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TEACHING DYNAMIC FEEDBACK SYSTEMS
THINKING: AN ELEMENTARY VIEW*

NANCY ROBERTSTY

A pilot study hasdemonstratedhat dynamicfeedbacksystemsconcepts can bé&ught to children as

young as ten and eleven years old, when nurtured by a teaching strategy that follows Bruner's emphasis
upon the teaching of basic structufeBocusing on the wherstanding andepresentation of underlying
structures in the area of social studies, the author developed, impleraeditadluated aurriculum to

teach children both to read dynamic feedback systems’ causal loop diagrams and also tdegeialdp
diagrams explaining causal relationships among variables discussed in written materials. The curriculum
enabledfifth and sixth graders tdearn analyticand synthesis skills previously taught primarily to
graduate classes as M. I. T. The positive results achieved seem transferable to broader groups wishing to
become familiar with dynamic feedback systems thinking and its applicability to social problems.

Introduction

Management science techniques can be effectively taught at the elementary and secondary school level
This accomplishment is congruent with the goals of TIMS as stated by its past president Martin Starr, who
expressed the desire "to affect the educational system at all grade levels from kindergarten through postdoctore
studies so that management science becomes increasingly relevant and effective” [11, p. 5].

Until recently the impact of management science techniques upon elementary and secondary schools
had been limited almost entirely to the use of simulation gaming, usually non-computerized. This paper
describes a recent successful effort to introduce dynamic feedback systems thinking, based on the system
dynamics approach to fifth and sixth grade students. This pilot study has been followed by use of the prototype
curriculum materials at all levels of education, from kindergarten through executive development programs. An
effort is now underway to develop materials aimed at secondary students for enabling them to perform more
advanced phases of management science model building.

Explanation of Terms

A dynamic feedback system is an ongoing set of relationships in which the output of an action taken by
one person or group eventually has an effect again on that person or group. The dynamic feedback systems
approach to understanding management problems has been studied and extensively developed at M.1.T. for tt
last twenty years by a group led by Jay W. Forrester [3]. Their work was based upon two prior decades of
research in the area of feedback control theory and mathematics led by the pioneering of Norbert Wiener. Ove
the years the approach has spread from business issues to understanding what creates and maintains probler
in many areas of social science and economics[4].

A researcher goes through three basic phases when analyzing a problem from the dynamic feedback
systems perspective. In the first phase he develops visual feedback diagrams showing the cause-and-effect
structure of the system being studied. The second stage is equation writing. Using DYNAMO [8] or an
equivalent computer simulation language, the researcher states in precise mathematical form the cause-and-
effect relationships he has identified. During the third basic phase the researcher simulates, with the aid of a
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computer, the model he has built. Later phases of the approach involve model validation, computer
experimentation, redesign, and continued reiteration of this overall cycle. The pilot project that was tested with
the fifth and sixth graders focused on the first phase of the dynamic feedback systems approach . . . the
development of visual feedback diagrams showing cause-and-effect structures of complex systems.

Rationale for the Project

The area of social studies in the elementary school curriculum has been criticized for years as a
discipline whose focus is primarily on facts. Ten and eleven year old children have traditionally been presented
with a sense of history and geography facts that are quickly forgotten. Moreover, children have usually rates
social studies as the subject they like least. Bruner suggests these phenomena might be due to the absence in
present curricula of any attempt to teach the basic structure of the subject. Bruner makes four arguments for the
importance of teaching basic structure:

1. “understanding fundamental makes a subject more comprehensible” [2. p. 23],

2. “the most basic thing that can be said about human memory . . . is that unless detail is placed into a
structured pattern, it is rapidly forgotten” [2, p. 24],

3. “an understanding of fundamental principles and ideas . . . appears to be the main road to adequate
‘transfer of training' " [2, p. 25],

4. “the fourth claim for emphasis on structure and principles in teaching is that . . . one is able to
narrow the gap between ‘advanced' knowledge and 'elementary’ knowledge [2, p. 26].

This pilot study attempted to develop a teaching method that takes into account Bruner’'s suggestions of
focusing on the underlying structure of a subject matter. System dynamics is a method for better understandin
the underlying structure of complex situations. Social studies attempts to help children understand the
complexities of the world. The author theorized that if social studies educational materialesigamed to
facilitate teaching a process of problem representation and prsbleimgy, children would then be able to use
this process for understanding more complex issues in both the natural and social sciences. Further, as Brune
suggests, if children are able to identify the underlying problem structure, facts encountered during study will
more likely be retained.

