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INTRODUCTION

I began teaching high school physics (and science and maths) in 1962, at Lake Bolac High School.  At the end of 2005 I retire.  So in this paper I’m being a tad self-indulgent – I’ll discuss some of the things I have found out about physics teaching and learning, from my own teaching and research, in the intervening years.  Three titles for the paper is excessive – a fourth could have been “Some examples of complex things that we actually make much more difficult by trying to unreasonably simplify them.”
There are four broad issues considered:

(1) some examples of physics content that we need to rethink in order to help learners - rethinking physics and its content – having respect for physics 

(2) some false dichotomies that distort and damage out thinking abut physics teaching and learning

(3) the crucial need to conceptualise and describe a prescribed physics curriculum (e.g. VCE physics) as more than content - why statements of content alone are damagingly inadequate as curriculum documents

(4) a data-based response to the “all this is irrelevant when you are teaching Year 12” position.


Concern with implications for the practice of physics education has been a feature of research on learning physics (alternative conceptions/conceptual change research) throughout the 25 years of popularity of this field.  The first two influential books in this area (Driver, Guesne & Tiberghien, 1985; Osborne & Freyberg, 1985) reported research, but did so with the explicitly stated intention of being written for a teacher audience.  Both books have a substantial thrust towards considering implications for practice, and remain influential today among physics teachers and physics education researchers.  A number of later books have had an even stronger focus on the implications for practice of alternative conceptions/conceptual change research, and some have chapters written by teacher-researchers rather than by academics (e.g. Fensham, Gunstone & White, 1994; Glynn & Duit, 1995; Hand & Prain, 1995; Mintzes, Wandersee & Novak, 1997; Treagust, Duit & Fraser, 1996; White & Gunstone, 1992).  The implications advanced in these writings include descriptions of likely conceptions held by students before formally studying a concept, teaching approaches for constructively using these prior conceptions, teaching approaches for intellectually engaging students with the physics they are to learn, and alternative approaches to the assessment of student learning.

It is this form of research that has occupied much of my thinking for the last 30 years, and that gives rise to the data-based positions in the rest of this paper.
RETHINKING PHYSICS AND ITS CONTENT – HAVING RESPECT FOR PHYSICS 

There are a number of ways in which we have over the years come to teach in ways that pretend that physics ideas are simple and straightforward and obvious when this is certainly not true.  This makes the learning (and teaching) of these ideas very much more difficult, and very much represents not having respect for the ideas of physics.

1. Inappropriate simplifications of content

Much of school physics has abstract conceptual bases.  Of course the learning of these abstract concepts can be enhanced by appropriate simplification of the concepts, even when the simplification is known to be incorrect.  An obvious example is the introduction of atomic models by using the notion that “the atom is like the solar system” (known to be incorrect), and leaving until a later time the ideas of electron shells and energy levels.
  But not all simplifications lead to improved learning.  Indeed some common simplifications diminish learning.  I consider three ways in which research has shown a negative impact on learning from inappropriate simplifications, although it should be noted that these are not at all necessarily discrete.

(a)
The simplification clearly increases learning difficulty:  The obvious example of such a simplification is at the centre of much of the common difficulty experienced by students in learning the concept of normal reaction.  The common context used to introduce normal reaction, in teaching and in text books, is consideration of an object on a table or bench.  In the large majority of cases the table or bench surface is simplified — it is presented as invariantly horizontal.  Here is the difficulty.  If the surface is indeed unchanged by the object sitting on it, then there is no evident cause of the normal reaction force.  Hence the failure to recognise an aspect of complexity (the table or bench is distorted by the object placed on it) results in increased learning difficulty (there is apparently no reason for the table/bench to be pushing up on the object).

(b)
The simplification becomes the reality, and thus diminishes learning:  This problem arises not because of inappropriate simplification, but because appropriate simplifications continue to be used when learning would be enhanced by abandoning the simplification and embracing the reality.  A common specific example is the use of particular light rays in optical ray diagrams.  Often students’ learning does not go beyond the rays used to establish approaches to determining image position for an object (e.g. a ray parallel to the principle axis is refracted by a converging lens so as to pass through the focal point of the lens).  The learning consequence of this is that many students who can correctly determine the image position for a given object cannot complete the path of a ray from the object that is not one of the standard rays, even when they know the position of the image.  The initial and very valuable simplification of considering only 3 of the infinite number of rays passing from image to object has become the reality – and only these three rays are recognised.

