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Abstract: 

Acquiring knowledge of physics concepts is difficult for many students because these concepts can be abstract and counter-intuitive.  Effective instructional approaches are the key to overcoming this difficulty.  These approaches follow the principle that the students themselves must do the learning and, to accomplish that, they must be actively engaged throughout the learning process.  Questioning processes are central to these instructional approaches.  This paper describes some of the ways that the proper design and use of questions, both by instructors and by students, strongly support effective instruction, the acquisition of physics knowledge by the students, and the development of metacognition and critical thinking.
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Introduction:

As physics instructors, one major goal we have for our students is that they acquire a good working knowledge of physics concepts.  Specifically, our goal is that they acquire both declarative (figurative) knowledge and procedural (operative) knowledge.  Declarative knowledge consists of knowing “facts” whereas operative knowledge “involves understanding where the declarative knowledge comes from. . . . and operative knowledge also involves the capacity to use, apply, transform, or recognize the relevance of declarative knowledge in new situations” (Arons, 1997, p. 377).  Similarly, Wiggins (1993) contends that “we cannot be said to understand something unless we can employ our knowledge wisely, fluently, flexibly, and aptly in particular and diverse contexts” (p. 200).  

To reach such a level of physics knowledge is certainly not easy.  Students come to class with prior knowledge which includes misconceptions (preconceptions), acquired from years of everyday experiences.  Through a guiding process, this prior knowledge must be elicited, confronted, expanded, and differentiated into more standardized and complete physics knowledge.  Students coming to physics class also often have been passive participants in their previous courses.  To construct their new physics knowledge, however, they must be transformed into active participants.  As McDermott (1991) states, meaningful learning “requires deep mental engagement by the learner” (p. 305).  All this leads us, as instructors, to realize how important it is to consider how we can best secure this student engagement.

Traditional instruction, according to Mazur (1997), “is almost always delivered as a monologue in front of a passive audience” (p. 9).  Slater (2008) states that such a lecture can be described as “the process by which the teacher’s notes get transferred into students’ notebooks without passing through the brains of either” (p. 317).  Such instruction is very teacher-centered; the students do not have the opportunity to actively interact with the instructor or with each other.  Since this mode of instruction does not actively engage students, it is not surprising that it has been found ineffective in helping them to construct their new physics knowledge.

Fortunately, in recent decades, reform-based methods have resulted in more effective pedagogy (Megowan, 2007, p.1).  We will touch on some examples of these later.  A hallmark of these approaches is that, rather than being “told science”, students are actively engaged in posing questions and searching out their best answers.  That is, they “do science”.  Students also gain the perspective that science is not a compendium of established facts but that it is rather an evolutionary, inquiry-based endeavor.  As Bransford and Donovan (2005) put it, “science is about questioning the obvious” (p. 410) and “students should be able to see science as involving many questions as yet unanswered” (p. 492).  It follows, then, that questions play many critical roles in supporting effective instructional approaches.  The implication for us, as instructors, is that we must develop the insight and skill to effectively formulate, select, and use questions.  Further, we must help our students to develop questioning skills.

The above points can be summarized by asserting that the art of questioning is an essential supporting component of effective instructional techniques which, in turn, actively engage the student to facilitate the acquisition of physics knowledge.  A visual representation of these supporting relationships is shown below in Figure 1. 
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Figure 1 is meant to illustrate the foundational role of effective questioning.  It is not meant to indicate, however, that reaching the goal of student knowledge is a “once-through” process.  That process, rather, is ongoing and continuous.  This is true because for each new concept encountered, the process repeats.  Further, even for any one concept, it may be necessary to “cycle through” repeatedly, over time, in new contexts, to build the level of student comprehension to the requisite level.  Arons (1997) states, for example, that “genuine learning of abstract ideas is a slow process and requires both time and repetition” (p. 45).  Figure 2 is a representation of this ongoing process.
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While questions serve to engage students, they have another important function.  Questions must guide the students as well.  Metaphorically, we might liken a student’s acquiring of physics knowledge to a long journey through unfamiliar territory.  The student, starting out outfitted only with his or her prior knowledge, faces the daunting task of reaching the destination of physics knowledge.  Surely, such a journey would be facilitated by a competent guide.  The implication for us, as instructors, is that our questioning must have a guiding element.  While the student must make the journey himself, our role is to illuminate the pathway.

