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Abstract
Many science education rcsc:an::bers suggest that $lUdm.lS taking introductory physics
courses should cmuIate the behaviolD" ofprofessional scientists by learning to eonstnJCt
(and usc) formal models. Largely this research has been done allbe high school level. I
believe: thai this approach must also be tested at the college level for two reasons. First,
many college students may never have done a physics course before. Second, those who
have probably did not learn via modelling but by a less sophisticated method. The result
is that neither student is distinguishable on a conceptual test about the natun: aClhe
physical world. The main coal ormy research is to determine Ute feasibility of the high
school modelling method proposed by Hestenes and Wells when the approach is applied
toa technical college's introduc:torymeclJanicscourse. During the Call and winter of
1997 and 19981 trained a young physics instructor in this method. During that time I
monitored his efforts with fresh and repeating~lS in the same COUISC. In the fall of
1998 Irepealcd the study with fresh students oCmy own.. lbe conceptual gains orOOm
groups were cross-refc:renoed and then cheeked with a non modelling control. My results
showed that modelling did significantly improve conceptual undemanding oftbe
Newtonian world. However, the prescnDed method is not practical given the time and
content constraints of the typical college level course.
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Chapter 1: Modelling in Physics Education

Introduction.

One often hears the question, -should we be satisfied with the current state ofphysics

education?- Many people think that we should never accept the status quo when it

comes to the reproduction or continuance ofour society. According to Miller and Seller

(1990) a core of educational theorists, known IS the social-change group, believe that

schools should develop student autonomy and not reinforce conformity. This is a main

goal arany IDOlkllingcurrieulum. Sometimes people oflhi!; mind set preach that things

are in shambles so we must fix them.. Such claims may or may DOt be true. Other times

they merely ask, "Can we do things better?- Typically I social-changc theorist wants to

know ifour schools W1111ead our students to I good sense of efficacy (Miller and Seller,

1990). Depending on the counayofresearch. we can fmd people making both types of

claims about changing the way we teach introductory physics. While I do not believe the

sicuation in Newfoundland is critical, 1do feel that we must look out for new ideas and

practices lhat may enhance how we teach and learn physics. We need 10 ask ifour

teaching practices promote StUdent autonomy. One method that might do thU i.5

modelling oriented instruction. BefOfe I can continue with thepurposc of this study, I

mUSt clarify some critical concepts about physics inslrUCtion and scientific modelling.

Traditional approacbes to physics teacbing.

In most of the literature on modelling in science education one sees warnings about -the

traditional physics COI.If$C.- These researehen assume that the -traditional physics



course" is a universal experience. I have no doubt that thtte is a general col1~tionof

practices we consider "traditional" Howew:r, the precise details ofdelivery and content

oftbesesocalledtnditional~arenotunifonn.

Many practices are almost entrenched mllvttUI habits ofphysics teacher$. From my

experience these include an appearanceofk:oowing the answers, alwayS being righland

1$ the souree ofphysics knowledge, i.e., a reservoiroffacts. As a result we often expect

physics teachers to I~tureOt" pass OUt their scientific wisdom. We expect students to

absorb ail that the teacher says and then regwgitate these facts. It may be argued that

society falsely believes that this is the marie; of a master student. From my eJtperience I

recall spending four weeks teaching l"lIdiography srudents how 10 structure their

knowledge in concept maps. I was disappointed to discover thaI they felt that this was

just another set of facts to memorize. These students failed to appreciale that I was not

teaching them "facts of scientific knowledge," but a way to Ihinlc.. As a result they did

well on a national facnal-bascd examination. Yet, [stIll believe that some of them

learned little else. In. tradilionai sense I achieved a high degree of success, high scoring

students. bull do not thinlc dlat this bad been a 5UCeCSSfW experience. Simply, lecturing

fails to promote studc::nl reflection (Richards, Barowy and Levin, 1992).

Another mar\: of the IJ'Iditionai physics course orteac~isthe use of"coolcbook

laboratories." Such labontories have explicitly presented a purpose ofstudy, procedure

and concluding questions. The putpOse of study is usually to verifY that some principle

in science works as a leJttbook says. Usually students have two to three hours to

complete these labonllories. Time constnints do not normally allow for further

explorn.tion ofwina: phenomena or detailed analysis ofmore fundamental ideas. In



keeping with a faetual. orientation,. studeDts may attempt to plow through many ofthcsc

laboratories. Often they are going through the motions wilhout time 10 reflect upon Ihcir

findings.

Finally, many traditional physics courses emp!lasize problem solving. This often means

we instruct the students to do many problems found al the end of the appropriate chapter

in a texlbook Then we give them assignments and tests that have similar problems. We

know such problems 1$ Mtypc·problemsMwhich are often of conaived situations. As. a

result our students learn that all physics problems are solvable using a formula-sedang

algorithm.. This coostraint-bascd reasoning relies on listing known and unbown

quantities. then scckin&: a formula that uses the: quantities. The: best students are the GIles

who discover this algorithm first. while: the poorer students often do not realize these:

algorithms until il is too late. Unfortunately students who rely 011 these: algorithms to

seek equations usually do not understand what they have done. According to White:

(1993) and Hestencs (1992) this approach blinds students to the underlying concepts and

$tnICtul'CS of the physical world.

In a traditional physics course I student learns that physics (science) is the pursuit of

nwnerous fragmented facts. cxpcrime:ntal proof that shows Ihesc facts are true and that

undemanding physics comes down to being good at mathematics. We disservice our

students. i(this is all they ge:tout ofa physics COW'Se. One might expe:c:1a studenl of

such I course to be a good copy, but no more, of an introductory textbook. 1bc trouble

with most traditional approaches is their failure to promote autonomy and self efficacy.



Smoke and mirrors: the illusion of new approaches.

I asked myself if the new approaches to leaching physics remedy the short cOmiDgs of

the so called traditional method? 1be answer to this question may not depend on the

overall nature ofa new curriculum but on its details. Alternate appwacbes to leaching

physics such as cognitive conflicts, coopentiyc learning and inquiry. are. on their own.

insufficient to cause conceptual changes in students (Richards et al.. 1992).

InqUiry programs will achieve little if they do not engage the student's brain with their

hands. Furthermore inquiry is not a random, discovery~entedexploration of nature.

One canDOtjUSllel1 $lUdc:n1$ to go out and observe, tbenexpect them to learn all there is

to know aboUI physics. While some induction is aceeplable. we musl find a way to get

students to look beyond the obvious. One may run the risk ofnot leading the students to

learn beyond the obvious.

Another attemplto break out ofthc reproductiyc nature of physics education is the

problem-solving curriculwn. Again I ask ifthcse progBmS lake slUdcnts from a factual

oriented to a process oriented perspective? Let us look at the detaits more closely.

