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Summary

Mental models play a central role in system dynamics efforts to improve learning and
decision making in complex systems. In fact, the system dynamics methodology can be
generally described as a feedback process in which mental models are used to develop a
computer model, which in turn creates new opportunities for learning that improve the
accuracy, coherence, and complexity of mental models. This article describes the
history of the mental models concept in the fields of system dynamics and psychology,
and offers a comprehensive definition of the term for use in system dynamics research.
The characteristics of mental models of dynamic systems identified by the empirical
literature are reviewed, with an emphasis on important flaws and limitations, as well as
their underlying causes, which typically limit the utility of mental models for dynamic
decision making. A mental model-based theory of dynamic decision making is
presented that is consistent with this evidence, and the mechanisms by which system
dynamics computer modeling can improve mental models within this theoretical
framework are described. The implications of the theory for developing appropriate
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techniques for studying mental models, as well as specific priorities for future research,
are discussed.
1. Introduction

U
SA NE
M SC
PL O
E –
C EO
H
AP LS
TE S
R
S

The idea that human minds create, store, and manipulate internal models of the dynamic
systems with which they interact has been central to the theory and practice of system
dynamics since its inception. The nature and properties of these mental models in fact
provide the primary rationale for the need to employ system dynamics modeling to
improve learning and decision making in the face of complexity. According to the
system dynamics view, people can (and should) manage systems by constructing a
mental model and mentally simulating it to determine the likely outcomes of policy
decisions. Learning occurs by comparing expectations with the actual observed
consequences of policy decisions and using this outcome feedback to revise or update
the mental model.
However, both practical experience in the field of system dynamics and controlled
laboratory experiments on dynamic decision making have shown that mental models of
complex systems are typically subject to a variety of flaws and limitations. For example,
mental models often omit feedback loops, time delays, and nonlinear relationships that
are important determinants of system behavior. In addition, the limited capacity of
working memory makes it impossible for people to mentally simulate the dynamic
implications of all but the simplest mental models. According to the system dynamics
view, only by adopting the feedback perspective and modeling discipline of system
dynamics and taking advantage of the computer’s ability to calculate the dynamic
consequences of mental models can these flaws and limitations be overcome.
Despite the known flaws and limitations of mental models, they are often tapped as a
primary source of information for system dynamics model building. A system dynamics
modeling project typically begins with an effort to elicit or externalize the mental
models of policymakers, so that they can be shared and submitted to a process of
scrutiny and evaluation.
There are several advantages to such an emphasis on mental information to supplement
the written and numerical databases that are vitally important to all approaches to
modeling systems, including system dynamics. First, the mental database that people
form through observation and experience is vastly larger than the other databases. Only
a fraction of the knowledge people gain during their lives is ever written down, and an
even smaller percentage of what is written is expressed numerically. Second, the mental
database is more likely to contain the type of information that is needed to build system
dynamics models, namely, the details of system structure and the cognitive processes by
which managers make decisions. Third, the mental database can be more easily probed,
and can provide information that allows modeling to proceed when written and
numerical information is absent. Fourth, the elicitation and use of mental data allow
managers to develop a sense of ownership of the resulting model, as well as to gradually
see their own mental models revised and transformed, both of which aid learning and
increase satisfaction with the modeling process.
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The main disadvantage with the use of mental data in model building, of course, is the
increased potential for errors and biases, since the data have not been subject to the
editorial or review processes that are typical of written and numerical data. System
dynamics practitioners acknowledge this potential for error in data collection and have
developed knowledge elicitation procedures that attempt to minimize it. Furthermore,
they argue that the mental database is not so flawed that it cannot serve as a useful
starting point for modeling, and that the iterative nature of the modeling process will
eventually uncover the important errors that do exist.
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Given the importance of mental models for improving dynamic decision making and as
an information source for model building, it is not surprising that system dynamics
researchers have devoted an increasing amount of their research effort in recent years to
their study. System dynamics practitioners have developed a variety of diagramming
techniques for representing mental model information in ways that promote learning
(see Knowledge Elicitation). They have also developed substantial practical experience
in the design and implementation of group facilitation and group model building
programs to change mental models and improve decision making (see Group Model
Building). In recent years, efforts have increased to validate this practical knowledge
about measuring and changing mental models through rigorous experimentation and
assessment.
2. Definition

