchers are able to
understand the creation, evolution, and demise of a tornado far more efficiently than via any
other experimental form (e.g., actual field measurement, chasing tornadoes and recording their
behavior, and the like).
It is important to notice that this particular simulation showed a counter rotating satellite
tornado that was neither anticipated by Wilhelmson and team, nor by the field researchers.
Despite the unexpected output, it was possible to establish that this was not a case of misrepresentation or of miscalculation, but rather the result of instantiating the simulation model with
specific initial and boundary conditions. The credibility of a counter rotating satellite, in fact,
was confirmed as empirically possible by the field researchers.
Thus understood, this climate simulation is useful for several epistemic endeavors such as
explaining a series of tornado-related questions, measuring their internal values, and predicting
the tornado’s potential damage. Let us note that the sense given to explanation and prediction
here is of being epistemic functions that depend on a non-linguistic base. In this sense, these
forms of explanation and prediction depend on the psychological and aesthetic perception of the
tornadoes, rather than a linguistic reconstruction of the visualization – if that is possible at all.
Another important use of this simulation is for the validation of the initial input data as well
4 This is, at any rate, what Wilhelmson and team can claim about their simulation of the tornado (Wilhelmson
et al., 2005).
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Fig. 2 Image of the visualization of a F3 type tornado with the formation of a satellite tornado. Created by the
Advanced Visualization Laboratory at NCSA. Courtesy of the National Center for Supercomputing Applications
(NCSA) and the Board of Trustees of the University of Illinois.

as conferring reliability to the underlying simulation model. If the tornado’s behavior departs
too much from a real tornado – or from whatever the experts anticipate – then researchers have
reasons to believe that the simulation, the input data, or both are misleading.
The epistemological assessment of this climate simulation should not cloud the moral concerns
that emerge from its use. One example is to consider to what extent such a simulation is useful
as an early warning system. While such a climate simulation could provide significant help in
these matters, it could also provide false positives (i.e., showing a different size, type and speed
of the tornado, as well as the wrong number of vortices) and thus foster panic in the population
and then subsequent distrust in the early warning system as a whole. In this context, should
governments use such climate simulations as reliable sources of information about tornadoes?
This is of course a question that extends across disciplines and kinds of computer simulations.
Similar considerations can be given in medicine, biology, and astrophysics, just to mention a few
disciplines where there is a heavy use of computer simulations and where ethical concerns are
at the heart of the discipline. In the following, I present and discuss three core issues emerging
from ethical considerations of computer simulations as well as moral concerns attached to their
use.

3 Three sources of ethical concern for computer simulations
Here, three sources of ethical concern are discussed in relation to the climate simulation of an
F3 type tornado in a supercell. These are, in order, issues regarding professional misbehavior in
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designing and programing computer simulations (section 3.1); worries regarding the reliability
of computer simulations (section 3.2); and concerns related to the representation of computer
simulations (section 3.3).

3.1 Professional (mis)behavior
Tuncen Ören and Andras Tolk offer the most elaborate account of how professional practice in the
context of computer simulation should be considered (Ören, 2000; Tolk, 2017). According to these
authors, the fundamental problem with an ethics of computer simulations is whether their use
could lead to serious implications for human beings as well as the environment. These concerns
are grounded in the well-known fact that computer simulations are widely used to support
crucial policies and sensitive decisions that will inevitably affect our current life, constrain our
future, and alter the environment. The example chosen by Ören is particularly interesting due to
its importance for the environment. In nuclear fuel waste management systems, Ören explains,
computer simulations are used to study the long term behavior, environmental and social impact,
as well as the means for containing nuclear fuel waste. Similarly, computer simulations of leaking
nuclear waste into the soil and underwater rivers are crucial for supporting decisions on whether
such nuclear waste should be buried instead of building a special storage facility.
