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The utilizacion of cognirive ggdialagmﬂ theory and Encimgs from
research to inform the design of instruction is illustrated in this paper.
Physics le-:.mmg studies demonstrate thar students’ pre-instructional world
knowledge is often logically antagonistic to the principles of Newtonian
mechanics taught in inrroductory physics. Under these conditions
psyehn!agnal theory predices thac learning will be inhibited, 2 predictica -
consistent with both the experiences of physics teachers and the resules of
empma! m\rsugnn:n Informed by cognitive research on problem solv-
ing, semarntic memory, and knowledge acquisition, instruction has been
designed o encourage the reconciliation of world knowl=dge and physics
content armong beginning physxs studencs. '

Most science textbooks ean be criticized by drawing
mreavon 0 the fact, . . .chat thse books are
chiefly concerned with the saremenss of rensio.
Lhuﬂythem‘%ﬁ:rﬂmﬂﬁimpmm:he -
beginning of the textbook. A rextbook in physics
begias by teiling about malecules and dhe connitu-
" tipn of marcer or by giving iwoine of the mmow com-
pectly formulared smarrmena abour the principies
of mecharmics . . The degree of enthutiasm of
the otdinary smdem for these inuodustions which
e gens in the textbooks is very slight indeed ..
The student, confroned by these verbal :ddmans
tw his experience, gens inco !.b:h:bnaf:hmbn[af
zience 33 verbal additions to experience, and he
Eﬂ.ﬁﬂylﬁmdﬁ:ﬁrﬂlmdkxydﬂnmm
t the rime when the teacher demands chen~
(udd, 1913, pp. 334. 336)

Incroduction

One récent gend in cogritive psychology

has inereasingly focused the atrention of

‘researchers on learning casks representative of.

those which students encounrter in school in-
gruction (Greeno. 1990). Developments such
as this hold the promise of an improved

. theoretical basis for instruction. A theosetically
" organized and systemacically verified
psychological . faundatmn is an css:nual

The :ddrst of Auﬂn:y B, E’ﬁ;rnpgn: s Learning

" Research and Development Cenrter; University of Pirs-

burgh: 3939 O'Hara Sueeu: Flr'stm'g,h PA 13260.

-will be designe

. frmates
-t:ag‘mm: state of an ¢ expert in .,he field (d‘h:
ideal state). . ) B

requisite  for aff:;:iﬂg substantial  -im- .

provements in instruction. However, the ex-

sstence of such cheory offers no guarantee thar
instruction systemaricaily and veridically incor-

porating principles derived from the theory
- A necessary condition for che
systemacic :pphcztmn of  theoty to instrue-
tional practice is a science of design as
“...a bady of intellectually tough. analytic,
partly formalizable, partiy empirical, rechnical
docerine abour the design process (Simon,

. 1981, p. 132)."" Only when a science of in-

strucrional design exists will che design process
cease to hide b:hmd the coak of **judgment’
or ‘‘experience.”” -

This areicle i3 motivated by the need to
make explicit che desigc process as it ;pphﬁ 10

_the design of instruction, explicic dﬁr‘;‘xpn@n

of the process being a necessary first step in the
developsient of 2 science of instructional
design. We describe how we have applied the
theory and empirical findings of cogaitive
psychology to devise a course of action zimed
ar changing an existing situacion incoa desired

one (Simon, 981, p. 129). Specifically, the- -
" eourse of action is che i instruction, the existing’
situation & the

cogriitive  siate of the

5

uninscructed student, and che desired. situa-

m:m 52 s:udent $ cognitive state that approx-
ified. f:::urs characteristic of the

Copyright 1982 by Division 13 of the Aroerican Psychological Assecisrion, Inc.
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‘The design process to’ be :z‘pﬁ:;:eﬂ in chis

..ﬁ'u: dglgn of instruction. Cenrral to ﬂm pro-
“eess is the analysis of customary inscructional
tasks for the purpose of specifying the underly- .

ing cognitive processes and structures chac are
necessary for the successful completion of the
k. The specificacion of these processes and
structures for a variery of school subject-marter
dormains represents an important _part of the
recent empirical findings of cogaitive science
research. Thur i derailed process and soruc-

tre descripuons appear to be helpful in

designing inseraction in physics (as we intend
tw demonstrate), chey should also be hzlpful in
designing instruction in other domains.-

We begin by . describing . the pmfuéi ;
relevance of the instructional problem thar in-
terests us, namely, studenc difficulties in the. -

learning of classical Nmam;ﬂ mechanics.

’ T’he Inmm::iaﬂs,l Problem

There isa gener:l agréement among physn:s
instructors and students thar mechanies is dif-
ficalt o teich and:to learn (Kelody. 1977).
Students *have difficulty ' comprehending
dassical mechanics, and physics inscrucrors
often express disappoinument with the out-
come of their efforts ro instruct students 'in

- classical mechanics. This instfuctional problem

L}

has been discussed at length in the literarure of
physics educarion where various underlying
causal factors contributing to the problem have

been suggested (Gemson & Primrose, 1977

Halley & Eaton. 1974; Hudson & Mclatire,

1977). Two distinct perspecrives on this learn- |

ing problem are idenrifiable. . .

One perspective assumes chat lemnng 'dif.
ficulties occur when the learner’is deficient in

- skills which are assumed to be prerequisice to

the smdy of physics (e.g.. Arons. 1976:
Renger, Grant, & Sumherl;nd 1978). The
other perspectivz links the observed learning
difficulties with the fact thar srudents coming
to introductory physics courses have firmly
embedded conceprualizations of how and why
objects move, and chat.chese conceprualiza-
dons are in clear conflict with the canonical
view of thac subject-marter domain which the
student will be required to learn. One line of
science educarion research, and psy:hmngnc;l
resezrch on semancic memory is particularcly
relevani o the second perspective. -

CQBEEPHQH

' 'Research Background

Pre-iussruétional Knowledge and Students’
Interpretation of Instruction

The research we cxamine furnishes a context
for describing che Eﬂscmg situacicn, - the
uainscrucred student’s cognitive state, and
distinguishing it from the desired siruation.
Various empirical studies conducted by science
educarors (including Brumby, in press; Driver,
'1973: Driver & Easley, 1978; Fleshner, 1963;
Guastone & Whice, 1981; Lebouter-Barrell,
1976; Rowell & Dawon, '1977; .Singer &

Benassi, 1981; Vieanot, 1979) and
. psychologists  (including Clement, 1979:
Green, McCloskey & Caramazza, 1980;

Selman, Jaquerte, Krupa, & Stone, in press)

demonstrate that, for several science conrent
= - - t

1. Students have descriprive and  ex-

planarory systemns for scientific phenomena

that develop before they experience foﬂ'ﬂ] :

study of the subject.

.. These descnpnve ind explanatory
sys:ems differ in significant ways from those
the students are expected to learn as the -
resule of forma! study.

.- 3. These alternative conceprual systems
show remarkable tgﬂsmerxﬁ 2cross dw:m:
populatiens.

. 4; These alternative conceprual systems are

. rernarkably resistant ta chznge by exposure -
to traditicnal instrucrional methods,

5. Thg:s’: alternative coneeprual sgsttms are
not fEEJ.LLtEUVE to thz l:::ni.ng process.

E:;gnpl: c:p:nmenr; ‘and espr:s:mn r:::)
in the context of the conceprual scheme
they ﬂn‘renih hold, not the one thart the ex-
periments or the texr are designed to
convey. -

These effects are particularly steiking in the
context of mechanics where prior to formal
instrucrion young p:apl: and udults have a
of motion that is more

5 L
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& iy’ than Newtonian (Champagne,
v -afer wolomon, & Cahn, 1980; -Clement,

=3 Dver, 1973; Driver & Easley, 1978;
igbmuter- Barrell, 1976; Singer & Benassi,
981, Viennor, 1980). Other research findings
sn®™ ".aat remnants of the Aristotelian concep-
it persist with many *‘successful'’ physics
svrdents, that is, with students receiving high
#ades in introductory physies courses (Cham-
sagne, Klopfer & Anderson, 1980; Gunstone
& White, 1981). This research provides em-
pirical support for what physics teachers have
long observed. namely, thac waditional in-
struction does ‘nor facilitac= an appropriate
reconciliation of preinstructional knowledge
with the content of instruction. (Ausubel,
Novak, & Hanesian, 1978). -