The author selected BloomT@xonomy of Educational Objectives: Cognitive Donjijras a guide to
measuring the achievement of the elementary school children in this educational experiment. The educational
research literature generally supports Blooiégonomyas a guide to the hierarchy of thinking skills [5], [6],
[10], [12], [13], [ 15]. The fourth and fifth levels of tHexonomyare congruent with dynamieedback
systems thinking. Bloom defines these levels as:

Analysis(fourth level)— “the breakdown of the material into its constituent padsdetection of the
relationships of the parts and of the way they are organized” [1. p. 120].

Synthesigfifth level)— “the putting together of elements and parts so as to formhola” [1, p.
162]. Both dimensions of “analysis” and “synthesis”, as defined, are esserainer’'s concept of
structuring.

Bloom suggests that to raise a person’s s level of thinking, that person must go step by step up the
hierarchical structure of the taxonomy. This would mean starting atghievel, Knowledgegfact
accumulation). Most elementary school teaching materials, especially in the area of social studies. concentrate .
the lower end of the hierarchy of thinking processes, with higher levels of thinking in students not resulting.
The thrust of the authors project, however, coincided more with Bruner’s philosophy of education: That is, to
develop a strategy for teaching a process to identify underlying structure of social science issues where teachir
effort would be concentrated at what Bloom defines as higher level thinking processes.



Dynamic Feedback Systems Strategy

For this study the author developed a social studies unit (a series of topical activities) including a pre-
study unit and a post-study achievement test following Blodms®nomya computerizetVorld 3 Game
and two sets of dynamic feedback systems exercises [9] The unit was designed around the focal issues of the
computer game. The game was developed by the author from a dynamic feedback systems computer model [7
concerned with the current and future problems of worldwide natural resource usage, pollution, food and
population growth. The unit consisted of a series of self-directed activities of a social studies/science nature.
For the unit work the class was divided into four group following the topics of the game: natural resources,
pollution, food and population. In each group the chairman recorded the activities which each person chose to
do. The remainder of the unit was self-directed. The children worked on these activities for eight weeks. At the
conclusion of the unit each group presented its work to the rest of the class by explaining its bulletin board
display, reporting on its research and experiments, and presenting any skits or other oral activities.

During the time of individual unit work, the author worked with small groups of students using the
author’s dynamic feedback systems exercises. To introduce these exercises to the class a lesson was devotec
develop the concept of cause-and-effect. First the author’s “Arrow Game” was played. A large paper arrow
was handed to a student with a sentence to complete. For example, “Being tired causskeefe’tdlie
student would complete that sentence and start another one. For example, “Sleeping causes me to ( )
and hand on the arrow. The object of the game was to complete the circle. This demonstration of circularity
introduced the notion of feedback. As each circle was completed, a causal diagram was drawn on the
blackboard, such as in Figure 1. Other cause-and-effect sentences used in the Arrow Game, and sample
diagrams they elicited, were:

1. Being hungry causes me to . (See Fig. 2.)
2. Being angry causes me to . (See Fig. 3.)
3. A gasoline shortage causes . (See Fig. 4.)
Figure One Figure Two

TireUleep Hungry Eat

Tired Sleep Causal Loop Hungry Eat Causal Loop

Figure Three Figure Four

Angmhout Amount of gasoline available price
\ Frustration \ Use of cau/
Anger Causal Loop Diagram Gasoline Availability Causal Loop Diagram

The second part of this introductory session consisted of the class playBrgkba Square Game
[14]. The game is played by handing each of the five players in a group parts of several squares. Each game
group's task is to complete five equal squares. The game rules prohibit talking. The player’'s may only
voluntarily give pieces of squares to each other. The team that wins is generally the team that learns to



cooperate the quickest. Following the game a discussion was held about the students’ feelings while playing
the game. The following causal-loop diagram was created by the class to explain what happened during the
game.

Figure Five

Amount of Success Amount of Encouragement

Amount of Cooperation

Game Cooperation Causal Loop Diagram

At the conclusion of this lesson a flannel board was left in class entitled “Label the Loops”. Also left
were fifteen sets of flannel-backed loops (examples given in Figure 6); and +, -, +arrow, and -arrow symbols.
The students were asked to label each arrow head with either a + or - symbol. A + indicates the variable at the
head of the arrowhanges in the same direction as the variable at the tail of the arrow. A - indicates that the
variables change in opposite directions.

