


questions remain unanswered: How do people come up with good
questions for investigations, and where do ideas for models come from?
Our typical reaction to these questions is “...and then Einstein (Newton,
Maxwell...) had an idea...” In this section, I would like to show that the
human power of generating ideas and hypotheses for models (of physical
processes) stems from imaginative structures that are visible in
conceptual metaphors with which all of us describe nature.

Where do ideas for models come from?

Generating ideas for hypotheses is thought to be a highly creative act.
Since we are moving in largely uncharted territory, we often attribute this
type of creativity to only a few special individuals. Based on the theory of
cognitive tools (Egan, 1988, 1997, 2005) I would like to argue that every
human has access to tools that allow them to be creative in the sciences in
an important sense. We can specify acts of thinking and working much
like in the case of modeling and experimenting that allow us to come up
with good questions and ideas for models. Therefore, I have extended the
bi-cycle of Fig.9 to a quadruple-cycle (Fig.10). Two new cycles
symbolize some (fairly) concrete steps we can take when confronted with
the “soft” tasks of generating good questions (motivation) and ideas for
hypotheses. I identify the acts with two cognitive tools described by Egan
(2005) which he calls mythic and romantic thinking. Suffice to say that
Egan has concrete suggestions for what constitutes these forms of human
thought.

4vP5 FESES EXP=R MENTS
Ideas Cbservations
Metaphors Creation of objects

‘mcges H

Fig. 10: The bi-cycle of Fig.9 is extended to a quadruple cycle by including the
cognitive tools of mythic and romantic thinking for answering questions regarding the
generation of hypotheses and questions.

In my model, the generation of ideas and hypotheses (the cycle H in
Fig.10) is associated with mythic thinking. Mythic societies are those that
use oral language only. Orality leads to some interesting cognitive tools
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that demonstrate aspects of imaginative structures of the human mind
such as metaphoric reasoning (Ong, 1982). This has led me to a search of
conceptual metaphoric structures in physics that might tell us where to
look for the roots of ideas and hypotheses for physical processes.

Conceptual Metaphors

Metaphors are traditionally called embellishments of language used by
gifted writers or speakers. We go so far as to think of metaphor as the
antithesis to “true” literal expressions: Metaphor is “not real” and even
“lies.” Recent work in cognitive linguistics informs us that metaphor is
not so much a linguistic expression than a form of thought—in fact, a
fundamental imaginative structure upon which human reasoning is based
(see Kovecses, 2005, for a recent textbook on conceptual metaphor). A
conceptual metaphor such as Organizations are Plants has many
(linguistic and other) expressions such as “The company grew strongly,”
“The branches of the firm,” or “Their recent efforts bore fruit,” etc.
Conceptual metaphors have entailments which represent examples of how
we reason based on the metaphoric structure. Conceptual metaphors are
essentially unconscious, and when they are made conscious we often do
not recognize them as such. They lead to such inconspicuous expressions
as “The temperature is high,” “Electricity is flowing,” or “The force of
water.”

The Gestalt of Physical Processes

My personal experience with students’ reasoning and research into the
origins of thermodynamics (Fuchs, 1996) lead me to believe that we
experience (classes of) physical processes as gestalts. Experience with
collectives of phenomena that lead to a perception (such as phenomena
having to do with fluids, or with hot and cold) are abstracted so that they
become a perceptual gestalt—a gestalt of fluid substances, of electricity,
of heat, of chemicals, or of motion (see Fuchs, 2005).

Gestalts are wholes that are more than the sum of possible parts. (The
term gestalt can mean “pattern” or “configuration.” In gestalt psychology
it is emphasized that the whole of anything is different from the sum of its
parts: Organisms tend to perceive complete patterns or configurations
rather than bits and pieces. See King and Wertheimer, 2004) Gestalts are
normally undifferentiated. However, when we ask people to describe their
experiences of the sum-total of a class of perceptions (such as thermal
ones), their words tell us that we do see aspects in a gestalt—the gestalt
appears to be weakly differentiated. Most interesting for our purpose here
1s that the aspects associated with different gestalts seem to be basically
the same. And this holds for physical as well as completely non-physical
examples (consider the concept of pain).

The aspects identified (unconsciously) are (1) intensity, (2) substance,
and (3) force or power. Here is an example. We speak of quantities of
electricity, electricity can be strong (intense) or weak, and there obviously
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1s a force (power) of electricity. Clearly, the same structure emerges in
other classes of phenomena as well. Wiser and Carey (1983) have
identified exactly this type of image in the reasoning of the Experimenters
of the Accademia del Cimento (1667) applied to thermal phenomena.
Carnot’s analogy of water and heat is a result of reasoning based on the
same gestalt—in explicitly differentiated form of a modern scientific
theory (Carnot, 1824; Fuchs, 1996). And if we analyze our language
concerning general abstract concepts such as love or pain, the same
general gestalt having the same aspects can be discerned.

