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Abstract

Many claims have been made for the efficacy of the growing number of curricula uti-
lizing system dynamics. However, although there is educational research that will likely
support these claims, systematic efforts to document them thus far have been inadequate or
non-existent. This paper will review and critique one such effort to assess the effectiveness
of system dynamics in the classroom. The compelling need for improved SD assessment
procedures, as well as recommendations for future projects in SD assessment, will then be
discussed.

Introduction

Until the mid-1970s, system dynamics was used mostly as a research tool and was taught
primarily in graduate-level management and systems analysis courses. In 1975, however,
Roberts (1978) began to experiment with teaching system dynamics to fifth and sixth
graders. In collaboration with the MIT System Dynamics group, Roberts (1981) proceeded
to develop and test a high school curriculum in system dynamics.

Since these initial efforts, interest in employing system dynamics as a pedagogical tool
in reforming curricula in grades K-12 has increased substantially. In 1994, for example,
more than 260 people from throughout the United States and other countries attended a
conference on Systems Thinking/Dynamic Modeling for K-12 Education (Forrester 1994).
The purpose of this paper is to describe and critique the current state of efforts to assess
the efficacy of the growing number of system dynamics curricula; to outline methods for
improving assessment of these curricula; and to suggest directions for future research.

The Typical System Dynamics Curriculum

System dynamics (SD) curricula focus on modeling the behavior of complex systems over
time in order to solve problems and improve understanding. Typically, students are first
introduced to important system dynamics concepts such as stocks and flows, feedback loops,
and system nonlinearities. Then, students receive instruction in using a dynamic computer
simulation software package. Finally, students are given problems to solve and are guided
through the stages of building and running a dynamic simulation model of the problem.
Ideally, the standard course material is not presented entirely in lecture form, but is accessed
by the students as necessary during model building and analysis.
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The main difference between SD and more traditional curricula is the emphasis on the .
time dimension — SD programs focus on dynamic models. However, it is important to note
that this innovative curriculum differs from traditional curricula in several other important

ways:
1.
2.

SD curricula focus on problem solving rather than accumulating factual knowledge;

The main activity in SD classes is interaction with computers and simulation modeling
software;

SD curricula emphasize graphics and visual displays of information rather than verbal
descriptions;

Many SD teachers have students work together on problems in small groups rather
than individually; '

Many SD curricula incorporate “learner-directed learning”, in which students share
responsibility for the pace and direction of the educational process; and,

Having students focus on building models means that SD curricula introduce the pro-
cess of “synthesizing” knowledge at a much earlier stage than traditional programs.

Obviously, SD curricula represent a dramatic departure from traditional programs, revamp-
ing several key features of the educational process simultaneously.

Claims for the Efficacy of System Dynamics Curricula

Given the novelty and complexity of implementing SD curricula, it is no surprise that little
formal assessment of their effectiveness has been carried out to date. However, there is no
shortage of claims that have been made for the superiority of SD programs, based largely
on anecdotal information and the informal reports of teachers. The following claims, for
example, have been reported by Forrester (1993; 1994):

1.

SD motivates students to work harder. Draper (1989), for example, claims that SD
students learn more, learn more quickly, do extra work, and exhibit fewer disciplinary
problems.

The work environment of SD programs is superior because it creates a more exciting,
challenging, and collaborative atmosphere that takes advantage of students’ intrinsic
curiosity and increases students’ confidence when dealing with complex problems.

. The SD approach increases the retention of knowledge by providing students an orga-

nizing framework that makes the material more meaningful and shows how seemingly
disparate academic disciplines are related.

The focus of SD curricula on solving problems through modeling forces students to
think in a structured way, making them better “critical thinkers”.
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5. Learning SD will facilitate the transfer of knowledge and insights across academic
boundaries. In addition, insights gained during computer modeling of systems will
transfer to everyday problem solving and decision making.

6. An. SD-based education will produce more flexible, general problem solvers who can
more easily move from field to field.

Apparently many teachers and SD professionals feel that the benefits of an SD education are
obvious, the results of current SD curricula have been dramatic and positive, and there is no
need to reserve judgment while waiting for the results from a formal assessment. However,
as we will show, the need for assessment is great, as assessment efforts to date have been
inadequate or non-existent.

A Review of Classroom Dynamics: A Report on the Assessment of SD

The only large-scale effort to assess SD curricula to date is a study by Mandinach and Cline
(1994) of the Educational Testing Service (ETS) that follows the Systems Thinking and
Curriculum Innovation (STACI) project from 1986 to 1992. The evaluation of the project’s
effectiveness over this time period is restricted to issues of implementation, with the ex-
ception of limited analyses of classroom observations, participant interviews, and student
exams. The authors emphasize that it is difficult, if not impossible, to evaluate the effect of
a new teaching strategy on learning without first examining the process and success of the
implementation of the project’s main objectives. Although the original intent of the authors
was to observe the change in student learning and organization of school systems initiated
by the project, the study was reduced to simply analyzing the process of change and its
perceived effect on classroom dynamics.

