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Abstract

Traditional examination tasks often fail to assess conceptual understanding, and test results are generally expressed as scores on non-linear scales.  More informative results can be reported if conceptual categories for each task are known, and if achievement is expressed as a location on a qualitatively described continuum that reflects the structure of a subject as conceptualised by students.  Although the construction of hierarchical phenomenographic categories does not require statistical validations, the use of the measurement model, whose assumptions overlap generously with the assumptions of phenomenography, can not only reinforce conclusions achieved with qualitative analysis but also reveal additional information contained in the data.  This paper explores the construction of phenomenographic categories followed by a Rasch model calibration of a measuring instrument, using interview and written responses data collected in Australia and overseas.  This paper introduces an innovative formative assessment methodology of general applicability.

Introduction

The traditional approach for testing achievement is to give students tasks requiring the reproduction of memorised facts, application of rules and use of algorithms learnt during instruction.  The recognition of a problem type, the identification of the appropriate formula and its application in obtaining the correct answer is usually assumed to imply understanding of the concepts underlying that task.  In addition answers are usually marked either right or wrong, and test results are reported as counts of correct answers.  Research in students' misconceptions has shown that poor conceptual understanding is often associated with some of the best academic performances.  This paper introduces a methodology in which students' responses are not rated for rewarding ability to reproduce factual knowledge, but rather they are assigned to pre-constructed categories of conceptual understanding, thus measuring conceptual understanding.

The methodology is based on two research traditions that have been used extensively but independently from each other, and without recognition of their common assumptions and of their complementarity.  One is purely qualitative and the other quantitative.  One takes off at the boundaries of the other.  They address different aspects of the same research problem that has potential for practical uses on small and large-scale educational assessment in many areas.  Together they provide a coherent methodology for the assessment of conceptual understanding. 

In the first stage of the Measurement of Conceptual Understanding in Physics (MCUP) project, 15 situations suitable for revealing understanding of aspects of Newtonian mechanics were created and an average of 20 students were interviewed in each situation.  The interview transcripts were then analysed and the qualitatively different ways in which each phenomenon was conceptualised were identified.  A set of hierarchical categories representing levels of understanding was then constructed for each situation.  Responses in which more key elements were clearly discerned and simultaneously used defined the higher phenomenographic categories.

The next step was the investigation of the difficulties involved in assigning responses to pre-constructed categories so that the methodology could be applied in large scale testing. Written responses from 700 students in four countries were collected, each student attempting an average of five contexts.  These responses were assigned to the pre-constructed categories, refining the definition of categories on the way.

The distance between the categories of one context and the relationship between categories belonging to different contexts are beyond the domain of Phenomenography, but well within the domain of Rasch measurement.  An analysis of fit of the data to the measurement model confirmed that a variable had been measured; the categories of each situation could be meaningfully located on the same continuum.  A comparison of nearby categories suggested the identification, and allowed the description of, bands of the continuum, thus defining the measured variable, as we would do in describing the various regions of a temperature scale.

The construction of the variable that is reported in this paper is the outline of a map of typical development in understanding key concepts in physics.  It is an attempt to relate alternative conceptions documented in physics education research, based on two methodologies that have been widely used in the past three decades.  The key concepts of physics are universal and so the conceptual difficulties faced by students in learning physics, as it was confirmed by the data from four different countries.  The scale reported here can provide a common ground to which local test results can be referred to and compared.  This paper is relevant to recent trends in Developmental Assessment and to the idea of linking assessment to academic standards.

The paper starts with a brief review of the nature of conceptual understanding and what it takes to assess it, and its role in physics education.  Phenomenography and Rasch measurement are then introduced considering their compatibility, and their suitability for assessing conceptual understanding.  The MCUP project is then introduced followed by a description of recent findings in the analysis of data obtained with written responses.

CONCEPTUAL UNDERSTANDING

Since the 70s, research in Science education (McDermott, 1984) has shown that some of the best academic achievers complete their courses with poor understanding of fundamental concepts, and retain serious misconceptions after formal instruction.  They are not able to apply in different contexts what they had learnt in the examples and end-of-chapter problems in their textbooks.  It appears that understanding of concepts does not necessarily accompany the ability developed during instruction to reproduce factual or procedural knowledge.  The fact that good academic results can be achieved without genuine understanding makes the methods used for obtaining academic results suspect and inadequate for assessing what is thought to have been achieved.

There is now overwhelming evidence that

a) “even good students don’t always display a deep understanding of what’s been taught even though conventional measures certify success” (Wiggins, 1998, page 2);

b) “in most educational settings “testing focuses predominantly on the recall of information from textbooks and class presentations” (page 2);

c) rarely students are assessed in ways requiring them to demonstrate deeper understanding;

d) “correct answers offer inadequate evidence for understanding or good test results can hide misunderstanding”   (page 40).

Although teaching for understanding is not always a primary focus in a course, there is little doubt that it is more valuable than rote learning.  Even in training programs, or physical education courses, the teaching of specific skills without explanations and justification for the reason something is done in a certain way, may result in more skilful and more knowledgeable students.  However, more permanent changes in the students are not achieved by integrating new information with previous knowledge and relating it to previous experience.  Such teaching, often reinforced by assessment that does not address understanding, results in superficial and contextual learning.

The type and content of the assessment used in a course have a decisive influence on the curriculum used by teachers and students.  The curriculum—the ‘path to be run’—reflects the intentions of all involved but does not always match the de facto curriculum.  Often teachers and students hesitate to spend time on what is not going to be assessed, and work towards achieving good test results assuming that only test results are used in the recognition of success.  The question often asked both by teachers and students is ‘why do what is not going to be assessed, if only test results count for the recognition of success?’

Most teachers claim to teach for understanding, but their teaching and assessment methods, and the outcomes in most students, irrespective of academic success, do not reflect their intentions.

Assessment methodologies that promote effectively the development of understanding, when this is an expected outcome of an educational program, are not as easy to develop and resources based on them not as readily available as those based on traditional methodologies.  After all, any teacher from any discipline can write a set of questions, mark students’ responses right or wrong and count the correct answers for each student.

Methodologies for the assessment of understanding would allow students to reveal their partial understandings, their misunderstandings, their misconceptions, and their alternative ways of viewing a situation.  The assessment methodology presented in this paper addresses this requirement.  However, there is no claim that it can be the answer to all requirements for the assessment and promotion of understanding; in fact, “understanding can be developed and evoked only through multiple methods of assessment” (Wiggins, 1998, page 4) to address the various facets of understanding.

It is important to clarify what we mean by conceptual understanding, otherwise “without this clarification, we retain assessment habits that focus on the more superficial, rote, out-of-context, and easily tested aspects of knowledge” (page 40).  A student who has achieved understanding has more than just textbook knowledge, and skills to solve problems at the end of each chapter.  Understanding involves sophisticated insights and abilities that may be exposed in a variety of ways and contexts. (page 5)  Understanding is what endures after details are forgotten; it is what is retained and may be applied in unfamiliar situations.  The very nature of concepts, principles, key ideas and processes requires them to be understood rather than just be learnt for application in a few contexts so that familiarity may give the impression of understanding.  Familiarity with some subject matter, and knowledge and skills do not automatically lead to understanding because success may be achieved by memorising or frequent practice.  Therefore the assessment of understanding requires different methods from the more traditional tests which are designed predominantly to gain evidence for factual knowledge and problem solving skills, but failing to expose unambiguously lack of understanding. 

Various sources claim that “real knowledge involves using learning in new ways” and it implies “the ability to think and act flexibly with what one knows … a flexible performance capability as opposed to rote recall or plugging in of answers (Wiske, 1997, page 40)”.  A distinction must be made between “a superficial or borrowed opinion and an in-depth, justified understanding of the same idea.” 

Understanding is not something that can be achieved all in one go: it is achieved gradually and with effort, and it is “a matter of degree.  The continuum of understanding [the italics are mine] ranges from naive to sophisticated, and from simplistic to complex (as opposed to merely right or wrong).  In all these connotations, the emphasis is on getting below the surface, or achieving greater nuance and discrimination in judgement.  To understand means not just knowledge of more difficult things but also the ability to offer qualifications and conditionals—to say, ‘If … then …’ and ‘Under these conditions yes, but under those no” (pages 40-1).  The continuum of understanding must show various kinds of understanding due to diverse points of view people have of the same situation (page 41).

Wiggins and McTigue (1998) produced a working definition of the complex nature of understanding, by identifying six key component abilities—six different but overlapping and integrated facets: Explanation, Interpretation, Application, Perspective, Empathy, Self-knowledge (page 44).

Explanation refers to the ability of accounting for an event and relating facts with the relevant theory.  An example is the explanation of the speed of an object in free fall.  Its speed increases at a constant rate because a constant net force keeps acting on it.  Another example is the free fall acceleration near the surface of the earth, which does not depend on mass because each unit mass of the falling body experiences the same force and therefore the same acceleration is observed for the whole body whatever its mass.  Assessment of this facet requires the explanation of what the students know and good reasons or justifications in support of an answer.  This aspect of understanding is addressed “by using such verbs as explain, justify, generalize, predict, support, verify, prove, and substantiate” (page 47).

Interpretation refers to the ability of providing meaning to an event.  What does it show?  What does the attraction of all bodies towards the earth imply?  Is this attraction the same attraction responsible for keeping the earth in orbit around the sun?  How did Kepler translate and interpret Tycho Brahe’s data to discover the elliptical motion of the planets around the sun?  Assessment of this facet requires students to compare, “interpret, translate, make sense of, show the significance of, decode, and make a story meaningful. … Explanation and interpretation are related but different” (page 49).

Application refers to “the ability to use knowledge effectively in new situations and diverse contexts.”  When a concept can be recognised and applied to a new situation, or when it can be adapted to a realistically messy situation, there is evidence for understanding.  Learning that cannot be exported from the context in which it has been learnt, and reproduced by adapting it to new situations cannot be considered understanding.  Assessment of this facet requires tasks containing unfamiliar situations to the student.

Perspective refers to “critical and insightful points of view.”  This facet of understanding is explained in the following questions:  “From whose point of view? … What is assumed or tacit that needs to be made explicit and considered?”  The recognition of the possibility that the same situation may be seen from different points of view is a “powerful form of insight, because by shifting perspective and casting familiar ideas in a new light, one can create new theories, stories and applications”  (page 53).  Assessment of this facet is expected to recognise alternative conceptions and a variety of points of view.

Empathy refers to “the ability to get inside another person’s feelings and worldview” (page 55).  Questions illustrating this facet are: “What do I need to experience [the italics are mine] if I am to understand?  What was the artist or performer feeling, seeing, and trying to make me feel and see?. … Empathy is a learned ability to grasp the world from someone else’s point of view. It is the discipline of using one’s imagination to see and feel as others see and feel”  (page 56).  Assessment of this facet requires tasks for testing the extent to which students are egocentric and ethnocentric (page 57).

Self-knowledge refers to “how one’s patterns of thought and action inform as well as prejudice understanding.”  It is the facet that refers to the person understanding and becoming aware of what cannot be understood.  Questions that describe this facet include “How does who am I shape my views?” (page 58).  “Self-knowledge is a key facet of understanding because it demands that we self-consciously question our understandings to advance them.”