Doing countless problems without paying attention to the reasons why we are doing them

is nat helpful. It does not seem to rr..a1tl:T if the problem is realistic or from a texlbook.

Aceonfing to Halloun and Hestenes (1986) the issues, concepts and misconccptiOD$

addressed by the problem have the biggest impact on conceptual shifts in the student

We often wish that our sludents learn some general analysis Icchniques that they can

apply in a univerul way. AJlloo often they attempt to memorize each solurioo as a

template. This is a futile effort because of the infinite numberofvariarions they must

lcam to become expert problem 501vas.. For eumple. say a physics teacher assigns 24



textbook problems and a 12-question assignment. Then he or she promises the students

that one question on their next quiz will be an exact copy of an assigned question.

Rather than work on aU these questions diligently many students will look up the

solutions in an answer manual or get tutors to solve these problems for them. Then they

will commit the questions and corresponding solutions to memory. When they take the

test, they win malch the quiz questions to their list of questions and then replicate a

memorized answer. What will they do with the unseen questions? Chances are they will

try to fit a different memorized solution to them without a clue about what they are up to

and what they should be doing instead!

With both problem.solving and inquiry clllT'icula, the key 10 their success lies in the

details. These programs may only impr-ove either autonomy or self efficacy but not

necessarily both. How we manage our classrooms and what we have the students do,

may be the most critical element towards curricuJum success. Hestenes (1992) criticizes

the "general cooperative" approaches, such as inquiry and problem solving, for failing to

promote reflective and critical thinking because they often lack a focus on student

misconceptions and their correction. Furthennore, reflective thinking often seems absent

in most inquiry and problem-solving approaches (Hestenes, 1992). Without such

planned refection time for the students one cannot expect them to change the conceptual

frameworks. Before we can focus on those critical details needed in any new approach,

we must agree upon the desired outcomes of a successful curriculum.

Curriculum outcomes.

We all know the three 1"'s ofcurriculum: transmission, transaction and transformation. I

believe the main goal of a good physics curriculum is transformation of a student's view

Fo..-I MoMIll.,lo.o 101....... tlory Colltt< r~ysiaCoo... 5



on the physical world. However, I must elabonite on the nature of the transfonnation I

seek or I wiJl be guilty ofignoring the details.

Almost any fonn of education will produce a tranSformation of some sort in a student.

However, I am not interested injust any change. [want to see a physics curriculum that

produces spedfic changes in our students. First, a good physics course should

emphasize the processes that scientists use to create knowledge (Hestenes, 1992). These

processes include the physical procedures used to collect data and analytical procedures

that control the data collection process. The analytical skills seem weakest in novice

physics students. We can easily teach the analytical skills through a modelling method.

Suggesting that the next transformation issue ofa good physics curriculum is bringing

students from a naive conception ofnature to a formal conception accepted by many

professionals in the field is r<:asonable. Many papers I have read allude to this theme as

a goal of a modelling curriculum. This process is not strictly in the domain of modelling.

1believe that it is more in the domain of classroom management. However, modelling

can serve as a focal point for causing conceptual change in a student. It is here wher<: the

precision ofmodeJling tha>ry and the art of teaching must mingle. The boundary

between these concepts becomes vague and illusive to both the teacher and student.

Making this boundary clear for the teacher may be a significant factor in the successful

application ofa modelling oriented curriculum. However, we can cause conceptual

change in many ways. In the true spirit of transformation this change has to originate in

and be controlled by the student. This means that modelling must be student-centred to

achieve the transformations we want. Ifthis occurs. students will have an increase in

their autonomy. One may consider this a positive side effect ofthe method.



In summation. a good physics cu:niculwn should lead students to act more like

professional scientists, i.e., good selfand skill-efficacy. I am not suggesting that all

physics students will tum into miniature physicists. All J am suggesting is thaI they

come 10 understand is some: small way how pbysicists view the world around them. lbat

is, what things make a physicist different from. fiction author. As they gain insight into

how the scientists behave, they will also gain insight into what scientists believe or think.

The purpose of such a curriculum is not to produce new scientists but dispel the

population's general ignorance of science.

Terminology.

Before I elaborate on what modelling might do for learning. I must iIIusu-ate: what it is.

lltroughout this thesis I refer to models, modelling, the modelling cycle, theories and

reality. It is important that the readerundCTSWlds how I use these terms when I write

and think.

Many modelling resean:bers share: I similar definition for the term model. Models are

tools that scientistS use 10 simplify reality when conducting research and solving

problems (Richards et al., 1992). Specifically models are representations ofhow a

theory exists in what we Icnow ofreality. Models might help us visualize the very

abS1r'lct such IS vectors 10 represent forces. Also, models provide 5imple and quick

icons ofreal things. In physics we use dots to represent reaI world objects such as

automobiles. Because models are representations of complex things and concepts, they

may only have the attributes with which we are most concerned. For example, a panicle

model reduces all complex objects to tiny points of mass that we can map onlO some

reference system. This model is good for 1l"anSlational motion. Things such IS an



object's colour and shape that may not influmcc motion, are DDt portrayed by our model.

In sc::iencewe may use many modds. Table I lists some: common types ofmodels.

Table I
Common Models in Seieoce Education

""""...Coacepl:Mapsa:CooccptWd;Js
VcetOrDiagrams
Iconic Models

G""'"Mathematical Equations
J-D Scale Modcls

While this list contains some common types ofmodeIs, I should also poinl out some:

classes ofmodels. Webb (1993) notes three wa)'$ to group models: concrtte. menial and

formal. ~temodels have a tanglllie nature and represent physical Stnlcture. 1lley

usually do nOI tell us much in a quantitative sense. Mental models are transitioDal

representations in our minds. They exist as mental representations that aid in the

tnmsformation ofoursc::hema ofrea1ity. Finally, we have the formal models. These

models are the ones we use to make predictions about nature. Often they are quantitati.....e

and depend upon mathematics for their structure. Such models do oot a!templ to

describe reality hut do predict the outcomes ofspccific phenomena.

Modc:lling is synonymous with the modelling cycle. These Icnns refeT 10 the routines

uso:l in creating a model. Howe",,=", the routine dctails will vary as a function oflbe

model one is t:ryina: to create. Usually a modelling cycle would begin with. situational

analysis, followed by the model development stage. Models can develop as products of

experiments. Once we create. model to deal with some phenomena, we must test its

soundness.. Finally we may deploy proven models ill related problems. When modelling,



analytical and aiticallhinkinl sblls are crucial

Theories and models are often viewed as interchangeable. Many lextbook auu.ors such

as Giancoli (1998) say that they are not. Models translate theory for direclcoroparison

to reality. Theories and laws are our ideas on howthinp exist in reality. Some

problems arise from such a defmition oftheories aDd laws. Tbcse problems arc:: the focus

of metaphysics and pbJ.l0s0pby. It sWlices to say I treat them as distinct ideas. For

example a frcc-body diagram is a model. The general interpretation of the free-body

diagram is oftcn Ihe Ihcory or law.