Ören, in collaboration with a group of authors elaborate the first – and to this day only – code
of conduct for simulationists (called Simulationist Code of Ethics, or SCE for short (Ören et al.,
2002; Ören, 2002)).5 In general, the importance of the SCE is that it provides support to the
credibility of researchers by offering guidelines for good scientific and engineering practice. The
SCE, however, has the particularity that it primarily focuses on the practice of designing and
programming a computer simulation, rather than on offering rules of good conduct for the use of
the results.6 This difference puts the emphasis on the early stages of computer simulations, and
therefore on the researchers involved in their design and programming; it also explicitly excludes
policy makers, politicians, and any other group that usually only make use of the results of the
simulations. Thus understood, the SCE falls within the scope of ethics in science and engineering,
excluding other forms of ethical evaluation such as business and government.
Thus understood, the SCE is chiefly concerned with guidelines establishing the credibility of
researchers while designing and programming computer simulations. An interesting issue emerging from Ören and Tolk’s position is that the trust stemming from the results of computer simulations depends on the honesty, dedication, and proper conduct of the researchers, rather than
on intrinsic features of the simulation, such as the reliability on the simulation model (Durán,
2018; Durán and Formanek, 2018). This is of course a fair assumption. Scientific and engineering
practice comes with the explicit adherence to the rules of good scientific practice, which includes
maintaining professional standards of conduct, documenting results, rigorously questioning all
findings, and honestly attributing any contributions by and to partners, competitors and predecessors (DFG, 2013). National and international research foundations, universities and private
funds understand that scientific misconduct is a serious offense to the scientific and engineering
community and poses a major threat to the prestige of any scientific institution. The German
5 The term simulationist is a neologism that includes any researcher (engineer, scientists, mathematician,
biologist, etc.) designing, programming and using computer simulations. The code of ethics can be found here:
http://scs.org/ethics/.
6 Although it is true that Ören et al. are concerned with accepting the results of computer simulations when
there is insufficient evidence (i.e., point 2.7 of the SCE), and with unbiased interpretations and evaluations of the
results of modeling and simulation studies (i.e., point 2.8 of the SCE), both referring to the interpretation and
uses of results of the simulation, the SCE has as core purpose to regulate proper professional behavior during the
early stages of design and programming computer simulations.
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Research Foundation (DFG), for instance, defines scientific misconduct as “the intentional and
grossly negligent statement of falsehoods in a scientific context, the violation of intellectual property rights or impeding another person’s research work” (DFG, 2013). According to the DFG
code of conduct, any proven misbehavior by researchers is seriously penalized.
Now, above and beyond the importance of a code of conduct for regulating scientific and
engineering practice, there is one particular issue inherent to the SCE that is worth mentioning,
namely, that it does not offer normative force. That is, the SCE is meant to be a guideline for professional behavior and thus, some argue (Pritchard, 2009), cannot be enforced upon researchers.
This is indeed the case of the SCE, for it is intended as an advisory code for good design and
programming practice, and as such it has the objective to help researchers make moral decisions
in concrete situations on the basis of more general values of the profession or company, rather
than to instruct the behavior of the researchers according to certain values and norms.7
With these ideas in mind, let us now see how the SCE could work in the context of the
simulation of the F3 tornado. For starters, the design and programming of a simulated tornado
varies depending on the complexity of the models used as well as the number of active researchers
involved. Compare the simulation in figure 1 with figure 4. Without knowing details about the
underlying models, one could safely infer from the visual realism that the complexity of the former
exceeds that of the later. Several elements work as an indication of their respective complexity.
The visual realism of the former simulation includes colored stream tubes representing the motion
and velocity of particles when released into the airflow, the airflow geometry in and around the
tornado, the variation of color of the stream tubes conveys additional information about air
temperature, and the cooling down-heating up process – stream tubes are orange when rising and
light blue when falling. Color plays a further informative role, such as highlighting the tornado’s
pressure and rotation rate. The spheres in the low pressure vortex represent the developing
tornado, which rise in the updraft and are colored by pressure. Tilting cones colored based on
temperature represent the wind speed and direction at the surface, and show the interaction of
warm and cold air around the developing tornado (Wilhelmson et al., 2010). The simulation of
the tornado in figure 4 does not present any of these characteristics.