The Wiggins definition of understanding in six facets is useful in writing assessment tasks to address conceptual understanding.  This paper describes a methodology that can be applied in many areas for measuring conceptual understanding.  Its feasibility has been demonstrated in the Measurement of Conceptual Understanding in Physics (MCUP) project.  The tasks used and the analysis of students’ responses that followed did not address all facets of understanding but the same process can be adapted to assess also the other facets with suitable tasks and with suitable rating of student responses.

ROLE OF CONCEPTUAL UNDERSTANDING IN PHYSICS EDUCATION

Finding out what is involved in understanding key concepts is recognised by Redish and Steinberg (Redish, 1999, page 24) as one of the three points that need to be addressed for improving physics education.  The other two points, “what students bring to physics instruction” and “how students respond to physics instruction”, are related with the first point and together form the focus of current research in the area.  Conceptual learning is emphasised in many of the innovative courses that are being taught today, covering the same content as that covered in more traditional courses.  “In trying to find out what students’ real difficulties are, physics education researchers use a variety of tools.  One task is to determine the ‘state space’—the range of most common possibilities.  One way to do this is to carefully interview a number of students, letting them describe what they think about a particular situation or having them work throughout a problem. … The goal isn’t to help the student come up with the ‘correct’ answer, but rather to understand their thinking. … Interviews often reveal new insights into the ways in which students think about physics that are surprising even to the most skilled and experienced teachers. … The information from interviews can be used to develop examination questions.  Such questions must place a strong emphasis on having students explain their thinking.  Otherwise, students often replay poorly understood memorized patterns” (pages 24-5).

The importance of promoting and assessing conceptual understanding is to be found in the observation that it appears to be a prerequisite for expert problem solving, which “is consistently rated as the most important skill learned in undergraduate physics. … Larkin and Reif characterized the expert’s problem solving as making use of, among other things, a strong understanding of physics concepts. … Much effort has gone into identifying fundamental concepts and the difficulties that students have with them. … McDermott and other physics education researchers have documented that even after studying physics, students have an understanding of fundamental concepts that is usually weak. … Evaluating student understanding of basic concepts requires the use of the full range of physics education research observation tools: interviews, open-ended exam questions and carefully constructed multiple-choice tests” (pages 25-6).

“Studies of expert problem solvers indicate that there is much more to being a good problem solver than having agility with mathematical manipulations and a good knowledge of concepts.  For many students … what is lacking is the understanding that concepts are relevant to problems and that physics is more than a set of facts and equations to be memorized” (page 26).  The attitude of students to physics has been studied at Berkeley (Hammer 1984).  It was found that “most of the students had attitudes about the nature of physics and how one approaches problems that were counterproductive to helping them develop a strong understanding of physics or expert problem solving skill” (page 26).  Three aspects of students’ expectations were investigated: “Independence versus Authority”(research/investigative aspect of physics), “Coherence versus Pieces” and “Concepts versus Equations”.  In 1998 at the university of Maryland three more aspects were added and used to explore students’ expectations: “Physics versus Reality”, “Mathematics versus Physics” and “Effort versus Acceptance”.  It was found that the students’ views of “what they expected to get out of the class was the use of formulas, not an understanding of the limitations of those formulas or the relation of the formulas to fundamental principles and concepts” (page 27).  It was also found that many students come into physics with unfavorable views about the nature of learning physics” and that, generally, their views do not improve after instruction (page 29).

Although extensive observations of students’ thinking, using all kinds of methods, are being made, multiple choice questions, like the Force Concept Inventory (Hesteness, 1992), followed by traditional test analysis, predominate.  More sophisticated techniques, phenomenography for mapping with logically related categories students’ conceptualisations of phenomena, and Rasch measurement for constructing variables of conceptual understanding in physics so that the result on a test may be given as a location on a qualitatively described continuum rather than a score showing the number of questions answered correctly, or a derivation of this number, have not yet found a role in this area.  This appears to be due to the convenience of writing and administering multiple choice questions, and of counting students selecting each distractor, more than any recognition of the limitations of current practices.  Steinberg and Sabella (1997) have documented how misleading diagnostic testing based exclusively on multiple choice questions may be, and have concluded that “physics instruction is a complex endeavor and should not be trivialized by implicitly suggesting that its success could be so easily measured” (page 154).  Results are reported through the Hake factor (page 29), defined as the ratio between the gain achieved and the possible gain, i.e. (%posttest average - %pretest average)/(100% - %pretest average).  This numbers are counts of questions answered correctly.  They are not measures (see later in this paper).

Recently an attempt was made (Graham 1996 and1997) to develop hierarchical models for student understanding of physics concepts without using sophisticated methodologies such as phenomenography and Rasch measurement.  “One aim of the research was to identify the stages through which students’ understanding of momentum develops. … A second aim of the project was to develop a research method that could identify the stages through which students’ understanding of concepts in science develops” (Graham, 1996, pages 75-76).  The Graham methodology, similarly to the methodology described in this paper, “defines a set of levels that would model the development of student understanding of momentum, rather than simply identifying some of the problems that students have” (page 76).  Most of the research in physics education to-date is not concerned with the identification of logical relationships among observed misconceptions and alternative conceptions.

In the Graham methodology, tasks targeting understanding of a selected physics concept are prepared and administered to a sample of students.  Tasks are then grouped together according to facility (percentage correct) and included in a group, provided they are correlated with phi greater than 0.3.  Each group of questions is described qualitatively and identified with a level of understanding.  There is a “degree of sense to the levels with regard to their content from a mechanics point of view” (page 76).  The analysis identified three groups of questions corresponding to three levels of understanding; students failing to be assigned to any of these three levels are assigned into a fourth level.  “As a student’s understanding of momentum progresses it passes from being very confused or intuitive at level 0, to very comprehensive at level 3.  In between these two extremes there are two areas of development: progress initially to a scalar understanding and then to a vector understanding” (page 84).  Students are assigned to the highest level they can pass with at least 70% of the questions in that level answered correctly.  The assignment of a student to a level of understanding is quantitative (70% correct) rather than qualitative as in the MCUP project, as shown later.  The fit of a student to the model consists in requiring success on a level to imply success of at least 70% on all lower levels.

The MCUP methodology for constructing a developmental continuum of conceptual understanding in physics, uses two research approaches, one qualitative (phenomenography) for assigning responses to categories of individual questions and the other quantitative (Rasch measurement) for integrating all the data into a measurement continuum.  Both of them are used to investigate and describe variation on a certain dimension; both have successfully been applied in numerous studies on small and large scales, but never together.  Both are of general applicability.  Their simultaneous use is required to address the requirements of the measurement of conceptual understanding.  The issues that need to be addressed now in this paper are those concerning the nature of phenomenography and Rasch measurement, their compatibility with each other, and the way they may meet the requirements of assessing the six facets of conceptual understanding, particularly in physics education.

PHENOMENOGRAPHY

Phenomenography has its origins during the early 70s at the university of Goteborg in the work of Ference Marton (Marton, 1981) attempting to describe the experience of learning.  Phenomenography has developed since then as a qualitative research methodology (Marton, 1997, page 111) with applications in the most diverse fields aiming to describe phenomena in terms of the few qualitatively different ways people can experience them, understand them and explain them.  Phenomenographic studies focus on the “variation in ways of experiencing things” and one of their prime objectives is the description of variation of experience (page 110).  Differences and similarities of the various ways of conceptualising a phenomenon are captured in categories of description constructed from collected data, according to the aims of the research and the filters of the researchers.

Phenomenography is a research methodology of particular interest to education.  It aims to describe competence in experiencing phenomena in certain ways.  This competence develops as a result of learning experiences that change the way a person relates to phenomena.  The object of research is the “qualitatively different ways in which people are capable of experiencing various phenomena. … Differences in how something is experienced mean that some aspects of it are focused on and others are not, or that they are seen in a succession rather than simultaneously. … A way of experiencing something springs from a combination of aspects of the phenomenon being both discerned and presented in focal awareness simultaneously” (pages 135-6).  Phenomenographic categories of description are constructed considering variation, discernment and simultaneity.

There cannot be discernment of something without variation.  We cannot judge someone as a good performer in the absence of poor performers.  If all people performed in the same way we could not define what a good performer is; we would not be able to experience good performance.  Without variation on some dimension there can be no discernment on that dimension.  For example, the blueness of a colour would not exist for us if we could not experience variation in colour.  In the task of taking a photo there are a few key aspects that need to be discerned and taken care of.  The image must be focused on the film; the correct amount of light must be allowed to go through the lens; the hand holding the camera must be steady; the point of view of the camera and the setting of the distance from the subject and its surroundings must be selected with care.  Experiencing variation in each of these aspects allows a person to discern them.  All of these aspects must be discerned to be able to take a photo competently.  Pressing the shutter release without the awareness of these key aspects reflects the lack of variation in the experience of taking photographs.

A way of experiencing something consists in the simultaneous experience of discerned aspects of the phenomenon.  Therefore there must be discernment before two or more aspects can be simultaneously experienced.  Discerning key aspects without simultaneously focussing on them would result in poor photos.  The flash must be on while the shutter of the camera is open, not before or after; the hand must be steady while the image is being formed; the depth of field is related to the distance from the subject.  Simultaneity is responsible for experiencing variation.  If key aspects are discerned but not simultaneously focused upon, each discerned aspect would be experienced in isolation.  The various discerned aspects could be used in sequence but not related together in a holistic experience of the phenomenon, so a person could not see possible variations in experiencing the phenomenon.  To experience the task of taking a photo in different ways it is necessary to understand the implications of each key aspect in relation to the other key aspects.  Therefore variation requires simultaneity.  In summary, variation, discernment and simultaneity are the three facets of phenomenography.  Each of them depends on the other two.  All of them must be present to achieve the highest levels of experiencing a phenomenon.

The hierarchical ordering of categories showing qualitatively different ways of experiencing a phenomenon is due to our limited capacity for simultaneous focal awareness.  Categories differ from each other on the key aspects of a phenomenon that are discerned and kept in focal awareness simultaneously.  Key aspects may be or may not be discerned, and when they are discerned they may be used simultaneously or used in sequence, one after the other (pages 101-102).  Low categories correspond to few if any discerned aspects while higher categories correspond to more discerned aspects used in sequence, and the highest categories correspond to simultaneous focal awareness of the key aspects that have been discerned.

A key aspect is discerned and kept in focal awareness means that it is “seen against a background of what could be” (page 112) and what it could not be.  There has to be variation.  If something is not focused upon, either it “is absent altogether or that it is taken for granted and no alternatives are explicitly considered.”  Knowing something implies knowing not only what it is but also what it is not.  “We are constantly surrounded by a more or less complex environment.  To experience something emanating from that environment is, for the first thing, to discern it from its context. … What does it take to see a motionless deer among the dark trees and bushes; we have to see its contours, its outline, the limits that distinguish it from what surrounds it  … ” (page 86).   The analogy of the deer in the woods illustrates the phenomenographic variation, discernment and simultaneity : the deer is discerned from its surroundings, its internal parts are discerned, its structure is recognised and with it comes meaning.  The deer is not one of the trees or the rays of the sun that pass through the leaves of the trees; its head is not its tail; the hunter sees meat; the photographer sees its beauty.  There is discernment and simultaneous focal awareness of discerned aspects.  “No, it is impossible to experience something in total isolation.  Our experiences of anything are always embedded in a context” (page 96).