AI this point my dcfinitions have shiftcd ooto somcphilosophieal issues. How=.ilis

my opinion that one cannol ignore thc:sc: issues. An important issue is defining ~lity

and comparing it with objective reality. Barnett (1948) and many others claim dlat we

are incapable of observing an objective reality because we filteT all observations through

human~on. Many arguments show that our perception and experience s-ride what

we sec and blow. Th£rcfore, objective reality is mythical. Forpwposes ofintrmductory

modelling, we express reality as the tan81ble things and outcomes that SUlT'OWtd lIS.

However, one sbould not get hung up on this weak definition at this early stage:. I hope

loexplorc it indcpth later. Please recognize sorne functional models have no obtsCfVllble

connections 10 reality othef than real outcomes that match the outcomes prcdictc:d by the

model. For example. no CQC has seeD a lighl wave although we taUe about light as a wave

and haY!: made eort'e(:l predictions usina: this model. Ultimately our perception drcality,

models and theories are all a paI1.ofthe abstract. The challenge: is in learning to deal

with these abstractions.



Modelling curricula.

One may ask, '"What is the big deal about modelling curricula?" Modelling--oriented

curricula an: not new or indeed a curriculum. This idea should at best only be a

component of an inquiry I problem-solving curriculum. Modelling provides the details

that can cause transfonnation outcomes in the new curriculum designs. Without a

modellini focus new curriculum designs run the risk: ofbeing no more effective than the

traditional approaches.

When students model, they must actively auess a situation. They must distinguish

between what is important to know and what is trivial. To be able to decide, they need to

be aware of and control the direction oflcamina:. They eannotjust blindly do

laboratories. Students often do not interpret inquiry activities as we would Iw: them 10

(Richards et aI., 1992). Models help students relate experiment to theory. Pre- and post

laboratory analysis is critical to making the inquiry experience pul'J)OSduI. This is the

situational analysis that I referred to in the description of the modelling cycle. Modelling

can contribute to the success of inquiry programs (Webb, 1993). Another goal of

modelling is to create descriptive or caUS&1 models. This ioal should be perpetually in

the spotIiiht. Students need to know why such models are important and that their

efforts to create such models an: valuable.

This type ofcurriculum should relate mathematics and art 10 science in a mc:aningfuI

way. Teach the students that algebra, graphs, vectors and eventually calculus, are the

modeller's most powerful analytical tools. Using !hem in the pursuit of scientific

knowledge may add to the student's motivation. A result oftlUs should be !hat students

Ieam to crate solutions rather than fit fCllQJlas. M often seen. the novice student

F......-....I--,rc.-..""'*'e-.l0



engages a formula fining algorithm,. mindlessly checking a list ofknown variables and

unknown. variables to a list of formulas. Problem-50lving in a modelling curriculum

initially may be the same. Roweva-, now the student III11St compare novel situations with

modelled situations. When they make matches, they then undemand how to continue

with I solution.

Next, modclling-oriented curricula make students engage their critical thinking skills.

They must evaluate their models against reality. Also, modc:lling gives students a chance

to elrplorc their prcconecp~ in a IDl'ln scientific way. This can lcad to a change from

lhcir cvuyday beliefs to views that have become tnOf"C accepted by physicists.

Ultimately, modelling is. process that leads 10 some domain-specific. critical-drinking

slrills and improved scientific literacy.

Suppon for these claims is offered in Chapter 2 in the section on Modelling Curricula

page 29. [assure: the: reader that researchers such as Heste:nes, Webb, Wells, White and

many othen have verific:<l these: claims experimentally. Based 011 my literature search, I

conte:rld thaI itappean; that those students who model are better off than non-modelling

students. They lcam tnOt'C about scientific proc:ess, have a dc:epc:r undemanding of

conlent and learn the value ofcriticism better !han non modelling peers.

Tbe crux of my study.

In this study I examined the application ofa modelling cWTicuium as described by

Heslenes and Wells (1995) to an introductory level college physics COulsc. I explored

three: major questions:



The first tlting [wanted to know is iflbe modelling method as described by Hcstcnes and

Wells is applicable to introduc:torycoUege physics? One issue with the modelling

method is that it requires~ time than the traditional approaches. Many high school

modellcrs require SCVttl months to cover approximately 90% ofthc curriculum covaul

in a typical introductory college~I course in mechanics. At the college I~I we cover

more content than high school but pcrbaps in less dc1ail. Also, we cover it in thirteen 10

fiftc:c:n weeks. I suspect that this method Dccd$ radical modifications for- college usc.

During this study I looked for poSSIble modifications for efficiency and their impact on

the student's responsibility to learn. Remember that student-cetltred learning is a centnll

issue in the high-school application ofmodelling. It should remain a goal for the college

course too. So in asking ifme method is applicable to college I will want to know if

student autonomy increases.

At the coliCCe level, docs a modcl-bascd approach cause. g:rea~conceptual change in

students !han. traditionalleeture-bascd method? It has been shown that al the high

school \evel (Wells aDd HesteDC$, 1995) and eVttl elementa.rystudcnts (White, 1993)

who rnodcllcam far more than their ooo-modcUing counterparts. Ifmodelling can be

succcssfuJ.ly applied 10 the college levellbl::n (believe that superior conceptual changes

should result. Answering my first rescan:h question is nol enough. We need 10 know

that modelling al college is more than possible but that it is worthwhile.

Finally I asked how docs modelling impact the college teacher? During this explon.tory

study I trained an instructor- in the theory of models and modelling. This training was

similar to Dr. Hestenes's worbb0p5 except that [placed a greater emphasis on the issues

Wldcrlying IJK'delling. During the mechanics semester I wanted to~ ifhe adopted
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these techniques as a pan of his leaching practice. This WlLS done by observations and

informal interviews. Finally, I wanted to know ifmy tnining program changed the

teaeber's views and beliefs about models in science education. For this I used Smit's

(1995) teacher swvey on sci-=ntific modelling knowledge.



Chapter 2: Literature Review.

Introduction.

Earlier researchc:rs looked at several major themes in modelling pedagogy. The most

prevalent research is on the development ofmodelling curricula. Hestcnes's modelling

cycle. the MARS project and ThinkerTools are just a few such curriculums. A close

sec:ond in popularity u software evaluation, namely software that can serve as modelling

environments (STELL\, TbinkcrTools) or models ofextraordinary environments (the

Virtual Frog). Some resean:bcn wrote about thena~ of scientific modelling, while

others researched our know1edae and preconceptions on scientific roodel5. Finally one

an find a collection ofarticle$ that look at special and unique: aspects of modelling in

tcaching. These articles include how modelling improves the quality discourse between

students, its role in special education and the role of model clarity in learning. I have:

begun this chapter by reviewing those articles that help frame the nature of modelling, the

roles ofmodels in :s<:iencc education and the motivation for most modelling research.