Taking it to be evident that the simulation of the F3 type tornado in figure 1 requires much
more design and programming than the tornado in figure 4, the question is how the SCE could
guide researchers through good professional behavior during these early stages. For instance,
the counter-rotating satellite tornado that appears in the simulation could be the byproduct of
intentionally programming such a tornado into the main simulation. Taking that the SCE was
followed during the early stages of the design and programming of this particular simulation,
all suspicions of intentionally programming such a satellite tornado should vanish. Specifically,
point 2.6. of the SCE explicitly forbids intentional programming that leads to misintepretations
of the model or the results of the simulation.8
Another similar case of professional misconduct could be found when researchers explicitly
add more colored stream tubes to the visualization by implementing the models in specific
ways, for instance, by showing the same stream tube twice as the result. By doing this, the
simulation provides a false sense of the capabilities of the F3, such as more destructive power
and endangerment. A similar case can be made by means of eliminating the tilting cones and, in
doing so, eliminating information about temperature, wind speed and direction of the tornado.
7 Let it be noted that there are several different kinds of codes of conduct, some of which are disciplinary (e.g.,
the one offered by the DFG), and some which are advisory such as the SCE (van de Poel and Goldberg, 2010;
Luegenbiehl, 1991).
8 Point 2.6 reads ‘Be explicit and unequivocal about the conditions of applicability of specific models and
associated simulation results.’
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As we can infer from these examples, professional misbehavior in computer simulations comes
in at least two flavors: adding information that was not previously in the models, and reducing
or eliminating information that should be in the models. In this context, one important question
that is not answered by Ören and Tolk is whether unintended misbehavior is also within the
scope of the SCE. The complexity, size, and level of social cooperation involved in climate simulations requires, as the starting point, the good professional behavior of researchers at the design
and programming stages. However, one could realistically expect that these kind of computer
simulations show unintended and unexpected behavior. In the previous section we saw how Lou
Wicker offered an example of honest uncertainty regarding their own climate simulation. To his
mind, “we think the computer model is a reasonable approximation of what’s going on, and with
the model we can capture the entire story” (Barker, 2004). Could the researchers commit some
form of unintended misbehavior? I think this is perfectly possible and, to a certain extent, even
excusable given the kind of simulation at hand.9
I am aware that I have only scratched the surface of a much deeper issue, namely, what
constitutes proper scientific and engineering behavior in the context of computer simulations.
Unlike other codes of conduct, researchers working with computer simulations could hide their
harmful intentions – had they any – in the code much easier than in an engineering artifact
or in a laboratory experiment. Ören and Tolk are well aware of this and offer the SCE as the
appropriate answer. The next step would then be to evaluate the suitability of the SCE to the
actual demands of a growing scientific and engineering activity such as computer simulations.

3.2 The reliability of computer simulations and the trustworthiness of results
Terence Williamson is the second author that has taken an interest in understanding ethical
issues emerging from computer simulations. Similarly as we find in Ören and Tolk’s position, the
chief motivation that guides Williamson is that computer simulations are exceptional instruments
for improving human life, as well as contribute to a more sustainable environment now and in
the future. Despite these optimistic ideals, Williamson chooses to discuss ethical problems from
a rather negative perspective. Since his main concerns are the reliability of computer simulations
and the trustworthiness of their results, his approach consists in showing that many epistemic
claims could lead to spurious impressions of accuracy and legitimacy of the results of computer
simulations. When such a situation occurs, researchers are lead to inappropriate uses of computer
simulations, such as wrong decision making and erroneous allocations of resources. In this context,
and unlike Ören and Tolk, Williamson believes that a combination of epistemic concerns about
reliability and trustworthiness are constitutive of the ethics of computer simulations. Let us first
analyze Williamson’s epistemological ideas in order to see how later they combine to give rise to
moral concerns.
The work done by Williamson consists in showing how the epistemology of computer simulations extends its domain to reach out to ethical matters, enables the legitimization of certain
practices involving simulations, and accounts for design decisions and regulations informed by
simulations that are morally permissible.
