MistakesMadein theEarly Years
Teaching Students and Teachersto Create System Models

Diana M. Fisher, Franklin High School, 5405 SE Woodward St., Portland, OR 97206 USA

A workshop at the March 1990 NCCE (Northwest Council for Computer Educators) Conference in
Eugene, Oregon was the first exposure | had to system dynamics and the STELLA software.
Within ten minutes | knew there was something different about this approach. The visua nature of
the STELLA software seemed to clarify the problem characteristics. The following week |
purchased the software and began to read the manuals, thinking | would try some problemsin my
second year algebra class the next month. What follows are the mistakes | made on the journey to
teach myself, my students, and other teachersto create STELLA modelsto study dynamic
phenomenon. (Note: Some mistakes relate to experiences in my classroom and othersrelate to
team teaching experiences.)

Mistake: Thinking that | could fit a systems dynamics view into my current view of
mathematics. Asl| tried to design modelsto replicate the functionsthat are taught at the high
school level in math classes, naturdly | relied on the generic function formulato guide mein the
design. Unfortunately, | couldn't get the modelsto work correctly. | knew what graph should be
produced. | created tablesto check the values. But | couldn't make anatural connection between
the function relationship and the model design. The problem was mind set. It wasn't until | began
to view functions from the perspective of how they changed over time, from the perspective of the
characteristic differential equation, that the piecesfell into place. It was necessary to continue to
reread the STELLA manuals and other materials multiple times, trying to look for the common
thread that meshed with my training in math. Functions at the high school level (preceding
Calculus) are not taught from the perspective of (intuitive) differential equations, and rarely viewed
from behavior over time.

Mistake: Thinking that a flow describes a component that causes a stock value to increase or
decrease. In many ssimple models created for and by students it seemed natural to describe aflow
asacause. Insome problemsitisadescription that leadsto the desired design. But there are
subtle problems with thisinterpretation that indicate alack of understanding of the true nature of a
flow. A flow isarate of change of the stock value and so where births "cause" population to
increase, acceleration does not "cause” velocity to increase. It must be clear in the mind of those
designing the model that the use of causdlity in describing the flow function is not accurate and can
be used only with the redization that it isatemporary crutch for model design, if itisused at all.

Mistake: Thinking that using data to dictate the design of the model would allow correct design
for the system under consideration. We place a heavy emphasis on validation of models created.
In our effortsto validate our models we began to rely heavily on data obtained for parts of the
model being constructed. We came to view the data as the driving force behind how that part of the
model should be constructed. Thiswas an error. Using data to validate part of amodel is not the
same as using the data to dictate how that section of amodel should be constructed. Since we had
built system models for the major functions studied in high school algebraand calculus coursesiit
followed that when a set of data exhibited a certain growth pattern the function structure would be
used to design the corresponding section of the model. This can be a deceptive analysis, because
the pattern in the data rather than an analysis of why the dynamics of that part of the model produce
the given behavior are dictating the model design. It isimportant to maintain as the primary focus
the analysis of the system and the dynamics/interactions between components. The analysis should
prompt the construction of a model which, when exercised, exhibits the pattern of growth shown in
thedata. Additionaly, the data may represent only asmall domain of the behavior of the problem
under study. The system may behave as shown in the data only under certain conditions and
perhaps only for agiven period of time.



Mistake: Thinking that using causal loops as a first stage in the design of a model was useful .
and necessary. | tried very hard to use causal loops at the beginning of my study of systemsand
in the introductory lessons | used with students. Most of the books | was reading used them as the
first stagein analyzing aproblem. What | found was that it took a certain amount of effort to
construct an appropriate causal diagram and a considerable amount of effort to construct a STELLA
model from acausal diagram. The lack of structure in the causal diagram was the primary
impediment. Finaly, | threw out the causal diagram exercises and went directly from the problem
description to the design of the model using the structured STELLA diagrams. The model design,
though still difficult, was much easier. Students who were familiar with the STELLA iconsfound it
much easier to indicate the dependencies, the quantities, and the flows. The reduction in model
building effort was significant with the removal of the entire use of causal diagramsin the design
process.