The primary finding of phenomenographic research is the “limited number of qualitatively different ways” (page 110) in which we may experience a phenomenon.  These qualitatively different ways are “logically related to each other and form together … the outcome space” (page 112).  It appears that the limited number of qualitatively different ways of experiencing phenomena is due to the small number of key aspects of a phenomenon.  The endless diversity observed in people’s experiences apparent in their responses is of no interest to the object of the research and is left in the background.  The same qualitatively different way of experiencing something corresponds to innumerable different experiences that relate to it, but individual biographies are not relevant to the essence of an experience.  Qualitative differences between categories must be meaningful and useful to the aims of the research.

“The basic principle of phenomenography is that whatever phenomenon we encounter, it is experienced in a limited number of qualitatively different ways” (page 122).  There are critical differences in the people’s capabilities for experiencing phenomena.  Experience means “the internal relationship between person and world” (page 122).  “We can experience something as something thanks to the two basic capabilities: (a) we can discern entities and aspects, and (b) we can be focally aware of a few entities or aspects simultaneously.  Learning to experience the various phenomena, which is the most fundamental form of learning in our view, means becoming capable of discerning certain entities or aspects and having the capability to be simultaneously and focally aware of these certain entities or aspects” (page 123).  We learn to experience the critical aspects of a phenomenon by “successive differentiations from each other” and by focusing on different combinations of them at the same time (page 126).  This view of learning may be seen as learning in successive approximations.  First a general idea of the phenomenon is obtained without discerning details in its structure and meaning, then by looking at each of its key aspects and then by learning about their interactions and the effects of these interactions on the whole phenomenon.

The observation that good academic success does not imply sound understanding is confirmed in phenomenography: “we are not able to infer … that two students who succeed with a problem must have understood it in exactly the same way” (page 111).  Phenomenographers aim to describe the variation we observe in the way people view various phenomena.  “They seek the totality of ways in which people experience, or are capable of experiencing the object of interest in terms of distinctly different categories that capture the essence of the variation” observed in the data (page 121).  The importance of knowing the point of view of students is also recognised in physics education research (Redish, 1999).  The various ways a phenomenon may be conceptualised are not due to any one individual alone but to all the individuals in a study.  The task of phenomenographic research is to describe the variation in the individuals’ responses with a finite number of categories of description based on the discernment and simultaneous use of the key aspects of the phenomenon.  Responses containing elements of more than one category are often observed indicating that each individual does not sharply belong to one category only and that there may be an underlying continuum of variation captured in a small number of categories.  The criterion used in the MCUP study to assign responses to categories is to assign a response to the highest category, the key features of which are clearly present in the response.

It is argued in phenomenography that a phenomenon, as such, does not exist independently of people on the one hand, and subjectively as a mental representation on the other hand; rather there is only one phenomenon that is identified with the ways it can be experienced.  Wright (1988) claims that “indeed nature itself is our own invention.”  For example an electron exists as such because we exist, without implying however that whatever we see out there and discern as an electron cannot have a life of its own.  Its differentiation from its surroundings and its conceptualisation as an electron is due to us.  There is a relationship between electrons and humans and the two give meaning to each other.  The phenomenographic outcome space “turns out to be a synonym for phenomenon (the thing as it appears to us, contrasted with the Kantian ‘noumenon’, ‘the thing as such’)” (Marton, 1997).  The outcome space is the phenomenographic description of a phenomenon as distinct from a technical description that may already be implicitly contained in the phenomenographic description.  This is how a phenomenon is most useful in educational settings.  A phenomenon is defined in terms of the different ways in which it can be experienced.  A phenomenon is more than a statement of what it is, an explanation of what it does in terms of the principles that are used to describe it, and a set of end-of-chapter problems.  A text-book and technical presentation does not take into account how the phenomenon may be conceptualised by students and how observed conceptions are related to each other forming a hierarchy of understandings from simple to more sophisticated forms.

“The unit of phenomenographic research is a way of experiencing something” (page 111).  A way of experiencing something is “an internal relationship between the person experiencing and the phenomenon experienced: it reflects the latter as much as the former” (page 108).  The result of this internal relationship is that both the person and the phenomenon are no longer what they were before.  The person is not the same because a new experience has been added to previous experiences; the phenomenon is not the same because it has been experienced in one of the qualitatively different ways by a person with a unique biography.  “We cannot describe a world that is independent of our descriptions or of us as describers” (page 113).  The describer is part of the description.  The phenomena we describe are phenomena we experience, either directly or through our instruments.  In this sense velocity exists because we exist.  Its definition and conceptualisation cannot be separated from human experience.  “The way in which a person experiences a phenomenon does not constitute the phenomenon itself.  It rather constitutes one facet of the phenomenon, seen from that person’s perspective, with that person’s biography as background” (page 124).  “The aspects of the phenomenon and the relationships between them that are discerned and simultaneously present in the individual’s focal awareness define the individual’s way of experiencing the phenomenon” (page 101).  A phenomenographic description of a phenomenon does not exhaust all possible description of that phenomenon: “there is no way at arriving at a final description of anything, because a description relates what that thing is for someone, and thereby depicts it as seen by someone’s previous experiences.  Naturally, we have no idea what the thing looks like against the background of experiences nobody has yet had!” (page 101).

No system of categories is the end of the search for the definition of a phenomenon.  In fact phenomenographers claim that “there is no complete, final description of anything and our descriptions are always driven by our aims” (page 123).  However, a phenomenon is objectively described, in the sense that its description excludes idiosyncratic biographies of people, in a system of logically related categories.

There are three rules used in the construction of phenomenographic categories.

a)
“Each category tells us something distinct about a particular way of experiencing the phenomenon” (page 125).  “The system of descriptive categories should tell us clear and distinct things about the experience or capability for experiencing those things” (page 126).  In the MCUP project we are “looking for educationally critical ways of experiencing things”  (page 125).

b)
“The categories have to stand in a logical relationship with one another, a relationship that is frequently hierarchical” and have to “denote a series of increasingly complex subsets of the totality of the diverse ways of experiencing various phenomena” (page 126).  The hierarchical structure of the categories of description shows an increasing complexity and inclusivity in the ways of experiencing a phenomenon, so that each category may show critical and meaningful differences when compared with each other category.  If we are interested in predicting success in an educational course, then the categories and the differences between categories should reflect those aspects that are considered to be critical for further educational growth. 

c) “The system [of categories] should be parsimonious, which is to say that as few categories should be explicated as is feasible and reasonable, for capturing the critical variation in the data” (page 125).  It is claimed that “the number of critical aspects that define the phenomenon must be limited because we learn to experience them by successive differentiations from each other [the italics are mine].  Oversimplifying things a bit, the different ways of experiencing a phenomenon reflect different combinations of the aspects that we are focally aware of at a particular point in time” (page 126).

Phenomenography is not psychology: no attempt is made in phenomenographic studies to construct cognitive models of how people learn and think as is the case of the work of Piaget. “Description of experience and ways of experiencing are entirely different from describing mental representations, short-term memory, retrieval processes and the rest of the conceptual apparatus of cognitivists" (page 113).  The objects of study in psychology are processes like problem solving, decision making, learning, remembering; “what is learned, or remembered, or thought about” are subordinate to these processes and their classifications, while “in phenomenography what is experienced and how it is experienced are in focus and the particular psychological function in which the structural and referential aspects of the experience are embodied is of secondary interest”  (page 115).  The focus is on how the phenomenon is experienced “irrespective of whether it is reflected in the way a problem is solved or in immediate perception or in acting or in remembering” (page 115).  We can infer how a phenomenon is experienced in a problem solving task, or in an interview including open ended questions not involving the solution to any problem, or in normal conversation.  In phenomenography both the experiencer and the experienced are of interest because both are involved in the internal relationship between the two, i.e. in the way the phenomenon is experienced; in psychology only the experiencer is of interest  (page 115).  Moreover, a phenomenon may have a phenomenographic definition but not a psychological definition.  Phenomenographic categories are contextual and require input from area experts.  The construction of phenomenographic categories for a physics phenomenon consists in exploring qualitatively different ways in which people conceptualise the phenomenon.  This has important educational implications: physics phenomena can be taught with the awareness of how students may conceptualise them and how students may typically make progress by moving from naïve ways of thinking about them to more sophisticated ways.  This advantage is in contrast to the advantages of a logical presentation of a chapter of physics, or of a presentation concerned primarily with the psychology of learning, e.g. the stages of cognitive development of students.

As in developmental assessment, so in phenomenography learning is seen as a change towards higher levels of understanding.  Phenomenographers support the view that “in order to make sense of how people handle problems, situations, the world, we have to understand the way in which they experience the problems, the situations, the world, that they are handling or in relation to which they are acting” and that  “a capability for acting in a certain way reflects a capability for experiencing something in a certain way.”  They claim that “[we] cannot act other than in relation to the world as [we] experience it” and that “the object of the research is the variation in ways of experiencing something”.  “The variation and change in capabilities for experiencing particular phenomena in the world in certain ways” is of particular interest in education.  “These capabilities can, as a rule be hierarchically ordered.  Some capabilities can, from a point of view adopted in each case, be seen as more advanced, more complex, or more powerful than other capabilities.  Differences between them are educationally critical differences, and changes between them we consider to be the most important kind of learning” (page 111).

“The main idea is that the limited number of qualitatively different ways in which something is experienced can be understood in terms of which constituent parts are discerned and appear simultaneously in people’s awareness.  A particular way of experiencing something reflects a simultaneous awareness of particular aspects of the phenomenon” (page 107).  “The whole, the parts, and the relationships between them are discerned in terms of various aspects such as cardinality, ordinality; velocity, frames of reference; systems of particles; topics, subtopics, and so on.  Such aspects represent dimensions of explicit or implicit variation in awareness.  If we notice that a change in a particular aspect of a phenomenon (e.g. the level of water in the bath rises as we step into it) then the variation is explicit.  If we notice that something is the case (e.g. there are 7 marbles hidden in one box) the variation is implicit” (page 100).  Key aspects in the physics contexts of the MCUP study are: instantaneous and average values, inertia, independent components of two dimensional motions, kinematics and dynamics approaches, vectorial nature of some physical quantities, displacement, velocity, acceleration, frames of reference, pair of action reaction forces, comparison of two constant speed motions.

In phenomenography, as in physics education research, it is recognised that “the point of view taken by the investigator may influence the design of a study and the way the data are interpreted” (McDermott, 1984).  “The way in which we describe the variation reflects our, the researchers’ understanding of what differences are critically significant.  It also represents our value judgements about what counts as a good, or better, understanding of a text, a problem, or whatever. …The better experience or understanding of a phenomenon is thus defined in terms of our, the researchers’, analysis of the qualitatively different ways of experiencing or understanding the phenomenon, and less advanced ways of experiencing it are partial in relation to more advanced ways of experiencing it” (page 107).  “Taking the place of the respondent, trying to see the phenomenon and the situation through her eyes, and living the experience vicariously … the researcher has to step back consciously from her own experience of the phenomenon and use it only to illuminate the ways in which others are talking of it, handling it, experiencing it, and understanding it” (page 121).  Often we hear students complaining about teachers who appear to know their subject but cannot communicate it because they have difficulty seeing the material from students’ point of view.  The methodology described here can be useful to make teachers aware of others’ points of view and which often can be as valid and convenient ways of looking at the same situation.  Often progress in science has been marked by merely changing the point of view; for example, in the study of planets the heliocentric system shifted the frame of reference of the motion of planets from the earth to the sun.