Figure Six
- Amount of pollution Amount of money in the bank

/' \+ +
Pollution controls O Concern for polution ( @ )
+
+V\_/

N Amount of interest added each year

Births @ Total populationU deaths ;'Number of highway;
\_/ U Need for neWﬁic]ams

+

Examples of Flannel Board Causal Loop Diagrams

The students then determined whether the loop was (1) a positive feedback loop (symbol here),
indicating the system behavior continued to change in the same direction. or (2) a negative feedback loop
(symbol here), indicating oscillating or goal-seeking behavior.

This flannel board was used as the basis for the third lesson. The author led the class through labeling
the loops with the appropriate symbols and explaining the suggested behavior of each loop.

The first set of written exercises developed by the author was then introduced to the class. The student:
were asked to read and explain (in writing) as many of the causal-loop diagrams as time permitted until the nex
lesson. These exercises contain sixteen diagrams and question sets covering such topics as supply and dema
cycles, population, thermostatic control systems, and urban dynamics. Figure 7 is one example exercise. Ovel
the next few weeks the author met with each child in a small group setting and listened to the student explaining
dynamic feedback systems causal-loop diagrams. The overt focus of these exercises was the development of
analysis skills.
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The above diagram shows 4 feedback loops that influence forest development.

1. All the loops ar@ which means:

2. Write a few sentences explaining each loop. The resulting paragraph should explain how a
forest maintains .

Figure 7. Sample Dynamic Feedback Systems Diagram Exercise.

Once the class understood how to read causal-loop diagrams, the author asked the children to take
written material (stories) and explain the underlying structure described in the stories by drawing causal-loop
diagrams. Each story in this second set of exercises developed by the author describes a different situation

drawn from the personal experiences of children and from the natural and social sciences. Two examples
follow.

Story No. 2—The Case of the Missing Muscles

John admired Adam’s muscles. Adam was an all around good athlete. He could play baseball and
hockey well/ He was one of the fastest runners in the class. Most of all, he could do ten pushups at the
beginning of the school year. Now in April, he could do twenty. This is what especially impressed John. In
September John could do five pushups. He had to do them in camp that summer and without any practice Joh

5



could do five pushups in a row. Now, in April, John was sure he could do at least eighBort i&hen it
came to his turn in gym, he could barely do three pushups.

1. What do you suppose caused Adam’s muscles to strengthen over the winter and John's muscles
virtually to disappear?

2. Draw one causal-loop diagram that might explain both boys’ situations.

3. Can you write a story aboyburself or one of your classmates that is similar to this?

The children developed causal-loop diagrams to explain this situation and responded to the questions
posed above.

Story No. 5—The Oil Crisis

One aspect of the oil crisis, as explained by an economist, was the starting of a “vicious circle”. This
vicious circle was begun by agreements made by the Arab oil producing countries in 1971 called the Teheran
and Tripoli Agreements (named for the cites in which the meetings were held). Here these countries agreed to
raise theprice of oil. The rise in oil prices meant that these countries then made more money. They made so
much more money that they could not possibly spend it all. Realizing this, these countries decided not to
produce as much oil. They knew that eventually their oil supply would run out so they might as well make it
last as long as possible.

Because there was less oil being produced in the world, and more oil was needed every day, a scarcity
of oil developed. This scarcity of oil forced the oil prices to go up even higher, continuing the “vicious circle”.

1. Draw a feedback diagram showing the “vicious circle” this economist points out.

A vicious circle is an example of a positive feedback loop. A positive feedback loop is one that
continues going in the same direction, eventually exploding. A positive feedback loop is labeled with a (symbol
here) in its center.

2. Label each arrow with either a + or -.

One resulting causal-loop diagram which could be used to explain this situation is shown in Figure 8.

- 'PI’ICG of Ol

+ \ |
Oil Prow/mofts

Figure 8. Example Solution: The Oil Crisis Causal-loop Diagram

Some of the additions titles in the set of nineteen stories, indicating theirangke of areas covered,
are:

1. The Body Temperature System

2. Rabbits and Lynx in Northern Canada

3. The Tragedy of the Sahel

4. Insulin and the Balance of Body Sugar

5. The Workings of an Ecosystem

Again, over the next few weeks, the author met with each child at least once, and often more, to discus:
the stories and their behavior as depicted by the students’ diagrams. The author found it took working through
three or four stories together in a small group before the children began drawing competent diagrams of their
own. The overt focus of this set of exercises was the development of synthests skills.
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Test Development and Results

A set of pre- and post-achievement tests was constructed following Bldaxosomyto determine
the effectiveness of this teaching/learning unit. (A complete discussion of the test, its reliably. and the statistic
results is available in [9].) The contents for the first three sections of the achievement test were drawn from the
world problems social studies unit the students had been studying. The questions for the last two sections of
the test, which attempted to measure the student” ability to do analysgrahdsis level thinking, were
drawn from general system dynamics exercises used at M.I.T. These last two test sections were testing the
students’ ability to use the system dynamics process for understanding underlying structure of complex ones.