Mistake: Thinking that tutorials would help students build models. Thefirst exercise | used
with students was one that | had received at the NCCE conference. It was a step-by-step tutoria to
build a population model. 1t seemed easy to follow and the subject was familiar to all the students.
It was anatural first exercise. Students were able to follow the directions with little assistance and
build the moddl. There were even able, with some difficulty, to answer questions, anayzing their
congtruction asthey proceeded. It seemed deceptively easy. It was. The students followed the
directionsin the exercise and thought about the small questions they were to answer, but they did
not have abroad view of what they were doing. This exercise did not engage them in the thinking
that was necessary to create an original model. They viewed the exercise in small, digointed pieces.
Even requiring them to write asummary at the end, analyzing the model, was not sufficient to get
them to see the picture in away that would allow them to create even the simplest original model.
Consequently, tutorials are used now only to help students learn to navigate in the software, or to
develop small modeling skills, such as adding a new component to one part of amode.

Mistake: Thinking that students could build original models once they had seen a
demonstration of such models, as an introductory lesson. Aswith the tutorials, demonstrating a
model inits entirety and explaining how the model was constructed, no matter how intuitive the
model, does not prepare students to build origina models themselves. Thiswasthe way | started
with studentsin the first modeling classthat | taught. The students do not engage in the type of
thinking needed to create origina models when either of these exerciseswere provided. The
exercises may be useful for other purposes. The only method | have found that works to enable my
students to create origina modelsisto have them actually create very, very smple models from
some problem description and then explain the model that they created. Most students cannot even
create moderately sophisticated models after only being exposed to tutorials and/or demonstrations.
While there are always a few students who can jump to the creation stage, following a
demonstration, we were/are interested in having ALL studentsin the class create origina models.
As aconsequence, it was necessary to build into the lessons a sequence of exercises requiring
students to create and describe simple models exhibiting certain characteristics (linear growth,
exponential growth, convergent growth). Not only was this necessary, it turned out to be the first
timein the class students began to exercise acreative vision. It continuesto be a positive
experience. The focus, then was not only on the creation of the model, but equally on the
explanation of the model, both of which were critical at this early stage.

Mistake: Thinking that students could build substantive models after carefully designed lessons
that built their skill in the use of STELLA and model analysis and simple model construction.
For the first three years students in the systems modeling class followed a sequence of carefully
designed lessons that built their skill using STELLA to represent certain dynamic phenomenon and
exercised their skill building simple models and analyzing them. But the purpose of the course was
to have the students build more substantive models to study areal problem of their own choosing.
The transition from the sequenced lessons to the creation of amodel for which they had no data nor



much idea of aworkable design dictated additional exercises. Students needed practicein order to
deal with some of the ambiguity that would exist in the latter Situation. Fortunately, Scott Guthrie at
Wilson High School had created a set of four "STELLA Stories' that supplied the needed
experience for the students. These stories describe four different situations: The workings of a
hydro-electric dam, the dynamics of water level for alake, the growth of acity, and the emergence of
diseasein apopulation. The story has the necessary datato complete amodel but students must
search for it and determine how to include each factor in the model. There is enough ambiguity in
the story to require creative analysis that was not present in the previous exercises. The practice on
a semi-ambiguous situation to model turned out to provide the transition between structured
exercises and open-ended model construction for the students.

