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Introduction
In the last two decades thzre has been an enormous amount of research documenting that, in
many topic areas, students have knowledge about the ﬁatural world that is substantially different
_ with tﬁc physical world in evcrydqy life; hence, students oft,en enter instruction in science with
ideas that are contradictory to the content goals of the instruction. Such work has led to a
substantial body of research focused on changii;_g those conceptions into ones that are compatible
~ with accepted scientific knowledge — a process commonly referred to as con *ptual change —and
the implementation and assessment of instructional strategies to facilitate conceptual change.
Some éuccesses have been repbrted, but the prev=iling view is that conceptual change is difficult
to achieve, even in response to science instruction intended to promote it (Chin & Brewer, 1993; .
Confrey, 1990; Driver & Easley, 1978; Hewson & Hewson, 1983; Osborne & F'reyb,erg, 19853).
-Recently, researchers have begun to reevaluate and reexamine the conclusions of this body of
rescarch, and the characterizations of the knleedge-building process that it spawned. Smith,
"diSessa, and Roschelle (1993) argue that the basic premise of constructivism, that students build |
knowledge using their existing knowledge, is incompatible with conceptual change notions that
the appropriate instructional approach is to have students confront and replace their conceptions.
We agree that a constructivist view of learning is antithetical to a vision of conceptual change in
which teachers act in a“diagnosc and remediate” manner to help students rid themselves of their

inaccurate ideas. Furthermore, we suggest that this vision, which has been premised on the

results of studies which depicted students’ ideas as highly resistant to change and interfering with
the construction of accepted scientific knowledge, stems from methodologically flawed work
from a constructivist perspective.

"Mecthods for evaluating student lcarning typically produced static pictures of student -
understanding in that they were images-at a point in time. When that static picture was the same
alter instruction (whether or not the instruction was assessed to determine whether it was

conductcd in a constructivist manner) it was simple to conclude that students’ fay conceptions!

.
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impeded their learning, rather than to consider other reasons for the result. We argue that static . ’
images of student learning are ill-suited to making claims about the construction of knowledge,
and thus is ill-suitéd to make claims about learning science from a constructivist vicwpoint. In

—tontiast, ourwork witlupper elementary schoolc h'tldrcn—examine'.ﬁ student thinking-in-dynamic . — .
ways. We are focusing on the topic arca of electricity, and we present students with manipulable
situations (actual electric circuits) in which they. make predicti—ons, and then test them out or
simply try things to gain more informatioa with which to derive possible explanations. We
contend that this dynamic situation is consister.ni with capturing knowledge construction from a

" constructivist viewpoint, and necessary to make claims about the process of constructing

Y
1 .

knowledge.
In this paper we describe our methodological af proach, and prese'm findings which contradict
the notion that students' ideas are highly resistant to change. We will describe these findings, and

discuss their implications with respect to: (a) characterizing knowledge construction, and (b)

conducting rescarch on student learning within a constructivist framework.

Theoretical Framework
The development of knowledge is now generally considered to be a précess in which .
individuals reccive environmental stimuli and construct meaning.and knowledge from it by
connecting the new information with what they alrcady know. Early studics in this genre began,
pethaps, with Piaget, but grew beyond his work as rescarchers became interested in the content-
specific idcas that students hold, and the relationship of those ideus to their subsequcnt
knowledge construction. A substantial body of rescarch has been buiit in the last 20 years
documnenting students’ specific ideas on topics within the physical, earth, and life science
disciplines that are commonly taught in schools and colleges. A number ol those studies focqscd "
on designing and carrying out instruction to promote a change in conceptions because many
students were found to have. 1dcas that are inconsistent with accepted scientific knowledge (sce

reviews such as Confrey, 1990, Dnvcr & Easley, 1978; Driver, Guesne, & Tiberghicn, 19855




hi ghly resistant to change and interfere with instruction _(é;g.: Cohen, 'E_)_"lbh; ‘& Ganiel, 1983;

Iy

Gilbert & Watts, 1983, Hewson & Hewson, 1983). For explanatory purposes, we shall refer to

this broad body of research as the conceptual change literature.

General conclusions from the conceptual change literature were that students’ ideas arc

Eaton, Anderson & Smith, 1984; McCloskey, 1983; Wiser, 1986), and that they persist despite
instruction designed to help students change their conceptions (Hewson & Hewson, 1983; Lee,
Eichinger, Anderson, Berkh&;,imer, & Blakeslee, 1993; Roth & Anderson, 1988; Zeitsman &
Hewson, 1986). Some early criticisms were leveled at these conclusions, and they have recently
begun to increase. There are ¢riticisms both on methodological/analytical and empiricai grounds
as well as on epistemological grounds.

Methodological/analytical criticisms include ine following. First, some rescarchers have
questioned claims that student knowledge is coherent and theory-like (e.g., diSessa 1988),

characteristics which were used to explain why student knowledge was resistant to change.