According to Williamson, accuracy – or numerical validity – of a simulation model is conceived
as the degree to which the results of the simulation correspond to the real-world phenomena
under scrutiny. Such accuracy can be affirmed by the three standard methodologies, namely,
empirical validation, “which compares simulated results with measured data in the real world”;
analytical verification, “which compares simulation output from a program, subroutine, algorithm
9 Consider, for instance, the list of signs that make you a bad programmer – and which are quite extended
among professional computer scientists – (Wenham, 2012).
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or software object with results from a known analytical solution or a set of quasi-analytical
solutions”; and intermodal comparison, “which compares the output of one program with the
results of another similar program(s)” (Williamson, 2010, 404). A fourth element that grants
accuracy is the authority of expert researchers, who are involved in sanctioning the correlation
between the results of the simulations and the empirical data (Williamson, 2010, 406).
With these ideas in mind, Williamson focuses on four epistemological sources of ethical concern, namely,
1.
2.
3.
4.

Credibility and the absence of knowledge,
Transferability of knowledge,
Dependability and uncertainties in using simulation results,
Confirmability and inaccuracy of assumptions of a simulation model.

Given space constraints, I shall only briefly discuss the first and last claim. For a complete
discussion of all four, see (Williamson, 2010, 405) and (Durán, 2018, Chapter 7).
3.2.1 Credibility and absence
The credibility of a computer simulation stems from two sources. On the one hand, it depends on
its numerical accuracy – or numerical validity – that is, results of computer simulations have been
correctly determined by comparison with actual empirical data. For instance, the measurement
of the speed of light c = (3.0 ± 0.1)x108 m/s is accurate insofar as it is close to the true value of
the speed of light in the vacuum, namely, 299, 792, 458m/s. Let me stop here and briefly address
two issues of philosophical importance that emerge in the context of numerical accuracy. First
is the metaphysical question of what is the true value of the speed of light in a vacuum (see,
for instance, (Tal, 2011), (Teller, 2013)). Since this question is out of the scope of this article, it
will not be addressed. For a discussion on accuracy in the context of computer simulations, see
(Durán, 2018, Chapter 4). The second issues is what constitutes numerical accuracy. Questions
such as ‘would a simulation that miscalculates the path of a tornado by one meter be inaccurate?’
Surely the absolute exact prediction of the path of a tornado is neither possible nor desirable,
for it would entail more computational power as more details need to be accounted for in the
simulation. As long as researchers have a good estimation of the tornado’s path, the simulation
might be considered accurate. Unfortunately, this solution begs the question of what is a ‘good
estimation.’ This time, however, the answer will depend on the discipline, the target system,
the available computational power, the scientific need of the researchers, among other factors.
Results of a simulation that approximate empirical – or theoretical – data of about ten kilometers
could be considered a good estimation depending on whether the tornado’s path goes through
the fields, a region where towns are far apart, or through a highly populated area. In the latter
case, the results could be deemed virtually useless.
The important point here is that, whatever constitutes an inaccurate simulation, such a simulation cannot provide reliable knowledge of the target system and therefore, to Williamson’s
mind, it becomes a source of ethical concern. In fact, Williamson believes that there is a direct
correlation between accuracy and credibility: the more accurate the results of the computer simulation, the more credible the simulation becomes and thus the more morally justified researchers
are in their actions (Williamson, 2010, 406). Thus understood, in the process of assessing the path
of a tornado informed by a simulation – and, therefore, to provide evacuation protocols, alert
the population, deploy human resources and infrastructure, etc. – simulations must be credible,
that is, numerically accurate with respect to empirical data.