Metaphors for the Aspects of the Gestalt of Physical Processes

The aspects of the gestalt of a physical process are structured
metaphorically. In fact, the third aspect is so rich that it constitutes its
own gestalt with its own set of metaphors. The conceptual structures of
these aspects are

1. Intensity is structured in terms of the metaphoric projection of the
up/down image schema (schema of verticality) onto the concept in
question. (See Johnson, 1987, on image schemata.) Examples:
High speed, temperature rises, low pressure, higher voltage...

2. The amount of something is metaphorized as a fluid substance,
where fluid substance is again an image schema. Examples:
Electricity flows, momentum is transferred, heat has been stored,
substance 1s produced, more liquid...

3. Force or power is related to the gestalt of direct manipulation. In
other words, this concept has to do with how humans perceive and
conceptualize causality. The gestalt of direct manipulation has been
described by Lakoff and Johnson (1980, p. 70):

e There is an agent that does something.

e There is a patient that undergoes a change to a new state.

e Properties 1 and 2 constitute a single event; they overlap in
time and space; the agent comes in contact with the patient.

e Part of what the agent does (either the motion or the exercise
of will) precedes the change in the patient.

e The agent is the energy source; the patient is the energy goal,
there is a transfer of energy from the agent to patient.

The meaning of the first two is clear to physicists. The first leads to the
concept of potential (intensive physical quantities) whereas the second
serves to conceptualize extensive (additive) quantities as substance-like.
The form of the third aspect of the gestalt of a typical physical process—
that of force or power—suggests that it could be the source of our concept
of energy. The relation between extensive and intensive quantities and
energy is well-known from continuum physics (Eringen, 1971-1976;
Miiller, 1985) and from Gibbs’ thermodynamics (Falk and Ruppel, 1979;
Callen, 1985). Carnot (1824) expressed this relation succinctly for the
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first time in dynamical form. There is a visual metaphor that expresses
what he meant, the metaphor of the waterfall. In his book, The Motive
Power of Heat, he wrote:

According to established principles at the present time, we can
compare with sufficient accuracy the motive power of heat to
that of a fall of water ... . The motive power of a fall of water
depends on its height and on the quantity of the liquid; the
motive power of heat depends also on the quantity of caloric
used, and on what may be termed, on what in fact we will call,
the height of its fall, that is to say, the difference of temperature
of the bodies between which the exchange of caloric is made. In
the fall of water the motive power is exactly proportional to the
difference of level between the higher and lower reservoirs. In
the fall of caloric the motive power undoubtedly increases with
the difference of temperature between the warm and the cold
bodies; but we do not know whether it is proportional to this
difference.

It seems to me that the differentiation of the three aspects of the gestalt
reached a first level of maturity in Carnot’s work. This, and the strong use
of analogical reasoning, led to a form of a thermodynamic theory which
still serves as a model for how we can most easily understand the
concepts of continuum physics, and as a consequence, of the physics as it
transpires through the use of system dynamics modeling presented here.

Visual, Verbal, and Mathematical Expressions of Metaphors

If metaphors are structures of thought, they can be expressed in different
ways: Through mimesis (Donald, 1991), visually (Arnheim, 1969),
linguistically, mathematically... I will briefly discuss visual metaphoric
expressions. Linguistic ones have been described above. At this point I
cannot yet specify possible mathematical expressions of the metaphors
identified here. The challenge of how to see images in equations might
prove quite interesting for physics didactics. Mathematics is metaphor
based, that much is clear (Lakoff and Nunez, 2001), but how this
translates to our challenge I do not yet know.

A set of diagrams has been developed to express the elements of the
gestalts discussed above, and the relations between these elements (see
Fuchs, 1996, 1997a). The diagrams make use, among others, of the
waterfall image created by Carnot. For our present purpose, however, the
metaphors contained in typical system dynamics tools are of more
immediate interest.

The examples presented before in Section 2 show that three types of
reasoning are supported by visual expressions of underlying metaphors.
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They are

e Substance-based thinking: Made evident by stocks and flows.

e C(Causal thinking: Visualized with the help of combinations of
stocks and flows (single stocks, and interactions between stocks).

e Feedback thought: Expressed with the help of the thin connecting
lines leading (more or less directly) from stocks to flows.

This corresponds to some extent to the structure of the gestalt and its
aspects discussed above. The image schema of verticality and the gestalt
of the waterfall (as a symbol of the power of a process) are not as visible
as we might wish from the viewpoint of physics.

It appears to me that we should not underestimate the intelligence
expressed by the creation of maps by hand or at the computer screen. The
graphical user interfaces of system dynamics programs are more than
mere gimmicks.

Roots of Analogies

I shall present a particular view of the origin and nature of analogies as
they are constructed in continuum physics. In this view, a clear difference
between metaphor and analogy emerges.