~ Second, Lawson (1988) has argued that the claims are over-generalized because many of the

studies indicating resistance to change have been conducted in the physical sciences. In the cited
work he questioned whether similar situations exist broadly with respect to the development of
understanding of biological concepts. Third, some researchers have been critical of conclusions
about the reqﬁirements of instruction to facilitate conceptual change. One criticism has been that
the instruction or the context of instruction was not typically evaluated in studies exarnining
instruction intended to facilitaté conceptual change; hence, competing hypothesis arising from
other variables in the environment have not been considered-(c.g., Hashweh, 1986, 1988).
Another criticism has been that instructional studies in the conceptual change litcrature typically
ignored motivational processes that arc integral to achieving conceptual change; ignoring, for
cxample such important issues as whether studcnis held the motivational goal of understanding

during the learning process (Pintrich, Marks, & Boyle, 1.993; Boyle, Magnusson, & Young,
1993; Strike & Posner, 1992).




" Empirical criticisms inciude the following. First, Clement and his collcagues have questioned
that all of students’ knowledge is inconsistent \;vith scientific knowledge. They have focused on
identifying students’ accuraté knowledge and th that can be used as building blocks to
| scientific understanding. Thelretralegy-m domgeo has been to develop bridging analogies that

may be used to help students link their knowledge with more abstract scientific knowledge in |

ways they permit themn to accurately apply that knoWledge in a wide range of situations.

Research investigating the utility of using those analogies to help students’ construct accurate

scientific understanding has shown positive results (e.g., Clement, Brown, Zietsman, 1989).:

Secopd, there is recently evidence that students can construct scientific understanding from ideas

that are contrary to the desired scientific knowledge, despite the fact that the instruction was.not

specifically designed to rid the students of their inaccurate knowledge (Muthukrishna, Carnine,

Grossen, & Miller, 1993).

The most serious criticisms of conclusions from the conceptual change literature have been

leveled on epistemological grounds. Gilbert and Watts (1983) first drew attention to this in their

review of research examining student science learning in which they discussed different

cpistemological assumptions underlying the work that they cxamined.-The point they make is
that different paradigms have guided this work, and as such, studies have becn undertaken for
diffcrent reasons and with different goals. To illustrate their point, they QCscribc three different
views oyf the notion of “concept” that are implicit (but not necessarily explicitly acknowledged)
in the studies they reviewed. They arguc that clearly defined philosophical oricntations are
necessary for conducting this type of work if we are to be successful at building knowledge about
how students come to understand scientifically accepted ideas.

This point is argued even more strongly in recent work by Smith, diScssa, and Roschelle
(1993) who contend that the conclusions drawn in much of the conceptual change literature that
lay conceptions interfere with learning and must be eradicated is antithetical to the basic premise
of constructivism that new knowledge is built from prior knowledge. They argus that there has

been too much of a focus on how students’ thinking and ideas arc flawed with respect (o
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scientific reasoning and knowledge, and too little attention paid to how students use their ideas to

dévelop and improVe their understanding of the physical worid. Gilbert, Osborne, and Fensham

(1982) made a similar point a decade ago when they argued that the understandings that students

" have “arc, to them, logical and coherem [emphasis added]” and a necessary starting point for.

building new knowledge (p. 631). o | _

We concur with this view, and believe that it is important to take a developmental view in
cxamining student lcar_ning, whete the focus is on how students usc their id: s — whatever they
may be — and develop new understanding. The context for investigating student thinkil;.g in this
way is critical“. In much of the research iln the conceptual change literature, the contexts in which

students’ ideas. were exarr;ined were static. That is, students were asked to describe or explain
their thinking about scientific terms or physical events or instances that were shown or depicted.

" We argue that this context was partly responsible for the characterization that students’ ideas are
resistant to change bec;luse it was not probable that researchers would see any change when the
naturc of the interview context focused on static situations. Then, when similar ideas were used
following instruction, it was not uncommon for the conclusion to be drawn that students’ ideas
interfere with instruction and are resistant to change, despite ‘the fact that competing hypotheses
‘were not necessarily ruled out.?2 We consider it inappropriate to draw such conclusions g-ivcn the
static naturc of the cortexts in which student urderstanding was investigated. Instéud, we argue
that dynamic contexts must be employed to examine student thinking for the purpose of making
claims about knowledge construction. A dynamic context permits the gathering of direct
evidence of how students construct knowledge.

We define a dynamic context as one in which the student can get fecdback about the viabiliiy '
of his or her idecas in explaining physical phenomena, parliéulary from personally manipulating
the context. For cxample, in our work with electricity, we present students with actual elecirical
(DC) circuits, and they can manipulate the circuits to see what happens. We first ask each student

to predict what would happen for a particular set of conditions, and then we have them set up the




conditions and describe what they observe. Finally, we ask them to explain why they think what

they observed occurred.