A more general case of this problem is learning about classifications.  Science has used widely classification systems as a way of validly simplifying a continuous world by categorising that world into groups with particular features for particular purposes.  And this has clearly been a highly valuable form of simplification.  However, learning in these classifactory forms is often diminished by failure to seriously link classification with reality.  A good example is the classification of matter into solid, liquid, gas.  In my teacher education work with science graduates I find many graduates who can easily “define” a liquid (occupies the shape of the container, can be poured), but who become confused when I show them a container of sand and pour this.  Their responses to the question of whether sand is a liquid are commonly associated with an apparent failure of their definition of liquid; they do not see the question as showing that their definition is not universally useful.  The learning problem here is that their previous exposure to examples of solid, liquid, gas has not included examples that are problematic in terms of the classification.  Hence the classification has become reality.

(c)
The simplification is so clearly incorrect that it cannot be appropriately used:  One of the most widespread examples of this form of inappropriate simplification is the absurd suggestion that Galileo’s insight about falling bodies (all fall with the same acceleration in the absence of air resistance) was somehow empirically derived.  This is a quite extraordinarily widely used simplification – and it is, unequivocally, wrong!  Many, many texts and many, many teachers assert (erroneously) that Galileo observed falling bodies of different mass arrive at the same time at the base of the Leaning Tower of Pisa.  In terms of the learning of this concept, there are clearly major problems for any student who has him/herself dropped objects of different mass over any substantial distance and thus viewed the heavier object arrive first (and many students have).  There is substantial evidence from many studies that the essential consequence of this incorrect assertion, intended to somehow make learning easier, is to confuse students and inhibit/prevent understanding of the physics involved. In more general terms, the use of this quite incorrect simplification has the unfortunate consequence of diminishing the intellectual achievement of Galileo.  Galileo, in coming to his explanation of the motion of falling objects, used a complex mix of empiricism (experiments with balls rolling down inclined planes, not dropped from a great height) and powerful intellectual reasoning. The explanation is not empirical; it cannot be induced solely from direct observation.  Physics is a complex mix of empirically and non-empirically derived insights, and students who learn that physics/science is solely empirical have a diminished and incorrect view of physics/science and its concepts.

2. Inappropriate definitions of ideas  
The obvious, and profoundly important, example of inappropriate definition is the concept of energy.  It is sadly very common for this concept to be defined in physics courses.  That in itself is an unjustified simplification that has negative learning consequences (see below).  Associated with such an approach is a damaging epistemological simplification – a damaging and clearly incorrect assumption about the nature of physics knowledge.  The best minds in the physical sciences spent half of the nineteenth century struggling with the development (the CREATION) of the concept of energy.  To reduce this to five minutes of dictating a definition is to distort the nature and origin of the concept by trivializing the concept.  

The “definition” of energy that is offered in many, many physics texts and courses is “Energy is the capacity to do work.”  This is so much in contradiction to the ways in which energy is conceived of and used in chemistry and biology that it is not possible to reconcile these other uses with the “definition.”  Some defenders of this indefensible “definition” of energy will say “but of course we only mean mechanical energy.”  The obvious response to this is to ask “why not say so?”  The more important response is to note that this modified “definition” is totally circular – after all the only response to the question “what is mechanical energy?” is that it is energy that can be transformed into “work.” 
To me, the solution to this problem is obvious – the physics “definition” is wrong and should never be used.  Rather, it is much more important to help students understand why energy is not definable!
3. Confusing analogies with reality

The most common physics context in which to find learning problems arising from analogies becoming reality is electricity.  The most extreme case of this I have found is an American senior high school physics text written in the 1930s (Fuller, Brownlee & Baker, 1937).  This volume does not once use the term “potential difference” in its treatment of electricity; this concept is always referred to as “electrical pressure”.  That is, an analogy (the so-called “water analogy”) has become the concept.  The consequence of this is that many confusing statements that would clearly inhibit learning occur in the book.  Some examples are “whatever electricity is, it will not move unless it is acted upon by a force or pressure” (p.592), “The volt is defined as the pressure required to push an ampere of current through a resistance of one ohm” (p.593), “The pressure lost in forcing a current through any part of a circuit is called the fall of potential in that part of the circuit” (p.622), “It is the pressure and not the current that is used up in maintaining the flow of electricity through the circuit” (p.623), in discussing transformers “the pressure is reduced near the place of use by a step-down transformer” (p.713).