The second source for the credibility stems from the expert authority capable of sanctioning the correlation between the simulation model – and its results – and empirical data (i.e.,
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empirical validation) (Williamson, 2010, 406). Notably, and unlike many studies on the epistemological power of computer simulations, Williamson places expertise knowledge at the center
of the analysis on the credibility of computer simulations. In his own words, “[t]he credibility of
an application of simulation will be derived by reference to an appropriate authority to establish
the match between the constructed realities of the simulation and those realities that will be the
built environment in the real world” (Williamson, 2010, 406). The interesting use of an expert is
that, without her presence in the validation of results of the simulation, moral authority will be
lacking in the credibility of the computer simulation (Williamson, 2010, 406). In other words, the
credibility of computer simulations for moral decisions stems also from the expert acknowledging
its emprical validity. While most authors do not account for experts as reliable sources for sanctioning computer simulations, Williamson seems uncomfortable with restricting credibility only
to mathematical methods. In this respect, he insists that the expert plays a fundamental role in
the simulation to the point that “[c]redibility will be lacking when key elements of a problem
definition10 that reflective judges would agree should be included are missing or a simulation
tool is used inappropriately” (Williamson, 2010, 406).11
3.2.2 Confirmability and inaccuracy
Simulation models, understood as the models at the basis of computer simulations, include a
series of construction assumptions, conjectures, idealizations and abstractions. It has been argued
extensively that such assumptions and idealizations might undermine the trustworthiness that
researchers have in the results of computer simulations. Williamson is well aware of this fact,
which he refers to as the “‘inaccuracies’ in the application of the simulation” (Williamson, 2010,
407). A good example comes again from climate models, where the number of idealizations
and abstractions pervade the practice of climate science. Williamson illustrates his epistemic
concerns with different global circulation models that report different results. According to him,
this outcome is due to the many assumptions built into each individual model that do not match
assumptions built into other models. Furthermore, the data used to instantiate one model also
differs from the data used for another model, leading to an absence of one reliable model.12
Williamson shows then how seventeen global circulation climate models that simulate a time
series of global averaged surface warming are narrowly in agreement with each other (see figure
3, (Meehl et al., 2007, 763)). According to Williamson, not all the predictions made by these
models can be right or likely equally wrong. To counteract this effect, the average of the results
is used as the most probable value for the future state of surface warming.
Now, inaccuracies found in results of computer simulations raise natural concerns, if not
straightforwards objections, to the use of results for morally sensitive matters. The example
of the global circulation models is a case in point. Whereas it should be undoubtedly clear
that climate change is happening due to anthropogenic emissions, and therefore we are morally
compelled to take action, it is also the case that the sort of inaccuracies found in the simulation
models could be used by climate deniers to make their case. As I mentioned at the beginning,
Williamson takes issue with the epistemic unreliability of computer simulations and their failure
as surrogates of reality for they are the sources of spurious impressions of accuracy and therefore
10 See sections “trustworthiness and ignorance” and “questions on problem definition and relevance”
(Williamson, 2010, 405).
11 Admittedly, expert knowledge is rarely included in epistemological analysis of computer simulations. One
recent exception is the work of (Durán and Formanek, 2018) on computational reliabilism.
12 I find debatable the belief that a multiplicity of climate models speak against their individual or collective
reliability. A central feature of these models is that they attempt to represent different aspects of climate as well
as a different set of theoretical assumptions. This also seems to be the viewpoint of Eric Winsberg in (Winsberg,
2018).
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Fig. 3 Time series of globally averaged surface warming as reported in the 17 global circulation climate models,
International Panel on Climate Change (IPCC) Scenario A2. Multi-model mean series are marked with black dots
(Meehl et al., 2007, 763), (Williamson, 2010, 408).

of legitimacy, ultimately motivating inappropriate applications of results of computer simulations,
forcing wrong decisions, and a prompting erroneous allocation of resources.
One might of course disagree with Williamson on the basis that all forms of knowledge (i.e.,
scientific, engineering, social, cultural, etc.) can be shown to be faulty, incomplete, or flawed in
one way or another. Does this mean that the use of such knowledge – results of experiments
and/or computer simulations – should be banned on moral grounds? I believe that the answer
depends on the case. For some situations, inaccurate results lead to morally inappropriate uses
of computer simulations. Deciding in favor of some environmental protective policy on the basis
of an inaccurate simulation could lead to objections that ultimately backfire against a good
policy. Consider approving a protective environmental law against constructing a dam based on
a simulation of its ecological impact. Now consider that economic and political lobbies found out
that the simulation was inaccurate according to certain standards. This last fact, and not the
goodness of the law itself – or even the overall reliability of the simulation – becomes grounds
for vetoing the law – and perhaps reasons for the general disbelief in computer simulations.
