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Solomon Garfunkel’s delightful reflection on the 40th anniversary of
COMAP [2022] reminded us that our book, How to Model It: Problem Solv-
ing for the Computer Age [Starfield, Smith, and Bleloch 1990], has passed its
30th anniversary and is still going strong. We appreciate the opportunity
to reflect on the ideas that prompted the book, our modeling philosophy,
and the implications and applications of our ideas. These ideas have, of
course, evolved since the book was written, becoming more organized and
explicit. We hope that they will help reinvigorate the movement to empha-
size the development of modeling thinking.

We focus first on the background and philosophy behind the book and
our thoughts on the principal aspects and core features of modeling. We
then discuss our pedagogical approach to developing modeling thinking
skills and their implementation in mathematical and computational think-
ing courses. Finally, we offer some insights and lessons learned.

Modeling Philosophy
Our book and the modeling course that we taught for many years are

based on a pragmatic modeling philosophy. The overarching idea is the
dichotomy between the “real world” and the “model world.” The “real
world” is out there all around (and inside) us; we understand it imper-
fectly. We build “model worlds” implicitly in our brains so that we can
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operate in the real world. An explicit model, one that we can share with
others, is what we mean when we talk of modeling.

So, a model is an intellectual tool (that operates in a “model world”),
just as a spade is a gardening tool. And just as we don’t have a universal
gardening tool, but a shed full of different tools, we construct a wide range
of models, each for a specific purpose.

It follows that a model is a purposeful tool. To set out to build a model
without a clearly articulated purpose is equivalent to performing an exper-
iment without a hypothesis. In fact, the analogy with experiments is use-
ful because an experiment (even one in the field) also operates in a model
world, and we must interpret its results carefully in light of the constraints
and assumptions inherent in its original design. A model, like an exper-
iment, can help us to understand the original question better, or make a
personal or communal decision, or suggest new hypotheses.

People who create or use models tend to focus on the inner workings of
the model or the results obtained from it. These are, of course, important;
but even more important are

• the purpose of the model,

• the design of the model world that lies behind the actual working model,

• the assumptions inherent in that design, and

• the limitations of the data fed into the working model, and consequent
limitations of the model.

Always remember that any conclusion that you draw from a model is an
IF–THEN statement: IF your stated purpose is relevant, and if you make
these assumptions and use these data, THEN. . . .

This constant awareness of the limitations, weaknesses, and assump-
tions of a model is what makes modeling powerful and distinguishes the
models that we design from the implicit models in our brains.

Putting this philosophy into practice leads to a modeling paradigm that
depends on rapid prototyping, which goes something like this:

• Define your purpose.

• Design the simplest model world that you can imagine for that purpose;
this is your first prototype. A classic example of this is John Harte’s
Consider a Spherical Cow [Harte 1985].

• List your assumptions.

• Develop the inner workings of your model. (This is where one might
eventually use a mathematical solution or coding software; but one does
not want to be locked into a solution method during rapid prototyping,
so a spreadsheet might be the best way to get started.)

• Use the best data that you have for model parameters and your best
guesses where data are missing.
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• Run your model and try to interpret your results back from the simple
model world to the complex real world.

• Do an assumption analysis (our terminology) to explore how sensitive
your conclusions are to your assumptions—in other words, tweak your
model imaginatively to estimate what practical difference your assump-
tions might make.

• Do a thoughtful sensitivity analysis to estimate the practical effect of
the uncertainties in your data.

• Review whether the insight from the prototype suggests that your orig-
inal purpose may have been misconceived.

• Decide on the basis of your purpose review and assumption and sensi-
tivity analyses whether you need a further prototype and why. Go back,
if you do, to the beginning.

• Repeat as necessary, keeping each new prototype as simple as you can.

Pedagogical Approach
When we were formulating and teaching a modeling course for first-

year engineering students in the late 1970s and early 1980s, and changing
the approach in courses that extensively involved modeling, such as sys-
tems analysis and numerical methods, we were also deeply involved in
developing and implementing engaged pedagogy, especially cooperative
learning [Smith, Johnson, and Johnson 1981a; 1981b].

We think of learning as requiring deliberate distributed practice, that
is, it must be intentional and especially considerate of helping learners to
manage their cognitive load; it must be distributed over time and approach
(i.e., written, oral, visual, kinesthetic, etc.), and it requires practice with
feedback [Streveler and Smith 2020]. Remarkably, more than 30 years ago,
we were embracing these ideas; however, we hadn’t explicitly articulated
some of them.

A critical first step is identifying enduring outcomes, that is the knowl-
edge, skills, and attitudes or habits of mind that you want the learners to
master and retain long after the course has ended. On the surface, this
seems straightforward; however, to differentiate the enduring outcomes
from important-to-know outcomes and nice-to-know outcomes is very dif-
ficult. Here are a couple of the salient overall goals and expectations from
the syllabi of our early courses:

• Learn about formulating, modeling, and analyzing engineering prob-
lems

– Master the concepts, principles, and heuristics
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– Develop skills for formulating and solving problems

• Improve skills for using tools (computers) for modeling and problem
solving

– Develop proficiency using the application software tools

If we were designing and teaching the course today, we would more
carefully articulate enduring outcomes and frame those outcomes using
either the revised Bloom Taxonomy [Anderson and Krathwohl 2001] or
the Fink Taxonomy of Significant Learning Outcomes [Fink 2013]. One
nice feature of the Fink Taxonomy is that in addition to including cognitive
outcomes, it also includes affective and meta-cognitive outcomes.