This approach makes the interview context an instructional one because information from the

cnvrronmcnt - the crrcult —is avallablc for lhc etudenls to conslder in evaluatmg the adequacy of

their idcas. Studentq can further evaluale their ldeas by changmg and mampulatmg thc circuits in o
whatever way they think will provide helpful in_formation (feedback). Whereas some may
consider such a context to be inappropriate, we argue just the opposite: this approach permits
more direct observation of student thinking in a way that is likely to lead to valid claims about
the process of knowledgc construction. In support of our claim, cognitive psychologists
interested in developmental issucs arc advocating an approach called the microgenetic method

(Siegler and-Crowley, 1991), which has some features that are similar to our approach. The

_microgenetic method is particularly suited to studying change (which in their casc is cognitive

development and in our case it is conceptual development), and it is described as being a
particularly appropriate method because it “permits the subject [src] to have the oppcrtunity for
repeated learning expericnces in order to activate his [sic] existing schemes and to increase the
opportunity for interaction bctween.tlllese schemes and the emcrgent schemes which result from
interaction with the problem cnvironment (Indelder et al., 1976, p 58, cited in Siegler &
Crowley, 1991). Thus we bchcvc our thinking is consistent with othcrs considering similar
iSSuCs. | - ' . | .
Another feature of our approach is lirat it illustrales what is possible to achieveinan '
instructional context that is advocated in science education: inquiry-bascd instruction. Our “
requircment that the situation is manipulable, and that the investigator (the student) utilizes
information from what is observed as a result of the manipulations to build understanding about

the natural world is consistent with tic intent of inquiry-based instructional approaches. In that

" sense, our interviews mirror the kinds of experiences students are expected to have as a result of
inquiry-based instruction, and it is possible for us to directly observe the type of thinking of

which students are capable in an inquiry-based instructional situation. As a result, we can provide !




evidence with respect to the question of whether and to what extent students invent new ideas or

persist in using their old ideas in the fact of contradictory evidence.

We have used the approach just described in our research with upper elemen:ary school
“students. In this case, our interest in investigating their thinking and development of knowledge
about clectrical circuits, in particular their ideas about current flow, was fortuitous because it is
easy to creatc manipulable situations with electrical circu.its. Although there have been a number
of studies pf student learning with respect to clectricity (e.g., Cohen, Eylon, & Ganicl, 1983;

. Dupin & Johsua, 1987; Fredette & Clement, 1981; Johnson & Mughol, 1978; Osborne, 19_83;

' Psill(?s. Koumaras, & Valasiades, 1987; Russell, 1980; Shipstone, 1984); our work is
considcrably different because of our methodology. We were intcrested in examining the
conceptual ideas that students used in reasoning about the behavior of electricity in electrical
circuits, as well as examining their process of reasoning, e.g., did they change their ideas when
faced with empirical evidence that contradicted their prediction.

Previous studics dealing with student thinking about clectricity that arc most relevant to our
work are those by Osborne (1983)3, and Russell (1980) because of the ages of the students they
studicd (Osborne - 8-12 year-olds; Russell - 7-14 year-olds) and because they conducted
interviews to study students’ thinking?. In the work by Osborne, five mlodels of current flow were
identified as characteristic of children’s thinking, and they are illustrated in Figurc 1. Notice that
they can be broadly categorized into two types — unidirectional and bi-directional = on—thé basis
of whether current is conceived as flowing “out” of one or both ends of the battery. Within the
unidirectional category, there are two types of flow depending upon whether there is a complete
path connecting both poles of the battery. The unipolar model is unique among the unidirectional
models in that it dbcs not requirc a complete path of clcctriciiy.

Russell (1980) reported similar results to those of Osborne with respect to the types of
modcls employed by the students. In addition, he particularly discussed the impact of perceptual
miscues on the ideas that were ventured by children about the flow of electricity.? What he ;md

Osborne failed to explore were children’s idcas about parallel circuits, Thus, not only is research

9
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needed to explore children’s thinking during more interactive tasks, research is needed to
examine children’s thinking about parallel circuits. Our work was designed to address these
weakr.esscs in the research literature, and is described below.

— _ : Methodology

Participants

We have been working at two sites in smali cities in the midwest where instruction about
electricity has occurred in six upper elementary school classrooms (third through the ﬂftﬁ
grades). The instructional unit was inquiry-based and organized in a project format in which
students became involved in the design and construction of scale models of buildings, and the

.desxgn and construction of circuits to light them. Student participants in the research (n—30) were
selected in consultation with their teachers to ensure data from a range of individuals in each
class, taking into account socioeconomic status, gender, ability, and ethnicity.-

Data Collection

Semi-structured interviews were utilized to investigate students’ conceptual understanding in
this study. Interviews were conducted individually and in private, following the instructional
unit. That is, they contained a set of core quesiions, but interviewers were free to pursue unique
lines of inquiry when needed to « stablish a participant’s knowledge about the concepts of
interest. In particular, given that students were permitted to manipulate the electrical circuits with
which they were presented, questions sometimes varied grc;atly from interview to interview,
depending upon the student’s actions. All interviews were conducted by the authors of this paper,
individuals who are experienced in interviews of this type.