Formal definitions.

I !lave already laid out some informal ideas about models and modelling. Most

researchers attempt to define these tenns philosophically. This is often found in a

preamble about modelling and what it is. Generally they all say the same lhing with only

slighlvariations.

1be flfSt question many rue~hcrs attempt to answer is, "what are models?~ ~A model



is a surrog1te object, a malta! andforcoooeptual representation ofa reaJ. thing (AndaIoro,

Doozelli aDd Sperandc:o-Mineo, 1991).- Andaloroet aL acknowledge thai this is no! as

precise: as some might wish but it is sufficient for creating a definition of modelling. I

belicve that it is also a good starting point for a more precise definition ofa model.

Richards et al. (1992) defines models by what they allow us to do and some: common

characteristics. He: claims models are constructs that aid in explanation and

undemanding, analogical devices, often visual, that simplify a situation. A model is a Sel

ofn.Uc:s that dcscn.bes Of explains lhepotential behaviour ofa system. (Richardsel aI.,

1992). Webb (1993) defines madelsas fonna.1 representations of problems, proc:esses,

ideas or systems. Models are never complete replicas ofthe modelled !rubject. However,

she limits her defmition by excluding models that cannot give precise representations.

Hestenes in a presentation (1997) said that "Models are units of coherently structured

knowledge used fOl'" analysis, description, and comparison ofexperience." From my own

experience I see that a definition ofa model is difficultwitbl:Jut putting it into context.

Many authors have defined models in the tc:nn5 of bow we use Ihem.&nd not about whal

they are. nus is similar to many fimdamc:ntal COIlCepts in physics, !ruch as enertY IlId

force.

Ifasked "What is a model?" I would reply that a model is a simplified representation of

either" a real world process oc object. However, I doubt that this is the definition I WO'.Ild

usc. My functional definitioo of a model would 5tart the same but I would include bow

one uses a model. Models are simplified representations ofreal world objects or process

that one can USC in situational analysis and to relate the implications oftheorerical

knowledge to observable features in the real world. In theory, net force is the only thing

that can change: momentum. In reality, we can.see changes in momennun. but nol the:



actual fOft:es resporuible. Using the vector as a model offorce and veetoranalysis

techniqucs. we can make pttdictions about the motioo. ofan object from our theory and

check them against reality. Most ofthc: researchers [have read woulclagree upon the

general usage thai I suggest. Often they address four uses for models:: a pre-ana.lysis tool

fOf inquiry, a post..-nalysis 1001 to validate the inquify, a tool to expl~ the implications

ofa thc:oryand as a guide for dealing with problem5 (Webb, 1993; AnIdaloroel al.. 1991;

Heste:oes,1987).

Otberrescatt:hcrs try to classify types ofmodels. II is here where diffEr'rnt researchers

have multiple meanings for some key ~pressions. Webb (1993) divic;les models into

three distinct categories: concrete, conceptual and mental. Concrete rr.:x>dels are formal

external representations ofpbenomena or objects. Most of the models: presented and

developed in modelling-orienled cwricula are of this type. ConceptuaD models are the

unifying themes and laws that concrete: model transen'be. Mental models ace: short-lived

models thai we use to ppple with newexpc:ric:ncc:s. Similarly, Andahro eta!. (1991)

write ofmental models as physical intuitions that SCfve as bridges bet-'eetl0U£ schema

and the: physical world. The DOtioo ofmental models as physical intuiaions is

troublesome. Both Andaloro e:t aI. and Webb view mental models as P-OSltioAe concepts in

leaming. However, it is physical intuition or common sense that most-often acts as an

moiter when learning physics. ODe's intuitive Icnowledae is often in o«mf1iet with

scientific knowledge (Richanis et aI.• 1992).

Nexl, many researcbcn address the question. "What then is modelling?"" Richards et al.

(1992) claim that modelling is a way ofthinking. While this is true. it is not particularly

informative. Modelling is a fundamental intellectual scientific activity lhat enables



people to simplify the oompleJtities ofthe real world (paton, 1996). My goal now is [0

illuminate these phases ofthis activity. According to Webb (1993), modelling is a six

stage process: identify the: target subject, define the purpose of the model, determine the

modelled attributes, develop relationships between the attributes, evaluate the model by

te:sting and examiningoutcomc:s ofthe modd in relation to its stated purpose and revise

the model. Hestenes (t987) proposed a four-stage cycle of modelling. The first stage,

called model description, encompasses Webb's fIrSt thrc:e points ofproblem identification

and detailed situational analysis. All of this is done from thepc:rspc:ctive ofa chosen

purpose. Next is the formulation stage. At this point a model is created using appropriate

analytical techniques and empirical data. Then one would de!c:nnine the implications of

the new model. Finally, one would apply this model to new phenomena and sec: if it can

increase our understanding ofthe wUcn.O\Vfl. Always, this model may be adjusted or

improved. In short, modelling starts with a real world problem, goes [0 an abstract

creation and explanation phase, and then is supported with real world observations

(Andaloro et aI., 1991). We declare: the modelling process successful if we create a model

that can: represent the studied experience, validate: the representation and continue the

exploration ofnc:wproblems (Andaloro et aI., 1991; Prior, 1986). Finally modelling

allows us to use imaginative visualizations and projections of problems (Osborne and

Gilbert (Webb, 1993». Table 2 offers a summary of uses for models in science and

sciencec:ducation.



Table 2
UsesforModels

simplifyreaIity
impose structure so connections aDd
patterns can be found
suggest new pen:eptionsofreality
relate theory to the observed world
reapply models to the real world organize
data around a framework
promote the constnJction of theory
facilitate the communication of ideas
(Hagget and Chorley (Webb, 1993)

One final issue that u; found in tbeP£CllDlbl.e ofmost modeUing studies is speculation on

the need for modelling in science edUl:3tion. Many reports have sbown that these

speculations are justified. Again these points are often presented as philosophical

arguments.

lbe need for modelling in science education can be broken down to two ideas. First

science should be taught all science is done. Scientists use modelling and model-based

reasoning to mala: the absnet coocrete, to simplify complex phenomena. to predict and to

eltplain mechanisms and process (Raghavan and Gluser, 1995). On reading this one

might rightly say that if the scientist does this, then wbynot have the student use model-

based reasoning? Modelling is a major technique in science where scientists try to create

the~ unifying theories (Webb, 1993). Modelling allows us to create knowledge and

teaches us about the DalUre ofknowledge. 1berefore, a science student should come to

appreciate this fact through the practice ofmodelling (Webb, 1993). When delving into

the unknown, scientists must have wa~ of seeking and creating new information. Rather



thanjust report what is seen scientists speculate on tbl: reasons why. These reasoning

games lead us to grealer tmderstanding than induction alone. It is only righl 10 show this

10 students, by making them play these modellini g:amc:s and 001 to tell them how the

game should end.