A study by Leboutet-Barrell (1976) indicares

that high school and college students have -

misconceptions about for~e and motion which
persist despite instruction. The misconceprions
are described as pre-Galilean. !n 2 study by
Cole and Raven (1969) with 12 to 15 year-olds,
it was necessary to give the srudenes ‘‘oppor-
tunities to reject irrelevane facrors in
understanding: the principle of flotarion."
Rowell and Dawson (1977) also explicitly con-
sidered common misconceptions when design-
ing instruction on the law of floating. Despite
efforts to refuce misconcepeions in instruction,
some misconceprions persisted. Instructional
work-by Fleshner (1963) in the Seviet Union
“indicates thar students’ intuitive idéas may co-
exist with ideas derived from instruction. In 2
study by Driver (1973), 11 and 12 year-old
students were incerviewed prior to, during,
and after instruction on severzl ‘topics of a
physical science course. Although -alternative
theoretical frameéworks to explain observations

were incroduced to the students and used dur-

ing the instruction, Driver repores that
counter-examples and conflicting evidence did
not produce changes in studencs’ thinking.
Our own work (Champagne, Klopfer. &
Anderson, 1980: Champagne, Klopfer,
Solomon. & Cahn, 1980) has demonstrated
" that prior knowiedge affects scudents’ com-

prehension of science instruction. We have

-been particularly incerzsted in the- difficuley
_thar beginning physics students have in learn-
ing classical mechanics. Our research: has
demonstrated that it is not the students’ lack
of prior knowledge which makes che learning
of this topic so difficule, rather their con-
flicting knowledge. They come 6 instruction

with well-formed notions abour the motion of -

objecrs — potions that have been reinforced by
their experiénces. However, their notions may
stand in contradiction 1o the tenets of classical
physics, and these notions tend to interfere
with or unhibit the learning of mechanics. This
research demonserates specific ways in which
students’ conceptions influence (a) their
uaderstanding of scicnce texts and lucrures, (b)
their observations, and (c) their interprerarions
of their observations. Often rhe influence of
the studenss’ concepdons is to inhibir cheir
understanding or distort their observations and
incerprerations of experiments. '

Other research (Champagne, Klopfer, &
Anderson, 1980) demonstrates that the belief
in the proposition, heavier objects fall-faster
than lighter objects, is not readily changed by
instruction, thus demonstrating the strong in-

. fluence thar prior knowledge has on the effec-

tveness of instruction — in this case the prior
knowledge having an inhibiting effect on lezr-
ning. In a study of beginning college: physics

. students, abour four students in five believed

thae, all other things being equal. heavier ob-
jects fall faster chan lighrer ones. These resules

‘were paruculatly surprising since abour 709 of

the students in the sample ‘had studied high
school physics, some for two years. A chi-
square test showed char studencs in the sample
who had studied high school physics did not
score significantly berter than those who had
not. This finding has been replicated in
follow-up studies. . .

In a report of 2 similar study of the
knowledge of gravity possessed by beginning
first-year-physics students ar Monash Universi-

ty. all of whom had successfully cdmpleted rvio -

years of high school physics, Gunstone &
White (1981) conclude: (2) **: . . srudents
know 2 lot of physies but do nor relate it to the
everyday world;'’ and (b) *’In many instances

- the students used mathematical equations to

T Asistotle considered rest o e the nawral seare of ob-
jeces. In the absence of 20y cause, an object does nor move:

wnversely. when an object is moving, it mus have been -

caused, usually by 1 torce. Ariscotle 250 argued thar the
sperd of an objer is direetly proportional to the force ac-
ting on it. and iaversely propormonal 1o che resstance of
the mediim through which the object is moving In che

- Newtonian physics.of waday. it is srated char 1n object will

@nsinue in its exiszing state (erchet ar rest ar moving with

constant speed (0 a straight linef valess it is acted on by a -
nzs foree. The acceleranion of the object is direetly propor- -
tional to this net foree and inversely proportional e the

mess of the objeet.

6
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explain predictions, though often inap-
propriately, which indicates thac they had loss
of physics knowledge to hand [s&] buc were
unskilled in secing which bit applied to the

~ given situation (p: 299)."" In their conclusions, _

Gunsone and Whice note char * . . . much
more arrention may have to be given to in-
tegrating the knowledge acquired in school o
general knowledge (p. 298).” ’
The difficulry is compounded by the fact
thar many of the terms used in classical
mechanics are also used in everyday life —
verms such as acceleration, momentum, speed,
and force. The meanings of these werms as used

by physicists are quite different from the way .

" in which they are used in everyday life. Thus,
we observe that students misinterpret
mechanies instrucdon because dhey incerprer
physics lecrures and textbooks in the context of

their everyday understanding of the terms

racher than in the way in which the teacher or
text is using the rerms.

Theorssical analysis. These descripdons of
the interactive effects of knowledge on
understandiog are consistent with findings
‘emerging from cognitive psychology that
demonstrates the impact of existing knowledge
in merory on the comprehension of rext
(Andersoa, Reynolds, Schallerr, & Goez,
1977: Bransford & McCarrell, 1974; Lindsay &
Norman. 1972). This research demonstrates
_‘thac all incoming stimuli which are
. remembered are subject to reorganization by
the learner. The incoming stimuli are primar-
ily restrucrured by the learner in terms of the

learnet’s own past experiences, and only secon- |

darily in terms of the organizing principles of

the material icclf. 1n instuctional siruations -

generally, students enpgage in acrive, mean-
mgful structuring of text chey read and lecrures
they hezr in order to remember and under-
stand incoming information.. N
Cognitive psychelogists have studied ways in
which prior sernantic knowledge influences
comprehension of verbal materials. The early
* studies in the area of reading comprehension
aimed at dernonstraring that samething ocher
than che linguistic structure of a seacence is re-
quired to explain 2 person's comprehension of
that scntence. The '‘something other” is
described as the person’s world knowledge and
is oftén characterized-as a-'schema,”” - ‘plan,”

or “‘script.”* Bransford and McCarrell (1974)

review studies which indicaze thar the process
of understanding text involves creation of

**senantic descriptions’® that use both the
reader's world knowledge and the sentence in-
put. In this rescarch, the contexts for inrer-
pretation of text cither were common world

_knowledge or were induced by the expen-
menter. Anderson et al. (1977) indicate thag————

an individual’s *‘privaze’® representation of

+ the world can affect ext comprehendion. In

general, studies of text comprehension
indicate the facilitarive effect of schemara or
world knowledge. However, studies of physics
learning indicace that world knowledge is
logically ancagonistic to the coatent to be
learned ind often . persists after physics
instruction. : :

Cogritive Contents of Uninstruciured
Physics Students’ Cognitive State.

Fiom our analysis of empirical studies in-
vestigacing studenes’ preinstructional concep-
dons of the morion of objects, we conclude
thar the following are characteristic of the con-
tenes of the cognitive stzie of uninstrucred
physics students: 7

" 1., Concepus are poorly differentiated. For

example, - studens use the terms speed,

velocity, and accelerztion interchangeably:
thus, the rypical student does nor perceive
any difference berwcen two propositions
such as these — (a) the speed of an object is

. pfoportional to the (net] force on the ob-

ject; (b) The acceleration of an object is pro-

portional ro the [net] force on the object.

-2. Mecanings physicists aceribute to terms

are. different from the everyday meanings

arribuced to the cerms. :

3. Propositions are imprecise and the im-

precision derives from several different

_.. !(a) Sotne of the imprecision of proposi-

dons 15 acrtrbutable to-the meanings _

. studenes have for technical concepts.
which are different from the canonical
meaning. Example: More force means
more speed. : _ .

(b) Other imprecision can be interpreted -

" as errors of scale (Gunstone & White,
1981). Example: Gravity pulls harder on
objects that are closer to the earth. (This’

. proposition, in the context of dn object .

. falling a distance of three meters, is cor-

“‘recr-only-in-theory because che difference -

in the force of gravity (approximately -

1 part in 10°%) is too small to measure.

’
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If, hnirﬂer the dﬁ’mz in dm:zm::
from the earth were lasge (several hun-
dred kﬂamﬁers) r]:u; difference in the
force of gravity is significane.) -

The development of pﬂmn::l principles. of

motion is necessary for coping-with the moving

~ objects that are encountered in daily life.

