Scientific Theory Construction Processes in Experts, in Maxwell, and in Education

Chair:  John J. Clement

This symposium will consist of the following three talks:

Use of Imagistic Simulation in Scientific Thought Experiments Generated by Expert Subjects

JOHN J. CLEMENT

Spontaneous and Planned Thought Experiments During Whole Class Discussions: Use of Teacher and Student-Generated TEs in High School Science

LYNN STEPHENS

Harnessing Intuition: How Maxwell's Mathematics Empowered Faraday's Field Theory

RYAN D. TWENEY

The members of this symposium attempt to unpack different subprocesses used in scientific model construction.  Clement examines the use of thought experiments in think aloud protocols of scientifically trained experts.  He uses gesture data and other indicators to study how expert thought experiments can utilize embodied physical intuitions and dynamic imagery as knowledge sources to enable both the generation and evaluation of scientific models.  

Stephens analyzes videotapes of classroom physics discussions to examine how both spontaneous and planned thought experiments can allow students to evaluate the consistency of newly constructed models.  She also finds via the use of gesture data that students’ thought experiments can utilize imagery in a way similar to experts’.

Tweney examines how the qualitative, experimentally based intuitions of Faraday were extended with the help of retrieval mechanisms and mathematical representations of a particularly powerful kind.  

Together the talks will examine an unusually wide spectrum of  representations, from basic, embodied, perceptual motor intuitions, to sophisticated mathematical equations.  But such a wide array of representations may be needed to explain real processes of model construction in science.   The discussion will have implications for the context of present-day difficulties in the teaching of physics.

Use of Imagistic Simulation in Scientific Thought Experiments Generated by Expert Subjects

JOHN J. CLEMENT, Scientific Reasoning Research Institute, and School of Education, Furcolo Hall, University of Massachusetts, Amherst, MA 01003, USA
Abstract

Interest in thought experiments (TEs) derives from the paradox: “How can findings that carry conviction result from a new experiment conducted entirely within the head?”  Previous historical studies have established the importance of TEs in science but have proposed some disparate hypotheses concerning the source of knowledge in TEs, ranging from empiricist to rationalist accounts.  In order to seek more detailed evidence, this paper examines the use of thought experiments in think aloud protocols of scientifically trained experts.  Some TEs appear powerful enough to discredit an established theory--a disconfirmatory purpose.  In addition, confirmatory and generative purposes were identified for other TEs.  One can also use transcript data such as imagery reports and gestures, to provide evidence for the central role played by imagistic simulations in many TEs, and to suggest that TEs can generate new knowledge using several sources, including the ‘extended application’ of  perceptual motor schemas, implicit prior knowledge, and spatial reasoning operations, in contrast to formal arguments.  These sources are proposed as mechanisms that can begin to explain the paradox above. This leads to a rationalistic view of TEs as using creative internal reasoning, but the view also acknowledges the historical role that experience with the world can play in forming certain schemas used in TEs.  Understanding these processes could provide a foundation for developing a larger model of scientific investigation processes grounded on imagistic simulation (Clement, 2008).

Clement, J., (2008).  Creative model construction in scientists and students:  The Role of Imagery,  analogy, and mental simulation. Dordrecht: Springer.

Spontaneous and Planned Thought Experiments During Whole Class Discussions: Use of Teacher and Student-Generated TEs in High School Science

LYNN STEPHENS

Mathematics, Science, and Learning Technologies, University of Massachusetts-Amherst, Rm. 436 LGRT, Amherst, MA 01003, USA

Abstract

A number of authors have documented the importance of thought experiments (TEs) in history of science.  It has been shown that some students can and will use TEs in small-group collaborative settings to find solutions to problems when the problems are formulated in a way to encourage this.  Almost no studies, however, have investigated the role of TEs in large class discussion.  One difficulty has been that there is no consensus in the literature on a definition for  ‘thought experiment’.  Clement (2008) has proposed a 2-tiered definition: a broad category of untested TEs that encompasses many examples of creative reasoning, and a more restricted category of Gedanken experiments that describes many of the thought experiments in history of science.  By using this definition, we have been able to document students’ spontaneous use of TEs from both tiers.  Student- and teacher-generated TEs appear to be an important form of reasoning in the science classrooms investigated.  There appear to be important similarities between expert and student uses of TEs, and evidence supports the hypothesis that certain TEs can allow students to evaluate the consistency of newly constructed models.  Students are observed to reason with each other’s TEs and with those generated by the teacher as an important part of classroom discussion, and the TEs appear to have considerable value as a sense-making strategy. 

Harnessing Intuition: How Maxwell's Mathematics Empowered Faraday's Field Theory

RYAN D. TWENEY, Bowling Green State University, Department of Psychology, Bowling Green State University, Bowling Green, OH 43403

[Current address: PO Box 661, Beatty, NV 89003]

Abstract

James Clerk Maxwell "translated" Michael Faraday's experimentally-based field theory into the differential and integral equations now known as "Maxwell's Equations." Working mathematically with these equations permitted Maxwell to extend the reach of Faraday's theory and to bring it into consistency with other results in the physics of electricity and magnetism. The major prediction, that light was an electromagnetic wave, was confirmed experimentally by Hertz and others. Examination of Maxwell's procedures opens many issues about the role of mathematical representation in physics and the learning background required for its success. Specifically, Maxwell's training in "Cambridge University" mathematical physics emphasized the use of analogous equations across fields of physics and the repeated solving of extremely difficult problems in physics. Such training develops an array of overlearned mathematical representations supported by highly sophisticated cognitive mechanisms for the retrieval of relevant information from long term memory. As a result, much of Maxwell's writings are difficult to follow today, since they require the reader to "fill in" otherwise elliptical passages. Some of these will be described, linked to the "intuitive geometry" of Faraday, and shown to be (in part) instantiations, via "Cambridge Mathematics," of Faraday's experimentally-based intuitions. For Maxwell, mathematics constituted a new form of representation in physics, enhancing the formal derivational and calculational role of mathematics and opening a cognitive means for the conduct of "experiments in the mind" and for sophisticated representations of theory. The discussion will be placed within the context of present-day difficulties in the teaching of mathematical physics.  