Williamson is then right in calling attention to the accuracy of results of computer simulations,
and their credibility based on the assessment of an expert authority. In some other cases, however,
the presence of inaccurate results are inherent and systemic to the simulation. One could not
realistically expect that any number of global circulation models will be exact about how, when,
and why climate will change. At best, we have a (good) estimate for taking action. Ethical
considerations and moral behavior, therefore, must be evaluated with these considerations in
mind.

3.3 Forms of misrepresentations
A related source of ethical concern comes from the representational capacity of computer simulations. This is the line of argumentation taken by Philip Brey, who has argued that there are good
reasons to believe that representations in computer simulations are not morally neutral. This is
of course a line of argumentation with a long tradition at the intersection between philosophy of
science and ethics (e.g., (Briggle and Mitcham, 2012; van den Hoven et al., 2015)). Now, accord-
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ing to Brey, there are two chief sources of ethical concerns stemming from different standards of
representation, namely, misrepresentations and bias representations. To be more precise, Brey
relates the former to standards of accuracy (of the representation) and the latter to standards
of fairness (of the representation).13
According to Brey, then, computer simulations may cause harm, as well as mislead researchers
to the point of causing harm if the simulation fails to uphold any of the aforementioned standards.
For instance, the case of misrepresentations can be illustrated with the example of the tornado
again. Consider the representation of a tornado in figure 4 – and contrast it to the one in figure
2. For such a case, it is paramount to realistically and accurately represent the tornado as well
as its path before any decision can be made (say, ordering an evacuation). This example brings
about an important point regarding Brey’s interpretation of representation. According to him, to
say that results of a simulation represent is to say that they realistically approximate the target
system. In this sense, representation is a visual characteristic of the results, not a numerical
property of the results. In his own words, “[standards of accuracy] are standards that define
the degree of freedom that exist in the depiction of a phenomenon, and that specify what kinds
of features must be included in a representation for it to be accurate, what level of detail is
required, and what kinds of idealizations are permitted” (Brey, 2008, 369). Let us note that,
to Brey’s mind, an accurate representation is a simulation that realistically depicts the target
system by reducing the number of idealizations, abstractions and fictionalizations of the model,
at the same time that it increases the level of detail. He is not concerned – or he does not seem
to be concerned – with numerical accuracy.
Contrast this interpretation with Williamson’s interpretation of accuracy, where the results
of a simulation are accurate in the sense that they numerically represent the target system. This
distinction is not trivial and needs to be made explicit. Consider the second counter-rotating
satellite tornado shown in figure 2. Leigh Orf, one of the group leaders involved in the simulation, recalls asking tornado chasers their opinion on the visualization. To the field experts, the
visualization looks fairly reasonable, which is to say, the visual realism is convincing in spite
of their lacking a deep understanding of the simulation model, their methods for solving them,
and the mechanisms that enable the visualization of the tornado. To the tornado chasers, then,
there is only the visual experience that approaches the real experience. Of course, this does not
diminish their appreciation for the epistemological power of computer simulations. Reliability
of the simulation model and trust in the results are provided by Orf and his team, as they are
responsible for this in the division of labor (Orf et al., 2014). But to any account, the tornado
chasers are more interested in the visualization and what it can tell them about the tornado.
Now, according to Brey, misrepresentations of reality are morally problematic to the extent
that they can result in some form of harm. The greater the harm and the greater the chance
of their occurrence, the greater the moral responsibility of the researchers. The case of climate
simulations could be approaching one extreme, for misrepresentations – and acting upon misrepresentations – could cost all of us our future survival as humanity. The case of the tornadoes
discussed is no less dramatic. They constitute a permanent threat for the economic development
and social life of any affected area. Good simulations, that is, visually realistic representations,
are key for understanding tornadoes, developing preventive measurements, deploying resources
in the affected area, and even creating protocols that will prevent much of the damage produced
by tornadoes. Researchers well informed by realistic computer simulations can offer grounds
13 To be even more precise, Brey is concerned with a third source of ethical concern, namely, standards of
decency. This third standard refers to representations that are considered offensive or shocking to the senses or
moral sensibility. The example chosen by Brey are representations of child pornography in Virtual Reality (Brey,
2008, 370). Since I am not interested in these kinds of representations, I will not pursue them any further.