While this particular example is 65+ years old, the same general problems are still common with the use of analogies – turning the analogy into some form of complete representation of the concept/phenomenon (turning the analogy into reality).  This then leads to two serious issues that negatively impact on physics learning.  The first is the failure to accept that analogies will enhance learning only when the learner can both discriminate between and appropriately link the analogy and the target concept.  The second is the failure to recognise that the links between an analogy and the target concept are specific, and that no single analogy will ever validly link with all aspects of a complex concept.  If the analogy is taken beyond these specific links, then it becomes a learning inhibitor rather than a learning facilitator.  This is well illustrated by the above text book case.  Even the most superficial analysis points to the water analogy having links only with flow phenomena in electric circuits (e.g. current in series and parallel circuit elements).  Energy-related phenomena such as potential difference cannot be linked helpfully with the water analogy; an energy analogue is needed.  Too often in physics education attempts are made to use a single analogy for all aspects of a complex concept, rather than using multiple analogies for different aspects of the concept.  In fact it seems to me to be quite reasonable to see too many physics teachers and textbook writers as being rather obsessed with creating THE single analogy for electricity.  This is beyond me – there are excellent and different (and appropriately LIMITED) analogies for (i) flow phenomena in electricity, (ii) energy phenomena in electricity, (iii) ways of discriminating energy and flow issues (ways of thinking about fundamental issues like ‘current’ is conserved in a circuit but ‘energy’ is transformed).  It is logically impossible for there to be a single analogy to validly represent all electrical phenomena – the only such possible thing to do that is some example of electrical phenomena.
4. Inappropriate simplifications of the nature of physics

The example of the ways we have distorted Galileo’s methods and achievements with quite false suggestions that ‘all’ he did was just watch a couple of things dropped from the Learning Tower of Pisa (above) is also a powerful illustration of some essential points about the nature of physics and the ways physics approaches the generation of new knowledge.

Physics is:



both empirical AND non-empirical



both methodical AND creative


both logical AND speculative
both objective AND human.

Too often physics is presented as if only the left hand of each of these pairs is relevant.  This diminishes physics – it is a completely unjustified and erroneous simplification of the nature of physics.  School physics should reflect both sides of these pairs – and in its essence, not at its edges (and thus trivially)

A harsh but not unrealistic position that is another way of stating the same point:

THE “scientific method” is an invention of school textbook writers and does not reflect anything of value about “the nature of science/physics”.

THE ISSUE THAT RUNS ACROSS ALL THE ABOVE EXAMPLES OF 

THE NEED TO REGAIN RESPECT FOR THE CONTENT OF PHYSICS
All the points made and examples given above arise from my being totally committed to teaching physics in ways that enhance student engagement with physics, and focus on student understanding of physics.  I find it difficult to conceive of teaching that does not have these two intertwined foci.  The two issues of student engagement and student understanding are equally important in the rest of this paper.
FALSE DICHOTOMIES THAT DISTORT THINKING ABOUT TEACHING AND LEARNING PHYSICS

These are cases where complex issues of learning and teaching are distorted by being unreasonably simplified to a dichotomy.  That is, complex situations are distorted by being described as “either A or B”.  I term these false dichotomies because the description of “either A or B” cannot be justified; the reality is more complex than this.


Each of the three false dichotomies I briefly discuss below has had an unfortunately strong influence on considerations of the practice of physics education.  Each of the dichotomies has been shown by research to be false.  Further, research on physics learning has shown that recognising and responding to the complexity that is hidden by these false dichotomies leads to higher quality learning (greater understanding) and greater student engagement with physics.
1.
Student centred/Teacher controlled

This is a good example of the general class of situations considered in this section: in one sense it is commonly recognised that the dichotomy is a simplification, but the phrase is widely used in the sense of “either student centred or teacher controlled”.  This then hides complexity that must be addressed for quality physics learning.  Approaches that focus on student physics learning are both student centred and teacher controlled.