The interviews consisted of presenting students with actual electrical circuits and asking them
to predict and explain the behavior of those circuits;l behavior that was observable such as
whether a lightbulb was lit, and how bright it was; as well ;18 behavior that was not directly

'observable — the flow of electricity in a ciicuit. The determination of circuits to use in the
interview was made on the basis of the following criteria: (a) they presented c_hallenging yet

accessible situations for upper elementary school students to discuss, and (b) they duplicated
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. ——..challenging for the students with respect to discussing clectricity. Circuits 2 - 6 represent

circuits designed by students in their projects that illustrated possible reasoning crrors with
respect to the behavior of electricity. Seven circuits-were used in this study, and they are shown
in Figure 2. Circuits 1 and 7 represent electrical circuits that we thought would be interesting and

variations on circuits that werc designed by students in qompleting their project on wiring
~ structures. -

Circuits we.e initially presented to the students with wires disconnected fromn the batteries,
and with all switches closed. They were shown one circuit at a time and first asked for their
bredi‘c_tions about what they would they see when the w;r-es were properly connected tc the

. batteries. Students were then asked to give some justification for these predictions. After
providing a prediction with some rationale, the students were then allowed to determine the
accuracy-of their prediction by manipuiating the circuit accordingly. Whether their prediction
was correct or not, students were prompted to explain why they thought the phenomenon that
they observed had occurred. When the result was unexpected (to the studcnt), students were
allowed to further work with and even make changes on the circuit board to try out their ideas (as
long as the circuit could be restored to its original condition). In cases in which students were
trying out new ideas, the interviewer ~rompted them to explain how what they were doing helped
to inform their thinking, and thenwhat their manipulation of or change in the circuit told them.

Several questions about each circuit were posed to the students. One concerned, whether the
lightbulbs would light, and if so, how would they explain that. Another was how bright the
lightbulbs would be, in comparison to one another, and (sometimes) in comparison to lights in
other circuits. Students were expected to provide justification for their responses. Finally,
students were asked how they envisioned the flow of electricity in the circuit. Once studcnis saw
the results and were able to provide an explanation for them, they were asked what they might do

to the circuit to test their explanation.

11




Interviews were audio-taped, and the interviewer kept detailed notes on circuit diagrams of
the circuits to record information about what the student was saying that was not readily

interpretable from their words alone.

Data“Analysis*“ TSI T mm e e e

10

Interview transcripts were analyzed using the following approach. First, a data reduction
phase was employed using a form of propositional analysis similar to that employed by Pines
(1977, described in Posnér & Gertzog, 1982) in which participants’ statements describing and
explaining their thinking about each circuit was compiled. This first-level, circuit summary was
cond'ucted separately with respect to each circuit. Second, the major conceptual ideas exhibited

by each student to explain the resuits in each circuit were identified from the summaries. This

second-level conceptual summary helped to highlight the kinds of concepts studeats employed in

describing and explaining electrical phenomena.

The conceptual summaries and the field notes from the interviews were then used to draw _
conclusions about the types of modeis employed by students to describe the flow of clectricity in
cach circuit. Following that, we evaluated participants reasoning with resﬁect to consistency in
the usc of models to describe the flow of electricity across the circuits.

In addition, we selected eight students for closer analysis, and constructed profiles describing
patterns in the conceptual understanding and reasoning exhi’oited by each student. Our selection
was a representative sample made on the basis of the following considerations: status variables
such as grade level, gender and ethnicity, differences in types of conceptual ideas emplyed to
discuss electrical phenomena, and differences in consistency in reasoning about electricity.

The profiles were developed in the following way. Frist, to construct the coﬁcept_ual
understanding portion of a profile, we checked the conceptual summaries of each circuit for
themes in the types of ideas utilized by students to explain what they observed about the circuits.
If students were not consistent in using similar ideas for the differcnt circuits, we simply
identified the range of ideas that they employed. To construct the reasoning portion of a profile,

we used a conceptual framework describing the norms of scientific reasoning with respect to
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theory development (Smith, diSessa, Roschelle, 1993). Those norms are consistency, coherence,

and completeness (p. 138). Again, the conceptual summaries for each circuit werc examined with

respect to evidence of these characteristics. The profiles describe each student’s conceptual

_understanding and reasoning in general terms, with examples from each interview illustrating

their understanding and reasoning.
Results

Moaodels Of Current Flow

Analysis of the types of models used by students to describe the flow of electricity in simpie
circuits resulted in identifying new models not préviously reported. Models previously reported
were shown in Figure 1. Figure 3 shows the additional models that we identificd. These models
are primarily a .result of asking students about the flow of electricity in parallel circuits, and
indicates that the range of models identified previously were largely a function of the type of
circuit used to investigate their thinking. |