Mistake: Thinking that the process for creating a substantive original model (topic selection,
data acquisition, expert availability) could be structured. Asamath teacher thiswas and isthe
most difficult part of the student modeling process to endure. By predisposition and experience |
instruct by attempting to carefully sequence exercises and labs so that students develop ever
increasing skill in the analysis of problemsthey areto study. It has worked well for mein most of
the math classes | have taught in my career. But it did not fit what | wanted students to be able to
do when completing amodeling course. Since | was not confined to required curriculum, asin all
of the other math courses | teach, | decided to experiment with a different approach, my second
year teaching the modeling course. Some mistakes | will discuss shortly (that occurred during the
first year of the modeling course) indicated that, if students were to understand the real process of
creating an origina model to analyze a non-trivial problem the process could not be controlled by
the teacher. The process of model building involves choosing an appropriate problem that is
accessible. Students are limited by their lack of experience and understanding of certain dynamics.
If the scenarios presented are those that are precisely defined, they never understand that many
good problems are not within their immediate grasp for various reasons. They need to identify
what those reasons are so next time they are able to choose problems more redistically. Next,
having chosen a problem that seems within their scope, they need to know that finding data may be
aproblem. The datamay not exist. If it doesexist, it may be difficult tofind. If itispossibleto
find, it may not be in aform that is useful to them. A teacher who allows students to choose their
own problems cannot know what difficulties will occur with data acquisition in advance. Assuming
the data can be located, students find next that they do not understand the system aswell as they
thought they did. They need someone to help them. Where do they find such aperson? How do
they communicate with that person? How often will the person be willing to communicate with
them, given that it is not part of his’her job description to assist these students? All of these
experiences are essential for studentsif they are to have aredlistic view of the beginning of a
modeling process. During this phase | just act as another member in each group, making
suggestions for finding resources when the students exhaust their ideas. It is extremely important
to allow studentsto "fumble" upon appropriate solutions. If they are ever to take their modeling
skill outside of the classroom they must know what is involved.

Mistake: Thinking that a modeling project could be done by studentsin 3 weeks. When the
first modeling course was taught at Franklin High School it was only a one semester course. My
godl, at that time, was that students would create an origina model and write a short explanation of
themodel. After the series of exercises that were used to build their skill with STELLA and
understanding the dynamics of the problems assigned we had only three weeks l€eft in the course. |
thought this would be enough. The students chose fairly simple problems. They were told to use
teachers astheir only experts. Problems arose trying to collect data. It was difficult for some of the
students to get the datain time to create the model for the question they wanted to study. The
guestions, in some cases, had to be modified. The time constraint required more structure on my
part leading the students where they needed to go if they wereto finish on time. This, although
acceptable to the students, since they were used to teachers controlling the direction of instruction,
was not what | wanted for the students. | petitioned the curriculum council in the school and was
given permission to expand the courseto afull year. If | were restricted to a one semester course



again, | would follow the sequence of assignments for the first semester that | currently offer,
culminating in the student creating amode! from the STELLA Story packet. 1 would not try to have
them create original modelsin a one semester course. Students could, after one semester, work to
create original models as independent study assignments, if the teacher iswilling to accept this extra
responsibility. Itis, however, not the desired situation, since most students will still need significant
help creating their first substantive original model.

Mistake: Thinking that there were a few pre-selected model ideas that should be used to select
asa student'sfirst project. After my initial independent study of STELLA and systems| cameto
see certain topics demonstrated repeatedly in the materials | wasreading. | thought those were the
problems from which the students should choose their original models. When the modeling course
was expanded to afull year, and students were given the freedom to choose a problem to study
(during the second semester), some students decided to strike out beyond the list of possible topics
provided. | wasunsure of their ability to find data, an expert, or create amodel for their problem. |
decided not to limit the students. It turned out to be the correct decision. After six years students
are still deciding to study problemsthat | have not studied, nor seen in the material that | read on
systems. | post thetitles of previous student models (to help students decide on possible problems
to study) and many studentstakeit asalist of what they do not want to do. Many students seem
to want to study what has not been done before. They want to make their own mark. So | only
interfere with their choice if, after three weeks of effort to get the necessary piecesin place, they are
not far enough along to actually be able to finish amodel within the required time.

Mistake: Thinking that students could produce a technical explanation of a model without a
processto guide them. | found that the explanations given for the students' final model during
the first year were inadequate to allow me to determine how well the students understood their
models and whether they had tested and analyzed the model performance in various situations. By
reflecting upon what | wished students had provided me in their explanations | developed an outline
of what seemed to be a reasonable sequence of questions students should answer when explaining
their models. It guided the students in testing their models as well as describing how their model
was constructed and how it functioned. It seemed naive of me to think that even our best students
would have an intuitive idea of what would make an appropriate explanation. Sincethe first paper
outline was devel oped, a more extensive outline was created by the Sym* Bowl! committee,
comprised of an English teacher, aresearch scientist, and a professor of system science at Portland
State University. This outline seems overwhelming at times and is only used in the third quarter
when the students are preparing for the Sym* Bowl modeling competition. Both paper outlines
have been very useful.