Secood, modellini is the critical element in conceptual change. When modelling.

students are in command oftbeirown learning, we give them the means to create

knowledge and learning. Tcachers guide students to the means to create Icnowlcdge and

not just the raw facts (Webb, 1993). A constructivist teaching cycle, as portrayed in the

Children Learning Science Project (CLSP), has five main elements: focusing student

attention on an issue, eliciting student ideas on the issue by encouraging students to

verbalize them., using situations that allow them to assess their ideas. applying new ideas

in a wide range of contexts and having students monitor their own learning (Webb, 1993).

The modelling process. cycle, meets these criteria. Modelling demands that the studenl

critically examine his or her idcas.. Niedderer, Scheclcer and Bethge (1991) claims that

model coostruetioo. and coocept fonna.tion go hand in hand.

I havepresenled the pttvious material because it tmderlies most all of the modelling

studies I have reacl. It also underlies my OWD research. From this point I will try to

presenl some significant findings thai have rome from the research studies I have read.

Scientific fluency.

One concern in many educaton' minds is scientific literacy. Norris (1997) suggested that

the general populace often defines scientific literacy as the ability 10 Wlderstand or

comprehend scientific information presented by expertS. In a ~tation ofhis paper on
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scientific litaacy Norris said that thi5 level ofscientific understanding is impossible, even

foclhe experts (Noms. 1997). He proposes scimtific literacy is our ability to nue a

scientist's certainty about hislber claims. We may then ask, bow can we .chicve this

goal? Practice: in modelling helps the student realiu that scientific knowledge is

manufacturc<1 and that the skill applied in its production relates to its reliability.

Another aspect of scientific fluency is the ability ofa student to express infonnation in an

effective way. Modelling can give leamC!'S the skills to clarify and present lUsiber ideas

(Webb, 1993). After all, it is a way of thinking and working in science. Keys(I99S)

studied the role of models and modelling in student discourse as a pact ofa post

Iabontofy analysis. Her study bad three pairs of varied-ability, ninth-gnde scieDCC

students write a collabcntive laboratory report. She fouod that models and modelling

guided the fann and content ofstudent discourse during these sessions. lbcir discourse,

which concentrated on ensuring group undentandini, was based upon their system of

models. Most researchers seem to agree that scientists express their ideas through

models. Students can also learn to do this by using: models as a focal point in group

activities. However, I will note that here, models are not the only factor that could

account for improved communication. Apparmtly, they will only help in an environment

where StUdent discourse is demanded.

Newton (1995) wanted to knowifthc te:xtual prest:n.lationofcasual models could help

bring students to accept them. Newton acknowledges that the fonnationofmodels in a

student's mind is Ultimately a result ofstudent effon. However, he argues that a text

description ofa particular model can influence the ease at which students develop their

own models of understanding. He claims that understanding in science: means being able



to take a generalization and apply it to a specific situation. His results show that the

description ofa model can aid adolescent students as they create their own mental models.

Models for light were used in this study. However, student motivation and effort arc: too

critieal to ignore. Also, he claims that a textual account is nol enough to lead to student

models. Unfortunately, he: did not examine these: other possible factors. Newton's study

does seem to provide evidence that contradicts our beliefs about textbooks. Often we

think that textbooks promote factual knowledge because authors cannot efficiently

explain procedural knowledge (Andaloro et aI., 1991). Newton's conclusion suggests that

textual accounts of scientific phenomena can playa role in a student's modelling

activities.

Modelling software.

This body of research supports much of the other research that follows. These researchers

have analysed the logistics ofsoftware that can promote and support scientific modelling

in the classroom. While important. they often place the cart before the horse. A clear

modelling strategy must precede the software and its deployment in a classroom.

Andaloro et al. (1991) focused on the role of simulation and programming as modelling

tools. They have a well-developed understanding ofmodelling theory and is very

contentious about the relationship between modelling theory and pedagogical issues

around computers. They caution us that computers can easily handle the most difficult

models we can create. The problem is making sure that the computer will help the

students' assimilate such models. One way a student may achieve greater understanding

of physical models is by writing or modifying computer simulations of these models.

Some, such as Nieddererc:t al. (1991), believe that programming is not the way to learn



phr.;ics, although physics problems may be good opportunities to learn programmirlg.

According to Andaloro etal. (1991), a simulation would allow a student to control the:

initial conditions of a model and observe the outcomes.. They describe a simulation as

application software for modelling. It is not a geneml purpose piece of code. Andaloro et

aI. pose two crucial questions at the start ofhis paper. First, how can we make physics

easier to learn? Seeond, what is essential to learn in an introductory course? Clearly they

feel simulations will allow students to develop descriptive modelling skills and

interpretation sIalis on model outputs. H~,details that control the: functioning of

the model may remain concealed.. I would wonder ifprogramming in macros could

overcome this shortfall? Another possible implication ofsimulations is their role as a

focal point for swdent discourse. Unfortunately, this study was purely philosophical. For

that reason we could not make any claims about the validity of the ideas eltpfCssed.

Richards et aI. (1992) also write about software simulations in scienu education.. Thrir

article has a general outline about modelling, a simulation pedagogy and anecdotal

descriptions of "The Explore System" simulation software for Macintosh. They do not

support the idea that model construction is fundamental in learning. Richards et a!. claim

that many students lack essential prerequisite skills for model construction. However,

they do not tell us anything about these students, e.g., grade level. Despite this. they

claim that novice physics students ean easily leam to use and analyse models. 5even.l

times they deem such rationalizing and analytical skills as critical for learning. Richanis

et al. states that st\ldents are unprepared for model construction because they lack the

complex mathematical skills and/or do not understand the modelled experience (Richards

et aI., 1992). However, I believe on this count Richards et aI. have made a slighl etTOf.

~ analytical features of'1be Explore System" use mathematical techniques such as



graphing and tabulating data. that are at the core ofmodels eonsltUctioo in an introductory

physics course. I think the real issue here is wbdheT oc not the students have the essential

experimental siems. Another critical element about using simulations is relating them to

reality, i.e., c:omparins the OUtcomes suggested by a simulation to the outcomes from an

experiment. In shon., they argue that simulations are an effcetive way to reap the benefits

ofmodelling when a student liCks essential modelling skills. This software is most useful

whaJ analysing phenomena and making comparisons to experimental situations.