As with the previous set of models, the ones depicted in Figure 3 could be grouped into
unidirectional or bi-directional models. In the bi-directional model group, there are two models,
the Bouncing Bi-directional Model and the Crossing Currents Model. In both cases, electric
current “flows” out of each end of the battery at the same time. In the Crossing Currents Model,
the currents follow the wires from each end Of the battery and cross at the first lightbulb,
continuing through the wires on the other side of that ﬁrst. bulb (with respect to where the
respective currents started), following ‘the wires and crossing again at the second bulb, and
continuing until each current has followed a complete path thcough all oi the wires. In the
Bouncing Bi-directional Model, there are again two currents, one from each end of the battery,
but this time they do not cross paths. Istead, the current from one end of the battery “flows”
through the wire to the first bulb, then up to the sccond bulb but staying on the same side of the
circuit, then up to the third bulb in a similar “bouncing” fashion. Once at the third bulb, the

current retraces its path, “bouncing” back down to where it originated.
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Although both models express students’ belief that current “flows™ out of both ends of the .
battery, the Crossing Currents Model can be considered the more congeptually advanced miodel.
Students who employed this model exhibited the understanding that current follows a complete
e path fxfom-onccndof-thebattery. to-the other; a,concep,LthaLis.not.vexhibitcd.injhc _Bouncing Bi- ___
directional Model. In addition, this model shows evidence of the understanding that lightbulbs
light because current flows fhrough them. In the Bouncing Bi-directio'qal Model, it is not clear
what happens with the current as it “bounces” from one light to the next.

In the unidirectional model group there are three models (see Figure 3), one of which is the -
scicn‘tiﬁc‘ally acceptable model. The other two models, the Bouncing Unidirectional Model and
the Serpentine Model, are interesting applica‘tions of the idea of unidirectional flow to parallel
circuits. Unlike one difference between the bi-dire&tional_models, both of these models show
evidence of understanding that electricity must have a complete path from one end of the battery

to the other in order to flow. As a result, they are more conceptually advanced models than the

bi-directional models.

The difference between the Bouncing Unidirectional Model and the Serpentine Model lies in
how they depict the path of the current in relation to the lightbulb. The former model is similar to
the Bouncing Bi-directional model in that it is not clear whether current flows into the lightbulb.
Because of this, students employing this model do not necessarily understand that the lightbulb

« lights because current passes through the filament of the lightbulb. The Serpentine Model, so-
named because of the snake-like movement that characterized the flow of current in this model, .
does clearly indicate that current passes through the lightbulb. Thus, this is a more conceptually
advanced model than the Bouncing Unidirectional Model.

Students’ Use of Models in Explaining the Flow of Electricity

Table | shows the models employed by each student to describe the flow-of elcctricity in the

seven circuits that were discussed (see Figure 2). The students are organized by grade level, and

the models are grouped by model type (bi- or uni-directional.), and within each type, the models

14
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progress from least to most conceptually advanced as you look from left to right. Several patterns

appear in the table.

First, most students employed multiple models in explaining the flow of current in different

electrical circuits. Second; the third graders showed greater variety than the older students in the
models they employed to describe thie flow of electricity. Third, there were more instances of

third grade students employing bi-directional types of models than for the older students. These
results suggest some developmentat differences iﬁ tl;e younger students.

With respect to the type of models employed, aithough about half of the students exhibited
i)i—di'rectional modcls at some po;mt in the interview, only two students showed NO evidence of
understanding that current does NOT flow out of both ends of the battery. In addition, the vast
majority of the students showed evidence of understanding that current passes through the
lightbulb to light by employing one or more of the following hodels: Crossiﬁg, Serpentine,
Scientific:Series, or Scientific:Parallel. Finally, more than half of the students employed.
scientifically accurate models in describing theNflow‘of electricity in parallel circuits, and that
even included some of the third graders. These results indicate that although many students arc
not employing strictly scientific models, many of the components of understanding a.re present in
some form. We cite these results as evidence supporting Clements cohtention that students have
accurate knowledge upon which to build.

Consistent Use of Models

Table 2 shows these same results but purely from the perspective of students’ consistency in
the use of models. Given the organization of the table, there are two perspectives from which
consistency can be described: specific models used, and model type used. The results indicate
that there were not any discernable developmental patterns with respect to consistency in use of
specific models, but iherc seemed to be greater consistency for the older students in the type of
model that was employed to describe the flow of current.