The Evolution of the STACI Project

The STACI project began as a two-year research effort in 1986 headed by the ETS
with funding from the Office of Educational Research and Improvement (OERI). The initial
purpose of the project was to examine the cognitive demands and consequences of learning
with system dynamics and STELLA at the secondary level as observed at one high school in
Vermont. Topics included in the study were biology, chemistry, physics, history, and general
physical science. Data to be used in the analysis were collected from course exams and
grades, standardized tests, observations, and interviews. In addition, a special instrument
developed by the ETS staff called the Systems Thinking Instrument (STI) was administered
to the students in the courses using system dynamics.

It is evident that the information to be obtained from such a research design was not
clearly established prior to the implementation of the study. For example, the authors
fail to recognize the inherent weaknesses and built-in biases that accompany the use of
course exams and grades to measure student learning. No standards of what it means to
understand system dynamics or the content specific to the courses were imposed by the
study. The STI represents an attempt to incorporate such a standardization; however, it
was only administered to the students in the courses using system dynamics at the end
of these courses, with no basis for comparison to either a control group or a similar test
administered before the system dynamics experience. Methods for collecting data through
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observations and interviews are also not outlined, including frequency and content of these
efforts. In addition, the authors realized too late that the implementation of the fundamental
ideas of system dynamics in the courses studied was very limited. Principles of SD were only
being used sporadically on a few topics. Therefore, the outcome of this two-year project
was a brief outline of the effects of system dynamics in one secondary school based on very
unreliable tests and last minute attempts to salvage some information through anecdotal
summaries of the project team’s observations.

The result of this initial research breakdown was a complete restructuring of the project,
with the new focus on the issues associated with the implementation of system dynamics at
the K-12 level. To better understand the transferability of SD curricula, the project created
a network of eight schools around the country consisting of seven secondary schools and one
middle school with a wide variety of characteristics. Donation of computer equipment for
the schools was secured from Apple Computer and this second phase of the project began
with a two-week workshop in the summer of 1988 for the 32 participating teachers.

Phase 2: The STACIY Project ,

The STACI¥ Project (N for “network” of schools formed in 1988) proposed to focus on
two major components: teacher support and research activities. Teacher support consisted
of workshops, an electronic mail address for networking between campuses, meetings within
disciplines and schools, and stipends for the participating teachers ($3,000 per year). Unfor-
tunately, the project did not use any funds to secure consultation from experts in curriculum
development or system dynamics. The participating teachers, most of whom were novices
in SD and had no experience developing curriculum for alternative teaching methods that
utilized technology, were expected to develop (mostly from scratch) all SD materials to be
used in their classes. They were then expected to implement these materials with support
only from the other participating teachers. Needless to say, the quality of the SD mate-
rials developed and the degree of implementation varied immensely from class to class, as
it had in Phase 1 of the project. In addition, no provisions were made for the upgrade
of the technological hardware and software at the schools. Consequently, many machines
were outdated or out of service after the first two years of the “new and improved” STACIY
project. No commitments for continued funding or support of the project had been secured
from the participating schools; therefore, the maintenance of the technology and, ultimately,
the funds needed to continue the project were non-existent.

Research for the STACIY portion of the project intended to encompass three areas: stu-
dent learning, impact on teacher behavior, and impact on schools. Student learning was
to be assessed through interviews and longitudinal testing; impact on teacher behavior, in-
cluding course organization and classroom activity, was to be measured through classroom
observations and interviews; and impact on the schools was to be assessed through repeated
interviews with students, teachers, administrators, parents, and school board members. In-
terviews in all three areas of the research utilized the same questions in order to obtain
different perspectives on the same issues. The research design took the form of a forma-
tiwe ezperiment as developed by Newman (1990); the authors ruled out the use of a quasi-
experimental design, as they felt it would be too difficult to incorporate and adequately
maintain control and experimental groups that would yield reliable results. They supported
their decision with work by Salomon (1990; 1991) which cautions against any attempt to
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make conclusions about the effect of school-based curriculum innovation projects due to the
complex nature of educational organizations.