The phenomenographic researcher may be seen as a learner who tries to discern the internal and external structure and the meaning of the phenomenon being investigated—“how people experience the phenomenon of the research question” (page 133).  Phenomenography “is about identifying the very ways in which something may be experienced.  This is the researcher’s way of experiencing how other people’s ways of experiencing something vary.  It is experience … as seen from a particular perspective.  The validity claim is made in relation to the data available.  Thus we argue the category of description is a reasonable characterization of a possible way of experiencing something given the data at hand” (page 136).

One of the criteria adopted in the construction of categories in the MCUP study is for the system of categories to make sense to physics educators by showing students’ related alternative ways of viewing a phenomenon.  In the study of misconceptions and alternative conceptions there is generally no attempt to link together different conceptions.  The various ways of viewing a phenomenon range from those in which none of the key aspects are focused upon, to sophisticated ways that reveal insight to the basic concepts of an area of study, and which go beyond the requirements of problem solving strategies learnt in traditional courses.  The categories constructed for the MCUP project do not take into account whether the correct numerical answer has been given.  The aim of rating responses for measuring conceptual understanding is not, as in formal competitive examinations, to reward students for how able they have become successfully attempt certain type of tasks.  However a distinction has been made for the same way of seeing a phenomenon but without knowing how to use the information to obtain an answer.  The categories of description for a situation/task correspond to the ratings that may be given to a response.  The categories of description of a set of situations addressing the same phenomenon/variable correspond to the description of a measurement variable in bands.  

Phenomenography is used to explore and describe students’ understandings.  Its focus is not on individual students’ understandings but on the construction of categories that apply to other students and to similar phenomena.  The distribution of students in a system of categories informs us about the composition of a group of students, not about the variation, i.e. about the phenomenon.  The system of categories may be identical for diverse groups of people.  Various groups of students may be distributed differently in the categories of a constant background of variation in ways of experiencing the phenomenon, revealing the composition of each group and allowing comparisons to be made.  The two groups to be compared may be the same people in different points in time. In the MCUP project, the variations in responses of students from four different countries, different levels of instruction, different types of institutions result in the same system of categories for 15 different situations.  All responses have been used to construct the system of categories that shows the variation describing the phenomenon, but not all categories have representatives from each subgroup.  Other possible ways of experiencing the phenomenon may be observed in new data and the current systems of categories would be modified to accommodate them.

A few issues of interest to the MCUP project are outside the domain of phenomenography: the issue of

a) a particular person, whose response has been assigned to a category, being capable of experiencing the phenomenon in more advanced ways, (Phenomenography claims the person is capable of experiencing all categories lower in the hierarchy, while Rasch measurement would assign a probability for the response of this person to be assigned to any other category, of any task, also of tasks that have not been attempted by this person.);

b) the conditions under which a particular way of viewing the phenomenon is preferred to other ways;

c) how to promote the transition from one category to other categories;

d) how difficult it is to make transitions between lower categories to higher categories, (Rasch measurement quantifies these difficulties).

“We claim only that an individual has shown a capability for experiencing something in a certain way, and we do not say that she is not capable of experiencing it in some other perhaps more complete or advanced or efficient way” (page 128).  The aim is to describe the variation, not to identify the best way a particular individual can experience a phenomenon.  This depends also on the data collection method.  It has been observed in the MCUP project that written responses tasks give fewer opportunities for students to show what they are capable of experiencing than probing their understandings through interviews.  No attempt is made in phenomenography to discuss the “distance” between categories with implications on how difficult it is to make a transition from a particular category to higher categories, and systems of categories belonging to different phenomena are not directly comparable.  Beyond the categories of description and the logical relationships between them, phenomenography recognises that logical relationships can exist between categories of different phenomena.  “We could envisage a complex of categories depicting the differing ways in which various phenomena are experienced” (page 136).  An example of relating qualitatively categories of situations, for which separate systems of categories have been constructed, is described in Ramsden et al (1993).  In the MCUP project the description of bands along the measurement continuum is based on the description of phenomenographic categories for 15 different situations.

Phenomenography has provided “a sound conceptual platform for continued studies” (page 111), as in the study of the concept of number which had started in different research traditions.  Phenomenography, with origins in the investigation of approaches to learning—the variation in ways of experiencing learning—has not yet been applied to physics education research in any significant way.  It could provide a substantial change to the methods of research in this area, by promoting the search for logical connections between the alternative conceptions and misconceptions already identified during the past 30 years.  The product would be a new definition of the phenomena being taught with advantages to both teachers and students.  Teachers would be explicitly aware of their students’ points of view (one of the six facets of understanding in Wiggins, 1998) and students would be explicitly aware of points of view that are more or less sophisticated and convenient than theirs.  Both would be explicitly aware that meaningful learning takes place when there is change towards more advanced ways of viewing a phenomenon, as shown by a typical development that has been mapped documenting observations of students’ ways of conceptualising phenomena.  Moreover, when combined with Rasch measurement, as in the methodology of the MCUP study, it could provide variables for the assessment of all aspects of conceptual understanding.

RASCH MEASUREMENT

The Rasch model for measurement has its origins in the work of the Danish mathematician Georg Rasch who in the fifties attempted to solve the problem of comparing results from different tests administered in different years.  His work, published in the book “Probabilistic Models for Some Intelligence and Attainment Tests” (Rasch, 1960), was developed further and explained to the world at the University of Chicago by Ben Wright (Wright, 1997); the model has been applied in diverse fields on small and large scale studies including the field of education.

The scales on which we express test results have at least two serious weaknesses and despite this, their use around the world is still today common practice in all areas.  What seems more intuitive than a test score of 60%, meaning that 60% of the total possible score has been achieved and that in the case of questions scored right or wrong meaning that 60% of the questions have been answered correctly?  What seems more intuitive than rating a test result as being better than 80% of all test results on a test?  Unfortunately the ‘60% correct’ and the ‘better than 80% of all test results’ are meaningless unless the difficulties of the questions and the abilities of the people are known.  Difficulties of tasks in classical test theory are expressed in terms of the number of people answering incorrectly and performances of people in terms of the number of questions answered correctly.  These two quantities depend on each other and their separate estimation appears impossible.  A difficult test would produce lower test scores than an easier test and a weak group of students would make the questions appear more difficult.  Such test results depend on the difficulty of the questions in the test and on the ability of the particular group of students that happened to take the test.  In addition to these weaknesses, the percentage scale is distorted in the sense that a difference of two percentage points at the middle of the scale does not correspond to the same difference in ability as two percentage points towards the top or the bottom of the scale.  The percentage point is essentially a count and not a unit of measurement as the unit of the metre on a scale of length.  A result of 60% on a test, and a rating of that result as better than 80% of all test results, require information on the particular test and the particular group of students to make them meaningful, while the measurement of the height of a person as 1.70 metres, plus or minus the error of measurement, does not require either details of the instrument or the other people that have been measured with that instrument, for the measurement to be meaningful and unambiguous.  In experimental science this difficulty does not occur because fundamental variables have been defined during the past 200 years, units are known to high accuracy, measuring methods and the treatment of errors are well developed.  Can the same be done in the measurement of people’s mental properties?  Can scores be transformed into measures?

Rasch measurement can satisfy the properties of measurement, as we know it in the physical sciences, separating the person measures from the question measures.  Questions are calibrated by comparing them with the other questions in the test and it does not matter whether the data come from a group of high achievers or a group of low achievers.  A question is expected to be more difficult than another question according to any subgroup of students, by the same amount.  A student is expected to be more able than another student according to whether we use a difficult test or an easy test, by the same amount.  Test results do not need to depend on the questions that happened to be in the test and question difficulties do not need to depend on the sample of students that happen to take that test.

Rasch measurement is measurement as we know it in the physical sciences, performed in situations where the variable to be measured has not yet been described and consequently a unit has not yet been established.  At the heart of all measurements is the comparison of two entities on a quality they both possess in various amounts: a chicken and a piece of metal on their weight, a person and a stick on the length of their longest side, two persons on their running speed or on their ability to be successful on a selected group of tasks, two tasks on their difficulty for a certain population, a person and a task on the ability of the person to be successful on the task and the difficulty of the task.  A person and a physics education task may be compared on the amount of skill possessed by the person for such tasks (ability of person) and the amount of skill required to complete the task (difficulty of task).  The comparison takes place when the person attempts the task.

The starting point of measurement is focusing on just one of the innumerable ways objects may differ (Masters, 1999), in a way in which we may establish that one object has more of a certain quality than the other.  If we focus on conceptual understanding in physics we can detect differences in terms of more or less, both in people and in tasks.  The conceptual understanding of physics of some people is better than that of other people; some physics education tasks are conceptually more difficult than others, i.e. they require better conceptual understandings for attempting them successfully than the understandings required for other tasks.  The characteristic of all measurements to refer to a single quality is called unidimensionality.  The variation in peoples’ conceptual understanding and of the difficulty of tasks addressing such understanding is modelled as positions on a dimension of variation.  The different levels of understanding, referred both to people and tasks, are regions on the scale (bands) constructed by analysing data.  The next step is the quantification of these differences and the definition of a unit of measurement of the common quality possessed by people and tasks.  “Measurement is the quantification of a specifically defined comparison” (Wright, 1987).

People and tasks are measured on the same continuum with a common unit.  The result of a Rasch measurement is the location of people and tasks on a continuum.  In traditional testing the result is the number of correct answers and the number of people answering correctly each question.  The distance between two points on the continuum represents the same difference in the measured variable, anywhere on the continuum  (Wright, 1979).  This linearity does not occur on the scales of traditional test scores or item scores.  A certain difference at the middle of the score scale does not correspond to the same difference in the measured quality at the top of bottom regions of the scale.  In Rasch measurement a certain difference in the ability of a person and the difficulty of a task corresponds to the same chance of success anywhere on the scale.  This property leads to the calculation of the probability for any person on the scale to be successful on any task calibrated on that scale, i.e. to be assigned to one of its categories that define it, even for tasks that have not actually been attempted by that person.

By measuring we can establish objectivity in our observations of more or less, so that the measures of the people do not depend on the selection of tasks we happened to use in the comparisons, and the calibration of the tasks according to their difficulty does not depend on the sample of people we used to collect data.  It should not be necessary to submit every person to all the tasks of each difficulty level to obtain objective measures for those people, as it is not necessary to measure the height of a person with every existing ruler to quantify their height.  This is not possible in traditional educational testing: every test score(count of correct answers(depends on the selection of tasks that happened to be included in the test.  It should not be necessary to collect data from any possible subgroup of people to calibrate the tasks according to their difficulty, as a ruler does not measure differently the length of a piece of string or the height of a person.  This is not possible in traditional testing: the facility of every task(count of people succeeding(depends on the selection of people that happened to be given the test.  The calibration of tasks on the continuum is separated from the estimation of peoples’ distribution on the continuum.  Rasch measurement satisfies both of these requirements (Rasch, 1960).

The location of a task, on which people can either be successful or unsuccessful, is shown on the continuum by the threshold for people likely to be successful on that task.  People located below the threshold for that task are likely to be unsuccessful and people above are likely to be successful.  People at the threshold have a probability of 0.5 for being successful.  When responses to tasks are categorised in more than two categories the location of a task on the continuum consists of more than one threshold, one less than the number of categories (two categories require one threshold, three categories two thresholds, etc).  The measurement continuum may be divided into regions, called bands, which are qualitatively described in terms of the categories from various tasks located in each band by the analysis.  The resulting hierarchy of bands shows the amount of the measured quality possessed by the measured people and shows a typical path of growth on the variable (Masters, 1996).