1 will now introduce a different class ofapplication software fo~ modelling. In the late

1980's High Performance Software developed STELLA, a dynamic modelling software

(OMS). Niedderer et al. (1991) and Scheeker (1993) have attempted to assess and apply

this program to ph)'$ics education. Unlike simulations, students must assemble a model

on the computer" before they can analyse it. STELLA uses five icons, Figure 2:1, to

construct formal models that appear as concept maps, Fisure 2:2. Each icon has a buill-in

mathematical process such as rate function, variable name or user defined function.

Students can tun these models 10 generate graphs of the key variables as a fimction of

time. The advanlage ofthil system is that the student can coo.str\ICt relationships between

key variables. They may even control the exact nature of the relationship, e.g., linear or

squared. The drawback: is that these models often require !ha.t students know a

relationship such as F - aaa before they can CODSIrUCt models ofreal world situations. As

a deployment tool, the dynamic modelling software may be eltlremely useful but as:l

creation tool it is no better than a simulation. The main advantage to STELLA is that it

can show bow a chain of concepts are related, e.g., force effects acceleration, which

affects velocity, which detennines position. These chains allow us to examine very

complex situations withoul getting lost in the mathematics. Other advantages oflhis



program mclude thai models can be sa\'ed and shared 10 promote student-<:entred learnmg.

discourse and allow for model ~V1slon, Nieddertt et a!. used Ihls software on 16 - 19-

year-01d German studenls and clalnlCd Improvements In the phYSics lhey learned.

However, they only provide quahtatlve cvidence as to the effect ofmode1ling on

STELLA. In 1993 Schecker wrote a repon that summanzed the advantages of STELLA

In the classroom and cormnenled on how ....'C should teach from a modellmg perspecllve.

Both Nledderer et a!. and Schecker ha\'e suggested a modelhng cyde Wlth Slnular stages

10 Heslenes's eycle.
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Around the same time Dynamic Modelling Systems (OMS) made their first appearance,

an early spreadsheet was developed called Ihe Cellular Modelling System (CM$).

Hol1and (1988) tried to compare dynamic systems witb the Cellular Modelling SyslCm..

This repon was tike m automotive review between competing sedans. ln his repon be

claims that computers are ideal for modelling because the5e machines can serve as

flexible platforms for our ideas. He argued that this teclmology would be most useful if

we: can get the: student to use it as is. Before this. modelling on a computer required

knowing how to prognun. This task is SQ difficult 10 master al first, he: suggested, lhat

students mode:llina: by writing programs would lose si&:ht of the physics they WCI"C creating

and become: focused on the: code: lhe:y were writini. 1bc: OVCf1lll gist of his article: is that

OMS ofthc: day lacked certain features about the: display of data and infonnation. This

amounted!o an ability to explain and dc:scn"bc: the te:mts in the mode:l !o an end user. He:

wro(e: his CMS to compensate: for tbc:sc: problc:ms. However, he: wrote: this for the BBC

machine: (a once popular British computer in tbc:ir public education system) that ha$

become: obsolete:. FW'tbc:rmorc:, modem OMS and spreadsheets have made: great mides in

correcting their early de:ficiencies. Holland gives one: final note regarding the role: of

c:xperimcntl.tion and CMS. He says thai relating the outputofCMS (army modelling

SQftware) to rcal experimental outputs is important.

In 1993, We:bboutlined the: findings of the Modulus Project regarding studeDt computer

use and modelling. AI this time: she: c:xaminc:d five families of modelling software: OMS,

Spatial Distribution (SO), Qualitative Logical Rc:asonina: (QLR), Probabilistic Event (PE)

and Data Analysis (OA). OMS requires the construction of relationships in iconic

diagrams and more importantly the writing ofmathe:matical statements. Often students

cannot handle: these mathematical problems. Either through STELLA, spreadsheets or



other prognms this form of modelling proved too advanced for middle-school children..

However, Model Builder, which has the analytical abilities of a OMS but uses fewer

abs~ models, i.e.. it focuses on the objects andnotjl.lSt the intenetions, proved better

for this age group. SO systems iIlustnlte the positioo ofobjects in space and their

pby$;ical motion. Such packages are helpful in the studyofph)'$ics. PE systans focus on

the basesofa model and not just its outcomes. These packages are often used in genetics

research. Again she states that these are far too complicated for use in middle schools.

QLR systems do not have quantitative outputs as do the previous modeUing systems.

While they do not help students generate formal relationships, they can be used as

simulations that can help develop a student's scientific intuition. Students can choose

their hypothesis, apply logical reasoning and draw conclusions. At the time, programs

such as Prolog wen: not graphical. Thus, it was Wlinviting to student users. The notion

behind !his type ofso!lware seems promising but it needed further development. Finally,

she examined DA packages. While such S}'$!emS do not provide information about

making models, they can help students d~lop certain analyticallools to ct"eate and

Yalidate fonnal models. 0Ycral1. Webb (1993) CODl;ludcd that the OMS approach IVa$ the

most useful at middle school but it needed refmemmt.

Webb (1993) concluded that STELLA was easy to use and the students had no trouble

with the interface. However, it was not helpful when it came to lII'Idcntanding the

underlying principles of modelling. That is the justification of tile mathematics behind

the models. She also examined the eMS that Holland designed. It was better at showing

the imponancc ofmathemarics in formal modelling. However, its abstract nature was

troublesome to the students. She said they would resort to paper sketches to illustrate

th.eir models. These two systems lead to the CleariOD of the Model Builder, a program



with the gaphicalabilities ofa OMS wtule using the descriptive fea-wres of the CMS.

The Modulus Project lested this program on level eighl students in Brita.in. Students

created descriptive and pl"cdictive analogies for thermal regulation in humans based on the

similar-regulation in a typical bouse. However, Ibis paper was a software review. The

effectiveness of the Modulus Project was evaluated in another articlc.

One might ask why I am looking at information lechnology when my interesl is in sIDdenl

modelling ofphenomena? The simple answer is one: cannot ignore the current push 10 use

IT in the academic environmenL Having a basic undemanding of what is available is

important forteacben. Now they can decide iftbc software is useful. It appears 10 me

that frequently simulations and modelling software do not contnbute 10 the creation of

studenl models. 1bescpro~arc more cffective as validation and deploymenl tools.

Programming is not cooducive 10 learning physics because one has to learn to program

bcfOfe one can understuId the ph)'$ics beingpro~. Therefore, application lypC

software appears to dominatc the lilernture. Two CJWIJPles of more useful software for

modcl construetioo are the data analysis programs such as Graphical Analysis and modem

spreadsheets. Anothe:r important point when using modelling software is to keep in mind

the pmpose the program must fulfill. When it comes to model creation,.students need to

control the collection of data, data analysis options and undentand how to intCfPl"CI the

data. Thcse arc functions oflhc student mind. The software must only aCI as a platfonn

to conducI $lICh tasks, and nol to remove them from !be studenl"s hands. A final point that

is univenal to alllbc software reviews is the need for an interaction between the computCT

models and reality. A student needs to know that implications ofa mtldel must be cvident

in naMe. Otherwise, the modcl is nol uscful.