Although the development of a quasi-experimental design that is reliable in a school set-
ting is difficult at best, much information can be obtained through a well-controlled effort
that collects data of this type, especially over a period as long as that of the STACI project.
Rather than attempt to do this, however, the authors used this difficulty as an excuse for
sloppily collected data and poor administration of the project. Even after discussing the im-
possibility of creating such an experiment, the authors still collected data on student learning
based on a quasi-experimental methodology and then blamed the unreliable results (which
they fail to even report) on the claim that such a design was not appropriate. However,
the student learning data collected were not comprehensive even for an ideal environment.
For example, performance on course content was measured with quizzes, tests, laboratory
reports, and examinations that were administered by the individual teachers and were not
controlled in any systematic manner by the project team. Such data are biased and cannot be
used to measure learning within disciplines or schools because of inherent differences between
teachers. Interviews, observations, and classroom videotapes were also not systematically
monitored, with no formal mechanisms used to control and record this quantitative data.
Again, no results are reported. Finally, students in the classes using system dynamics were
administered a standardized test on systems thinking. However, results could only be com-
pared to a general, non-SD standardized test previously administered, since no provisions
were made for a pre-test/post-test design or comparisons with a control group.

The project did attempt to involve the participating teachers in the collection of infor-
mation for research purposes. This information included a paper-and-pencil student test of
SD concepts, student essays requiring SD, peer teacher observations, and teacher-designed
alternative assessment techniques. However, as with the previously described data collec-
tion, it is unclear how the collection of this information was monitored by the project team
or even whether all classes involved in the project were participating. Again, it is critical in
this type of research design that all data collection be closely monitored and standardized
and that any schools to be observed, including a control group of schools not using SD, are
required to fully participate and cooperate in such data collection.

Outcomes of the STACI Project

Because of the non-standardized format of the data collection on student learning and
organizational changes, the only information that could realistically be reported by the au-
thors was Observations, Issues, Cautions, and Lessons Learned (see Mandinach and Cline
1994, Chapter 4). The issues encountered in the study fell into several categories: school
and district administration, physical resources, curriculum, teachers, professional support,
project management, and research design. Although this type of information is critical to
the further development of any educational innovation, it is disappointing that there are
not more objective results. The six-year (and, ultimately, eight-year) span of the project
could have produced a rich array of data on student learning, curriculum development, and
organizational change that would be of great value to the SD community.
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Evidence from the Psychological and Educational Literature

Given the poor quality of previous efforts to assess SD curricula, it is necessary to examine
the more general literature on learning and education in order to evaluate claims for its
effectiveness. According to the literature, the focus of SD curricula on increasing motivation
is appropriate: increasing classroom morale is one of the most effective ways to increase
learning (Walberg 1986). In addition, teaching strategies that result in relatively relaxed
learning environments similar to the SD approach have been shown to improve academic
performance (Good 1983; Walberg 1986). There is also substantial evidence that cooperative
group learning promotes academic success (Walberg 1986). However, working effectively in
groups does not come naturally to most students; they need to be taught such skills as how
to share responsibility and how to encourage their group partners (Gallagher 1994).

Evidence concerning the effectiveness of learner-directed learning over and above the
effects of cooperative learning is more difficult to find. At least one study, however, has
noted that gifted students are more effective practitioners of the monitoring skills necessary
when learning is self-regulated (e.g., organizing information, seeking peer assistance; see
Zimmerman and Martinez-Pons 1990). SD curricula may be well-advised to include direct
instruction in self-regulation techniques. ‘

The focus of SD programs on building dynamic computer models to solve problems is
precisely the type of task which is known to increase student motivation. However, there are
some issues of concern for teaching problem solving skills through system dynamics. First,
SD curricula tend to emphasize the creation of new mental models for problems. Research
suggests, however, that if students hold pre-conceived mental models that are incorrect, these
misconceptions can be very persistent and may interfere with new learning unless they are
addressed directly (Brown 1992)." Second, by introducing synthesis at an early stage during
the learning process, SD curricula are essentially asking students to solve problems using a
limited knowledge base. Research on problem solving, however, suggests that many novice
errors are due simply to the lack of important information (Chi et al. 1988).

The claims of SD practitioners that employing a dynamic model to help organize infor-
mation will improve retention and understanding is well-established in psychological theory
(Bruner 1963). Of course, almost any meaningful way of organizing information will improve
retention, and it is not known whether stock-flow diagrams, for example, are more effective
than other representations. Mayer (1989), however, has suggested that diagrams designed to
help learners build conceptual models of systems may be an espec1a11y promising technique
for increasing understanding.

The psychological literature on the transfer of knowledge to new problems in different
academic disciplines is not encouraging. Beginning with Gick and Holyoak (1980), many
studies have demonstrated that surprisingly few people are able to transfer problem solving
strategies to analogous situations, even under optimal conditions; they simply fail in most
cases to perceive the analogy. There is also a substantial danger that students may take
analogies too far or mistakenly apply them when it is not appropriate (Spiro et al. 1989).
Perkins and Salomon (1989), however, are more optimistic; although they acknowledge that
transfer is difficult, they report that transfer can be improved by teaching students general
heuristic strategies.