An aim of Rasch measurement is the construction of the measured variable by dividing the scale into various regions (bands) and describing the bands as we would describe various regions of a temperature scale.  In developmental assessment, learning is viewed as transitions from lower bands to higher bands on a continuum.  With Rasch measurement we can describe the variation on the measured variable both of people and tasks in quantitative terms; a qualitative description may follow by identifying and describing bands along the continuum, considering the way responses have been rated.

Rasch measurement can provide a framework for constructing a variable for measuring peoples’ positions on that variable in the same way as when we measure the temperature of a person we express the result as a value in reproducible units.  Both people and the tasks are measured in the same unit and their measurements are displayed as relative locations on the same continuum.  A physical variable like temperature can be described along a continuum showing what temperatures of 0, 10, 20 30, 40 degrees Celsius mean.   In the same way an educational variable can be described along a continuum showing what it means for a person to be located in the various parts of this continuum; it is then possible to show how people differ on an attribute and what growth is possible.

The Rasch model is based on the specification that the measurement of a person on a variable may be fully represented by an ability parameter that does not vary from task to task, and that each task may be characterised by a difficulty parameter, that does not vary from person to person.  The probability of success depends on the conjunction of a person parameter and a task parameter.  The outcome of the interaction between a person and a task depends on the difference between the ability of the person and the difficulty of the task (their distance apart on the continuum).  The more able the person, or the easier the task, the better the chances of success of this person on this task; if the ability of the person and the difficulty of the task are the same, then the probability of success is 0.5.

Phenomenography and Rasch measurement appear to have little in common: the former is a purely qualitative methodology and the latter quantitative.  The former focuses on describing qualitatively our experiences of the world around us, and the latter on the quantification of comparisons of objects possessing the same quality we may observe in them in different amounts.  However a closer look at the assumptions and rules of the two methodologies shows a different picture.  “Measurement is not just any arbitrary arithmetic manipulation of responses; it is a theory of the phenomenon being measured”  (Andersen, 1983, page 245).  Similarly for phenomenography—not just a methodology for the qualitative analysis of peoples’ responses—the system of phenomenographic categories becomes a definition of the phenomenon being investigated.  The bands on the measurement continuum provide a qualitative description of the measured variable, which in the case of the MCUP project shows typical development of conceptual understanding in physics.

Both phenomenography and Rasch measurement focus on the interaction between an individual and a task.  The aim of both is the documentation of the variation in the ways in which individuals relate to the task, as interpreted by the researcher.  In phenomenography the variation is documented in the qualitative construction of hierarchical categories which define the phenomenon, and in Rasch measurement in the construction of a variable through the statistical location of category thresholds on a continuum.  The description of the measured variable cannot be other than qualitative and phenomenography can provide the information both in the categorisation of responses and in the description of various regions of the scale (bands).

A system of phenomenographic categories alone may be used to identify the level of understanding of a student or of a group of students.  Individual students would find out how their way of thinking about a phenomenon relates to the phenomenographic phenomenon, and a group of students may find out how they are distributed into the various categories.  Changes in the way of thinking of an individual or of a group of individuals may be shown in the system of categories.  Using the Rasch model the individual could see not only which category they belong to but also how far they are from the other categories, not only of one task, but also of other tasks that can be calibrated together on the same continuum.

Rasch measurement focuses on the interaction between each person and each attempted task.  The interaction consists in the comparison between a quality possessed by the individual and the same quality embedded in the task, generally in different amounts.  This quality is the variable measured with a set of similar tasks.  Rasch analysis can show how different people and different tasks interact, in terms of the amount of this quality they possess.  The outcome of the interaction tells us as much about the person as about the task.  High probability for success of a person on a task may be due to the high ability of the person or on the low difficulty of the task.  A certain difference between ability and difficulty leads to the same probability of success, anywhere on the scale.  In Rasch measurement a person parameter is calculated to represent each person and a task parameter to represent each task on the measured variable.  In phenomenography people and tasks are not separated.  However also phenomenography focuses on the interaction between each person and each task (phenomenon), not just on the person or just on the task.  The outcome of phenomenographic research is a set of hierarchical categories which capture the variation in the way people experience a phenomenon, from simple to more sophisticated forms; a system of categories shows as much about the people as about the phenomenon; a system of categories shows typical growth in understanding the phenomenon being investigated, as in the description of the measured variable in terms of bands along the continuum.

In Rasch measurement the interaction between a person of ability b attempting a task of difficulty d reflects as much the person as the task.  This relationship is expressed in the probability for a response to be rewarded with a certain rating: it depends on both b and d, and only on b and d.  The position of a person on a continuum completely defines that person in relation to the measured variable, as the assignment of a person to a category completely defines that person in relation to the phenomenon being investigated.  But also the position of the person on the continuum corresponds to a qualitative description, that of the band to which the location belongs.

In Rasch measurement a person who is located higher on the continuum than another person has a greater probability of success on any task.  A task is less likely to be answered correctly than another task located lower on the continuum, by any person.  Also in phenomenography a person with a response assigned to a category is assumed to be able to experience the phenomenon as in the lower categories.  In Rasch measurement the test result for an individual is expressed as a location on the variable rather than as a count of marks out of a possible maximum test score.  A location on the variable belongs to a band showing qualitatively the meaning of the measure for that person: the skills, knowledge and understandings already mastered are shown below and at the location of the measure; what still has not been mastered is shown above the location of the measured individual.  This also occurs in phenomenography: when the response of an individual is assigned to a category, it is assumed that they are able to experience the phenomenon also according to the lower categories.

The construction of a variable is based on the intentions of the researchers to measure a certain quality, and on observations.  The observations consist in students’ responses to appropriate tasks that require particular skills, knowledge and understandings in various amounts for being fully or partially successful.  The rating of the responses, according to rules (scoring guide) reflecting the quality intended to be measured, become the observations—the data which determine what the measured variable is going to be.  The hierarchical categorisation of responses depends on the aims of the research.  Also in phenomenography a system of constructed categories is based on collected data or observations and on the aims of the research.

Rasch measurement locates the thresholds of the categories used to assign student responses for each task on the continuum of the measured variable: it can show how difficult it is for a response to be assigned to a category; it shows the relative difficulty of the system of categories for a phenomenon; it shows the categories for a task in relation to the categories of another task targeting the same qualities.  The task may be a situation for which students’ qualitatively different ways of conceptualising it have been categorised with phenomenography.  The data matrix for Rasch analysis is obtained by assigning students’ responses to the constructed categories.  Each row of the matrix corresponds to a student; each column to a task; each cell contains the category assigned to the response of that student to that task.  Rasch analysis requires only the hierarchy (ranking) of the categories of a task, and no arbitrary weights are assigned to each category in any way.  For example a system of four categories may be coded as 0, 1, 2, 3 starting from the lower category, or 3, 5, 6, 7, or in any other way assigning increasing numbers from the lowest category to the heighest.  The results of the analysis would be the same.  Therefore rating responses for analysis with the Rasch model is equivalent to categorising rather than rewarding with arbitrarily weighted scores any correct element that may be contained in a response.

The continuous scale produced in Rasch measurements (due to the probabilistic nature of all measurements) and the discrete nature of phenomenographic categories may seem to indicate incompatibility between the two methodologies.  A closer look at the situation shows instead the opposite.  In the first instance, students’ responses to a set of tasks have to be categorised before the analysis that leads to the construction of a variable on a continuum.  Moreover, students’ responses collected in phenomenographic studies often contain elements of more than one category suggesting the possibility of an underlying continuum of variation.  The MCUP project shows how Rasch measurement can reveal a continuum of variation underlying phenomenographic categories of a set of tasks targeting the same quality.

In Rasch measurement the distance between the categories of a task may be determined for each task, on the same continuum, thus allowing for the categories of different tasks to be compared.  The difficulty of the transition from lower to higher categories within a task is shown in the distance between categories on the continuum.  The positions of categories from different tasks on the same continuum allow the constructions of bands on the continuum revealing the variable underlying each task for which students’ conceptual understandings have been observed.  The categories for each task have been constructed and their hierarchy established using the rules of phenomenographic analysis.  Analysis of fit of the data to the Rasch model allows a validation for a system of categories using information that is already contained in the data.  One of the requirements of Rasch measurement is that the group of students assigned to a category, on the average, is located higher on the continuum than groups assigned to lower categories.

Phenomenographic categories do not rely on the distribution of people in a system of categories.  Rasch analysis makes no assumptions on the distribution of the people in the study along the continuum.  The only requirement is that in order to be able to locate the threshold of two adjacent categories there must be responses assigned to each category.  The distribution of people in phenomenographic categories and the distribution of people along the measurement continuum reflect the composition of the sample and in no way affect the system of categories or the calibration of the tasks and consequently the description of the measured variable.  The aim of Rasch measurement as of phenomenographic analysis is not merely to model (to describe) some data, but to obtain an objective description of a phenomenon (variable) that can be used to describe the variation in the responses of any subgroup of people.  The distribution of cases of the subgroup under investigation and any observed misfits would provide information about characteristics of the subgroup.

The starting point in the measurement of a quality in some people is a more or less clear understanding of this quality and the preparation of tasks, containing various amounts of this quality, with which people may interact to reveal how much of this quality each one of them has.  In phenomenography the starting point is a phenomenon more or less clearly defined and the preparation of structured interviews or tasks for collecting written responses, which are capable of revealing the variation in the ways people view them, especially in an educational context (Marton, 1997, page 111).  Phenomenographic analysis stops with the construction of categories.  A Rasch analysis of observations starts by assigning responses to pre-constructed categories, allowing for the system of categories to change along the way.  The measured variable will be determined by whatever was used in the construction of hierarchical categories.  The two methodologies have complementary roles in the measurement of conceptual understanding.

It is beyond the domain of phenomenography to establish a 'distance' between categories for a question, and to relate the categories of two or more questions.  In the MCUP study the discovery of such relationships can be achieved by calibrating the categories of the fifteen tasks on the same measurement continuum.  Regions, or bands, can then be identified by observing the distribution of categories from various tasks along the continuum and comparing the description of nearby categories.  Bands can then be described in terms of the categories belonging to each band.  The expected end result is the description of a variable that can show the stages students typically go through to achieve conceptual understanding in physics.  The construction of phenomenographic categories of conceptual understanding, used in the categorisation of student responses implies that the measured variable constructed in Rasch measurement is indeed a variable of conceptual understanding.

The Measuring Conceptual Understanding in Physics project (MCUP)

The idea for the methodology of the MCUP project was originally conceived by Geoff Masters in a successful research proposal for a three-year study (1988-1990).  The first period of the project (1988-1993) was completed with the publication of five phenomenographic papers (Dall’Alba 1989, Bowden 1992,  Dall’Alba 1993, Ramsden 1993, Walsh 1993).  The second period of the project started in 1996 with a new collection of data in the form of written responses.