The Journey Begins:

Every journey has a starting point.  For each of our students, that starting point is the prior knowledge he or she brings to class.  Much of that knowledge, however, consists both of incomplete knowledge and misconceptions, albeit the latter are quite reasonable to the student.  As Bransford and Donovan (2005) point out, “everyday experiences often reinforce the very conceptions of phenomena that scientists have shown to be limited or false, and everyday modes of reasoning are often contrary to scientific reasoning” (p. 399).

If, as instructors, we are to guide our students in constructing their new physics knowledge, we must first meet them at their starting point.  McDermott (1991) states that “the student mind is not a blank slate on which new information can be written without regard to what is already there” (p. 305).  Thus, to help students build new concepts, we should start by making the links to their existing concepts.  All of this explains why it is so important for instructors to elicit and reflect on students’ prior knowledge before embarking on a course of instruction.  Donovan and Bransford (2005) point out how essential such formative assessments are:  “they permit the teacher to grasp students’ preconceptions, which is critical to working and building on those notions” (p. 16).

To successfully elicit students’ prior knowledge, the right type of questions and a collaborative classroom environment are needed.  Questions need to be open and probing to exercise and expose student reasoning.  A respectful, non-judgmental reception to student responses also facilitates the elicitation.  The atmosphere needs to be non-threatening.  Having students discuss and answer questions collaboratively in small groups is a good way to provide a spontaneous environment.  Students should be encouraged to write down representations of their explanations and to explain them to their classmates.  MacIsaac and Falconer (1997) point out that whiteboard use is effective for such student dialogues (p.484).  Megowan (2007) also mentions that much can be learned by listening to such “whiteboard mediated classroom discourse” (p. 3); she describes it as “an opportunity to attend to ‘cognition in the wild’ (Hutchins, 1995)”.

Guiding Students along the Path:
Once prior knowledge has been elicited from students, the process of engaging and guiding them to their destination—new physics knowledge—can begin.  Since the process of questioning is so central to this endeavor, it is worthwhile to reflect upon the kind of questioning students likely have previously experienced and thus have become accustomed to.  Probably, students have commonly encountered a teacher-centered question-and-answer dialogue known as Triadic Dialogue.  This questioning process, dominated by the instructor, has three major parts:  the instructor poses a question, the student responds, and then the instructor evaluates the response (Lemke, 1990, p. 8).  Lemke states (p. 168) that the Triadic Dialogue is overused because it gives the teacher near total control of the classroom dialogue, giving rise to the mistaken belief that it leads to maximum student participation.  Actually, the Triadic Dialogue results in very limited engagement of the student.  Lemke points out that it leads to brief answers, “high on quantity, low on quality” (p. 168).  He further states “it should not be used as the principal means of introducing new thematic content.  Science is not a catechism” (p. 168).

Clearly, more reformed questioning processes are needed to engage and guide our students.  Thus, we will next touch on characteristics of such questioning processes along with the classroom culture and the kinds of classroom activities that nurture these processes.  First, as instructors, we should strive to establish and maintain a classroom culture that empowers students to be the drivers of the questioning process.  More student talk and less teacher talk are characteristic of success in that pursuit.  MacIsaac and Falconer (1997) point out that, in a reformed teaching classroom, “student questions and comments shape discourse” (p. 482).  Such a classroom environment encourages students to actively question and reason rather than remain passive recipients of “knowledge transmissions”.  Similarly, Bransford and Donovan (2005) state that engaging students in science “means engaging them in a whole new approach to questioning.  Indeed, it means asking them to question” (p. 411).  Taking into account the prior experiences of students, however, we should not be surprised that this engagement may not come easily at first.  Wenning (2006) points out that “students do not have the skill to question because they have not been expected to question and they have not been taught to question” (p. 10).  The instructional implications are that, as instructors, we should be prepared to teach this skill by example.  Indeed, Wenning contends that “it is critical that the teacher model appropriate questioning strategies” (p.13).  Likewise, Minstrell and Kraus (2005) suggest that teachers “model the sorts of questions that the students will later ask themselves” (p. 512).