In general, metaphors are projections of a source domain onto a target
domain (Fig.11). The metaphor Organizations are Plants projects our
understanding of plants onto that of organizations. According to the
nature of the source and target domains, one speaks of different types of
metaphors. For our purpose, the simplest type of metaphor is of interest:
The projection of an image schema onto a target domain. Image schemata
are recurring structures of or within our cognitive processes which
establish patterns of understanding and reasoning. They emerge from our
bodily interactions, linguistic experience and historical context. They are
some—if not the—most basic structures of human understanding
(Johnson, 1997, Chapter 5).

—

Metaphoric
LB projection
schema
SOURCE Domain TARGET Domain

Fig. 11: A metaphor is a one-sided projection of a source domain onto a target
domain. A particularly primary form of metaphor results from the projection of image
schemata.
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It has been pointed out above that the first two aspects of the gestalt of
physical processes (intensity and amount or substance) are structured
metaphorically on the basis of the image schemata of verticality (for
intensity) and fluid substance (for amounts or substance). In other words,
we have, at minimum, two basic metaphors for a field of experience.

If different phenomena in the physical world are abstracted as the same
type of gestalt having essentially the same aspects, the same image
schemata are projected onto all of the classes of phenomena—fluids,
electricity, heat, substances, and motion—alike (Fig.12). Take heat and
electricity, for example. Both are metaphorized based on the schemata of
verticality and fluid substance. In physics we create the concepts of
temperature and entropy, and of electric potential and electric charge,
respectively, as measures of the aspects of intensity and of amount of heat
or electricity.

As a result of identical metaphoric structuring, thermal and electric
phenomena obtain a degree of similarity. They can now be compared and
lend themselves to an analogy, a mapping of structure from one to the
other, and back. Metaphors are two-sided projections of structure from
one (previously) structured domain onto another (Fig.12).

Image schema 1 Domain 1

Vertical level HEAT

ANALOGY

METAPHOR

Image schema 2 Domain 2

Fluid substance Elektricity

Fig. 12: Analogies are made possible based on similarity of two structured domains.
The similarity is the result of equal metaphoric structuring of each of the domains.
The mapping is (more or less) symmetrical.

Naturally, the structuring of the domains of fluids, electricity, heat,
substances, and motion also includes the aspect of force or power. Here,
an entire structured domain—the gestalt of direct manipulation—is
projected onto a sum-total of experience (such as heat or electricity). In
physics, the structure of this gestalt is rather simple: Carnot’s waterfall
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image basically says it all. The power of a process depends upon the
quantity of the fluid substance flowing through a level difference. It is
proportional to both, .i.e., double the current of the fluid substance or
double the potential difference leads to double the power. Again, the
domains of fluids, heat, etc., are analogous in this respect.

Most important for the further development of a subject is the following
observation. Metaphors—the metaphoric projection of knowledge from
one domain onto another—Ieads to entailments. We can reason about the
target domain based upon the properties of the source. Take the example
of the fluid substance. The fact that (real) fluid substances obey a law of
balance can be directly transferred to the substance-like quantities of
physics.

Continuum Physics and System Dynamics modeling

It is quite clear from the foregoing that continuum physics has the
conceptual metaphoric structure outlined in this Section. As a
consequence, system dynamics modeling of physical processes does as
well since it models the spatially uniform subset of continuum processes.
SD modeling obviously makes use of a successful form or human
reasoning.

S Summary

In summary, let me list some aspects of system dynamics modeling that
might be important for the learning of a science such as physics. The first
observation is that SD modeling is simple. The tools are learned easily.
More importantly, by simple graphical procedures, we create formal
structures that are commonly thought to be quite advanced, i.e., systems
of initial value problems.

Second, system dynamics modeling is interdisciplinary. In physics, it
allows us to treat fields such as fluids, electricity, heat, chemical
processes, and motion in a strongly analogous fashion. We know why the
methodology is so successful: It makes use of a fundamental form of
human reasoning as evidenced by its metaphoric structure.

Third, modeling of dynamical processes using these modern tools is
practical and powerful. It lets us integrate experimental and modeling
activities quite easily. It supports the scientific method and serves as an
integral tool in design procedures.

Finally, it supports the creative mind since it is “natural” in an important
way. SD modeling reflects (at least some) fundamental aspects of
figurative human thought. It is close to a full representation of the gestalt
and its aspects which humans see in natural processes. The metaphoric
projection of the same image schemata onto diverse phenomena makes
these phenomena similar. As a result, fluids, electricity, heat, substances,
and motion lend themselves to the application of analogical reasoning.
Finally, let me add that some high school physics courses do make
extensive use of the structures discussed in this paper. The first is the
extensively applied and researched Karlsruher Physikkurs (Herrmann,
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1989-1999), the second is a course introduced in Switzerland that makes
explicit use of system dynamics modeling (Borer et al., 2005).
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