Thus, all studens begin the formal sudy of

;{:}M@rammmuangmLE@m@nh an experientially verified set of

may arise because of studenss’ actemprs
to lﬂappmpnately formulate genenal
rules of motion from their experiences in
the real world. Example: Heavy objects
fal faster than lighter objzfs

Implxﬁtzas: for instruction. Research
reviewed in this s:r.ﬁaﬂ demonstrates’ that the
cognitive contents of the uninstructed student
differs from the desired state with respect to

. propositions and the meaning of concepts.
' Uniastructed students apply propositions that .

link force with motion, whereas Newtonian
mechanics links force with change in mocion.
Moreaver, the meaning uninstructed studenes

arrribute ro rechnical rerminology is different

from the rechnical meaning. For example, the

technical meaning of acceleration is 2 change
- in the magnirude of velocity qr direcrion of
velocity of an object, while the meaning

uninstructed students aceribute to acceleration
is speeding up.

Applicztion of the Simon paradigm to the |

design process requires derailed specification
of the meaning concepes have for . the
uninstructed person and the principles that
uninstructed persons apply in the analysis of
motion. Such specifications are prerequisite to
the process of specifying the goals of instruc-
tion, and they allow for (x) the generation of
hypotheses abour why cermin instrucrional
practices are not SHI:EE;fﬁ.l! and (b) the con-
mﬁuﬂﬂ of possible mechanisms that will
resul; in the desired changes in the learners’
cognitive state.

. Differences like those described above ber-
ween the uninstructed learners’ cognitive state
and the desired cognitive state provide clear
specifications of changes . instruction should
produce. The instructional goal, then, is to
bring aboutr the specified changes in the
learners’ cognitive state. We hypothesize thac
the observed differences between the
uninstructed and desired cognicive stares resule
in certain of the difficulties that students ex-
perience in learning mechanics, an interpreta-
ton thar is consistent wich cognitive :hn:nfy
We further hypothesize that the observed in-
teractive_effects of prior knowledge and. in-

principles thar allow them to predict the mo-
tion of objects under the conditions prevalent
«in the real world. In addition, che same words
thar are used to describe and explain metion in
everyday l::lg\.ug: also are used by physicists.

Contrast this siruartion with thermodynamics .

or chemisuy where the words used for
rechnical concepes are not a part of everyday
language (mole, enthalpy, entiopy) md ‘where
principles need not be dﬂclaped to cope with
frequently encountered situations. la chese
and similar subject ares, traditional expository.
instriuction 13 fmore successful. However, in
mechanics, instructional surategies need o be
applied that can make students aware of dif-
ferences berween their ev:ryday meznings of
words and principles of motion and those of
the instrucrion.

Before™ presenting derailed ‘hypotheses
related to strategies which will prodice the
desired chaages in che cognitive contents of
uninstrucred students, other relevaat
characteristics of the learners’ “eognitive state

Structural and Representational Features
of Physics Knowledge and Physics
Problem Sa!rmg Sm:rggxg:

The preceding analysis focused on the con-
tenes of memory — propositions and meaning
of conceprs — and hypothesized how students

interpretation of instruction — understanding .

of lectures, textr and experimentt — is in-
fluenced by significant differenices-berween the
s;b;e:: matter to be Jearned and the students’
cognitive contents. This secrion focuses on the
organizadon of the contents of memory:
structural features and modes of r:pre:gma-
mn. the. dlff:fzneg b:tween Lhe s:ru::ural
physmsts novices and uﬂms:ructed physics
students; and the implications of these dif-
ferences for physics instruction.

Ds;npgans of the structural fearures and
representations of physics knowledge derive
principally from research’ on physics problem
solving. Researchers in the domain of pmbl:fﬂ

struction may be more pronounced —for--——-solving are concerned with both the straregies

mechanies than for a:her ;ub]:l;s

and structures thar

.8

prﬂ:lem selvers*srr -
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observed to apply in the successful solution of

problems (c.g.. Greeno. 1978; Newell &

Simon, 1972). We shall review, in tum, the -

pertinent research findings on  strucrural

' argﬁ.mzaﬁaﬂ and problem sal\rmg strategies.

S'rmsrgrz( orgonizarion-and representation.
Research on physics problem solving pmﬂdes
desmpueﬂ; of the suucrural organizations and
representations characteristic of expert and
novice pmbl#m solvers. The solurion of physics
problems requires boch the availability of pro-

* blem solving strategies and the understanding
of physical situacions which are observed

directly or described in the texr of the pro-
blem. Current theories of semantic memory
and narural language understanding (Ander-
son, 1976; Anderson et al., 1977; Bransford &
MeCarrell, 1975; Kinwsch. 1974; Lindsay &
Normas, 1972; Notman & Rumelhart, 1975:
Quillian, 1968; Schank, 1972; Winograd,
1972) tie the existence of relevant schemara to
the ‘process of making inferences and coming

~ to understand a siruacion.

In the context of physics, understanding im-
plies (a) Lhe construction of mental representa-
dons.of physical situations char include the ob-
jects thar are a paft of the physical situadion,
(b) the concepts and scientific principles chat
are relevant to the situation, aad (c) the rela-
tionships thar exist berween objects. conceprs
and principles (Winograd, 1972). Essential to
the construction of 2 menral representation is
the process of inference. Making valid in-

ferences is dependent on schemarta thar are °

relevant, correct and complete. Thus,
understanding physical siruacions as physicists
understand them requires both thar the rele-

* vant schema is present and that the features of

the physical situarion evoke the schema.

. Recent work by Chi, Feltovich. and Glaser

(1981) describes the following Epht‘_lt dif-
ferences in schemata of experts and novices: (a)
The schemara of experts are based on physical
principles (Far example. energy conservation

and Newton's Second Law), but che schemara,

of novices are based on physical objects (for ex-
ample, springs and inclined planes) and men-
ral constructs (for example, friction and gravi-
ty)- (b) The contents of the schemnaca of esperts
and noyices do not differ significantly i in infor-
mation content: however, the novices' struc-
wires lack imporrant relations, specifically rela-

-tions berween the surface features of the pro-

blem and the scientific principles which are the
basis for . solutions. (c) Experts cranslate

surface fearures of the p:nblcms 1016 canonical
objects, states, and constructs, while the
novices represent the preblém in terms of the
literal objects and construczs described in the
text of the problem. (d) Links exist in the ex-
perts’ represenacions of knowledgé structures
between the abstract represenrarion of features
of the problems and the physical principles
which are the basis for the solution of the pro-
blem. (e) Experss’ schema are organized
hierarchically along the dimension of abstract-

ness; in contrast, the different levels of -the

" noviees’ kﬂnwlgdgc are not well integrated,
..thus preventing easy access from one level of

abstraction to another.

Research conducted by science educators pro- -
vides dsmpuens of the organization and rep-
fesencations of mechanics knowledge (motion-
of-objects schemara) i uninstructed students.
Motion-of-objects schemara of uninscructed
students are situation-specific, thus suggesting
thar no naive abstract represencation is excant in
the schemara to make them appear to be ap-
plicable to a large number of physical sicuarions
(Gunstone, 1980).

- This last, characteristic was a:mphﬁ:d i
our work with middle-school ssudenes (Cham-
pagne, Klopfer, Soloman, & Cahn. 1980). We
have observed that, given four physical situa-
tions, all of which could be explained by using
Newron's Second Law (F= ma), students never
give any indicacion that they perceive thar a

.commen é:pl;nsmry system might be applied

ro all four of the situations. In fact. they never
notice that 2 pmpasmnﬁ they have used to ex-
plain che motion in one of the situations is
directly contradicted by a proposition they use
to explain the motion in another iruarion.
This failure to see the contradiction suggests
that they are unaware of any need for con-
sistency across situztions. For example.
students do not recognize that the same
‘physical laws apply to objects in free fall and to

_objects sliding down an inclined plane. At one

point during a class discussion. for example,
students agreed that two carts of unequal
mass, but equal volume. would strike che
gfaund at approximately the same rime when
dropped from the same height. When they
were asked to compare the times for the carts
to slide down an incline. however. only one of
them argued thar the times would be about
the same.

Problem solving strazegies of experts and.

novices. Cognitive research on problem solv.
ing has generated ;derailed specifications of

= - = .
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problem solving strategies for many cardgories of
 problerns (Greeno, 1978; Newell & Simon,

1972; Larkin, Note 1). One finding from this.

research that is pardeulacly pertinent to the in-
+ struction we propase is reported by Larkin, Her
analyses of thinking-aloud protocols indicare that
expert  physicists perform 2 preliminary
qualitacive agalysis before proposing equations
for. the quantitarive solution of the problem. In
wnerast, povices immediacely begin the search
for an equation and proceed w0 match the
information presented in the problem with terms.