This is the necessary complexity that is hidden by the false dichotomy.  The implications of physics learning research (in any of the fields considered in this paper) are clear.  Quality physics learning requires classrooms that are both student centred (in that teaching, curriculum, assessment are determined by knowledge of student learning and are specifically shaped by knowledge of existing understandings, motivations, attitudes, etc. of the particular students in a class) and teacher controlled (in that the teacher plans and directs and controls the nature and pace of learning activities).

2.
Discovery learning (or laboratory work)/Transmissive teaching (or rote learning)
This false dichotomy has a number of forms of expression.  It represents a position of “either active or passive”.  It is false in that it simplifies the nature of laboratory work to being necessarily active and the opposite of rote learning.  Reality is more complex, in two broad ways.  First, “active” is significant to learning when it means “intellectually active”.  Physical activity does not mean intellectual activity; physical activity does not necessarily lead to intellectual activity.  Second, there is abundant evidence that, in terms of intellectual activity, laboratory work/discovery learning can involve student approaches that are just as rote as the most undesirable forms of transmissive teaching (e.g. Tasker, 1981).  The reality is that laboratory work/discovery learning can often be highly ritualised, that many students do not know the purpose of the activity or know (or even believe they should know) anything by way of links between the activity and the physics it is intended they should be learning.  One aspect that contributes to these problems, and that is another consequence of this false dichotomy, is, paradoxically, that too much is claimed for laboratory work..

3.
Independent learning/“Spoon feeding”
This dichotomy is not at all specific to physics learning, but research which points to the inadequacies of the dichotomy has largely been conducted in physics/science learning contexts.  The essence of the distortion that arises from this false dichotomy is the view that independent learners can be created by withdrawing teacher guidance.  The falseness of the dichotomy is then the assumption that, since “spoon feeding” involves very close teacher direction, independent learners require little or no teacher direction.  In fact the withdrawal of teacher direction creates highly dependent learners, with the dependence being on what is available to the learners when teacher direction is not present — text books and student notes.  The fostering of independent learners requires substantial teacher direction, but it is direction with quite different purposes and of quite different form than that involved in spoon feeding (e.g. Baird & Northfield, 1992; White & Mitchell, 1994).

WHY STATEMENTS OF CONTENT ALONE ARE DAMAGINGLY INADEQUATE AS CURRICULUM DOCUMENTS

At the heart of the several examples of different issues laid out above is one central point – what we teach and how we teach this are closely intertwined, and to the point that how we teach actually impacts on what we teach.  A teacher who teaches the falsehoods about Galileo discussed above, or who teaches ONLY that normal reaction is a logically necessary consequence of believing in Newton’s Laws, is teaching different content from a teacher who teaches that which I have advocated above.  The common practice that we have lived with for years of defining a curriculum solely in terms of content to be taught is just not good enough.  As well as laying out the content, the curriculum needs also to specify teaching approaches, particularly those where different approaches means different content is being taught.
A further issue that thus far I have not mentioned also needs clear specification in the curriculum if the curriculum is to be understood at all by those who have to teach it – that is the detail of the assessment of student learning.  Assessment is crucial to a range of things fundamental to physics teaching and learning, to student understanding and engagement.  I now briefly list the most important of these.
Some principles for assessment that are consistent with teaching to engage students, with fostering student understanding
I set out below some points that briefly indicate the essential philosophy of assessment of physics learning that has guided our research, development and teaching at Monash in this area for many years.

(i) Trivial testing leads to trivial learning.  


That is, if approaches to testing focus on, for example, rote recall, then it is of course this form of low level learning that will be undertaken by most students.  

Hence, the point can be stated more strongly as:

(ii) Our approaches to assessment tell students what we want them to learn and how we want them to learn it.  


That is, it is the approaches to assessment that are the strongest and most obvious messages given to students about what is expected in any given class (physics or other subject, school or university).


I believe that these two points are widely understood.  However there is a further addition that is central to my thinking about and approaches to assessment, an addition that is not as widely recognized.

(iii) Assessment shapes not only what students learn, how they learn it – it also shapes how/if they value what they learn.


That is, assessment approaches influenced whether or not students see value in what they are learning.  This point is relevant across schooling, and of increasing importance as students get older.  It is most important at undergraduate levels.

(iv) Students’ ideas and beliefs about assessment impact on the extent to which that assessment will foster the learning of these students.