Mistake: Thinking that students needed a higher level of math training/ understanding to be
able to build substantive models.  When the modeling class was first designed the prerequisite for
students was concurrent enrollment in second year agebra. This seemed a natura audience and
proved to be areasonable level of mathematical sophistication for success. After atimeit seemed
there were some students dlipping into the course who did not have thislevel of mathematical
experience and yet seemed to be successful in the course. This year the prerequisite was changed
to allow freshmen (approx. 13 years old) to enter the classif they had completed first year algebra
with an above average grade. These students have performed exceptionally well in the course.

They appear to have no trouble building models and write reasonably well. Thisfirst group of
freshmen had to apply for entrance into the course so were not from atypical freshmen student
group. Wefed lessonsinvolving student creation of models could be introduced to students as
young as 11 years old, given an appropriately trained teacher and modified lessons. (STELLA
models have been used with students as young as 11 years but those exercises have involved mostly
the manipulation of models.) Additionally, we believe students who are older but not comfortable

1sym*Bowl is a systems modeling competition for high school students, sponsored by Oregon Health Sciences
University under the direction of Dr. Ed Gallaher, research pharmacologist. It started in 1996.



with math (those not on the college bound track in high school) can benefit from asystems
approach to problem analysis. We will have a better sense of systems approach viability in courses
for these studentsin the next few years, since we have some teachers of alternative education classes
who will bein our CC-SUSTAINZ2 program this summer.

Mistake: Thinking that systems concepts are best learned in a lab situation, with students
building modelsindividually. In addition to the dynamics studied in amodeling course, STELLA
models are being incorporated into traditional classesto assist student exploration of concepts that
were not well understood using previously available resources. Originally it was thought that
students must create the models from scratch to be able to understand what dynamics are involved.
While this has continued to prove true in traditional mathematics classes, algebra through Calculus,
it has not proven to be the case in some other classes. Ron Zarazad reports that certain conceptsin
physics can elude studentsif not strongly reinforced by the teacher. In these situations he has
found that construction of the early parts of amodel as part of a class exercise, in conjunction with
the students, is essential to guide students to observe or even consider subtle dynamics. For
example, when constructing a model to study the thermodynamics of a cooling cup of coffee, the
interplay between heat |ost viaradiation, conduction and convection could easily become confused
or missed entirely. Additionally, Mr. Zaraza has found that when students run models and answer
guestions, even following packets guiding students to build the model, there is no guarantee that
they really understand the connection between the building of the model and the concept they are
exploring. Heran an experiment where he developed 5 models on special relativity and tested
different approaches with two of his physics classes. The two classes had test averages within a
few points of each other previousto this experiment. With one class he had the students work with
a"special relativity" packet and answer questions requiring model manipulation. With the other
class he built the specid relativity models with the students as a group using the overhead projector
in the classroom. The second class discussed the models as they were being built. On atest over
special relativity the group that had worked as a class, building and discussing the models scored an
average 15 points higher than the class that used the packet.

Other useful experiences have occurred when the teacher builds, with the students, aminimal core
structure, and then lets the students build upon the structure themselvesin alab. Bear in mind the
outcome of these exercisesis not to prepare students to create their own origina models but to help
them understand one desired concept in more depth.

Mistake: Thinking that better math students would more readily accept the use of STELLA
modeling over studentswith less math ability. Having experimented with students who are very
successful in traditional math (Calculus and Pre-Cal culus classes) and those who have more
difficulty or lesstraditional math knowledge, | have found that the better students seem more
resistant to alternate methods of problem representation. | anticipated that students comfortable
with traditional equations and mathematical concepts would be comfortable with the concepts
regardless of representation; that they would understand the process as well using a different
vehiclefor analysis. Thereverse wasamost the case. It seemsthat more than afew of the
successful students had become successful by mastering the system of instruction used throughout
the previous math courses. They seemed less capable in analyzing problems than of mimicking
patterns of solutions. They were more resistant to new representations because it took them away
from their practiced mode of success. Alternately, those students who were less successful with the
traditional approach to studying problems seemed very open to the use of avisual tool like

2CC-SUSTAIN isaNational Science Foundation grant (Cross-Curricular Systems Using STELLA: Training and
Inservice, 1997-2000) that trains high school math, science, and social science teachersto create original STELLA
models and accompanying curriculum. It isthe sequel to the NSF CC-STADUS grant (Cross-Curricular Systems
Thinking and Dynamics Using STELLA, 1993-1997).