——iny the equation,

Giveri that the beginning sudenrs’ ex-
planatory schemara are so situarion-specific, it is
hardly surprising .thar their problem solving
strategy is similacly bound to the perceived siwua-

- ions. The studenes’ main suategy.for solving
mouion-of-objects problems is tw ay to recall 2
tule or relationship which they belicve to be ap-

-plicable ro the specific situacion at hand. Rarely,
if ever, is there any evidence char the beginning
students are aware of general problem solving
gracegies, rejated to general physical principles or
laws, which are applicable across many situazuras.

Differences in Struisure and their

Empirically-derived deseriprions of the

. characreristics of  the schemara of uninstrueted *

sudents, hovices, and experts are summarized in -

- Table 1. This surfimary ‘makes cvident the con.
masts and similarities in the characteristics of the
three groups” schernara with respect 1o principles,

. sunface features, and second-order fearures, each
of which is briefly explained in the first column.

Also summarized in Table 1 are dexcriptions of

. the problem solving stratcgies far cach group.
" Precise descriptions of the differsnices in the
organizarion and representation Of the physics
knowledge of individuals ar different levels
of competence provide a further basis for the
pecification of the goal and objeczives for begin-
. ning ‘mechanics instruction and allow us to
‘generate hypotheses about (a) how current in-
structional practice may impede the arminment
-of the gaal and (b) alternacive instructional
* mechanisms that will facilitate the arinment ‘of
- the objectives. . " o.
Contrasting the problem solving strategies and

organization of the mechanics knowledge of ex-

perts. novices and uninstructed  students

" vieids the following goal for beginning

mechanics instrucdon: Development of 2 well in-
tegrated motion-of-objecs  schema thar s
organized in a way thar produces () the soludon -
of mechanics problems via the method of

qualiearive andlysis and (b) the analysis of the

‘motion of objects in the real world using the

teriers. of Newtonian mechanics.” The derailed
specifiations of the mechanics krowledge
organizaticn to be accomplished as the result of
instrucrion constitute the instructional objectives
subsumed under the goal. | '
Empirical evidence demonstrares thar. current
msuuctional practice does not facilitare the an-
ainment of identified goal. Studens generally
do not leam 1o relare.their mechanics knowledge
to real siruationsas the resule of either ‘high
xchool or beginning ¢ollege physics instruction.
Based on, a-cussory aralysis of physics texts and
our knowledge of physits insnicrion, we con-
clude that preliminary qualitative amalysis o
physics problems is seldom if ever aughr &
plicitly. In fact. problem «solving instruction in
physics textbooks makes. no attempr o link the
physial features of the real-world siruacions
described in physics to the abstract copeepes and -
principlss of the Newtonian framework. ©
Physics. toxes reach .the, problem solution-
sracegy thar novices typically, use. The first siep
in sample solutions is the presencation’ of the
equation thac will yield 1 quanrirative solution o -
the problem. There is no anempr o instruer the

student in the expert physicists’ analytic pro~ <«
" cedures which result in 3bstracy represencacions of

physical situarions in terms of abstract conceps.
These concepis-are vital because they in twrn can = -
be linked to principles or laws of mechanics and )

‘formal expressions of the principle or law (for-
mulas} which can then be applied to reach 2 -

quantiracive solution of the problem.

* The traditional practice. is counterproductive
in two respeces: (2) It tcaches a probiem solution
stracegy thar does not approximare the-strategy
exemplified by the ideal state, and (b) It does ner -

. encourage the development of links in cognitive

suuctute berween real-world situaciods and the
abstract representations of physical situations that

. characrerize che to-be-apppoximared schernaia.

-Experiences. zsém‘éry:r‘ag 20 the expert's

‘cogmitive ssare. An interesting theorerical ques-
. don, with implicirions for both practice and

theory; should now be posed: In the-absence of
direct instruction, how do experts come to
deveiop che qualitacive analysis strategy and the

-, conceprual links berween physical situations and

¥

the appropriace abstract representations?

. _ —
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Table |
Problem Ialmg S'frategm and Sﬁémﬂta a[ Unm;tnimd Sludeutf. Naw:ﬂ. and Erptm

PROBLEM SOLVING STRATEGIES T

~

Ideas of some degree of general

lty that express- relationships;

principles are applled 10 salving
problems; can terve o organize
ichemata,

durlved from everyday exper-
lences (world knowledge). Thay
wre imprechie propotitions, Tha
Imp‘is.slun It due 1o vaquenas:

sbout the meaning of concepls,

arfors of scale, ind insppropriate
formulations of paneral rules,
The principles (rulet) o
limited to;% and tend to be
shuation-pacific, The notlon
that m abstract peinéiple can
apply to & range of dilferent
physical- sliuatlans Iy lacking o
paoily developed, Ther appedri
o ba no wwareness of the need
lor conslitency along the rules

Ihll caver diffarent physical

batween physical varlables ex:
pressed ¢ equatlons of rilss,
Soma of the principles’ ira the
major physical laws expragsed In
tqualion form, but there Ig no
evidenca that they serve
organizers of schamiata, -

o Tha lyplul prncuduu lar sulvlng pmblnml Is to find » ganeral rula whlch appears to cover |hl phyllr.ll lllulllnn dn
UNINSTRUCTED | seribed in tha problem, and then 10 use the relationship describad (A the identifiad rule deductively to-derlve an aniwer
STUDENTS 1o the problem.-Rules to b emplayad in this procass may be recalled from axperiances with sl physical llllllﬂﬂﬂl
o lhey may be racollections of lulhnmallvz xlaumanls trom bnnki of pmp'la
M‘“;IE;IEE_S - Tha principal pmﬁdum Iut snlvlng pmblaml ll m lnmmlm vatlahles In equatlons, This pracedurn may bn ehllnad
WY ILES lhmuahmrml lqu:tinm Abmicled solution methods are lacking,
. Asmlaled wlih Ihl nrganlzlng schema are s :pe:llm r.undlllam ul |ppllcahlllw nd .ha necetsary pmhlum mlminﬂ
EXPERTS . methods, Experts abstract & basic solution strategy fram he surfaca features of the problem and engage In qulllmlﬁ
: analym of the problem pr!ar {0 determining & quantiiative salution,
SCHEMATA |
S
e - CHARACTERISTICS OF ! , a
FEATURES OF UNINSTHUCTED STUDENTS' . GHARACTERISTICS OF CHARACTERISTICS OF
SCHEMATA s SEﬁE_MA_TA__ o NGViEES‘ SEHEMATA EKFERTS' SCHEMATA
PHINCIPLES o Principles 1t generalized rues | Principles ann fililinnshlm Princlples wra major physieal °

laws, which ara highly abstract
and express relationship of
great genarallty, Included whh P
auch principle ara tha condltlons
under which the pringlpla ap:
plies. Exch principle bas g
stiocliled schems, . which |
orlented by (he content and 1p:
plicsbliity conditions of the
princlple, The lpﬂllmbllllv con:
ditions uiually ars exprasied I
terimi of sacandoider fuaturer,

P
i
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OBJECTS AND PHYSICAL
CONDITIONS (SURFACE
FEATURES)

Physical objects and eonditions
. deicribed or presanted In a pro-

* blem situation; physical featues

of ohjects and thelr states of
motion or poiltion that are
directly perceivible from verbal
“descriptlon; disgramt or direci
observation ol the  phyiical
tltuatlon,

Conerate objects and the direct-
iy observable proparties of ob-
jocts are prosent, A reasonabls
Inference i that (b4 objects and
properties dafine the specific
physical situation which, In turn,
directs the search in memory for
o genaral Tule that covars if,

Physical objects and thair sur-
face features are the basls for
categorlzing problems, It is nfer-
r5d that an abject or 1 config:
uration of objscis functions s
tha organizing elament Inode) in
Its schama far the proble:n, The
content of the represertaiions
may be concrefs objecis or ab-
stractions st the level of
disgrams,

Conereta objacts, thelr physlcal
configurations, and diegrams of

schemily, but nane of thes iy
prominent, 1t Iy inferred that

objects seve  pimarlly m

vehlclai for Identlfylng secand-
order features, snd that some:

times they irigaer the activatinn

of a pasticular principle-based
schems,

PHYSICS CONCEPTS AND
SYMBOLS (SECOND=0ROER
FEATURES)
Idealizations of physical objects
{29, an alaphant is representad
¥i 2 point mass), and constructs
or entlties (0.g., energy, forcel;
canventional -rapresentations of
phyiical entlties [eg., veclor

companents),

5

Thera Is o evidence that
second-ordar faatures e repre:

‘enled in these scheruts, Con-

capts and terms arg present, but
many se poarly differantiated,
thelr raslwoild mainiﬁﬁ, father
t 4 their technicel meanings
in physics,

Some conventional represent-
fions. of physlal entitiay are
presant, and Idealizetions of
physical objects may be used In
problem reprasantations, Con:
cepts and tefmt related 1o 1he
objects which dominata the pro-
biem-olution  schemn  2re
presant. Novicai cipart taking
termy diractly from ihe problem
staloamant 1o Identily equations
that could ba approximately em:
ployed in solving the problem,

, Representations of  physical
obfects In thelr ldealirad form
ars prominant, with the content
of the raprestntations dstar
ined by the organizing schama,
Physical antities are represeniod
iccording 1o the convantions of
the fisld, Festures abstracted
from the problem stalement pre
ahio prasgent, Soms  ewperli
1apart that thess features help 1o
#élect the basic appiaach ta pro-
blem solutlons, thus Indicating
diract links between thawe

second order fleatures and prln-

ciples, Concapls relavani to 1ha
orginlzing schema ara present,
we Its Interconnections of
reltions with other concapiy

and with the schama’s major

phytlcal w,

1
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Far &E purpas: af our d;s:usnon we con-

p-:nencﬁ af Sp:ﬂ;s Eam the e;pﬁnems af
novices; these are: (a) additional formal in-
struction, (b) more extensive practice in solv-
ing problems, 20d (c) more extensive verbal in-
izractions abour physies. The Chi =z al. f1981)
study suggests that “the contents of novices’

dara structures for particular types of physics
problems are similar to those of experts with
respect to Qb]EEE concepts, nd terms;

bowever, axperts’ dara strucrures conrain many
more linkages. The more extensive dara base,

which experts acquire as a result of their
greater exposure -to formal inscruction, is not
necessary for the successful solution of prob-
blems of the type on which the analysis of
expert-tiovice differences is based. However.

the zdditional links in expers’ knowiedge
sructures are necessary Fm‘ rjﬁ: sun:c:ssﬁxl and

We hypmhs;z: char diae links d‘vclap asa
tesuit of extensive practice in ptabi:m solving
and thar their development is facilicated by
setbal interactions. The professional activities
of physics experys require either verbal interac-
tions with others or the organization of physics
information for the purpose of communicating
it to others. We hypothesize thar this type of
eperience is ‘important to schema change
because the individual must make explicit the

meaning arributed to technical rerminology-

and the rules for applications of proposirion
and principles.

This analysis leads us to hypothesize chat
pn:mdmg beginning students with oppor-

tunicies to engage in the quantictative analysis
of physics problems will facilitate the develop-
ment of physics knowledge organized in ways
that approximate that of the organization ofa
physics expert. Our selection of chis instruc-

donal strategy to ateain this goal is based on -

" the recognition that: (2) The iagmuv: objec-
tves of beginning - mechanics instrucrion
should approximate the skills and knowledge
applied by experts in the solution of mechanics
problems; (b) Explicit instruction in the
}:nawledge and skills required for successful
novice performance is not now a part of physics
instruction: and (¢) Parz of such instruction
must focus on producing 2 schema change 1 in
students which results in the incorporation and
mtegﬁﬂﬁm of mechanic principles and inter-
pretations of real-world phenomena.

We hypothesize that providing learners with
opportunities for verbal interactions  will

facilitate the development of correct usage of
technical vocabulary and help sfudents betone
aware of -the principles they apply in the
analysis of physical situations and how their
principles are different from those being
taught. This hypothesis is consistent with
cognitive theory of schema change.

Schema change theory. The processes by
which existing schemnata are modifizd are just
beginning-to- be -understood - (Greeno.-1980). -
Information processing models of schema
dzvelnpm:nt generally have not gone beyond
the level of describing stages. Nonetheless,
several valuable ideas concerning the develop-
ment of schemata and saggestions for-medify-
ing schenara have been offered.

Two principal mechanisms for
modificazion have been discussed by
Rumelhart and Ortony (1977). Each
mechanism is, in a sense, the antithesis of the
other. Specialization ofcurs in a schema when
one or more of its variables are fixed to form a
less abseract schema. Conversely.: generaliza-
tion occurs in a schema when some fixed por-
tion is replaced by a variable to form a more
abstract schema.
mechanism can be applied in 2 motion-of-
objects schema.

The cypical vninstructed student has the

schema

The . generalization -

motion schema: A push produces motion. Asa

result of appropriate instructional experiences,

the student’s motion schemna could become: A
Jorce produces acceleration. The fixed partion,
push, in che initial schema has been replaced
by a more general variable, force, which can
mke on several values in addition to push.

Similarly, the general variable, accelerarion,

which can have different values, has replaced
the initial schema's fixed portion, mosion. The
modified schema is considerably more abserace
and, hence, should have 2 much broidsr range
of applicability.

The hypothesized generalization mecha-
nism only describes the changes and is. in fact,
not a rnen:h;msm far pmduimg thm If as
e::h:a:mn mechanism is a ma:hm:sm for pra-
ducing change, a reasonable implication is that
the modification of the morion-of-objects
schema might be accomplished quite simply
by deseribing to students the needed modifica-
dons in deﬁmnans of terms and restating sim-
ple propositions. Empirical evidence on

-mechanics learning demonstrates that this in-
structional strategy is nor generally effective

15
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and suggests thar. while the gradual modifiea-
gon of schernara doubtlessly involves general-
ization and specialization, in highly integrat~d
xhemata more dramaric changes. amounting
essenuially to 2 shift w0 2 new paradigm (in
Kuhn's [1962] sense), must also rake place.

To bring about schema change on such a
lacge scale, a dialectiea] process appears 1o be
necessary. Riegel (1973) points our thar the
thinking of both adules and children is dialec-
tical, and he propeses that dialectics is "'the

~mansformational key”’ in éognitivc develop-
ment. Anderson (1977) suggests char **. . .
the likelthood of schema change is maximized
when 2 person recognizes a difficulry in his
current position and comes to see thar the dif-
ficulty can be handled within a different
schema (p. 427)."

As the mechanistn for promoting dialecrics
in the classroom, Anderson advocares the use
of 2 Socratic reaching methed. By participaring
in the dialogues which occur in Socraric
teaching, the student 15 forced to deal with
counterexamples to proposals and to face con-

tradicrions in his or her ideas. To overcome the’

arracks of adversaries in the dialogues, the stu-
dent must construct a new framework of ideas
that will stand up to criticism. The newly con-
. stnicred framework is. of course, 2 new
scnema. so it may be said that schema change
has occurred as a2 resule of the studenc's par-
ticiparion in the dialogues.

-Instructional Issues

Specificarion of Instructional
Obyectives and Strategies on the
Basis of Cognitive Analysis

Table 2 summarizes instructional objectives
and straregies for mechanics instrucrion deriv-
ed from the analysis of cthe cognitive states of
uninscructed students, novices, and experts,
groups who differ with respect to (a) the quan-
try and extent of formal mechanics inseruc-
tion, (b) experiente in solving mechanics pro-
blems. and (c) the extenrt of their verbal in-
reractions abour mechanics.

Obyectives. The objectives presented in
Table 2 are baced on the analysis of contrasting
cognitive states and represent the first in 2
series of steps in the derailed specification
of instructional objecrives. These objectives
specify fearures of the ideal stare which the

learner will approximare bue do nor detail how
far the learner will move along the centinuum
from beginning student to expert s the resule
of 2 parricular course or sequence of inscruc-
don. Further refinement of che objectives for 2
certain instructional sequence must take into
account many other facrors, including che con-
tenr the insturuction will cover, the ume avail-
able for instruction, and the age and academic
apurude of the students for whom the instrue-
don is intended. However, the analysis here il-
lustrares one important principle employed in
the cognitive approach to design. Thac princi-
ple is the comparison of the cognitive stares of
ndividuals ac different levels of comperence
(Gteeno, 1976). Furthermore, the desigh re-
quires that the initial specification of objec-
tives be based on the cognitive fearures thar
distinguish the learner for whom the instruc-
ton is designed from individuals competent in
the field. 2

An observation worthy of commenc is the
difference berween these objectives based on
cognitive analysis and objectives that derive
from the logical analysis of the subjecr marter
or from the identification of to-be-learned
behaviors. Objectives derived from these o
processes are deficient in at least two respects.
First, cognitive analysis identifies significant
objectives not identified by either analysis of
behaviors or logical analysis. Second. logical
analysis does not identify the strucrural
arganizaton of knowledge which the instrue.
tion should produce. For example, logical
analysis would not idencify qualitative analysis

-of physics problems s an objective of instruc-

tion, nor would it produce information abour
the optmal strucrural organization of
mechanics knowledge for compesent problem
solving. -

Instrucrional strazegies. The first approxima-
tion of instructional objectives derives from the
comparison of the cognitive states of unin-
structed students and experss. Possible instruc-
donal strategies for the armainment of the
objectives derive from comparisons of the cogni-
dve states of unminstructed studens. novices.
and expers. and from examinations of the
mechanics-relevant experiences of novices and
expers. Having specified the differences in
cgnitive states and relevant experiences we can
generare hypotheses for explaining the observed
differences in cognitive states on the basis of dif-

wrn suggest possible instructional strategies.