That is, when students believe that assessment tasks are appropriate, then they will engage wholeheartedly with these tasks.  (The most common example of this occurs in the context of high stakes assessment such as end of school, where only tasks that are seen by students to relate to the end of year examinations are seen as valid; tasks not seen as valid are not taken seriously.) 


It is common for students to see the formative role of assessment as much less important than the summative role.  Changing this strongly held belief is an important part of making sound use of formative assessment, and requires assessment approaches that are consistent and persistent.

(v) Assessment in physics is too often convergent.


That is, assessment in physics classrooms is too often concerned with using tasks that, unequivocally, have a single answer.  Such convergence is very often associated with strong emphasis on rote learning and reproduction in assessment (usually via solution of standard problems), and is the antithesis of assessment concerned with fostering in students views of the value of what is being learned.


The obvious corollary of this point is that assessment in physics should more often be divergent.  That is, assessment in physics should more often involve tasks for which, because of the openness of the task, there is more than one plausible answer.  This corollary leads to a sixth point that is central to our research, development and teaching about assessment.

(vi) Divergent assessment requires clear criteria for judging the products of the assessment task, with these criteria being known to the students undertaking the task.

(vii) Good teaching approaches are good assessment approaches, and vice versa.

(viii) Teaching has many purposes; learning has many forms 


While the first part of this statement is obvious, that the second part is a necessary consequence is not well recognised.  The essence of this point is that, as learning has many forms, then approaches to assessing that learning should have many modes.
(ix) There is no such thing as “objective assessment”.
ALL approaches to assessment involve value judgements.  Some, such as multiple choice questions, involve more of the making of value judgements before and during the setting of questions, others, such as essay questions, involve more of the making of value judgements after students have given answers.

A DATA-BASED RESPONSE TO THE “ALL THIS IS IRRELEVANT WHEN YOU ARE TEACHING YEAR 12” POSITION
One comment is very frequently made to me by senior high school and university physics teachers when discussing teaching for intellectual engagement, teaching for understanding.  That comment is that while these approaches are no doubt very good, they “take too much time to work,” they “cannot be used because of the exam and what it requires.”  Because of such views I have recently completed, with Pam Mulhall and Brian McKittrick, a three-year ARC funded research study in senior high school physics classrooms in Victoria.  The research was therefore conducted in a context of a prescribed curriculum with specific content that has to be taught in specific time (VCE), and which is then examined by reasonably conventional approaches (standard problems) in the external exams.  In the research we had two groups of teachers who taught physics with different purposes and with different approaches: one group was concerned to develop student understanding of physics concepts (to intellectually engage students with physics), the other was concerned to train students in solving standard physics problems (focus on exam preparation).  Students from the classrooms of these teachers were tested, in mechanics and electricity, with two forms of test –a test of conceptual understanding, a test comprising standard questions of the form used on the VCE exams.  The results were very clear – students from the classrooms focused on understanding showed substantially better understanding of concepts, and did at least as well as students from the conventional classrooms on the conventional tests.  Indeed on mechanics those who were in classes focused on developing understanding did significantly better on the conventional, exam-type test than those in the classes focused on being able to do these exam-type questions.  This is clear evidence that focusing on understanding does not lead to poorer performance on standard exams, and in some content areas (mechanics) can lead to better performance on standard exams.

Some examples of teaching approaches used by those teachers focused on understanding and engaging their physics students are outlined in the Appendix.
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A bit of further reading: (a few examples of things that expand both practices and underlying principles outlined above)
Berry, A., Mulhall, P., Gunstone, R. & Loughran, J. (1999). Helping students learn from laboratory work. Australian Science Teachers’ Journal, 44(1), 27-31. (lab work considered from the perspectives of this paper – and from data)

Duit, R. & Haeussler, P. (1994) Learning and Teaching Energy. In P. Fensham, R. Gunstone & R. White (eds) The Content of Science. London: Falmer. (some very helpful ideas about teaching energy in ways that accept the complexity of the concept)
Gunstone, R.F. (1995). Constructivist learning and the teaching of science. In B. Hand & V. Prain (Eds.) Teaching and learning in secondary school science. Sydney: Harcourt Brace, 3-20. (outline of how school learning occurs, and teaching implications)

Gunstone, R.F. & Mitchell, I.J. (1997). Metacognition and conceptual change. In J.J. Mintzes, J.H. Wandersee & J.D. Novak (Eds.) Teaching science for understanding. San Diego: Academic Press, 133-163. (a sequence for teaching some mechanics concepts, with explanations of why the sequence is as it is)