Turning to classroom activities, those that are inquiry-based are well suited to actively engaging students in a questioning manner.  Bransford and Donovan (2005) describe the advantages of learning science by a process of inquiry:  “it involves observation, imagination, and reasoning about the phenomena under study” (P. 405).  Minstrell and Kraus (2005) state that “some of the best questions are those that come from students as they interact with phenomena” (p. 512).  Megowan (2007) states that the modeling instructional approach induces engagement because of “its emphasis on doing physics as physicists do” rather than just taking physics class (p. 17).  She points out that this instructional approach now has many trained practitioners and that it facilitates “a more collaborative, inquiry-based, student-centered learning environment that supports the cognitive processes that take place as students construct a coherent understanding of science and mathematics concepts” (p. 2).    

Activities that foster student collaboration also facilitate the development of student questioning and reasoning skills.  Students are very social and will become more readily engaged in learning when working in small groups.  Lemke (1990) points out that small-group work “gives students an opportunity to talk science in a different way, free of some of the pressures of talking science with the teacher” (p. 169).  Slater (2008) states that “students will readily talk to one another and stay on task for several minutes at a time if the questions are posed at the right conceptual level” (p. 318).  Such discourse is very effective in facilitating learning.  Mazur observes that “nothing clarifies ideas better than explaining them to others” (p. 14).  Similarly, Lemke (1990) states that students “mediate and translate for one another when the teacher’s language is unfamiliar.  They support and facilitate each other’s learning in countless ways” (p. 79).  

Next, we will consider some ways the principles discussed above can be used to improve the effectiveness of lectures and demonstrations.  Slater (2008, p. 317) advises that the focus of the lecture should be to guide students through meaningful learning experiences, a radical shift from the traditional “telling”.  He points out that, while demonstrations can be provocative as well as illustrative, the most important thing is to ask students to predict what they expect to see.  The reason for this is that “it is the act of predicting and rationalizing those predictions where most of the learning occurs”.  Sokoloff and Thornton (1997) found that Interactive Lecture Demonstrations (ILD’s) greatly increased students’ understanding of dynamics.  Their eight-step procedure included students making predictions, discussing them in small groups, and recording the final prediction.  After the demonstration, the instructor extends the concepts learned to other physical situations for which the same principles apply.  In his Peer Instruction, Mazur (1997) describes another reformed approach to lecture which also includes students making predictions and interacting with their peers.  The key feature of Mazur’s approach is the ConcepTest—a questioning process that is centered on a short conceptual question.  The ConcepTest is a seven-step activity which includes students answering the questions as individuals and then interacting with their peers to “convince their neighbors” (p. 10).  Mazur points out that while this approach is very effective, there is not time to cover all the material.  He thus requires his students to read the textbook and his lecture notes before coming to class.

What kinds of questions are effective and why?  In general, the best questions are of an open-ended, probing nature as these are more effective in developing the habit of inquiry.  Interestingly, Arons (1997) states that preschool children ask these types of questions (for example “How do we know?” or “Why do we believe?”) until the educational system teaches them not to (p. 377).  He points out that by the time students have reached high school, it takes time and encouragement to wean them away from their habits of memorizing end results.

To promote class discussion, Beatty, Gerace, Leonard, and Dufresne (2006) find qualitative questions superior to quantitative ones as they “promote discussion in terms of concepts, ideas and general relationships” (p. 36).  They also state that questions with multiple defensible answers “are useful for sowing dissension and generating productive discussion”.  Redish (1994) informs us that different students can give the same answer for different reasons (p. 810).  Thus, if our questions are too narrow, we may misinterpret the feedback we get. 

Finally, to generate interest and engagement, we should design our questions to be relevant to our students.  Popescu and Morgan (2007) suggest that the contextual approach to teaching physics, which involves exploring topics through the use of real-life contexts, makes physics more relevant to students.  They state that this relevance results in students being “more engaged and motivated in the classroom” (p. 508).  Redish (1994) also states that “new information should always be presented in a context that is familiar to the reader” (p. 799).  Interestingly, he points out that as instructors with years of experience, we have a great deal of “context” and we may be unaware that it is missing in our students.
Checking our Progress:
For any long journey, it is natural to establish checkpoints and monitor our progress.  It’s not uncommon to find that we are not where we thought and that we must make a course correction.  Similarly, in teaching physics, we must determine what our students have learned, not what we think we have taught them.  As McDermott (1991) points out, “there is a need to learn what students actually understand as opposed to our perception as instructors of what they understand” (p. 305).  We should be prepared for some surprises.  Arons informs us that when student thinking is clearly exposed, instructors find that “virtually all of their a priori conjectures concerning what students are and are not thinking are incorrect” (P. 389).  He states that, as instructors, our learning experiences are not representative of our students so “casual extrapolation of one’s own experience only leads to error” and “it must be strongly emphasized that conclusions must be based on careful and accurate listening to students”.