3Ron Zarazais a physics teacher at Wilson High School in Portland, Oregon and co-director (with Diana Fisher) of
the CC-SUSTAIN project.



STELLA. These students had lessto lose, and the reward in understanding something that had
been difficult for them reinforced the use of the tool and the new approach.

Mistake: Thinking that all studentswould learn better using STELLA becauseit isvisual.
When atool, such as STELLA, provides dramatic opportunity for students to analyze numerous
problems that have been previoudly inaccessible to them, it is easy to forget that not al students are
visual learners. Some students just didn't understand the purpose, nor appreciate the visual diagram
information that STELLA provided. They were more comfortablein atraditiona classroom with a
traditional approach. They did not enjoy the systems exercises, nor did they seem to understand the
point of analyzing problems from this perspective.

Mistake: Thinking that most teacherswould be open to a system dynamics approach. Some
teachers were as excited to learn about system dynamics as we were. Those teachers, primarily in
science, saw the value of the approach with very little prompting. Other teachers were somewhat
interested but, since there were few materials available for direct use in the high school classroom,
decided the effort was more than they wanted to expend. A last group was never going to be
convinced to consider the possibility of a new approach to teaching their subject matter. We knew
early in our effortsto train others that there would be a great deal of energy expended teaching and
supporting those professionals who were willing to explore the new approach. These teachers
knew that they would need to create the materialsto use in their classroom. We knew that once
materials became available some of the second group of teachers could be convinced to try a
systems approach to sometopicsin their subject area.  We decided not to expend energy on the
group that had no interest. Contrary to most educational reform efforts that are enforced from an
adminigtrative level, we had the luxury of focusing only on those teachers who were interested. A
few years attempting to convert various members of our departments led usto believe that the most
effective way to bring systems into high school was to infect those teachers (and students) who
wereinterested and willing to learn. A long term, systems view of infection became our approach.
It has worked for us.

Mistake: Thinking that showing teachers system dynamics models and how they are useful is
enough to get them to use them in class. Before we received our first National Science
Foundation grant we, my partner Ron Zaraza and |, were giving numerous one hour and three hour
presentations/workshops. We wanted to show other teachers the power of the systems approach in
math and science. Although some teachers expressed an interest the small exposure was not
enough to get teachersto alevel where they understood enough and had practiced enough to take
theseideas into their classroom. Teachers needed repeated exposure, time to live and play with the
new ideas. They needed materialsto use; they needed the software; they needed emotional
support. Our efforts would have been near futile had we not received our first NSF grant. The
original NSF training time was 3 weeks (which has been reduced to 12 days). We also provided an
alternate two day training and have provided one week trainings. We believe 12 daysisthe
minimum time needed for ateacher to have the chance of assimilating a systems approach
sufficiently to create origina models. This, of course, excludesthe fact that some teachers are
willing to learn anew concept on their own. Still, it takes repeated practice building models and
rethinking problems from a systems perspective to cause areal change in one's approach. The
training has proven successful in launching a significant number of teacher into the systems arena.
What is needed now is reviewed, published materials appropriate for the grades 7 through 12.

Mistake: Thinking that math, science, and social science teacherswere behaviorally similar
but with difference primarily in their area of knowledge. When wefirst started our training we
decided that teaching the early model development with STELLA should be donein separate
discipline groups. Therationae was that teachers learned better in their comfort zone, using
vocabulary they were familiar with. This proved to be true. What we did not expect was to see how
differently each group of teachers|learned and how they reacted to the new concepts. | expected
that a structured approach would work in each discipline. | expected that each group of trainers



would devel op a sequence of lessons similar in form, not content, to those developed for the math
teachers. Since we had math teachers teaching the math participants, science teachers teaching the
science participants and socia science teachers teaching the socia science participants (for the first
two and ahaf days) the original guidelines became fuzzy immediately upon implementation. Each
year we noticed that the behavior of each group was similar to the group the year before but
different from each other. The math teachers sat in straight rows and took copious notes, following
the lectures and computer lessons carefully. The science teachers would pay only partial attention
to the instructor, were determined to Sit at the computers during the instruction, and worked on
expanding the lessonsimmediately, before further instruction was provided. The social science
teachers wanted to discuss the lessons before working on the computers. We came to realize that
each group could not have been instructed, effectively, the same way.