Coherence in Models

15
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These data on consistency also allow us to note some patterns with respect to coherence and .

completcness. First, for those students who were not judged ais being consistent, it is really more
~ accurate to say that their ideas were incoherent because they employed both unidirectional and
.._bi-directional models. Second, a less obvious form of coherence is related to the adequacyof .
their model with respect to being able to account for specific behaviors in a circuit. In"other
words, although many students were consistent in employing iaeas that current is unidirectional
or bidirectional (model Eypc column), their ideas about how that applied in cases of specific
circuits were not necessarily coherént. It is not coherent, for example, to employ a scientifically
acceptable model for some parallel circuits but employ a serpentine model for others as did
student #2, a third grader. Similarly, it is not coherent to employ a crossing model for some
parallci circuits and a two-way bouncing model for other parallel Cil‘Cl;ilS as did two fifth grade
students (#19, and #27). Thus, we need to look to the “model” column for information on -
coherence.

It is most instructive in this subtler issuc of coherence to look at the cases where students

were judged as consistent in the model they employed where the model was a unidirectional one.
In that case, there were two possibilities of being assessed as employing a consistent model. One
possibility was when a Serpentine Model was employed for parallel circuits and a scientifically
acceptable model was employed for series circuits. There were four students who cxhibited this )
pattern of reasoning: #4, #14, #21, and #25. Although these students were consistent from the
perspective of the models reflecting uni-directionality and the existence of a complete path

linking the poles of the battery, for the parallel circuits, the Serpentine Model limited the students

in being able to account for observations when different switches in the circuit were open. Given

their model, they should have predicted that when any switch is open no lights would bé on. That
was not the behavior of the circuit, nor was it the typical prediction of the students, and when
they actually saw the results they needed to invent other ideas to account for them. Thus, they

were not consistent in applying the idea reflected in the model they described, illustrating a lack
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of coherence, and the ideas they invented were sometimes not consistent with the model, again

resulting in incoherence.

The other possibility was when scientifically acceptable models were employed for series and

" parallel Circuits. Thefe were eight students who €xhibited this pattern of reasoning: #6,#11,#13,” - - —

#16, #24, #26, #28, and #30. These students were able to be consistent in the application of the _

~ ideas in their model to all the behaviors observed in the circuit because those ideas were

coherent.

General Cémments About Reasbm'ng

General themes that were noted in the analyscs leading to the tables and the profiles’ are as
follo»\‘ls. -

Consistency versus coherence across tasks. Participants generally could be categorized into
one of two groups: some students exhibited the need for both coherence in their explanations
within a given a circuit and to-be consistent in the use of that explanation across circuits whereas
other s_tudents only exhibited the need for coherence. For example, it was not uncommon for
students to change their mind about the flow of electricity in a circuit presented to them late in

- the interview and indicate that they wanted to go back and re-explain how electricity flowed
through circuits presented earlier in the intgrview. On the other hand, other students seeimed -

. unconcerned with contradictions in their statements across circuits. Sometimcs, when prompted
by an interviewer's question about the inconsistency, these students made statements that
suggested each circuit worked in its own way. |

Generating on—the-spot explanationis. It was clear that in a number of the tasks, students
were asked to generate an explanation for something they had never thought about before (e.g.,
the short circuit situation for Dairia). For the most part, students were generally comfortable
doing this, and were not reluctant to give an explanation containing completely different ideas
from what they had previously stated. This was particularly evident when students were
presented with complex circuits with which they had no previous experience. For instance, when

asked how electricity actually made the bulb light, one student asked, "what do you mean,"
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indicating to us that the student had not previously considered this question. The interviewer
replied by saying that the wires leadning to the bulb didn't give off light but the buib did,
prompting the student to say he thought the filament of the bulb probably had a special coating -

on 1t that the wires leadmg to the bulb dldn t have and that this coatmg gave off light when

electncnty passed through it. The interviewer then askcd why the ﬁlament was under glass and
not just a part of the wire itself, to which the student replied that it had to be under glass so the
coating wouldn't rub off. |
Justification of explanations. When asked to justify their predictions, on most oecasions the

qtudents were able to quickly respond. In some cases, students’ would modify their initial
predictions as they derived an explanation. Whereas Gamel and Eylon (1983) refer to thcsc as
"contrived" explanations because they are not based upon scientific "fact,” we considered them -
to be an important part of constructing scientiﬁe knowledge. The kinds of explanations the .

students generated were varied and showed good intuition about viable possibilities for the

circuit in question, and students often referred to the results of instructional activities or to
personal experiences outside of the classroom as justifications for their reasoning. The accuracy

| of the phenomena they cited as evidence was sometimee questionable, as in the case of one
student who said that switches always control the bulbs closest to them because ih a house the

: switches contro] the lights for one room and not in distant parts of the house.
Willingness to change explanations. A large portion of the students were willing to change -