=
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Table

Contrastng Features in Cogitive Siaies and Their Relaied Instructional Obyectives and Strategie

Conurasting Features in Cognitive

States of Uninstructed Stutznts {U),
Novices (N), and Experti (€}

Instructional Objectives
Derived from ihe Contratts

!

Instructionl Strategles
to Faclliiaie Attsinment of
Initructional Objectives

CONCEPT MEANING

Meanings attributed 1o technical terms by
U dilfer In slgnificant ways from the
meanings of € end N,

Example; U - acceleration means speeding

up; E and N - aeceloration means 4 chang
in the magnitude or direction of velocity.

Students know both the everyday mesning
and the canonical delinition of mechunics
and can specily dillerences between the
averyday and canonical meanings,

Interici. dialogue: Provides students with
opportunities 13 becoma awire of the
menlngs they attilbute to physlcal con-
cepti, how thesadmeaningt differ from con-
text 10 context,
Examplas; (1) daing physics problems or
deseribing a physical event to a Irlend,
ar 7) dolng mechanlcs problems In which
thare Is no mation.
Diafogua provides students with opportun-
liles 1o contrast thelr meanings of cancepts
with thase of tha physichts,

U do not dilferentiaie mechinics corcepts.
Example; U - waight and mass aia the
sam thing: and E - mass and waight are
perlectly correlated but distinct,

< In analyzing o glven ﬂhﬂiﬂl: situation,

itudents can explain which of two poorly
diflerentiated concapts 15 the. relevant
concept to apply.

Inturactive dialogue: Provides students with
opportunities 1o varbaliza thelr analysls of
physical tituations in o way that simply sub:

ftituting 8 g for mass Im) ar 45 dynes for

weight F) In a0 equation doas nat. Wa
hypothesize that the verbatization will halp
dillerentiate welght (a forca) - axpressed in
dynes Irom mass axpressad In grams. [Alio
seo sirstegy on Structural Faalures row
below.)

Fule
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PROPOSITICNS iN SCHEMATA
U - aresence in schama of incorract pro-
paitions.

Example:  motan  implies  force,
N - presance In schems of conflicting pro-
positions which are applied in different
sifuaiions, ,

Exampla: Motion Implies lorce pro-

position applied in the analysis of real

woild f:lluanam Change in mation

lmphgi farce propasition applied in ihe

~ quenlitative solution of physics problems,
E - propositions presant In schema are In:

ternally conslitent and widely applicable,

Example: Chunge of mation implies force
propasition. i§ applied in analyzing all
pertinent pr!blem:

Students apply change In mation impliss
loice propasition in realwerld siluatlons,

Students contrast Implicstions of the dif-
ference in the two relationships batween
fores and mation axpeeised by the propos-
tions {1} Motion implies torce, and (2)
Changs in motion implies force.

instructional dialogue to change contenrs
af mechmics s;hm vaides apmnuniw

mmpla i ﬁl_nar.llly Inwnkgz loreas anly In
titustlons where there Iy motlon.) and {2}
make explicit the relationship beiwasn
motion and forcs in the propositions they
use.

STBUCTUHAL FE;ATURES

Conegpt integeation of U and N is sparse,

with fewer links among concapls than far £,
Exemple: N - sxperientially daiived
inational-objects schema is nol inte:
grated, of reconciled with Newtonisn
mechanict schema,

lniu;lgfai‘ﬁn ol represenminm inU md Nis
Exam.ﬂg N- rearesgmanmi ol mfl"'
leatures of physical shtuations are poorly
integeated with abstract representations
of physic:l siluniam lhm in lum ae
which link canonica ahle::ls and _physlcal
constructs used in absiract represents:
tions; E -+ representations of surlace
features of physical sifuations are inte:
grated hoth with absiract representations
of physical situations and with proposi-
tions linking the canonical objects and
consiructs of nhsmm reprmﬂlmﬂm

Students qualitativaly amalyze mechanics
problems:

(1) Produca sn abstract representation of 4
physical situation,

{2 Recogaize that situations with very dif-
ferent surface features can have the rame
ahstract representation. {For an exampls,

- et Appendin A where the situations of §
probiams have the same abitract repre-
sentailon.)

() Recognize that the problems can be
sclved by the application of the same
michanics princlple.

Qualitathee analysls of problems to chanps
strictural festures of machmnics chema:
Forget links betwean the physical slivation,
its abslm;l raprgﬁnmian using cannnic:l
prinzlpla: (Nawlon's second I, Fa )
which link properties of the canonical,
objects and constructs., Also forges link

+ between concepts (0.9, between mag and

weight] to Integrate them better, tharehy
cantributing to concapt differentiatlon,

Al
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Tible 7 feontinued)

PROBLEM SOLUTION STAATEGY

U solution stratsgy: sewrch for a rule that

applies to the given situation,
Exampla: Preblem of comparing spesds
of iwo falling objecis evokes the ruls -
Heawy objects Bl faster than lighter
abjects, |

N solution sirategy: search for an squation

E solution slrategy: qualittive analysiy

- Students engage In qualitistive anglysis

of physics prablems belore attempting
quantitative salutions, o

Interictiva dislogus: Demonetrated that the
sam4 abitract reprasentitions and diagrams

~ darive from problams with different wrhica

features. Also damonitiates the usghilness
of '« gonarl princple for solilng o large
number of problems with dilferent surface
featurs,

Qualitative analygls of mechanics problems:
Provides practice In using the desiced
Hralegy.
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The potenual for effecziveness of alcernacive
mnstructional strategies is then evziuzred in
terms of televane psychological theory.

The availability of empirical descripdons of

differences berween uninstructed studenss and
novices is pardcularly i @?ﬁmf 1 the process
of selecring instructional seraregies. Inforrnarcion
abour these differences leads to the identifica-
tion of instructionz! straregies which are effec-
gve and those which are not efective or
:guﬂt:@f@d&ﬁﬁﬂ; Thg abs:mrmn ,h;r
' pffg is an indicarion that ¢ fJ-;: d;dsmé m:zhﬂd
af instruction is effectve for imparting discrete
bics of inforration. However, the derailed
analysis of problem-solving behaviors of novices
suggests thar their suructural organizarion of in-
formacion resulting from exposure o didactic
inscruction is less than sacisfacrory.

In the case of mechanics. chis znalysis 2lso
reveals thac the problem-solving strategy raught

in physics textbooks is indeed demonsurated by
novices, but., s we discussed earlier, this
strategy does not produce cermin desired links
in cag”nn:nr-z structure, specifically those berween
physical siruations and mechanics concepts.
This lack of sructural inregration is also
evidenced by the facr that many novices con-
rinue 1o apply non-Newtonian principles when
asked to analyze real-world situartions.

- The analysis of novice-expert differences is 2
useful source of possible alternative inscruc-
tional strategies. For example, the proposed in-
ﬂu::m:e of prabie:ﬂ-sglvmg m& wﬂ:fb:l interac-

mt:gr;::ﬂ cag‘:mﬁ: structures  are d:'nvrd

directly from cognitive difference analysis. This

interprezacion of 'the differences is consistent
with cognitive theory and wich educacional
practice and philosophy. The cognitive analysis
provides an explicit causal link berween the
strategy and the outcomes, thus making possi-
ble more convincing empirical tests of the effec-
dveness of the srrategy. Qur assertion — char
ettg:gmg in qualitative analysis of mechanics
problems will develop 2 berrer integration of
real-world siruarions and their abstract represen-
arion ucilizing the concepess and symbols of
“‘ﬁﬂzunan physnz — is’empirically testable.