Hart, C. (1987). A teaching sequence for introducing forces to year 11 physics students. Australian Science Teachers’ Journal, 33(1), 25-28. (an outline of a teaching sequence that is consistent with the positions argued above, particularly with respect to normal reaction)

Hart, C., Mulhall, P., Berry, M., Loughran, J. & Gunstone, R. (2000). What is the purpose of this prac? or Can students learn something from doing experiments? Journal of Research in Science Teaching 37, 655-675. (some further detail of the research described in Berry, Mulhall,, Gunstone & Loughran – above)
McKittrick, B., Mulhall, P. & Gunstone, R. (1999). Improving understanding in physics: An effective teaching procedure. Australian Science Teachers Journal, 44(3), 27-33. (gives information about the nature and use of the teaching strategy briefly described in point 4 of the Appendix – CUPs)
Tiberghien, A., Jossem, E.L. & Barojas, J. (eds)(1998). Connecting research in physics education with teacher education. International Commission on Physics Education. Published electronically at http://www.physics.ohio-state.edu/~jossem/ICPE/BOOKS.html (extremely wide ranging and valuable resource – book produced by International Commission on Physics Education to present relevant research to physics teachers and teacher ed students)
White, R.T., & Gunstone, R.F. (1992). Probing understanding. London: Falmer Press. (description and use of a range of teaching and assessment procedures)
Also the range of publications from the Project for the Enhancing of Effective Learning (PEEL); see http://www.peelweb.org/
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Appendix:  Some examples of teaching strategies to intellectually engage students and focus on student understanding of physics
(a) Predict-Observe-Explain (POE):

This strategy, developed at Monash University 25 years ago, is basically a restructuring of the common demonstration in physics teaching.  It involves asking students to predict the outcome of some event and to justify their prediction (i.e. give reasons for the prediction), then to describe what they see when the event occurs, then to reconcile any conflict between prediction and observation.

Our extensive experience in developing and using POEs leads to a number of points of importance in the use of this strategy.  In brief some of these are:

· The POE situation must be one for which the students feel able to give a prediction — pure guessing is not at all useful because the reasons students have for predictions are of fundamental importance to teaching with POEs.

· In some situations, the observations students make are not uniform - sometimes observations are influenced by theory (in this case by the prediction).  Hence, it is important to establish just what observations students have made.

· As far as possible the result of the POE should be clear.  If possible, it should not rely on measurements such as a meter reading.  (These are rather abstract, it is better if the result is as concrete as possible.)

· Reconciling prediction and observation is of course at the heart of the learning value of POEs.  It is rarely an easy issue.  The teacher telling will almost never achieve it.  Again, students need a chance to talk out their attempts to explain any difference, and often further experiments will be suggested.

· It is important to try to get some commitment to a prediction from every student 

before the observation.  Two ways of attempting this are: (i) to vote on all 

suggested predictions, or (ii) to have each student write down her or his 

prediction and reasons before discussing reasons for predictions.

There are a number of purposes in using a POE.  These include:

· It is a very good diagnostic probe. 

· It is very stimulating and interest-arousing. 

· It is a powerful way of generating change in students’ ideas – conceptual change.  By challenging existing ideas through observations at odds with predictions, it is more likely that you will have students begin the process of reviewing and changing their views.

· It is a powerful stimulus for discussion.

There is an extensive discussion of POEs, and many examples from across the curriculum, in R. White & R. Gunstone (1992) Probing Understanding, London: Falmer Press.  There are many websites that give information about POEs.  Two examples are http://www.hed.swin.edu.au/cleas/research/Workshops/POEmain.htm (a university physics department page), and http://science.uniserve.edu.au/school/support/strategy.html#TOP (contains a wide range of teaching resources via links to other sites, including POEs and concept maps – see below).  

(b) Relational (Venn) Diagrams:

These are Venn diagrams just as used in mathematics - and are therefore a way of having students diagrammatically represent their understanding of relationships between related concepts/situations/classes of events/etc.  Our experience suggests that it is often better to call these “Relational Diagrams” when using them in physics teaching, as many students seem to have had ‘bad experiences’ with Venn Diagrams in mathematics.  That is, many students think that Venn Diagrams in physics will be abstract and remote and therefore of little value in physics learning, because they found Venn Diagrams in mathematics abstract and remote.