The test questions were edited by several members of the M.I.T. system dynamic group to assure
technical accuracy. The tests were then administered to two sixth grade classes (independent of the classes us
in the later study) to check clarity of directions and questions as well as appropriateness of vocabulary level.
The two sets of test scores, resulting from a random division of questions into a pre-study test form and a post
study test form, were correlated for reliability. The correlations of the pre-test and post-test forms were 0.97
and 0.96 for the two classes.

Table 1 clearly shows that statistically significant learning occurred (as measured by post-study minus
pre-study scores) at all levels of the taxonomy for both the fifth and sixth graders actually involved in the
experimental project.

Further statistical analysis of the test data indicates that the sixth graders did not learn significantly more
at the IV and V levels (those levels involving dynamic feedback systems thinking) than the fifth graders. The
testing also indicates that 1Q did not seem to be a significant determinant of achievement.

o  TABLE 1 _
Statistical Analysis of Results of Achievement Tests
Pre vs. Post Scores

Test Section Results
Corresponding to Bloom’s

Grade n Taxonomy evel u* z*
6 27 I (Knowledge) 70.5 5.118
[l (Comprehension) 120.5 4.289
[l (Application) 162.0 3.646
IV (Analysis) 209.0 2.764
V (Synthesis) 59.0 5.698
Total Test Scores 85.5 4.828
5 23 I 81.0 4.006
Il 62.0 4.525
1] 117.5 3.321
\Y 166.0 2.235
Vv 23.0 5.793
Total Test Scores 59.0 4.519

*Man-Whitney U Test
**All z scores are significant at the 0.01 level.

Conclusions

Based on the statistical tests, the author concluded that this group of fifth and sixth graders was taught
dynamic feedback systems thinking, a management science approach that focuses on understanding and
representing underlying structures of problems usually taught at the college level or beyond. Further, the study
suggests that this approach to problem structuring (analysis and synthesis) can be taught, at least to younger
children, as effectively by a teacher with no previous background in the field as by one with several years of
experience. The fifth grade class was taught by a volunteer whose experience was in teaching foreign
languages at the secondary level. This woman was briefed before each class presentation and in addition wen:
through the dynamic feedback systems diagram and story exercises on her own. Since no statistically
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significant difference was found between the fifth and sixth grade achievement scores on level IV and V, the
author feels that lengthy teacher preparation in this way of thinking is not a prerequisite to teaching this subject
to younger children. Moreover, at the end of the study, both the regular classroom teachers involved felt they
could teach this subject using the sets of exercises developed for the study.

Finally, the classroom teachers recognized the interdisciplinary nature of dynamic feedback systems
thinking and its applicability to many aspects of the curriculum. The school’s science specialist participated in
several classroom sessions during the course of the study. The fifth grade classroom teacher, who is also the
mathematics teacher, said she now plans to include dynamic feedback systems diagramming in the flow
diagramming unit that is part of her math curriculum. The sixth grade classroom and language arts teacher felt
that book characters could be discussed from a dynamic feedback systems point of view. The research results
and field experience, though small sample and speculative at this time, seem positive enough to warrant furthe
experimentation with this strategy for teaching a process for understanding problems.

Since this study was completed, further curriculum development has taken place. A set of feedback
materials consisting entirely of pictures has been created and is being field tested with kindergarten and first
grade children. The same sets of exercises used with the fifth and sixth grade are being used in trials across tr
country with high school students, college undergraduates in a variety of courses from physics to history, and
executive development students at M.I.T.’s Sloan School of Management. Recently a team has formed under
the author’s leadership within the M.1.T. System Dynamics Group to develop additional curricula that would
enable secondary school students to build and simulate system dynamics models. When available this new
material should also be useful for other students as well, especially college undergraduates with nonquanti-
tative backgrounds. Further successful efforts in the directions indicated in this paper can broaden significantly
the audience for understanding and potentially using management science thinking tools, and can begin the
process at the appropriate starting point, in the elementary schools.

'Copies of the complete text of dynamic feedback systems exercises may be obtained from the author (M.I.T., E40-253,
Cambridge, MA 02139) for the price of reproduction.
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