Modelling curricula.

A major focus ofmodclling~h is on developing student<c:ntred., model-based

curricula. T~chCf'S must be eJrPOSCd to the different developments in this fidd. They

must get a working knowlcdae on how to teach via modelling.

Science u model buildina: was a majO£ theme in SteWUt, HaIDer, Johnson and Finkd's

(1992) study_ Stewart and his coborts devised a eomputerizcd modelling unit for

introductory geneties. This unit focused on problem solving in gcneties through model

n:vision. The unit had the classic marlcings of the modelling approach, i.e., showing

students the contents of basic genetics through strategic student<c:ntted learning and the:

true: natlJfe ofscientific knoWledge. Learning came: through mirroring the: practice of

science. i.e.• pose a problem, invoke a solution based on a known model and then public,

though not peer. defence of the solutioo...

Four high school females and two males who displayed some COmpelc:ncy at basie

genetics were selected for specialized training. The training included thinlcirlg aloud

while problem solving and thinking in the 1eml5 of basic genetic models. Each participant

had sevenLl50-minute periods to praetice on familiar pl'oblems. The remainina: three

periods were used to explore new, often. student-aenerate:d. problems in genc:tics. For

example, given that ecrtain genes exist in a popu1arioo what is the likely outcome in the:

next genen..tion? Students would describe the genetic makeup and present ehaBcte:ristics

of the offspring. They would have to use prede:tenninc:d models or invent new causal

relationships to uplain the outcome: of problems. Finally they would need to assess the

acccptJ.bility of their rmal models, i.e., Do their models merely explain or ean they make:

predictions? One rescan:h problem was to see how the studeDts accounted for anomalies
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between their models and the experimental outcomes.

Stewart et al. colleeled data with a tracking modelling software package, audio recordings

ofstudenu' descriptions oftbeir thinking, post problem inlerviews and student notes.

They were looking for successive model revisions in aD evolving situation. student

justification for actions, sequencing of student action and overall problem solving trends.

Their analysis procedure has been independently tested and verified.

-Model revising JXOblem solmg is a complex and challenging endeaVOW" that inyolves a

highly coordinated search between aD experimental space consisting ofall possible

crosses and a model space in which explanatory models are evoked, revised, tested and

evaluated (StewanetaL, 1992).- This attests to the nature of the student's task. This is

apparenlIy true throughout the data. Tbough a complicated process Stewart ct II.

discovered that problem-solving usually leads students to solmd models ofeither an

accepted or alternative branch ofgenetics thinking. Next, student revisions were

cumulative over many problems. Finally, students typically found that model adequacy

depended on the model's explanatory nature and not its predictive nature.

While this study addresses the aalUre ofstudent thinking, Stewart el AI. acknowledge the

need for other types ofleamini research. Namely we need to study the role of persuasion

in student-ec:ntred laming, modelling as a cooperative activity, and the teacher's role in

this process. These are issues tackled by many other rc.searcbcrs..

The first article that I read on modeIIingcwricula was writtm by White (1993). She

proposed that pre-formal-operational studenu (sixth-gradcrs) could learn to make and use



sophisticated causal models. Srudeots would creale and employ alternate representations

offOICC and motionou a program called '"ThinkcrTools." -ntinkerTools" has a clear

cnte::nainmmtvalue. ltisslfUctlJredasag:amc. Afta"studcntsgainadegrccofcxpcrtisc

in using these models then they will apply them to raj world problems.. The~ to her

curriculum design is enhanced CQIlccptual undemanding and then linking new ideas to

cxpcricnec. Aecording 10 White, modelling cunicula should do three things. First.

students must develop generally applicable (abstract) models. Seeond. wtule doing this,

they should learn skills imponant in constructing models. Finally they must link their

abstract models 10 the real world.

White's instructional cycle includes a motivation phase, model evolution phase,

formalization phase and transfer phase. The motivation phase allows the students to

analyse the problem situation and make predictions aboul the fururc. NCJtI, models must

evolve, i.e., students must make models that they can use to predict the behaviour of the

dot object. They then conduct a test and evaluate their models. In the third phase

students will derive formal rules to predict the behaviour of an object under the influence

of different types of impulses. In the last stage, students will apply their new rules to real

world problems. This currieulum cycle shows many similarities to the modelling cycle of

Webb ( 1993) and Wells and Hestencs (1995).

White's force model is the dataeross. This is a device that can represent the size of the J;

and Ycomponent of a nct fOfCe. Moving objects are dots on a screen. Their motion is

shown as a wake of small dots, placed at equal intervals. The wake looks like a ticker

tape output. Finally, small arrows appear on the dot object when impulses are applied.

The arrows point in the direction of the impulse. These are illustrated in Figure 2.3.



Motioawake.... •• x
Figure 2.3: White's datacross and motion wake

One class was a pilol group wilh $tlIdent-<:entled lcam.ing. Ofthc other four. two wen:

control groups (37 students) and two were expc:rimentai (42 snadents). All students

studied introductory mechanics for 2 months with 4S minutes of instruction per day.

Finally, "ThinkerTools" swdents were compared with high-school swdents starting

mechanics. Forty-onc of the hiih-school swdents had done mechanics while 4S were

starting mechanics. White obtained her data from clusroom observations and three

written postteSts. 1be test (eatured analysis ofmodcls (or implications md translation

into English. Also,the tesU looked at tnnsfero(model knowledge to real world

problems. lbe first two examinations showed that understanding a model is a

prttequisite to learning. genen.llaw.

The lhird test looked at principle-bascd reasoning and not constraint-based. algebraic

problem-solving. Two-way ANOVA showed that modelling had a sianificant effect on

scores (P < .00(1). While cbose ll'aining and Sender u (actors o(interesl. Her results



clearly show no interaction between training and gender. She also shows that being older

or younger was not a factor.

As shown in Figure 2.4, grade-six "ThinkerTools" students were bener at transfer

problems than high school students. However, While does acknowledge that other

reasons such as age, training styles, and selection, may account for the difference. Three-

way ANOVA compared the grade six students based on the factors of training, gender and

ability (according to the California Ability Test). Again no interactions were found.

White found a high correlation between the test scores, treatment and gender.

ThinkerTools
Performance on the transfer lest

•Female

Ill.

Figure 2.4: Performanee results for White's study

The overall conclusion is that even young children can create models that help them

explore the way the world works. While mathematical models were never created, these

grade-six students did come to a clearly Newtonian explanation of the causes and nature

of motion. More programs of this sort may help prepare students for more formal

reasoning in high school.