There were four key aspects in the MCUP project: physics education, construction of phenomenographic categories for 15 tasks with interview transcripts, Rasch measurement calibration of the 15 tasks on a continuum, and computerisation of the process of assigning responses to phenomenographic categories.  The five project publications (1989-1993) show that the first authors perceived the project during its first period essentially as a phenomenographic study to be followed sequentially by a Rasch analysis, rather than a physics education study that uses phenomenography and Rasch measurement to describe a continuum of conceptual understanding in physics.  It appears that the key aspects of the project were indeed discerned but not used simultaneously to obtain an assessment instrument for physics education.  It appears that Phenomenography and Rasch measurement were not kept in focal awareness during the first years of the project.  The computerisation of the assignment of responses to categories was premature to be considered before the solution of fundamental problems during the various stages of the project.

Developmental assessment (Masters, 1996) is now gradually replacing traditional assessment by reporting test results as locations on measurement continua rather than as test scores (number of questions answered correctly).  Phenomenography remains essentially a stand-alone qualitative analysis methodology and phenomenographers do not require any quantitative validation of their conclusions.  Rasch measurement is often viewed as one of the Item Response Theory models for describing numerical data and it is perceived by many to be incompatible with qualitative analysis methodologies.  This paper shows how phenomenography can coexist with Rasch measurement in a complementary role to produce a continuum for the assessment of conceptual understanding in physics, using qualitative data collected either through interviews or written responses.  The work reported in this paper has shown that the variation observed in interview transcripts, for which interviewees have the opportunity to show how much they are capable of understanding, can be observed in written responses data, allowing the use of the methodology on a large scale without requiring the computerisation of the assignment of responses to pre-constructed phenomenographic categories.

The first period of activity of the MCUP project lasted until the early nineties with the publication of the second paper documenting the work completed (Bowden, 1992) and of the other three papers in 1993.  The first stage consisted in selecting fifteen contexts in which students' understandings of aspects of Newtonian mechanics could be investigated.  For each of these contexts some descriptive text (sometimes with an accompanying picture) and one or more open-ended questions were developed.  Typically, students were asked how to describe and explain the forces acting on a body or the path that an object would follow.  These fifteen situations were selected from a larger set of possibilities that were developed and considered and were tested through pilot interviews with students, to confirm their usefulness as stimuli to investigate students' conceptual understanding of key aspects of physics.  In the second stage these fifteen 'questions' were administered to a sample of year 12 physics students and first year college students.  Each student in the sample was interviewed for about one hour on four or five questions and all interviews were transcribed. This produced 300 question transcripts, an average of 20 transcripts per question.  In the third stage the transcripts for each of the fifteen questions were subjected to a thorough analysis whose aim was to explore phenomenographic procedures to account for the variation in the data. The purpose of this analysis was to identify in students' transcripts a limited number of ordered and qualitatively different conceptions of the phenomenon being investigated in each question. For each of the fifteen questions this analysis provided a set of ordered outcome categories representing increasing levels of understanding of that phenomenon, as understood by the researchers.

While detailed interviews were useful to develop ordered outcome categories, for this work to provide a practical alternative to more traditional methods of assessing conceptual understanding in physics, more practical assessment procedures developed out of interview analyses were recognised to be necessary, possibly with the use of computer technology.  In the fourth stage of the MCUP project it was planned to explore ways of using what had been learned through the interview analyses to develop systematic assessment tasks.  The outcome of a student's interaction with a task could be assigned to one of the pre-constructed ordered categories for that task.  The final stage of the project was to collect students' performances on the fifteen assessment tasks so that each task could be 'calibrated' and used as a basis for constructing measures of students' conceptual understanding. 

The difference between these measures and the test scores provided by more traditional tests is the exploration and categorisation of individuals' qualitatively different understandings of physics phenomena.  Rather than marking students' responses to a task as right or wrong, or as partially right, for the purpose of rewarding any 'correct' knowledge expressed by the student, responses could be categorised, i.e. assigned to one of a system of pre-constructed phenomenographic categories of conceptual understanding of the context or phenomenon addressed with the task, independently of any numerical or idiosyncratic verbal answers given, or problem solving strategies (for example graphical or algebraic) adopted by the student.  The performance of each student would be shown as a position on a qualitatively described continuum rather than as a test score showing the percentage of the possible marks achieved.  The instrument would measure conceptual understanding because student responses would be categorised into more or less sophisticated ways of coneptualising the attempt to each task.

The second period of the project started in 1996 when data in the form of written responses were collected from students in the last two years of high school and first year university physics courses in Australia and overseas.  New categories for each question were constructed and all responses were assigned to these categories.  The data were then placed into a matrix as required in Rasch measurement for the location of the categories along a continuum.

The new collection of data was done with a revised version of the original questions that is suitable for collecting data in the form of written responses (see Appendix).  Greek and Italian translations were used for the data collected in Cyprus and Italy.

Number
Source

of students


192
Melbourne schools: written responses


42
Univ. of Pavia, Italy: 35 written responses and 7 interview transcripts


94
Cyprus:  written responses (10 from University and 84 from a high school) 


182
School of Physics, Univ. of Melbourne: written responses


36
Tutorial groups at the Sch. of Ph., Univ. of Melbourne: written responses


4
PhD physics students, Univ. of Melbourne: written responses


550
TOTAL number of cases in data collected in 1996 and 1997


34
Interview transcripts (1988)


584
TOTAL number of cases in data matrix (November 1997)

It has been found that the variation observed in interview transcripts can also be observed in written responses, thus solving the problem of the use of the methodology on large scale assessments.  Marking of written responses to open ended questions is done routinely in formal large scale examinations.  The difference between interviews and non-interactive assessment situations is that students in the former case are given more opportunities to show what they are capable of understanding.  This must be taken into account in the reporting of test results; the same response obtained in an interview should be worth less than if obtained in written and non-interactive form.

The focus in the methodology of the analysis of the MCUP second collection of data is not identical to the work done for the five publications (Dall'Alba, 1989, Bowden, 1992, Ramsden, 1993, Dall'Alba, 1993, Walsh, 1993), i.e. the exploration of phenomenographic construction of categories; rather it is the description of the variation observed in the data with the laws of phenomenography for use with the measurement model to validate the qualitatively constructed categories of conceptual understanding of physics and the preparation of an assessment instrument.  The published categories and the knowledge accumulated over the years are the starting points in the categorisation of responses to a question, but the end result differs significantly from the published categories because of different data, of different researcher, and because of differences in the aims of the research and criteria for the formation of categories.  Differences in the actual physics content of the published categories were not critical in the five publications; there was reference only to the qualitative differences between categories, and to the apparent hierarchy often based on subjective criteria that were not put to validation tests by requiring their acceptance by potential users in physics education, and by making use of other information already contained in the data.  For the analysis of the second collection of data, a validation of the constructed categories based on the same data used to construct the categories was done: the responses assigned to a category of a question, on the average, were required to belong to students located higher on the continuum than the students whose responses were assigned to lower categories, according to the measurement model.  The constructed categories reported in this paper are not the same as those already published, also because in the new phenomenography, variation, discernment and simultaneity have been discerned and their simultaneous role clearly recognised.  The situation was different ten years ago.

The phenomenographic analysis undertaken after the second collection of data consists of explaining the variation in the data in terms of the relevant aspects of a situation/phenomenon that are discerned and used simultaneously in a response.  The same relevant aspect, or dimension of variation, may appear in different questions.  It is an iterative and lengthy process based partly on the way students conceptualise situations and phenomena and partly on the researcher’s understanding of physics; it is based partly on the data, partly on the literature, and partly on the researcher’s experience in physics education.  A system of categories for a question has changed a number of times during the analysis before a system of categories that satisfactorily could represent the variation in the data and a sufficiently comprehensive outcome space of use in physics education were achieved.  Some categories have been anticipated but, due to sample limitations, not always evidence for them was found in the data.  Obviously, proposed categories without responses assigned to them cannot be validated with the measurement model.  When a change in the system of categories for a question is made, by modifying one or more categories, or by collapsing two categories, or by introducing new categories recognised in the data, the analysis of the responses for that question must start from the beginning.

This paper reports on the Rasch analysis including eleven of the fifteen questions in the MCUP project, because categories for the remaining four questions have not been constructed yet with all written responses.  The analysis of fit of the data to the measurement model shows good evidence that a variable of conceptual understanding in physics (mechanics) has been measured.  Various attempts to describe this variable have been done and the description of the continuum reported here is a stage of work in progress.  Six bands have been identified and described but more work needs to be done before a developmental continuum of conceptual understanding in physics, more informative and ready for use in physics education, is completed.  

The partial credit model (Masters, 1988) for Rasch measurement has been used for the analysis of the data matrix.  This model allows each task to have its own rating scale.  Two Rasch analysis software packages were used: Quest (Adams, 1993) and Winsteps (Wright, 1991).

Descriptive labels for the six bands (from No.1, the lowest on the continuum to No.6, the highest) are: 

Band
Descriptive label

6
All key aspects of the question are clearly discerned and simultaneously focused upon

5
The key aspects are discerned but not clearly described or used simultaneously in responses.

4
Key aspects learnt in physics courses are discerned.

3
More than one key aspect is discerned, but not correctly or simultaneously used with other discerned aspects.  Responses in this band show progress from discerning one aspect only towards discerning more key aspects and using them simultaneously.

2
Key aspects are poorly discerned.

1
No key aspects of the situation are discerned.  Common sense incorrect physics; "I do not understand what is going on".  The situation is merely described.

The display of the MCUP continuum shows:

a)
the linearity of the scale and a convenient unit (called mcup) used to express locations on the variable;

b)
on the left, the distribution of all students along the continuum;

c)
the bands with a brief phenomenographic description;

d)
on the right, the location of the category thresholds of eleven tasks.  The response of person located at the threshold between two categories has a probability of 0.5 of being assigned to categories above or below the threshold.
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Description of the bands

Above 140 mcups

Responses with all key aspects clearly discerned and simultaneously focused upon

Awareness and understanding of the vectorial nature of acceleration to the point of describing correctly the rate of change of speed along a parabolic trajectory in Q3 appears to be extremely difficult.  The possibility of using more than two frames of reference to express displacement in Q9 is considered in this band.  In Q4ii a dynamic explanation reinforced by a kinematic explanation is characteristic of the level of competence defining this band.  The same may be reasonably assumed also for Q4i for which no cases have been observed.  More data are needed for an accurate description of the high regions of this continuum.

Between 125 and 140 mcups

The key aspects are discerned but not clearly described or used simultaneously in responses.

Average and instantaneous speeds are described in Q1. Two frames of reference are used in describing the motion of the falling ball in Q2, while in Q3 the vertical and horizontal components of the motion are still treated separately without evidence for awareness of the relationship between the constant acceleration vector and the rate of change of the magnitude of the velocity vector.  Focus in Q13 is on interacting objects through pair of action-reaction forces and on the ratio of the masses in Q5, this being sufficient for determining the point of collision of the two boats.  In this band we find kinematic explanations based on considering the component of the velocity in the direction of motion of the boat relative to the bank of the river in Q4i, the explanation referring to the independence of orthogonal components of the motion in Q4ii, and the independence of free fall acceleration on mass in Q6.  The focus in Q7 continues to be on relative velocity and on using two frames of reference in Q9.  Displacement and distance travelled are discerned and both average velocity and average speed are correctly calculated and expressed in Q12.

Between 105 and 125 mcups

Responses reflect the key aspect learnt in physics courses.