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Fig. 4 Low resolution of a simulation of a tornado. http://classwww.gsfc.nasa.gov/CAGESite/pages/demo1.htm

for proper moral behavior. Misrepresentations, on the other hand, threaten morally permissible
behavior to lead to great harm.
In truth, Brey’s account is not only concerned with the visual realism of computer simulations,
but also with the responsibility of the designers and programmers in ensuring the accuracy of
such representations (Brey, 2008, 370). For instance, I mentioned that inaccuracies in the visual
realism of a simulated tornado suggest courses of action which could in turn lead to grave
consequences for the population affected by the tornado. The misrepresentation of its path,
for instance, could lead to decisions against evacuating, or simply against raising a warning.
Brey claims that such inaccuracies are also the responsibility of the researchers designing and
programming the simulation of the tornado and its visualization. If this were the case, then a
wave of concerns will cast doubts on the simulation and the analysis of the results, affecting any
past or future policy decision, preemptive measures based on the simulation, and of course the
reputation and authority of the researchers designing and programming the simulations, their
projects, and institutions.
Biased representations, on the other hand, constitute for Brey a second source of morally
problematic representations in computer simulations (Brey, 1999, 10). A representation is biased
when it selectively represents phenomena – and, we could add, selectively misrepresents phenomena. For example, it has been detected that in many global climate simulations the amount of
carbon dioxide that plants absorb has been underestimated by about a sixth. This explains why
CO2 accumulation in the atmosphere is not growing as fast as climate models predicted it should
grow (Sun et al., 2014). Such bias representation unjustifiably ignores the contribution to global
warming made by certain types of industries and countries. Consider for instance the case of
simulating how much carbon we can safely emit into the atmosphere without the planet suffering
dangerous climate change – that is, any warming above two degrees Celsius. The answer is a
deceptive ‘it depends on who you ask’ (Pearce, 2014). According to the Intergovernmental Panel
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on Climate Change (IPCC) we have just under 500 billion tons of our budget left of carbon we
are able to emit into the atmosphere. After this, we have to stop entirely. Now, by some other
estimations, the amount of carbon that we can still emit will vary. The International Institute
for Applied System Analysis estimates that we have, in fact, about 327 billion tons of carbon to
emit. The International Geosphere-Biosphere Programme, an international research consortium
based in Sweden, estimates instead that we have about 250 billion tons left. Furthermore, the
Earth Institute at Columbia University claims that we could emit a further 350 billion tons and
still keep below the 1.5 degrees of warming. Why do these estimations differ? The answer is that
some estimations make room for allowing the effects of anthropogenic emissions of warming gases
other than CO2, such as methane; some other estimations prefer a more pessimistic view and
allow ‘slow feedbacks’, which include greenhouse-gas releases from ecosystems as forests die and
permafrost melts (Pearce, 2014). When these different scenarios are run in a computer simulation, it is possible to favor one group (e.g., one industry, one government, one business) over the
other (e.g., native populations, long term effects in a region, etc.). For instance, an estimation
that allows the effects of anthropogenic emissions such as methane might be implicitly allowing
agricultural business to deforest areas of land, endangering in this way the native populations
living in those areas.14 In general, the problems with biased representations is that they typically
lead to unfair disadvantages for specific individuals or groups, or unjustifiably promote certain
values or interests over others (Brey, 2008, 370).
One could of course object that such representations cannot go unnoticed by the experts.
Any well-informed policy maker could notice the biases in the representation and decide against
policies based on these simulations. The problem is that it is being assumed that policy makers
(v.gr. researchers, institutions, governments) are capable of discerning when a representation
is biased, and this is not always an easy task, if possible at all. Furthermore, what does it
mean that a representation is biased? Many representations could be forcefully biased to the
detriment of minorities. To exclude a low income and low educated group from a simulation
of a voting system is one thing, but not all biases are tied to a specific purpose. In many
cases bias representations are an inescapable feature of the simulation, particularly in climate
simulations. As we mentioned earlier, climate simulations are very complex system, involving
several researchers – agencies, institutions, governments – and composed of millions of lines of
code.15 A good example of this can be found in the history of the IPCC assessment reports.