The Modulus Project was an attempt to develop computer-based modelling across the

ror.... IMod..llnll... I.lrodu.loryCOII~.P~ysl.. C....... 32



cwriculum. Webb (1994) used this project to set the pis and ~uisitesfor primary

school modelling. While she did not assess the success of this program, she used

classroom observations to WlCQver the factors contributing to the success of some

students. First, she stated that students at the primary level often need to learn qualitative

cause and effect models. Mathematical modcls come after students understaJld how

causes and dependencies are SOI1ed out.

While Webb does state that this was not a perfect program it is intriguing because it starts

with young children. The fact that these: 9 to Il·year~ldchildren can begin to model is

quite remarlcable. Using in<lass observations., she found that succe:s.sfUI modellen used

multiple resources, kept cros.s-f'Cferencing reality with lhcir models, kept on task, used

language precisely. worked in an orderly manntt, spontaneously engajed in inquiry,

looked for flaws in their own models and used models as problem solving templates.

lbose who were less successful at modelling failed to achieve these behaviours.

The MARS Project was another American modelling project. During 1993 and 1994

Raghavan (1994) piloted a Model-bascd Analysis and Rc:asoning in Science curriculum.

This program was intended to get~ children to use diagnmmatic models to help

understand and explain how or why tbinp happened.. The~bersused posttests on

the children, classroom observations via video. studenl work: and studenl interViews to

rmd the effectofmodel-bascd education. While this research is only at the preliminary

stages, the researchers felt thai they had evidence showing outcomes and consequences to

such an approach. First, modelling requires more time and covers less material. Next,

spontaneous use ofmo<iels requires experiences where models help concretize the

abstract. Thirdly, most novice students view models as copies ofan original. With



practiec: they learn that models are lOOls fOf making real-world predictions. The founh

and fmal point was thatstudent-«:ntr"ed learning was critical to the program. Teachers

serve as facilitators by challenging false student ideas, and directing sNdent attention to

model incoru;istencies.

Before I present Hcstenes and Hallotm's wcrl; I must point out that RaJhavan's study is

not clear cut. We are not told much about the students involved except that they were in

five different grade six classes in subW'ban Pittsburgh. Nor does the researcher suggest if

this curriculum improved the children's learning.

The last reviews ofmodelling curriculums will be 011 those of Hestenes and Halloun of

Arizona State University. TIJcsc: researchers along with others have been trying to address

the problem of designing a physics cuniculum that addresses student misconceptions

effectively. Their research began in the early eighties and continues today. Originally

they tackled the problem. ofUDdcnlanding students' conunon 5C1SC views of the wwid at

Jarae- They devised .. conceptual mechanics test that tested specific problems and offered

Newtonian, Impetus and Aristotelian solutions. Lattt this test evolved into the Foree

Concept Inventory (FeI), which is an effective indicator of students' concepnw

understanding (lialloun and Hestenes, 1985) (liestenes, Wells and Swackhammer, 1992).

[t also can SCfve as a gauge for the effectiveness ofa physics course. Based on the FCI,

lhese te$eltChers developed .. mathematical mechanics test. The Mechanics Baseline Test

(MBn assesses student abilities to solve problems with various mathematical techniques

such as graphing and formula analysis. After designing these insttumenlli they then set

about to explain how student answers to the questions could be interpreted. The final

phase oftbrir research is to develop .. curriculum that causes a significant conceprual shift



as sbown with tbese or other insttuments..

HallOW! and Hcstenes (1985) set out to study the effect ofstudent rrnsconceptions on

learning physics. Unlike previous studies about rrnsconceptions they inlended to look al a

broad range of mechanics misconceptions. To do this, one needs instruments for

galbering student beliefs. The fint instrument developed was the Mechanics Diagnostic

Test. This was a cooccptual multiple-choice test on motion and its causes. The

dislrac:tors were based on written answers given by a thousand students to the same

questiClf1S in a protOtype: test. Once compiled as a multiple-choice test they gave it to

several physics professors and gtaduate students. These professors and students checked

these questions for accuracy and correctness based 011 Newtonian principles. All agreed

that the questions were well-framed and the correct aflSWet"5 were correct. Next. novice

students were interviewed and asked to interpret the questions and distnetors.. None of

these students showed any misunderstandings about the: meanings ofeither the: questions

or answers. Afkr this, the researchers inlerViewed different students, who also took the

test. This time the goal was to see if the answers on the test were random or thcir true

beliefs. Most students persistcd with answers that were similar to their choice on the pen

and paper test and did not show signs of getting the right answers for wrong reasons or the

WTOIlg answet'" with Newtonian reason. Finally, thecornpari$Ofl between the oriainal

opcn-response test and the final multiple<:hoice test showed that both would get at the

same beliefs. Also, they used the Kundc:r-Richudson Test and got a 0.86 and 0.89 pretest

and posttest coefficients. 1bese high coefficients suggest high reliability in the: test.

Finally Hake (1998) determined that the probability ofscoring higher than 20% on the

Fel through random guess was low.



In the: late eighties and eariynineties Hestenes. Wells and Swackhanu:nef (1992) sought to

improve the: Mechanics Diagoostics Test. TIle result was the Force Concept Inventory

(FCI). The authors of the FCI used overbalftbe oriJinaI MDT questions. To ensure the

validity of the instrument Swaclchammerrepeated the tests done on the: MDT by having

the lest reviewed by experts. Also, be interviewed students who took the test 10 ensure

they understood the questions, all possible answers and did not choose correcl answers for

non-Newtonian reasons or incorrect answers based on the rules of classical mechanics.

While Hesteoes and Halloun developed the MDT, they also developed a pure

mathematical skills diagnostic: test. Eventually, this test was replaced by the Mechanics

BuclineTest (MBT). The MBT examines tbe mathematical components oCthe ideas in

the FCL However, the questions are st:ruetw"ed such that merely knowing the formulas is

nOI enough 10 do well. Consequently, I believe thaI both the FCI and MBT are valid and

reliable instruments. 11ley have gained wide spread use by many researchers throughout

the world. In many studies pre- and post-lest grades have been following very repeatable

patterns. This is despite the wide variation in teachers and locations (Hake 1998). These

repeatable outcomes also lend support to the validityoCthc:se in5troments.

Hake (1998) has studied the fCI and MBTbecau.sc: be used it as a partofhis studies on

interaetive-engagemen[, including Hestenes modellina study. He bad five things 10 say on

the validity ofthese tests. first is that adequale lesting on question ambiguity and

motivation for responses have been done vii teacher and student inteTViews. He feels the

questions and correspondina: choices are not misleading 10 the student. Furthennore, the

answers are usually chosm out of some conviction in the student's mind that it justifies

the scenario. Secood, he does POtsce teaching 10 the test as a factOf, considering how
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