We should take care in assessing what our students understand; it is not an easy task.  For one thing, as McDermott (1991, p. 305) points out, common assessment methods such as stating definitions, reproducing proofs, or solving standard problems, do not provide the kind of detailed information needed to effectively evaluate student comprehension.  Similarly, Mazur (1997, p. 6) states that students can do well on conventional problems by memorizing algorithms without understanding the underlying physical concepts.  We even need to be alert and perceptive when listening to student discourse, as students may use physics terminology without understanding the physical meaning behind the words.  Megowan (2007) relates that “if students believe that they can earn points for ‘speaking Physics’, they will attempt to do so whether or not their words have meaning for them” (p. 100).  She likens this type of discourse to incantations students utter when they are expected to do so at a specified time.

As instructors, how, then, are we to assess what our students actually understand?  Arons (1997) states that we must “ask simple, sequential questions, leading students in a deliberate Socratic fashion” (p. 389).  It can be natural to try to “help” the student if there is not an immediate response.  Arons, however, points out that we must wait four or five seconds to give students a chance to think and give a response; this is how their true thinking can be revealed.  There are also other good reasons for not quickly providing the answer to a question.  Arons observes that students will simply memorize the answer.  He contends that students benefit much more “when they are led to confront contradictions and inconsistencies in what they say and then spontaneously alter their own statements”.  A quick response can also put a damper on student discourse.  Slater (2008), for example, points out that such a response on the part of the instructor “squashes further discussion and divergent thinking” (p. 317).  Similarly, in facilitating student inquiries, MacIsaac and Falconer (2002) emphasize the importance of permitting students “the time to explore apparently incorrect ideas, to wrestle with the language, and to negotiate with peers” (p. 483).

Our Socratic questioning will naturally sometimes expose student errors.  On those occasions, a guiding and supportive questioning approach will assist students in making the necessary “course corrections”.  Instructors can use questions to clarify students’ statements to help them become clearer about what they know (Minstrell and Kraus, 2005, p. 506).  Also, as Wenning (2006, p.12) points out, it is important to show respect for student conclusions.  He advises that “student errors should be addressed by asking questions rather than providing a direct critique”.  Through Socratic questioning, students have the opportunity “to redeem themselves by identifying that mistake and drawing the proper conclusion”.
Avoiding Detours:
On any long journey, it is possible to encounter detours.  Yet, if we know about them in advance, it is possible to plan a route to avoid them.  Similarly, instructors instituting reform-based instructional approaches may well encounter resistance and roadblocks.  Wenning (2005, p. 10) indicates that resistance to inquiry-oriented instruction can come not only from students, but also from parents, administrators, and even fellow instructors.  He states that students who have done well under traditional instruction may view inquiry-based instruction as a threat to achieving high grades.  Wenning also mentions that students may resist participating in Socratic dialogues for fear of being wrong; they may even view the questions as a form of evaluation (p. 12).  Students also may not willingly make the transition from passive to active participants.  MacIsaac and Falconer (2002) point out that ”some students will be highly resistant to taking on the additional work and responsibility that reformed teaching requires of them” (p. 484).  