Relational Diagrams can be used as individual tasks (including on tests, provided students understand well the nature of the task and what is required from them), as small group discussion and whole class discussion approaches (these can be in the same manner as CUPS can be used – see (d) below).

Relational Diagrams have been used much less in physics teaching than POEs, and hence there are far fewer resources available about them.  (They are discussed fully in White & Gunstone – see above.)

(c) Concept Maps
Concept Maps have been widely used and described, in physics learning/ teaching, in other sciences and in other areas of the curriculum.  My experiences suggest that many physics teachers have heard of these, and some use them now.  Hence, I make only 2 points about concept maps here, but both are crucial to the use helpful of concept maps in physics learning and teaching.

The first point is that, in general, concept maps should not be seen as hierarchical (even though some authors have written much about this supposed characteristic of concept maps).  Within the sciences, it is basically only concept maps about classifications (e.g. rocks, sedimentary, metamorphic, igneous, ...) that are validly hierarchical.  Attempts to make concept maps hierarchical when they involve non-hierarchical areas of knowledge distort that knowledge!  This is particularly important in physics.  I have yet to see a concept map in physics that I would regard as validly hierarchical.  Therefore, statements such as the first step in doing a concept map is to find the overarching concept (a very common statement in many USA discussions of concept maps) are wrong in physics contexts!  

The second point is that it is the links that students write to show the relationships they see between concepts that are the important aspect of concept maps.  If these are not generated, then what is produced is NOT a concept map.

There is a huge number of web sites that refer to concept maps (a search on Google using “concept maps physics learning” gave about 28600 hits).  Many of these sites have hierarchy as central to concept maps, and/or do not always have the nature of perceived relationships indicated on the links on concept maps – that is many of these sites do not satisfy the 2 points above that I see as crucial to concept maps.  I give examples of web sites with some reluctance!  

An extensive discussion of concept maps, including hypermedia uses, is at http://ksi.cpsc.ucalgary.ca/articles/ConceptMaps/CM.html.  Discussion of concept maps and assessment, and a number of links to other sites, is at http://www.wcer.wisc.edu/nise/cl1/flag/cat/conmap/conmap5.htm.  (White & Gunstone also has an extensive discussion of concept maps and their uses in teaching and assessment.)

(d) Conceptual Understanding Procedures (CUPs)
This final example is a teaching strategy that we have developed at Monash, for use in both senior high school and undergraduate physics.  It is a strategy with the specific purpose of developing conceptual understanding by having students discuss physics ideas in a context where they are focused on specific concepts.

The approach uses qualitative physics tasks in the following way:

· first each student spends about 5 minutes on the task individually (this means that most students have thought about the task before moving into groups, and this greatly reduces the number who chose to not engage with the group discussions);

· then students are placed in groups of 3, with the task of producing a single response to the task; this single response is placed on an A3 sheet of paper (large enough to be seen at a distance in the next and final stage);

· then all the small group responses are placed on the wall of the classroom, and the teacher runs a discussion in which students defend/consider their responses, with the intention of moving the class to a single (correct) response.

It is a powerful strategy for having students reconsider conceptions (a powerful strategy then for conceptual change), but places considerable demands on the teacher in the whole class discussion phase - this is the most likely stage for students to start to reconsider misconceptions, but only if the teacher is genuinely running a discussion between students.  If the teacher treats this phase as one where he/she will tell the correct answer, then the strategy is not worth the time it takes.

There is more information about CUPS and their uses, and a number of examples of CUPS tasks , at http://www.education.monash.edu.au/projects/physics/.
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� I have been considering for some time how some such simplifications have come to be seen as legitimate pedagogical approaches even though they are known to be incorrect, and why other apparently similar simplifications are not seen as legitimate.  (A clear example of a simplification that is seen as totally unacceptable, despite the learning advantages of the simplification having been demonstrated, is heat conceptualised as a fluid.)  My current, and very tentative, conclusions are that (i) informed considerations of learning have never underpinned what is and is not an acceptable simplification, and (ii) the strongest determinant of what simplifications we accept is the nature of scientific understanding late last century as science began to be incorporated into formal school education (thus electricity-as-fluid was acceptable, heat-as-fluid was not).
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