Mistake: Thinking that social science teachers needed to be treated with kid-gloves because
they were uncomfortable with numbers. It wastrue that many of the socia science teacherswere
uncomfortable with the idea that they may have to determine the equations to use in their models.
We told them early in the training that this would not be required of them beyond the simplest
model congtruction. What we did not expect was their quick appreciation of the diagrammatic
approach to model design. Additionally they were excited to have a method to study the system
issues that abound in the social studies curriculum. Some of them had latent or dormant numerical
ability that emerged as they practiced creating models. These teachers do not, however, often create
original models for subsequent classroom use without the help of amath or science teacher. The
social issuesthat the socia science teachers want to tackle are often so involved, they tend to create
models that are too large, initialy. It isusually necessary to have them backtrack to a smple core
model, define the components appropriately, and add to the model in small, incremental steps.

Mistake: Thinking that math teachers would be eager and excited about working in cross-
disciplineteams. The math teachers brought us the most surprises. We did not anticipate, the first
year of the training, that the math teacherswould balk at joining any of the cross-discipline teams
for the creation of the final model project. We thought that math teachers would be interested in
learning applications of modeling that were not directly within their scope. We thought that these
teachers would find the function structures, which comprised subparts of the model, useful for their
purposes. What we found was that the math teachers were uncomfortable working with
applications about which they knew little. They wanted to remain in the abstract world of functions
and/or create models that had direct connection to their math classroom. These teachers were not
used to playing a secondary/supportive role in model building. Eventually, we found that we
needed to prepare math teachers for the realization that, when dealing with cross-discipline
modeling, no topics were going to be within the narrow scope of the traditional mathematics
curriculum. Most of the modeling topics were going to come from the science or the socia science
curriculum. The math teachers had to accept that their main function was to get the model
constructed properly so it would work appropriately. Thiswas no insignificant task, but it was not
what they expected. Eventualy, these teacher found ways to use the cross-discipline models for
their purposes. They needed to be the most resourceful of al the teachersin applying the final
model to their curriculum. They needed to be the most courageous because more was expected of
them out of their comfort zone.

Mistake: Thinking that math teacherswould see the ssimplicity in the approach and the
consistency between system dynamics and Calculus. The math teachers who participated in the
summer NSF systems training had less difficulty with thisissue than other math teachers who were
just attending a short systems workshop or those who had just heard others talk about this
approach informally. Math teachers are a stubborn lot. | should have remembered how long it
took me to change my view of functions. Of course, | thought it took so long because | had no one
to talk to about the new perspective. | only had books. | thought that explaining what | discovered
to other math teachers would make them as excited as | was about this new approach. The summer
participants came with the expectation of learning something new and were more open to the



systems perspective. Within the math department at Franklin it has taken seven yearsto convince a
majority of teachersin the department to try this new approach. What convinced these teachers was
not what | told them. It was what they were seeing the students accomplish. The students are the
best advocates for a systems approach. One rather traditional, excellent teacher, queried one of my
modeling students about her model. This student had been in his class the previous year and was a
good, but not exceptional student. As he questioned her about her model she was able to answer
his questions without effort. He came to realize that she really did understand what she was doing,
and came to appreciate that there may be something to the creation of systems models (with avisual
interface). Heistaking the training this summer. Getting math teachers to give up an equation
interface to problem analysisis not easy. They have to see both the diagrammatic and equation
representations together before they will even consider the former avalid avenue of study. Then it
is necessary to convince them that they should provide students experience using both
representations to analyze problems. Thetide appearsto be turning in math. Interest hasgrownin
significant proportions the last two years.

Thislist represents some of the more significant mistakes that have been made in an effort to bring
system dynamics modeling into the pre-college classroom. Unfortunately, | continue to make
mistakes, just different ones. Hopefully, thislist will help others who are trying to expand the use
of this powerful approach. It continuesto be aworth journey. | need only look at what my
students can do to keep me going.
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