Despite its role as one of the most important concepts in system dynamics, the term
“mental model” is also one of the least well defined. To some degree this is due simply
to the inherent difficulties of defining any mental concept. Mental models are not
directly observable, and their character must be inferred from observations of overt
human behavior. They are also subject to what one system dynamics research group has
termed “the mental model uncertainty principle,” which states that the mere act of trying
to understand or measure them may itself alter mental models. There is the added
difficult that researchers themselves must rely on potentially flawed or biased mental
models while struggling to identify their character.

A second reason for the difficulty of system dynamics researchers in establishing a
mutually agreeable definition of mental models is the checkered history of the concept.
Since its first use by the psychologist F.I.M. Craik in his 1943 book The Nature of
Explanation, the term mental model has taken on a variety of meanings, all of which are
still in current usage. For example, in psychology and related fields, mental models have
been variously referred to as mental diagrams or picture-like images, mental
representations, intuitive theories, collections of beliefs, schemas, and knowledge
networks. In system dynamics, Jay Forrester introduced the term to the field in his
seminal work Industrial Dynamics in 1961, stating that mental models are “mental
images or verbal descriptions…[that] substitute in our thinking for the real system that
is represented.” In the intervening decades, system dynamics researchers have at times
described mental models as intuitive generalizations, collections of ideas, opinions and
assumptions, networks of facts and concepts, and implicit causal maps of systems.
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A recent effort by two of the present authors (Doyle and Ford) to synthesize existing
ideas into a useful form for system dynamics research and practice resulted in the
following conceptual definition:
A mental model of a dynamic system is a relatively enduring and accessible, but limited,
internal conceptual representation of an external system (historical, existing, or
projected) whose structure is analogous to the perceived structure of that system.
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In this definition, the phrase “relatively enduring” implies that a mental model, while
subject to changes that occur on the order of minutes or seconds, may persist in longterm memory in some form for years or decades. The word “accessible” suggests that
people are generally consciously aware of their mental models and to a large degree can
mentally inspect them and communicate them to others. “Limited” means that the term
mental model should not refer to all of the knowledge held by an individual but to a
precompiled subset of information in long-term memory. The maximum size of a
mental model is determined by the capacity of working memory, the mental workbench
on which people store information temporarily while thinking about it. Since the
amount of information that can be organized into a meaningful grouping of information
(or chunk) in working memory is flexible, the maximum size of a person’s mental
model may increase to some degree as they gain expertise and learn to organize
information more efficiently. However, no amount of experience or expertise can alter
the maximum number of chunks. Due to such unalterable cognitive limitations, it is not
surprising that, as Jay Forrester, the founder of the field of system dynamics, has
remarked, most mental models are usually no more complex than “a fourth-order
differential equation.”
The term “internal” in this definition indicates that mental models are cognitive
phenomena, that is, they exist only in the mind and they should not be confused with the
results of efforts to “elicit,” “surface,” “map,” or “measure” mental models due to the
strong possibility of measurement error or bias. The word “conceptual” restricts the
definition of mental models, for system dynamics purposes, to models composed of
symbols, concepts, ideas, or other language-like components rather than mental imagery.
The phrase “representation of an external system” implies, first, that mental models are
cognitive structures that store information, rather than cognitive processes which
transform information, and second, that mental models refer to or represent objects,
processes, information, or mental constructs that are outside the boundary of the mental
model. The use of the term “structure” implies that mental models are not simply
knowledge but knowledge that has been organized and interconnected in some way.
Finally, it should be noted that the word “perceived” in the final phrase of the definition
is important to make it clear that an individual’s mental model of a system may or may
not bear a resemblance to the real system, depending on the accuracy of their perception.
The field of system dynamics has yet to converge on a widely agreed upon definition of
mental models, which is not surprising given the ethereal nature of mental models and
the inherent difficulties of studying them. The above-stated definition, although the
most comprehensive available, should not be considered to be correct or complete but
merely a useful starting point for further refinement and debate.
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