" their explanation when presented with contradictory evidence as they worked with a circuit. This
included changing to a qualitatively different explanaiion and not just a modification of their
initial statements. At times this occurred when, in the process of deriving an explanation,
students referred either to experienccs in the classroom or with circuit boards cxamined carlier in
their interview, and then realized that they contra'dic_ted their explanation. It was not uncommon

for students who had that experience to change either their previous explanation or their new

explanation to account for the new information.
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Resistance to change explanations. Some students did resist changing their explanations even
when confronted with contradictory evidence. In many of these situations, the students could ‘
generate no plausible alternatives so they simply retained their current thinking. In one particular

instance, a student with a hlgh level of prlor knowledge about and interest in electricity when

confronted w1th experlmental evrdence mconsrstent wrth hrs core behefs rejected this
information out of hand, relying on experiences outside of the assessment contex".
' Significance

Espousing a constructivist framework is becoming commonplace in the educational
lttcrature parttcularly in scrence education. ‘At the same ttme few have considered the
mlplrcatlons of such a framework for mtegratmg the large body of research done within the
conceptual change paradigm. To be certain, these two views of learning are not synonymous with
one another and care must be taken when crossing from one view to the other. One principle
difference lies in how each paradigm views the nature of a "concept,” different views of which
are described by Gilbert and Watts (1983). The conceptual change paradigm generally considers
concepts as the mental strdctures that correspond in some degree to scientific truths about the |
world. While there is some recognition that these structures may change or evolve, the primary -
focus of conceptual change research has been on overthrowing prior conceptions and replacing
them with scientific conceptions, thus suggesting a rather static view of concepts. In a
constructivist paradigm, concepts are viewed much more dynamically: a concept is something
that is continuously constructed and acted upon, given the experiences of its owner. This gradual,
persistent process is more akin to what has been referred to as weak restructuring of concepts
(Carey, 1985; Vosniadou & Brewer, 1987). Carey suggests, as our data indicate, that such weak
restructuring is far more common than the strong restructuring or overthrow of core concepts
suggested by much conceptual change research.

We think that ‘it is more useful (and accurate) to think of knowledge construction in ways
reflected in Clement’s work: there is much a learner brings to build scientific knowledge with, so

let us focus on how we can help students develop understunding regardless of where they begin.

".
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We argue that much is assumed about what we need to do to help students build scientific
knowledge when they have been judged as having knowlege.that is inconsistent and contrary to
it. We find it useful to consider images such as Escher’s painting entitled Metamorphose II

(shown in Figure 4) in demonstrating that “you just don’t know where you might get to from

“here” instead of assuming that “you can’t get there from here.” o

Our results indicate there would be much value in continued research of this nature in which

student knowledge is examined in dyt_z_amic situations. Perhaps then we will-have much more
" information about the possibilities of where students’ effort and creativity might lead them. One

challgnge will be in how to create those types of situations for different topics. Here, the role of
computer technology ma\y be very helpful. There already exist a number of simulation programs
that might be very prdﬁtably used io explore student understanding (e.g., Interactive Physics).

On another front we need to ask ourselves what these results mean for instructional? In the
conceptual change paradigm, conclusions from previous research sugges.f a "diagnose and
remediate" instructional approach, i.e., the goal of the teacher is to "diagnose" lay conceptions
(or help the students to do that), and follow with "appropriate” activities to lead the students to-
rid themselves of those conceptions in favor of the desired scientific understandings. In contrast,
the constructivist paradigm values lay conceptions, and the goal qf the teacher is to help students
gain experience interacting with the natural world and thinking critically about how to explain
what is observed. As a resu.lt, rather than promoting a view that currently~accepted scientific
knowledge is the ultimate gnd-poim, we argue that constructivist-based instruction should
promote the view that knowledge, including scientific knowledge, continually evolves, ever-
seeking to achieve more encompassing explanations. In the constructivist perspective, how the
knowledge was constructed, and thé experiences suppdrting it, do matter. We contend that
students experiencing this type of instruction are more likely than in other approaches to develop
three things: (a) cognitive skills for evaluating the adequacy of ideas, (b) syntactic knowledge

relevant to scientifically testing ideas for their adequacy and explanatory power, and (c) o




elaborated yet fluid substantive knowledge of science that can readily change in the aspects that

are hallmarks of scientific knowledge. ’

Some instructional approaches already in existence claim to be examples of constructivist

orientations to science instruction (e.g,, PBS); however, in the case of project-based science, -

there is no mention of how stﬁdents’ ideas will be considered, making it difficult 16 evaluate it

with respect to the orientation toward supporting knowledge construction advocated in this

paper. An approach conceived by Magnusson and being further developed in conjunction with

colleagues at the University of Michigan, explicitly considers the role of students’ ideas as

integral to the development of understanding. This approach, called Interdisciplinary Guided - o
A Inquiry (Magnusson & Palincsar, in press), draws upon an instructional heuristic developed by

Magnusson for guidance in hpw- to plan (and conduct) instruction in ways that value the ideas

and explanations generated by the students, while at the same time chailenging them to evaluate

the adequacy of their ideas. Further development and implementation of instruction of this type
is necded to determine the possibilities for supporting students in the development of s;:icnliﬁc

o

understanding, fegardlessl of their starting point. We contend that NOT starting from whereever
the students a.re means that the students will not be able to take advantage of their own rcasoning
powers. By starting from their perspective and what makes sense to them, they can use the power
of their own rcasoning and imagination and, with our support, develop increasingly more
powerful ideas; not because wé told them that these are the ideas to learn, but because they were

persuaded and motivated by their usefulness.