The claim that SD curricula will teach students concepts that are transferable to an
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intuitive understanding of problems in everyday life outside the classroom seems overly
optimistic. Certainly students may think about applying SD to new problems later in life, but
if computer simulation is necessary to understand complex systems in the classroom, it will
be necessary to understand them outside the classroom as well. Training in SD will not alter
the cognitive limitations that prevent people from thinking clearly about complex systems.
Sterman (1989; 1994), for example, reports that people have great difficulty understanding
even the “simplest” of dynamic feedback systems without the aid of computer simulation.

Overall, there is strong support in the literature for the potential effectiveness of many
elements of SD curricula (with the notable exception of knowledge transfer). However, there
is no direct evidence that the SD “perspective” of dynamic modeling has beneficial effects
over and above the proven beneficial effects of other aspects of SD curricula, such as coop-
erative learning and problem solving orientation.

The Need for Formal Assessment of System Dynamics Curricula

Given the strength of opinions held by SD proponents, the large amount of anecdotal evi-
dence, and the generally promising support in the educational literature, it is tempting to
say that formal assessment of SD curricula should not be a priority. However, even when
results seem dramatic and obvious, there are good reasons to conduct formal assessments:

e The lack of evidence from carefully controlled assessment studies may limit the rate
at which SD curricula become accepted by new schools. In particular, a willingness
to subject ideas to rigorous testing is an important element in gaining the trust of
parents, teachers, and administrators.

e In order to build a convincing case for the introduction of SD curricula in place of
other proposed innovations, it is necessary to demonstrate that the concepts of SD
and the analytic technique of dynamic simulation provide benefits over and above the
known benefits of the elements that SD programs share with other types of innovations.
Currently, there is a tendency for SD practitioners to compare their curricula with the
worst examples of traditional teaching. However, a more convincing test would com-
pare SD curricula with the best available alternative: a cooperative, learner-centered
curriculum that focuses on problem solving, brings computers into the classroom, and
emphasizes synthesis of knowledge, but employs a traditional modeling technique in
place of SD.

e Only systematic experimentation can lead to the improvement of SD curricula. Cur-
rently teachers of SD are studying many different topics, and each teacher employs
a slightly different procedure. Thus, when one class is more successful than another,
it is not possible to isolate the cause. In order for the field to accumulate knowledge
and move forward, controlled experimentation in which potentially causal variables are
isolated one at a time can no longer be avoided.

e The absence of rigorous assessment leaves the field of SD education vulnerable to
charges of bias. There are several well-known biases that occur when experiments are
not adequately controlled. For example, Wason (1960) describes a “confirmation bias”
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in testing hypotheses; that is, people tend to focus on evidence that could support
their hypothesis and to ignore evidence that could disconfirm their hypothesis. It
is at least possible that, for every anecdote in favor of SD curricula, there is a less
flattering anecdote that goes unreported. Untrained experimenters may also introduce
expectation effects (Rosenthal 1960). Currently, SD is taught only by volunteers who
are highly enthusiastic about SD and have strong expectations about its chances of
success. It is possible that some of the gains made by current SD programs occur
simply because teachers expect them to occur.

Priorities for Future Research

In summary, we believe the following areas represent the most pressing needs for future SD
assessment efforts:

1. Increased consistency and standardization in SD programs at different schools;
2. Increased quality control and more intensive teacher training;

3. Better experimental control, including controlled comparisons with the “best” alterna-
tive programs; and

4. Basic psychological experimentation to document unsubstantiated claims for improved
problem-solving processes.

Another area in which rigorous SD assessment techniques have the potential to enhance
current practice is in learning organizations (Senge 1990). Indeed, if corporations spend
time and money in an effort to become learning organizations, it is in their best interest to
continually assess whether they are moving toward this goal. ‘

According to Senge (1990), a learning organization is built on a foundation of five disci-
plines: systems thinking, personal mastery, mental models, shared vision, and team learning.
Assessment instruments and techniques developed for K-university SD education can, in prin-
ciple, be adapted to corporate settings in an effort to ascertain whether systems thinking
goals are being achieved. Moreover, other assessment instruments and techniques can be
developed to assess the progress of a corporation in the other four disciplines.

Conclusions

Some have argued that SD curricula cannot or should not be tested against more traditional
methods because they are qualitatively different, or because the benefits of SD are difficult
to define and quantify, or because important elements of SD classes will have to be sacrificed
in order to provide a controlled comparison with traditional classes. It is true that assess-
ing SD is likely to be difficult, complicated, and time consuming. But it is not impossible.
Many of the hypothesized benefits of SD, in fact, do seem to be quantifiable and testable
using currently available methods (e.g., increased knowledge retention, increased likelihood
- of transfer). Given the compelling need for assessment, the SD community must begin the
process of resolving these problems.
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