Simple dynamic explanations in Q4i, the independence of orthogonal components of the motion explanation in Q4ii, and the independence of the acceleration of falling bodies on mass in Q6 continue to be given.  Parabolic motion is decomposed into its vertical and horizontal components in Q3, two kinds of speed are discerned in Q1 and the point the ball hits the ground in relation to the running man in Q2 is correctly identified.  In Q7 focus is on the velocity of one runner relative to the other or to the speed with which the initial gap between them decreases.  Awareness of two frames of reference is shown and the displacement relative to one frame can be correctly related with that relative to the other frame in Q9.  Awareness of displacement that can be discerned from and related to distance travelled from home to school in Q12 starts appearing.  When the general validity of the law of action and reaction is accepted by attempting to identify interactions through pairs of forces in both figures in Q13, F =  ma is still applied on each boat in Q5 with two forces of different magnitude until forces of equal magnitude are recognised and the ratio of the two masses is considered the only element responsible for the point of collision of the boats.

Around 100 mcups

Responses show progress from discerning one aspect only towards discerning more key aspects and start using them simultaneously.

In Q6 the role of inertia in the acceleration of a falling body starts to be considered and used together with the force of gravity; progress is made rapidly until the systems are expected to fall at the same acceleration without any rotations.  In Q4i simple explanations based on force and power are given, and in Q4ii the belief that because the boat is faster it will take it less time to cross the river appears before considering the independence of orthogonal components of the motion.  The validity of the law of action and reaction in Q13 starts to be seen only in situations of static equilibrium.  In Q5 F = m a is applied to each boat using two forces of different magnitude.  In Q3 there is awareness of acceleration as a scalar quantity and in Q2 inertia starts to be recognised until the motion is correctly interpreted except for inaccurate trajectories.  In Q1 two kinds of speed start to be discerned after going through a stage of focusing on average speed only.  The correct information required in Q7 is used step by step and the problem starts to be treated as the comparison of two constant speed motions relative to the ground.  The ground starts to be used as a frame of reference in Q9. The meaning of average is explained in Q12 but focus on displacement is still missing.

Between 70 and 95 mcups

One key aspect only is considered.

In Q4ii lack of understanding the situation is followed by thinking that it will take longer for the boat to cross the river when the water is flowing because the boat is faster than in still water.  In Q4i incorrect conclusions are reached or statements that it will take longer because somehow the distance is longer with the river flowing are made before passing pass onto simple but correct explanations based on force and power.  In Q6 a heavy ball is expected to accelerate more than a lighter ball because of its greater mass.  While in Q13 focus is on F = ma, in Q5 adding the forces on the two boats starts to appear as well as giving a kinematic only interpretation and applying F = ma on each of the two boats with two forces of different magnitude.  There is no improvement from the "straight down trajectory" in Q2 while in Q1 progress is made towards the "variable speed during the race", and in Q3 towards the lack of discernment between force acceleration and speed.  The correct identification of the information required for answering Q7, but without showing how to use it, starts to appear.  The concept of displacement in Q9 continues to cause problems, but a few cases referring displacement relative to the train are present.  In Q12 the concepts of speed and average is still a problem; the description of the journey and evidence for understanding speed as distance per unit time, but without recognising displacement, are present.

Below 70 mcups

No key aspects of the situation are discerned.  Common sense incorrect physics; "I do not understand what is going on"

Both situations of the boat in the river (Q4i and Q4ii) and the three falling systems of balls (Q6) cannot be understood.  Responses to Q3 consist in a description of the trajectory or in a confused understanding of acceleration; also responses to Q1 consist in confused understanding of speed, and in Q2 either there is no understanding of the motion of the ball released by the running man or the "straight down trajectory" appears.  Q7 is not understood as the comparison of two constant velocity motions.  There is no understanding of the concept of displacement in Q9; there is a shaky understanding of the concept of speed or of average in Q12.  While there is confusion in Q13 until starting to focus on F = ma, in Q5 incoherent arguments may be used. 

An assessment instrument based on the eleven questions has been used in August 1997 to assess the conceptual understanding of four PhD students at the School of Physics, University of Melbourne.  It has not been difficult to assign their written responses to the pre-constructed categories, and their results, the unfamiliar nature of this kind of assessment, and the system of conceptual categories for the eleven questions have been discussed with them.  It was found that the fit of their data to the measured variable was not as good as that of most of the other students, but the misfits could be justified: PhD physics students not automatically exhibit the highest levels of understanding in any task of Newtonian mechanics.

The categorisation of the responses for each of the eleven questions has been documented in four parts:

a)
The physics concepts addressed with the question (key aspects) and notes on the data.

b)
Detailed description of each category referring to the relevant aspects of the question

c)
Operational definition of each category through a sample of typical responses assigned to a category 

d)
Summary of the system of categories: a brief description of each category, the number of responses assigned to each category and the average position on the scale of each group of students with responses assigned to a category of the question.

The analysis and results for Question 3 will be reported here as an example of the reporting of the results of the analysis done for each question.

Question 3

A small steel ball, thrown up in the air, follows the trajectory shown below.

Air resistance is negligible.
[image: image2.wmf][image: image3.wmf][image: image4.wmf][image: image5.wmf]
Discuss the acceleration of the ball on its way up, at the top of its path and as it approaches the ground.

In your answer show how the acceleration of the ball is related to the rate of change of speed along the path.
Overhead 2

Three hundred and one responses to this question have been analysed, and the observed variation has been captured in five phenomenographic categories.  A system of categories for this question was also constructed with data from the first period of the project and described in one of the five project publications (Dall’Alba 1993).  Those categories, although related, do not coincide with the categories in this paper because the data, the aims of the research and the researcher are different (Marton, 1997).

This question is about how students experience acceleration, particularly its vectorial nature
a)
Acceleration is defined as the rate of change of the velocity vector; therefore it is a vector quantity.  Acceleration may have instantaneous and average values.

b)
Acceleration is related to forces through Newton's second law, according to which the acceleration of an object is directly proportional to the net force acting on the object.  Knowing the net force acting on an object we may find its acceleration, assuming we know its mass and assuming it stays constant.

c)
The study of projectile motion can be simplified by analysing its horizontal and vertical component separately. Along the horizontal the projectile moves at a constant velocity throughout the flight while along the vertical it accelerates uniformly due to the force of gravity.  So, the rate of change of the horizontal component of the velocity is zero and the rate of change of the vertical component is 9.8 m/s2 downwards throughout the flight, including the top of the trajectory where the projectile moves horizontally and where there is a reversal of the direction of the vertical component of the velocity.

d)
The acceleration vector is defined as the rate of change of the velocity vector but it is also equal to the rate of change of one of its components if all other components remain constant.  Final velocity in an interval of time is equal to the initial velocity plus the change of velocity in that time, i.e. acceleration multiplied by that time.
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However acceleration is not equal to the rate of change of the magnitude of the velocity vector (instantaneous speed).  Although the magnitude of the vertical component of the velocity changes at a constant rate, the magnitude of the velocity vector, or speed, does not.  This is so because the acceleration vector takes into account changes in the speed of an object as well as changes in its direction of motion.  The projectile does not slow down at a constant rate on its way to the top and it does not speed up at a constant rate on its way down. The rate at which the direction changes is not constant either. 

e)
The only force acting on the ball in flight is its weight.  Discernment between force and acceleration and velocity are required to deal with the task competently. 

f)
The acceleration of the ball, in the absence of air resistance, when the only force acting is the weight of the ball, is given by the acceleration due to gravity. 

g)
The acceleration of 9.8 m/s2 downwards represents not only the change in speed but also the change in the direction of motion.  The change of the velocity vector includes both types of change.  The constant acceleration represents the simultaneous rate of change in speed and direction of the motion of the projectile. 

CATEGORY 0

Thrown upwards, gravity makes it come down the way it went up.  Description of the trajectory.  Which formula should I use?  Confused concept of acceleration.


This category corresponds to category Fgb in Dall’Alba, 1993. 


EXAMPLES:

[R15]  "The ball would travel first towards the peak but slow down as it is at the peak.  Then it would travel in an acceleration downwards."

[SPh164]  "The ball starts with no speed and then as it is thrown up, it accelerates and the speed slows down and then when it reaches the top it slows down and rotates.  Then the ball falls and it accelerates as it approaches the ground."

CATEGORY 1

Focus on force of the throw that combines with the force of gravity and perhaps with a force associated with its horizontal motion.  Acceleration changes during the flight.  It decreases on the way up, it is zero at the top and it increases on the way down.  Acceleration and speed are not discerned.  Acceleration is identified with the gradient of the parabolic trajectory.


This category corresponds to categories R, G, F, D in Dall’Alba, 1993.


EXAMPLES:

[V9]  "The ball is launched with an initial velocity into the air.  As it is moving upwards it slows down because the force with which we launched the ball gets neutralised gradually by the weight.  At the top of the trajectory the only force that acts on the ball is its weight; its speed goes to zero and its acceleration is equal to the acceleration due to gravity (g).  On the way up the acceleration had an upward direction bit to the right.  At the top of the trajectory its direction is downwards like g.  For this reason the ball continues to move downwards increasing its speed until it becomes equal to the initial speed.  Accelerates downwards and a bit to the right.  The force on the ball is exactly equal to the force of gravity."

[R10]  "As the ball rises it loses (decreases) acceleration until at the peak acceleration equals zero. As the ball falls it regains its acceleration."

[Cy71]  "On the way up the acceleration of the ball decreases until the top of its flight where it becomes constant.  On the way down it increases until it hits the ground."

[Cy72]  "On the way up the acceleration of the ball decreases because apart from the force with which the man threw it, another force, its weight, acts on it in the opposite direction.  The result is that the speed of the ball decreases.  On the way down the acceleration of the ball increases because its weight and the force that acts on it are in the same direction.  The result is that the rate of change of speed increases."

[SPh26]  "As the velocity falls from a higher velocity to lower velocity, the acceleration falls onto that way too and it applies to when the ball has negative velocity."

[SPh97]  "As the ball moves upwards its acceleration decreases gradually reaching zero m/s2 at the maximum height of its flight.  As the ball approaches the ground its acceleration increases under the force of gravity.  As the acceleration of the ball decreases, so does the speed of the ball.  Thus, as the acceleration increases as the ball moves down, so does the speed of the ball.  As the influence of air resistance may be neglected, at the same height at which the ball was launched-only on its downwards path- the speed would be the same as the launching speed."

[SPh132]  "The ball's acceleration at the top of its path is zero.  Its acceleration as it approaches the ground is equal to when first thrown and is greatest.  On the way up it is losing acceleration and on its way down it is gaining.  Rate of change of speed along the path starts of at highest rate, then slows to rate of zero halfway across path.  Then increases rate until greatest rate reached at end of path."  

NOTE:  The last statement is correct but it is inconsistent with the first part of the response.

[SPh139]  "The ball initially leaves the person's hand by force which produces the balls acceleration.  As the ball continues on its path, the acceleration that it received becomes less due to the gravitational field strength of the earth.  Gradually the velocity/acceleration diminishes to zero when it is at its highest altitude.  It is therefore the gravitational force that causes the ball to accelerate downwards (to complete the second half of its path)."