FProcedural Descriprion of the
FProposed Instruction

Ai:hangh the strategy of using dialogues in
mszruﬁ,:aﬂ hﬁ been specified in relation to the

Q

attainmen: of instrucrional objectives (Table
2). we have not yer described how this seeategy
is implemented. Ilustrative procedures which
Efﬂplﬁy the strategy are oudined in this sec-
tion. In one mode of the dialogues straregy,
students engage in interactive dialogues with
each ocher.

First the studenc= are presented with 2 set of
mechanics problemns which require quah:;t:v:

answers. A rypical ser of six such problems is

_shown ar the righr side of Appendix A. These

problems are qualitative restatements of pro-
blems from five different physics rextbooks.

The physical siruations or surface fearures of
these prab]enﬁ (in boch the qualitative and
quancrarive versions) are very different, bur all
pr::blsms can be represented in the same
abstract form (diagram or verbal description
using mechanics concepes) and can be solved
using the same mechanics prineiple. Each stu-
dent produces a solution to each of tae pro-
blems and then shares with the class the pro-
blem analysis, the solution of the prﬁblem.
and definirions of technical rerms used in the
solution or the analysis. This procedure forces
students o be :::pln:x: abour the idiosynecracic
meanings artributed to rechnical terms and the
principles and propositions thar they apply in
the analysis of the problem. Each student can
concrast his or her solutions strategy for a pro-
blem wirh the strategies preseared by other
studencs.

When all of the problems in the ser have
been considered by the class. the teacher will
presenc the physicists’ analysis of the problem
by mcans of diagrams and verbal explanarions
using the rechnucal vocabulary of mechanics.
The expert analysis is based on the common
deep structure of the six problems. as shown in
Appendix A. The reacher will demonserate
thar the abscract representation is the same for
each of the problems and that che same princi-
ple will-produce a solution to all the problems
in the ser. Then students will analyze cdheir
solutions to the problems in light of the
physicists’ solurion and will specify how their
interpreracions differ from “thar of the
physicists.

“The teacher’s presentation of the physicists’
analysis and solurion of qualirative problems is

. in the mode of an instructional dialogue. In

order o rxplain and illustrate chis mode of che
dialogues strategy. we have analvzed phuvsics
problems from introductory texes in the man-
ner shown in Appendix B. The general strue- -
ture of che analysis is simple. Initally che

23
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textbook problem was rewritres 25 2
qualicacive problem and subsidiary questions
were added asking abour the assumprions and
physics principles used in obruining the answer
to the problem. Then a realistic minimum
zate in terms of relevant prior knowledge and
experience was selected, and a2 sudiegy for
working from thart state to a successful solution
was wocked out. Ac this stage, when we do not
ha~e the insights to be derived from data, it is
wssumed that other, more developed responses
anbs:ﬂammad;xcﬂbybcgmm 1:;1;:5:
point in this sample strategy.

The strategy has been outlined only. It in-
dicares a senies of logical steps. Within each
sep, the essental concepd(s) to be developed
and the purpose of the step in terms of the
pﬁablm sulumm are md;r:;::d In some cases

used for 2 step is sbawn, whﬂgm the remain-
ing cases only instructional dizlogue is an-

deipated. For each che rarionale for ths pro-

cedure is described. referring o the tex:hniqu:s
identified by Collins (1977) and Collins and

Stevens (1981) when appropriare. A mtegy,

for bandling a correct answer to the questions
asked 50 a3 1o develop 2 solution straregy for
the problem is also given.

Concluding Remarks

"In this arricle we have recounted how our in-

terest in a particular instructional probiem in

introductory physna. students’ difficulty in
learning mechanics, provided the occasion for
urilizing Simon's characrerization of a science
of design as a guide in proceeding to design an
instrucrional scraregy chat can be used to help
students learn mechanics effectively. We have

shown how the theory and empirical findings

of cngmtn: science and the cognitive psychol-
ogist's analytical tools and procedures were
brought to bear on every stage of the design
~ process. We have sought to make explicit the
~ particular principles of instructional ‘design
which both evolved and were applied in the
course of the inquiry. We suspecr that these in-
structional design principles may be applied in
. various school subject-martrer domains, though
only theit :pphzi:mn in physics was jlluserared
here. .

The iastructional sraregy  for  guiding
uninstructed physics studenss in their learning
of Newtonian mechanic is now available, bur
our inquiry is goc ar an ead. We ire now

preparing to investigare empirially several
issues which were raised during the process of
designing the instructional strategy. The major

hypothesis to be tesed in our proposed
research 15 thar eogaging uainsoucged physic

- students in instructional dialogues focused on
~ the gualitative analysis of mechanics problems

will produce changes in the studenss’ morion-
of-objects schemara. A further bypothesis is
that, after completion of the specified instruc-
ton, the students’ cognitive state will approx-
imate significanr features which are

" characreristic of the cognitive stare of 2 physics

expert.

We ean admire the great psﬁhqlagm of
earlier days. such as Charles H. Judd, whom
we quoted at the starx of the paper, for their |
keen perspective o students’ learning of
abstruse school sub)a':a like physics. Judd's in-
sight (or perhaps. intuition) seems so right and
true that we cannot help being amazed. Also
amazing is the realization thar the siruacion
which Judd described seven decades ago still
rings tue for physics textbooks and physics
learning tud;y Hardly anything scems to have
changed-in the interim. Why is this so?

The main reason, we believe, is thar,
alchcugh Judd recognized. the problem, he
could not -prescribe dn effective solution. -
Because he was unable ro describe the problem
precisely, Judd had no basis en which 1o
evaluate the probability of the effectiveness of
possible instructional surategies. Today. the
seatus is different. Empirieal and theoretical
research in cognirive psychology make possible
the construction of theorerizal models, on
which predictions can be based. The applica-
tion of a model of understanding of physical
phenomena leads to derailed specificarion of 2
scrategy for beginning physics. instrucrion

. which can be expecred to produce desired

changes in studenes. The difference berween
our present possibilities and those of Judd's
day is demonstrated in this arricle.’

Reference Notes

L. Lackin, J. H. Skl scguuison for solring physs pro-
&lemes.  Paper -presented at the meeting of che
~ Psychonomic Society, Phoeno, Novernber 1979,
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Appendix A

Six Physics Problems with Different Surface Features and the Same Deep Structure

QUANTITATIVE VERSION

1. Boy and Wagon Problsm

= A boy of s 207K W tanding i wagon of mass 10Kkg The

boy Jumps off to the right with a speed of 20 m/se, What happens
ta the wagun? {Ignore frictlon.)
(Hulsizer & Lazarus, 1972, p, 187)

2. Boy and Raft Problem

A 50 kilogram bay Is standing o/, a 500 kilogram ralt fioating on
# lake. Tha raft is at rest. It can move on the surface of the lake
with negligible friction, Starting from rest, the boy bieging to walk
with constant speed 1 meter/sec (relative 1o ground) and con-
linues 1o walk for 20 seconds, How far does the raft move in
this time?

(Smith & Cooper, 1979,p, 152) .~

" (smith & Coopa, 1379, p.93)

4. Skatars Problam
Two skaters are stationary in the center of 8 clrcular rink, They
~then push on.one another 'so, that they fly apart. One of the
skaters has a mass of 90 kg and acquires an Initial velocity of 0.8
m. sec. Il the other skater hiag 3 mass nl 75 kg, what is his initlal
velocity?
' (Aikiﬁi,'igﬁsi p. 119)

QUALITATIVE VERSION

 Aboy I standing in a wagon. The boy Jumpt off one 3nd of the

wagon. Ignoring friction, describe the motion of the wagan.
How does the velocity of the wagon compare with the velocity
of the boy?

A boy s standing on a floating raft on & lake. The raft Is at rest, it
can move on the surlace of the lske with negligible frictjon,
Standing from rast, the boy begins to walk with conistant. speed

- towards the shore, Describa the motlan of the rafi. How does the

speed and direction of motion of the ult cnmpara wl!h the speed
,and dlretﬂﬂn nl tha bav?

A bullet. s fired from a rifle, Describe the motlon of tha 7 fifle.

How doas ths v;lncllv of the rifle compare with Iha veloclty of
Iha hullet?