AEndnotes

I We define lay conceptions as knowledge held by learners that differs from accepted scientific knowledge but has
utility for the individual and is used for explanatory purposes. This is similar to what has been referred to as
childrens' science (Osborne, Beil, & Gilbert), but our choice of terminology is intended to reflect that these
conceptions are common among individuals of all ages, and differ from scientitic knowledge because the norms for
generating scientific knowledge are not common to the generation of knowledge for individuals in everyday life.

2 Consider, for example, that the research did not assess whether students were really trying to understand the
conceptual goals of the instruction. . )

3 It is noteworthy that in Osborne’s work, the students were provided additional information after their predictions,
in the form of readings from an ammeter (measures current) placed at different points in the circuit. Moreover, he

reports that only 5 of 37 students whose initial predictions were inaccurate were not able to change their ideas; the
remaining 32 changed their ideas to conform to the new information.
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4 Many studies have been conducted using paper-pencil measures. Conclusions from these contexts may be very

misicading because of difficulties students may have in interpreting the questions, particularly where circuit

diagrams were used.

5 By perceptual miscues, we mean those features of the physical layout of a circuit that suggest particular

explanations which are inaccurate with respect to scientific understanding.

6 A copy of the complete protocol can be requested from Shirley Magnusson, 1323 SEB, The University of
—— ——— —Michigan, 610 East University Ave:, Ann Arbor, MI-48109-1259.- - -~ - == - oo 0 -

7 Data from the profiles are presented in Magnusson, Boyle, & Templin (1994, March).
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Figure 1. Students’ Models of Electric Current in Simple Circuits
[Adapted from Shipstone (1985) and Osborne (1983).]
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Figure 2.  Circuit Diagrams of Circuits for Investigating Siudents’ Uhderstanding of Electricity
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Figure 3. Additional Models Representing Students’ Thinking About Electric Current
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Table 1

Models of Electric Current Employed by Students in Describing Specific Circuits®

 The numbers in the table designate specific circuits.

® The student only exhibited this model in describing tln flow of electricity when the switch in

the circuit was actually closed.
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BI-DIRECTIONAL UNI-DIRECTIONAL
¥ LayConceptions Lay Conceptions Scientific
Grd.| St. | Clashing | Two-way Crossing Unipolar | One-way | Serpentine| Series | Paralicl
Lvl. Bouncing Bouncing Circuits | Circuits
3| 6 17 5 ] 7| 203
2 3,5 " 6,7 1
3 2 7 1.3 6
4 2 1,2,3,4 6,7
5 2,34 1,6,7 (4)
6 6,7 1,2,3,4,5|
' 7 1 6,7 2,3,4,5
8 4 3,4 1,2,3.4.5] 6,7
9 2,3,5 5 6,7 1
4 10 - 4 4 1,2,3.5 6,7
11 6,7 1,2,3,5
12 2 6,7 1,35
13 6,7 1,2,3.4,5
14 2,3,4,5 12,6,7
"5 |15 1 2,5 6,7 3
16 6,7 1,2,3,4,5
17 2,5 6,7 1.3
18 1,2,3,4,5,6,7
i9 2,3,6,7 { "5
20 2,3,5,6,7 l
2t . 1,2,3,4 6,7
22 11,2,3,6,7
23 1,2 6,7 5
24 6,7 1,3,5
25 1,2,3,4 6,7
26 6,7 1,2,3,4,5
21 6 1,2,4,5 7. 3
28 6,7 1,2,3,4,5
29 2,3.4 6,7 1,2,5
30 3) 6,7 1,2,3,4,5
KEY: () Parentheses indicate a model that was replaced by another model.




Consistency of Students’ Use Ofa Specific Model of Curent Flow

Table 2

Grd. Lvl. | Student | MODEL MODEL TYPE
2 - + U
3 - +/- B
4 + + U
S .+ + B
6 - + + U
7 +/- +/- U
8 - -
B 9 - -
4 . 10 - -
11 + + U
12 +/« + U
13 + + U
14 - + + U
5 15 - +/- U
16 + + §]
17 - + U
18 + + B
19 - +- B
20 - +/- B
21 + + U
22 + + B
23 - + U
24 + + U
25 + + U
26 + + U
27 - -
28 + + U
29 - + U
30 + + U
KEY: + consistent
+/-  consistent with the exception of one ci
- inconsistent
B Bi-directional Flow Model
.U Uni-directional Flow Model
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