The FAR (1990) was primarily about atmosphere and physical properties; the SAR (1996), on
the other hand, included volcanic activity and sulfates; the TAR (2001) added the effect of
aerosols, overturning circulations in oceans, rivers and the carbon cycle emitted from industry
and urbanizations; the AR7 (2007) included the chemistry in the atmosphere and the effect of
vegetation.16 Should policy makers dismiss the results of the FAR because it does not includes
volcanic activity? Or should researchers take the results produced by TAR as incorrect of the
state of our climate because it does not includes the effect of vegetation? Clearly our climate
cannot wait until we have a non-biased climate model. In fact, one could make the case that it
would be immoral to have the simulations – provided they are numerically reliable – and not
take action to stop the changes our climate is going through.
14 This is in fact an unfortunate yet common practice in agro-industrial business in some areas in Brazil and
northern Argentina.
15 Besides the size and complexity of the models in terms of code lines, modules are constantly changing and
new ones are being created. Loading the input data into the NOAA’s GFDL CM2.x. simulation takes over two
hours, and the processing time varies from a few weeks to months depending on the time-span that is simulated
(Winsberg, 2018, 398).
16 To this, we could also add several other aspects of the simulations, such as the geographic resolution of each one
of these models, the time evolution of climate models – and of climate – and the adjustment to quasi-equilibrium,
which takes into account that over different time scales, different processes might dominate.
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4 Final remarks
This article had the purpose of revisiting the current philosophical viewpoints on the ethics of
computer simulations. To this end, the discussion examined three pieces of work found in the
recent literature. As we discussed, Ören and Tolk center their efforts in a Simulationist Code of
Ethics that organizes and guides the conduct of researchers. Williamson, on the other hand, shifts
his interests to the reliability of computer simulations and the trustworthiness of results. Whereas
this is an epistemic enterprise par excellence, Williamson convincingly brings into consideration
ethical concerns stemming from epistemological discussions. Finally, Brey centers attention on
the representation of computer simulations and how failing to uphold certain standards is a
source of ethical interest.
Although these authors cover a large basis on ethical issues affecting computer simulations, I
believe that more can be said. Computer simulations have become the backbone of much scientific
and engineering research, especially in disciplines where the complexity, the social and academic
involvement, and the political and economic interests are so intertwined with, and dependent
upon each other. It is well known that any code of ethics – or, more to the parlance of many
ethicists, code of conducts – has problems of its own. The Simulationist Code of Ethics is in
this respect no exception. A deeper philosophical analysis on its scope and limits, as well as a
sociological study on whether these codes have any real impact in today’s practice of computer
simulations is still pending. Fortunately, issues emerging from the epistemology of computer simulations do not seem to have that problem. There are very well understood issues that attract the
attention of any researcher that approaches computer simulations. The connection between the
epistemology of computer simulations and ethical concerns is, arguably, unique. As I mentioned
in the introduction, this connection is sometimes so plain that to many – myself included – it goes
unappreciated. Now, here might lie the starting point for an ethics also helping the epistemology
– and thus shifting the burden of proof. Consider as a simple example ethical concerns about
how to behave in situations where the simulation – or its results – are not transferable from one
domain into another. Whereas we are still looking for an answer to this ethical issue, one could
also think of it in terms of the epistemology of computer simulations. Finally the question of
representation, a time-honored problem in the philosophy and ethics of science, is at the center
of ethical concerns in the context of computer simulations. While investigating the connection
between failing to uphold standards of representation and ethical concerns is not privative of
computer simulations, more needs to be said about the many cases that escape standard science
and engineering practice. A case in point is failing to uphold standards of accuracy of a simulation of a tornado when it is the only tool for forecasting such climate events and thus for any
early warning system.
In this article, I have only scratched the surface on the many ethical issues that emerge
almost exclusively in the context of computer simulations. Further discussion is required both
on the current literature (for a more in depth discussion, (Durán, 2018)) and the objections here
presented. For now, that is labor for future work.
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