[SPh177]  "Initially the acceleration of the ball is supplied by the force from the person's hand.  Immediately after leaving the hand gravity supplies a force acting down on the ball which equals the mass of the ball times 9.8 m/s2.  It decelerates initially at 9.8 m/s2 then changes as air resistance contributes then as it reaches maximum vertical height where the gravitational force is equal to the force supplied by the hand and acceleration is equal to zero.  As it falls it follows the same path of acceleration as travelling up.  Acceleration is proportional to delta v/delta t, therefore a = (v-u)/t.  As the time of flight increases the acceleration decreases because a is proportional to the inverse of t."

[W19]  "Velocity is zero at the top of the trajectory.  Therefore acceleration is zero.  Acceleration is negative on the way down.  Gradient is steepest at start and end of ball's motion.  Therefore rate of change of velocity is greatest, therefore acceleration is greatest.  Acceleration equals (delta v)/(delta t)."

[W43]  "If we define up as positive and down as negative then the ball will have a constant acceleration of          -9.8 m/s2.  This will be initially offset by the force that the thrower has imparted on the ball and the ball will move in a positive direction but with diminished speed.  At the top of the arc the force the thrower imparted on the ball has been equalled by that of the acceleration due to gravity and thus the ball does not move.  After this point the only force acting upon the ball will be gravity and thus the ball's speed will increase at a constant rate."

[W54]  "On the way up the ball is launched with an initial velocity, again the force of gravity is acting causing the ball to decelerate until the force of the ball is overcome by the force of gravity causing the ball to accelerate back to the earth.  The velocity of the ball can be measured by taking the gradient of the tangent which means that the initial velocity is greater than when the ball is at the top of its path (at this point the velocity is zero) hence gradient of tangent is zero."

CATEGORY 2

The focus is on speed.  The projectile slows down, stops and then speeds up.  Acceleration is seen as the rate of change of speed, as a scalar.  It is negative on the way up and positive on the way down.  No components of the velocity vector are considered.  Mention may be made of constant acceleration due to gravity as a result of physics instruction.  Acceleration at the top may be zero or non zero.  There may be confusion between speed and its rate of change.


EXAMPLES:

[V1]  "The acceleration of the ball will be the same in both cases (g). On the way up the weight force slows down the ball, reducing its speed to zero when at the top of the trajectory.  On the way down the weight force speeds up the ball so at the end of its flight it has the same speed as at the beginning of the flight."  

NOTE:  This response focuses on the speed slowing down on the way up, becoming zero at the top, and then increasing on the way down.  Acceleration is related directly to the rate of change of speed, not of velocity.  Speed is always positive (5, 3, 0, 3, 5 m/s) and speed-acceleration should change sign from negative g to positive g, passing through zero.  Components of motion are not considered.  The cause of the acceleration is recognised to be gravity."

[Cy32]  "From the instant the ball was launched in the air, the only force acting on it is its weight (B=mg). Therefore the acceleration is constant and it is equal to g and directed downwards.  The rate of change of speed is the acceleration and because this is constant so is the rate of change of speed."  

NOTE:  In Greek, as in Italian, there is only one word for speed and velocity, so it is not clear whether the student means the speed as a scalar or the velocity vector.  However attention must be paid because the use of the two terms by native English-speaking students is not unambiguous.  In any case, the respondent is expected to discern between the two uses of the word and be clear and explicit about the terminology.

[SPh30]  "The answer can be approached by using the straight motion rule v = u + at.  This is because the acceleration acts on the ball is constant; which is the gravity of the earth (9.8).  Thus the acceleration is related to the velocity divided by the time taken to hit the top, e. g.  a = v/t, which is the rate of change of speed along the path."

[SPh114]  "The acceleration the ball is under is gravity (9.8 m/s2).  On its way up, the acceleration is negative   (-9.8 m/s2) assuming gravity is positive in the downward direction.  At the top the acceleration is positive.  On the way down it is positive.  Acceleration is the rate of change of velocity (Δv/Δt).  On the way up the speed of the ball is slowing until it is zero at the top-the point where the acceleration changes sign (negative to positive).  On the way down the speed of the ball increases until it hits the ground."

[SPh116]  "Acceleration is 9.8 m/s2 all along the balls path in the downward direction.  Thus as it travels up, it slows down, and speeds up as it falls."

[W58]  "As the ball is thrown up, it experiences gravitational force and slows down (decelerates) at a rate of 9.8 m/s2.  Eventually, this deceleration stops the ball moving and gravity starts pulling it towards the earth by accelerating its speed at a rate of 9.8 m/s2."

CATEGORY 3

Acceleration is seen as the rate of change of the velocity vector and caused by the force of gravity and treated separately, in sequence, through its vertical and horizontal components.  Its relation to the rate of change of speed is confused or incorrect: the rate of change of speed must be constant because the rate of change of both components of the velocity vector are constant–the horizontal component does not change at all. 

Here the acceleration and velocity vectors are seen through their vertical and horizontal components.

This category corresponds to category Cr in Dall’Alba, 1993.


EXAMPLES:

[V5]  "From the moment the ball is launched into the air with velocity u, the only force acting on it is its weight.  The horizontal component of the velocity remains constant, as no forces act on the ball along the horizontal. Along the vertical the force of gravity accelerates downwards the ball which initially is moving upwards.  This way the vertical component of the velocity decreases continuously until at the top it becomes zero.  After that the speed of the ball, acted upon only by the force of gravity, starts increasing downwards.  The acceleration of the ball is the same throughout its trajectory; it is equal to g and equal to the rate of change of speed along the trajectory."

[G8]  "The ball has an initial horizontal velocity which is constant throughout the entire flight of the ball.  The vertical velocity on the way up is being reduced by 10 m/s2 and on the way down it is accelerating at a rate of 10 m/s2.  The final speed of the ball will be the same as the initial speed at which it is projected."

[W57]  "Immediately after the ball departs the hand its acceleration decreases.  It should be noted that the path of the projectile is composed of a horizontal and vertical component.  The horizontal velocity is constant, but the vertical velocity is greatly affected by acceleration due to gravity.  Therefore once the ball has left the hand with a certain velocity, gravity will combat its vertical component and since gravity is constant at the earth surface, will produce a uniform and symmetrical curve or path." 

NOTE: The ball has a large acceleration while it is thrown.

[R12]  "Acceleration is always negative (taking upwards to be in the positive direction).  On the way up, the acceleration slows the ball's upward velocity.  On the way down, the acceleration increases the ball's downward velocity.  At the top of the path the velocity is zero (momentarily) as the acceleration changes the direction of the ball's velocity."

CATEGORY 4
Focus is on acceleration as a vector quantity; it is defined as the rate of change of the velocity vector, v/t.   Acceleration is given by the net force per unit mass.  In simple projectile motion the net force per unit mass is the constant gravitational field strength, g.  No other forces are assumed to act on the projectile.  Therefore the acceleration vector is constant throughout the flight: 9.8 m/s2 downwards.

The tangential component of acceleration gives the rate of change of speed and the radial component refers to the change in direction.  Here the acceleration and velocity vectors are seen through their tangential and radial components.

The tangential component opposes the motion and decreases in magnitude on the way up.  It is zero at the top of the flight, and it points downwards and increasing in magnitude on the way down.

The radial component is perpendicular to the trajectory and is directed always towards the inside of the parabola, increasing in magnitude on the way up, reaching a maximum value at the top and decreasing on the way down.

Alternatively the rate of change of speed may be given through an algebraic expression which is a function of time.

This category has been acknowledged in one of the five project publications (Dall’Alba, 1993), but it has not been observed in any of the responses. 


EXAMPLES:

[CSHE9]  "... Acceleration gives the change in velocity. ... In this situation the magnitude of the acceleration is not the change in speed, because we have a horizontal component there.  If we just had a ball going straight up and down it would be but it is not in this case.  So we have to take that into account.  And so the acceleration has an effect on the direction and the speed."

The analysis of the responses to Question 3 is summarised in the following table, showing for each category

a) the average position of the students on the scale (average ability expressed in mcup units);

b) the number of students (N);

c)
the category label (CAT = 0 to 4 for the five categories);

d)
a brief description of the category.

It can be seen how the average position of the students whose responses have been assigned to each category moves up to continuum, from 93 mcups to 139, going from the lowest category to the highest.

Average

Ability
N
CAT
SUMMARY of categories for Question 3

(mcups)

139
1
4
Rate of change of speed along the trajectory correctly addressed.  All key aspects are clearly discerned and simultaneously focused upon.



Acceleration used and conceptualised as a vector quantity.  Horizontal and vertical components used simultaneously

105
82
3
Acceleration of x and y components of the motion.  Acceleration is constant at all times.



Focus is on the vertical and horizontal components of projectile motion, but in sequence.  The two components are not used simultaneously to see how the rate of change of speed changes along the trajectory.

100
128
2
Acceleration is discerned from speed but it is used as a scalar.  It is always constant except at the top of the trajectory where it is zero. It is negative on the way up and positive on the way down.



Acceleration as a scalar: it is the rate of change of speed.  Focus on vertical component only.

95
81
1
Poor discernment between acceleration, force and speed.  On the way up acceleration decreases and on the way down it increases.



Force of the throw carried by the projectile. Lack of discernment between speed and force.

93
9
0
Thrown upwards; gravity makes it come down the way it went up; no key aspects of the phenomenon are discerned.



Description of the trajectory.  Which formula should I use?  Confused concept of acceleration.

Total =
301

Overhead 3

The following figure shows the scale and its bands, the distribution of students along the scale, the thresholds of the categories of Question 3, and the map of this question.

The map of a question shows how the responses of students from each part of the continuum are expected to be assigned to each category of the question.  Students below 50 mcups are very unlikely to respond like any other category than category 0.  At 60 mcups there are chances for category 1 but most of them would still be in category 0.  Category 2 responses start appearing at around 70 mcups.  At around 95 mcups we are likely to observe responses from category 0 to category 3.  At 150 mcups we expect half of the responses in category 3 and half in category 4.

[image: image8.wmf]
Overhead 4

Conclusion

The methodology presented in this paper for the construction of a variable for assessing conceptual understanding is as important as the final product(an assessment instrument(that can be used for a variety of purposes including diagnostic.  It is a process that makes explicit to all people involved in learning and teaching, the nature of understanding as depicted by Wiggins, the nature of how we experience various phenomena, and the nature of the variable measured with the instrument and constructed by analysing observations.

The difficulty in understanding and using the MCUP methodology is the need to change the way of thinking in the preparation of assessment tasks (Wiggins’ six facets of understanding), in the qualitative evaluation of students’ responses (phenomenography), and in the analysis of data and reporting of results on the continuum of the measured variable (Rasch measurement).  All of these imply a change to a seasoned way of thinking that it is being taken for granted (Wiggins, 1998, page 6).  However the change consists in improving rather than rejecting traditional methods that have served us more or less satisfactorily in the past.  For example there is no need to abandon grading the performance of students, provided the rating of responses explicitly addresses the facets of understanding and adequate feedback is given to inform what the various grades stand for.  The traditional research in misconceptions and alternative conceptions and other current research in physics education can inform the MCUP methodology.  There is no need to abandon analysis that shows how well a student has performed relative to other students, but there is no need to impose value judgements of pass or fail (Stephanou, 1997) on the results of authentic measurement when it is not essential.  When pass or fail decisions have to be based on such results, they can be made in an informed situation where in addition to normative information there is information on the meaning of each student’s measure.
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Appendix

The 15 questions in the version used to collect data in the form of written responses.
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