One of the key pedagogical features of our course was the emphasis on
problem-based learning and project-based learning; that is: The problem always
comes first. We use the problem to motivate and direct learning [Smith and
Starfield 1993]. We periodically reminded learners of key heuristics, such
as: What is the purpose? How good an answer is needed?

We originally experimented with a variety of approaches, including us-
ing a case-study approach in a systems analysis course; however, after try-
ing them, we shifted to using moderately-complex open-ended problems
[Smith, Wassyng and Starfield 1983; Starfield and Smith 1988]. The latter
paper includes a draft chapter from How to Model It, and shows how we
attempted to implement, in a book, the practice of open-ended problem
solving, reflection, and interactive learning. One can even create imag-
inary model worlds that are carefully designed to introduce students to
modeling concepts [Starfield and Salter 2010].

Specifically, we used the pedagogical approach of cooperative problem-
/project-based learning (CPBL/CPrBL), which are two kinds of challenge-
based learning [Bransford et al. 2002]. The format for both is similar; how-
ever, the goals are different. In problem-based learning, the goal is to for-
mulate and solve the problem, whereas in project-based learning, the goal
is to complete the project. This kind of interactive learning requires a great
deal of implementation planning to execute and evaluate effectively, on
which we now elaborate.

• Task: Formulate and solve the problem(s) (or complete the project).

• Individual: Develop ideas, approaches, alternatives, initial models and
estimates. Note potential strategies.

• Cooperative: The goal is a single set of answers (or one project report).
Strive for agreement.

• Expected Criteria for Success: Make sure that everyone participates and
can explain the strategies used (or the project details) to develop it, as
well as the reasons for the choice of the design of the model.

• Evaluation: Internal—best answer/design within the available resource
or constraints. External—feedback based on rubrics.
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• Individual Accountability: Individual assessments, e.g., exams, quizzes,
written products. One member from the group may be chosen to explain
how the group solved the problem (or to give the rationale for design
decisions).

• Expected Behaviors: Active participation, checking, encouraging, and
elaborating by all group members.

• Intergroup Cooperation: When it might be helpful, check procedures,
answers, and strategies with another group.

For further information on cooperative problem- or project-based learn-
ing, see Mohd Yusof et al. [2011], Smith [2000], and Smith and Felder
[2023].

Although it requires time, care, and attention to implement cooperative
problem-based learning, the approach is very effective in helping learners
master knowledge, skills, and attitudes that will serve them very well in
their studies and careers.

Insights and Lessons Learned
We impart some insights and lessons that we have learned from decades

of designing and teaching modeling courses:

• What is modeling? Models are to be found everywhere in the curricu-
lum (from the Bohr model of the atom to predator-prey models in ecol-
ogy), in research and in daily life (for example, weather prediction or the
spread of pandemics). Our primary purpose for helping students learn
how to model is for understanding. When students construct a purpose-
ful representation, i.e., a model, they develop a better understanding of
the phenomenon that they are modeling. They develop skills and confi-
dence for figuring things out (another key goal). They learn to critique
and compare models, to present and explain models, and evaluate the
conclusions drawn from other people’s models. They should be able
to engage more effectively with models they subsequently meet as stu-
dents, professionals or even as responsible citizens.

• When should it be taught? It follows from the previous paragraph that
starting early in a student’s post-secondary career is important. Math
professors often ask how modeling can be taught without a calculus re-
quirement; the answer is, very easily. Moreover, modeling can motivate
students who are required to take calculus or other math courses.

• How to help students learn to model? Teaching and learning constructs
that have worked for us include:
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– Begin with a problem, not with a theory or algorithm. Depending
on the experience of the students—especially for first-year students—
starting with a somewhat—but not too—complex and open-ended
problem is best. Let the problem drive the process of framing and
formulating the model(s), as well as the decisions, including the crit-
ical one of how good an answer is needed.

– Use a reflective and interactive process to help students learn im-
portant heuristics for modeling, such as: keep it simple, use salami
tactics (i.e., divide problems into smaller chunks), etc.

– Have students function cooperatively in teams.

Conclusion
One can tailor modeling in different ways, in different contexts, with

varying goals. One goal might be to motivate mathematics, which would
have an emphasis on formal rather than computational solutions. In en-
gineering, the focus might be on design; in business, political science, and
resource management (for example) on decision-making. Just as a model
is meaningless sans purpose, so it is essential to be very clear on the pur-
pose (the overarching student learning and development outcomes) of a
modeling course.

We emphasize the importance of teaching “pure” modeling as the pri-
mary focus, which leads to the conclusion that modeling can be taught any-
where to anybody. A pure modeling course is more fundamental than calculus;
and as with calculus, disciplines can build on the foundation.
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