The consequences of resistance to reform-based instruction can sometimes be severe.  This resistance can, however, be minimized—as we shall soon see.  Vesenka (2005) recounts three specific cases for which this resistance caused significant problems for instructors adopting Modeling instruction.  In the first case, a new instructor at a small private school encountered significant student resistance: he was even dismissed at the end of the year.  Vesenka goes on to describe how a 20 year veteran instructor was reassigned after battling resistance to modeling instruction.  Finally, he even relates the resistance he personally encountered (including students circulating a petition during his classes) which even led to a meeting with students and with the dean of students.  Similarly, Wenning (2005) gives a description of resistance to inquiry that can come from students, parents, administrators, and peers.  His treatment of the subject is very detailed.
How can we, as instructors, minimize the resistance just described?  Vesenka (2005) advises us that resistance can be mitigated by proactive communication.  He points out that instructors “must educate parents and administration, as well as their students, about Modeling instruction, how it satisfies standards, and how the instructional approach has long-lasting benefits” (p. 18).  Vesenka further describes these actions as “setting up a proper classroom climate” and states that “it is probably one of the best investments in time that any teacher can make”.  Wenning (2005) treats classroom climate setting in detail:  at the whole group level, the small group level, and at the individual level.  He also describes proactive steps to take with non-students (parents, administrators, and peers).  To assist instructors in making the case for inquiry, Wenning also provides “key philosophical arguments and research-based claims that can be made in favor of inquiry-oriented instruction” (p 14).
The Next Journey—Helping our Students to Find Their Own Way:
When students meet our objectives for comprehending physical concepts, we can consider that one journey has ended.  Surely, however, there will be many more to come.  Thus, as instructors, we should strive to help our students learn to “find their own way” better.  It is a great accomplishment to have our students learn, but it is even better if we help them “learn how to learn”.  As Arons (1997) states, “the time is long past when we could teach our students all they need to know.  The principal function of education…must be to help individuals to their own intellectual feet” (p. 381).  

Accomplishing this goal requires students to take questioning to an inward direction and to deeper levels.  The questioning process takes on a strong metacognitive character.  Students need to use self-questioning to monitor and assess their thinking.  Donovan and Bransford (2005) point out that “ultimately, students need to develop metacognitive abilities—the habits of mind necessary to assess their own progress—rather than relying solely on external indicators” (p. 17).  Similarly, Arons (1997) states that “learning on one’s own…requires the capacity to judge when understanding has been achieved and to draw conclusions and make inferences” and that this “entails testing one’s own thinking, and the results of such thinking, for correctness” (p. 382).  At an even deeper level, students can be helped to develop awareness of their reasoning processes.  Arons states that this “involves standing back and recognizing the processes one is using, deliberately invoking those most appropriate to the given circumstances”.  He further conveys that asking oneself probing questions and constructing answers can facilitate extending reasoning processes to unfamiliar and more complex contexts.   

The self-questioning approach has concrete benefits.  Bransford and Donovan (2005) report that the addition of a “reflective assessment” component resulted in students outperforming those taught with the original curriculum (p 407).  Further, the gains were “particularly striking” for lower-achieving students.  Beatty, Gerace, Leonard, and Dufresne (2006, p.33) also mention that helping students develop a metacognitive perspective makes them more efficient learners.  They further point out that there are future benefits as well, as preparation for future learning “is the most durable learning outcome our instruction is likely to achieve”.

To help our students become more skilled at self-questioning, we need to consider the instructional implications.  To help students master this skill, we should keep in mind that we will be teaching them to deal with process rather than content they are so accustomed to.  Not only will this be new for some students, but it is also quite involved.  As Arons (1997) puts it, this is “a very sophisticated level of intellectual activity and students must first be made aware of the process and its importance….they need practice and help” (p. 382).  Wenning, also, contends that students must be made aware of the nature of the question-generation process (2006, p. 11).  He suggests that “teachers can share what they know about the question formulation process” and that “even a small amount of instruction can be helpful in this area”.  Modeling the process is one specific way to help our students.  Megowan (2007, p.96) states that students learn about questioning by imitation.  She writes that “in virtually all the classrooms I observed, the students who were active participants in small groups employed the same questioning strategies that the teacher employed”. 
Conclusions:
In sharp contrast to traditional instruction, reform-based instruction requires students to be actively engaged.  Questions play foundational roles in engaging students and also in guiding them.  Many students, however, have not been immersed in the active-questioning process.  Thus, it takes dedicated instruction, instructor modeling, and encouragement to transform students into active questioners.  Even so, as instructors, we should be prepared for some resistance at first; we should explain the benefits and maintain a supportive atmosphere.  As students develop into active questioners, we should teach them the process of questioning so they can become more independent learners and critical thinkers.

The questioning processes are multi-faceted and complex.  To effectively design questions, use them, and respond to them requires conscious study and practice.  As instructors, we should appreciate the importance of questioning and commit to developing the art of questioning as part of our repertoire of instructional techniques.  
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Figure 1.  The foundational nature of effective questioning.





Effective Instructional Approaches





Effective 


Questioning





Figure 2.  The ongoing nature of the questioning process.
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