Two skdters are stationary In the: center of  cireular rink, The

skaters push on each other, Describe the motion of each water,
How da thelr velocities compare?

|
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Appandix A (continued)

- B, Corty and Spring Problem
Twa heavy frictionless carts ar at rest, They are held together by
a loap of string. A light spring Iy compressed between them (1ée
drawing), When the string Is burned, the spring epands from 2.0

~om to 30 ¢m, and the carts move ipirt. Bulh hll the burnpf.r; -

Tiwa heavy frictionless earts are t ret, Thay are hld togethar by
4 loap of string, A light spring Iy comprassed betwaen them, Th
 tring is burned and the spring expands, Describe the motion of *
the garts, Haw daas lhn veloclty of cart A compare wilh (ha

fixed ta the table at the same Instant, [

=] velogity of cart B7

but eart A moved 045 mater wiille Ly 1/ ]
eart B maved 0.87-meter, What Iy the| b=ttt =l
ftio of; _

(1) The-tpeed of A to that of B T e e

alier the Interaction?

(b} thelr masses? ===

‘{Haber: Schalm otal, 1975 P 32])

8, Comprassed Spring Problem
Two objects af mass my and mp are held together by a strong
light thread, and are also acted on by & light spring that Is-com:

prested & shown in the figure, When the testraining thiead s

Two objects of mass m 5 Mgt held together by a tirong
light thred, and are aljo acted on by & light spring that Is com-
__prened, When lhu restraining thread i borken, the fwo objects

broken, the two abjects fly apart with | -

|ty apart with velocltles o/ nd

velocities =y and + vg, Use the law |
" of conservation of momentum o solve

g Uss the lsw of conservation of
momentum to solve for the ratlo of

for the ratio of the vefociies, v /g, =
[Miller, Dlllgn & Smith, 1874, p. H?)

thg velocitls, g .-

PHYSICIST'S ANALYSIS

fr ¢ Foesol &qu_al‘ma'gniliucia and apposlte In dincton sy
1 ™ "3 ouerted on two unequal masses at est, How do the veloc

! ) Cm s o . )
29 . i ilies of the masses compare? How do the displacements of ’
- . the masses compare! :
EKC |
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, Appendix B
Exampie of Proposed Instructional Dialegue — The Gun and Bullet Problem
Origiral Problem
» 1. A gun has 2 mass of 2,00 kg. It fires a bullet of masst 0.005 kg towards the right with a speed of

500 m/sec. How does the qun recoil? (Give its speed and direction of motion.)™
{Hulsizer & Lazarus, 1972, p. 187)

Problem Restated in Qualitative Form

When a gun is fired, the buliet leaves tha gun with ;ome speed. Haw does the bullet’s speed at the
muzzie of the gun compare with the gun’s gegé at that time? How does the direction of the bullet’s
motien compare with the direction af the gun's motion?

Sub{éﬂiaﬂf questions (i} Whx azsymptions did you make to arrive at your answers?
{ii} What principles of physics/laws of motion did you apply b the situation
in coming to your answers?
Knowledga/skills assumed in following outlines of Instructional Dialogue strategies
1. “Priyties” knowisdge: it is assumed that students have completed a study of kinematics.

2. General (or “world") knewledge: Awareness of medieva' cannons, rifles, handguns (see
step AT below),

Strategy A Qutline of strategy 1o be used for resr:anses to the qualitative problem of the form
~ “don’t knaw'icr ‘gun ﬂn;esn 1 move.’

51

subsequent reorganization of
these rules (Collins & Stevens,
18981), this is an example
of Case Seilection Strategy 1:
Pick 2 positive exempiar for
a set of factors.

Al(b). Ask student why Collins {1977) _Rule 2: Ask
matchings were made. for any factors.

A2, : Ask the student why To establish the role of ex- Collins (1877) Rule 2 (see
the bullet/shell comes out of  plosion in this phenomenon. above).

the gun when the gunis fired. = If this notion'is present, go
o A4; if not, go to A3.

A3. Show the student a To establish the effect of ex- Coilins (1877} Rule 3: Ask
drawing of a metal. tube, plasmn on the mass in the " for inteffhediate factors. For
closed at ore end and with a2 . tube, i.e., the cracker. If this some studemts this will also
lighted ﬁre crsc;ker gla::ed g;e,r(:ig daes not establish - be a prompt to recai 2 rele-
an it. the notion, maove further 1o vant  previous experieite,
S ——— considering a medieval can- relevant existing world kneow-

- qujfl non where the explosive and ledge.
Asked what will happen when propelled object are separate. '

the fire cracker goes. off.

Stgm in thg Strategy Furpése of Steps Cammentarv on Steas
: .3,’1(;). Gwen scale drawings Al(a) and (B). To Qstablish Collins (1977) ha; proposed a
of. a small pistol, rifle, small that, in the real world, mass/ - series of proeduction rules for
mortar, madieval cannon and . weight of gun > mass/veight this form of instructional dia-
shells/bullets fired by each, - of bullet or sheil. logue. Strategy Al{a)l is an
student is asked to match the example of Rule 1: Ask
quns and shells/bullets. ) i about a known case. In his
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Sieps in the Srrategy

Purposs of Steps

Commentary on Steps

A4, Using two labor-
story trolleys, one containing
a spring plunger (FSSC), and
a number of bricks.?
{a) have studenis exper-
iment qualitatively with-the
effect of placing two carts
with loaded spring between

and releasing the spring, -

with verying maxzes on the
{b) have students exper-
iment with one cart carrying
various masies placed with
loaded spring against their
hand and then releassed.

AS. By drawing on Al-
A4, amist the. student to
establish (armdl, if apgropriate,
to link to relevant existing
knowlsdge/experience):
(i} that in the case of the
exploding carty, the ex-
panding spring sxerr: forces
on the carts glac. " :  sither
end of the sprirs. Jad that
these two forces are equal in
magnitude. -
(ii) that, in the case of the
expioding carts, equal forces
from the spring acting on
carts of different mass result
in different cart velocities
after explosion.
ploding carts, when one cart
has 2 mass considerably lar-
gar than the other this situa-
tion i in some ways anal-
ogous to & ing
bullet. (Of the limitations to
the anilogy, the meost im-
portant to ba driwn out
here is that the relative mass
differences for gun and
bullet are much greater than
far the carts.)

A6. Return to ﬁualitatﬁe
problem. After successful
solution of the problem as
asked, usa strategy B below if
appropriate.

To establish the separation of
all masses involved in an ex-
plosion; to establish that
smaller mass pieces move
more q:x;i:kiy than larger mas
pieces ™

To establish that a mass ex-
ploded away from a “rigid”*’

‘bedy resuls in 2 foree on

that rigid body.

To esuablish the generaliz-
ationz nesded in order 1o be
able to analyze and solve the
original qualitative problem.

. J- Jﬂ

Direct observation

Direct ~ bssrvation

This step is similar to Steg Al
(b) (sse Footnote a) in that
the production rulez 10 be
applied will vary from subject
to subject, depending both on
each  individual's existing
knowledge and beliefs, and
on each individual’s interpre-
tations of steps Al 1o A4.
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Appendix B (continued)

Strategy B ‘Outline of ﬁritegy 1o be used for responses 15 the qualitative problem of the form “spesd
of bullet very much greater than spsed of gun and in opposite dnrec:‘lan

(l 8., COFFECT aniwer 1o

Steps in the Smtggy

Purpr;se af Steps

Eamm-ﬁﬁrv on Stgﬁs

81 Ask student if they can
be more precizz about
the relative values of the
buller and gun speeds.

B2 Rzpeat »subsidiarv ques-
tions (i) and (ii) from the
qualitative problem.

To establish that the ratio
of speeds is the inverse ratio
of the weights/masses in-
valved. If this is nat forth-
coming, go to strategy A,
beginning at A4. If some such
statement is produced, go 1o
B2.

To dicit a statement of
Newton’s Third Law and to
have the student authorita-
tively link this law to the
g;n/bullet pﬁenamgﬁan

Collins ﬁs*m Rule 4: Ask
for prior factors.

Set commentary on Step A5,

? Numbers of other rules (eg., Rules 3-11) may be aéaiigﬁ in the exploration of individyal re-
sponsas. For example, it may be nscsssary to 2sk “Could the cannon ball be fired from the
pistol?”” (Rule 6: Pick a counter example for an insufficient factor.)

B previous expearience suggests that a physical mark (e.g., a chalk [ine) needs to be made to indicate
the position of carts before the sxplosion so that a reference is available for considering
post-explosion effacts. '

S if friction eHects provide an interfering concept, move further by using an air track for explasmﬁs
and then returning to trolleys.



