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A major goal of instruction, is to improve students

abilities to perform tasks they were not able to per§0rm well

i
I3

s

*. prior to instruction ) Such imurovement an only<Come»about o

e -

if‘students learn something as. a result of their exposure to:
finstruction. Put another way, the stud nts' k\owledge for
performing particular tasksjmust‘undergo some changes during
‘the instruotional process. 'The pr&maryltask facing
b 'k.'(' :

educators, then is to set up the. instfuctional conditions
;under ﬁhich des1red changes in students knowledge w111
occur. ldeally, the design of instruction should be- guided
by general theoretical principlés” about the relationship

|
between instructional conditions and- changes in student

'knowledge.. Without such general princ1ples, the development

of effective instruction remains heaVily dependent on the

skills, experience “and frequently the personality of the

_particular educator designing or delivering the instructionu'

There are a great many variables which affect this

relationship between instructional conditions and learning,

. and many of these need tovbe understood for principleﬁ or
theory—based instruction to become possible These include

cognitive affective and social aspects of the educational

process, structure ‘and content of inStructional materials,

Pl

.
«

medium of delivery of the instruction, the nature and

o

vstructure of the subJect matter being. taught and a myr ad of

1

: student variables such as aptitudes, Prior knowledge, and

.personality A comprehens1ve instructional theory would

~

Pl

explain the ways “in which all of these factors interact

1

during instruction. Erogress toward this errd is being made

) .
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by gradually accumulatlng 1ns1ghts 1nto each. factoii 1ns1ghts

Wthh need to be syntheslzed eventually 1nto a comp ete

! ) ! " : . - . . ‘
;account c 3 3 ‘ J :

: recent analyses of

, : ;
In thlS paper, we rev1ew se1ected flndlngs in one area,

gnltlon durlng problem solv1ng, and

m:explore the 1nstructlonal 1mpllcatlons of this plece of the

complex puzzle descrlbed above. The jork we. wrll d1scuss ‘has

evolved - from several decades of " 1nter st in the- psychology of

V

‘problem solv1ng.' Early psychologlcal analyses of problem

"y

solv1ng consldeged falrly general aspepts oprroblem—solv1ng

act1v1t1es. Gestalt theorlsts such as Duncker - (1945), Kohler;

(1927),'and rthelmer (1945/1959) sawlas most 1mportant for

problem solutron the ach1evement of understandlng of the
( N *

pproblem as a whole. They were 1nterested in sudden-

"1ns1ghts" durlng problem solv1ng and saw problem solv1ng as

. % i t .
: requlrlngkihe 1ntegratlon of prev1ously learned responses 1n

"novel ways. Beglnnlng around 1950, theorlsts taklng a

behav1or1st approach (e g., Maltzman, 1955) concerned

" -

themselves prlmanlly w1th general qppnectlons between actions-

[

'perﬁormed by -the, problem solver and condltlons under Wthh

=

actlons a§e performed . More recent "1nformatlon—process1ng"

analyses (e g.., Newell & Slmon, 1972) anorporate both the;,

,Gestalt psychologlsts' 1nterest 1n 1nternal mental states‘

vlnyolved in understandlng problems, and the Behav1orists

{ \ ——

emphasls on actlons performed 1n response to spec1f1able

\\

stlmull., The alm of these more recent analyses has been tova

characterlze the kﬁowledge requlred for solv1ng problems 1n,l
0 ' :
conslderably greatel detall than wagtattempted in earller
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Central ‘to the 1nformd@10n process1ng approach is an
1nterest in the ways humans store and process 1nformatlon to
perform complex 1ntellectual tasks The aim is to "build

R . /

models’ of the conceptual knowledge structures, procedures,a

and - general strategles requlred for understandlng and solving

A
problems.h These theorles are 1mplemented in the form of
programs mhlch are often run on a computer because they tend
to be qulte compl/x”‘ The models are rntended to be; '
hypotheses about llmlted aspects of‘cognltlon They are
tested by assess1ng the match between a\"trace of the‘
processes performed by the model as it Solves & problem and-
the data frOm human subJects performlng the same\task 'The;":h

’ clalm is that the ex1stence of-these programs and thelr ' Z
abxllty to, s1mula€b human behav1or demonstrate that the ,
theorles "are operatlonal and'do not depend on vague, |
mentallstlc concepts (Larklnh McDermott, SlmOn,—and Slmon
1980a) e : I 2 .

Whlle early 1nformatlon—prochss1ng studles focussed on -

. thé study of puzzle llke problems in-areas such . as .t ~ey
cryptarlthmetlc chess, anﬁ symbollc logic, 1nterest,has
turned toward analyzing solutlon-of;problems in cdmpleh
subjectfmatterudomains Such as‘physics kSimon-&'Simon l978-
Larkin McDermOtt Slmon & SlmOn, l980a)w geometry (Greeno
l978), and arlthmetlc word problems (Rlley, Greeno & Heller
1983) The problems looked at 1n this work have' been falrly
standard textbook problems of the kind students typlcally

. . .
encounter in school (see example in Flgure\l) DT
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of glven 1nformatlon and a. speclflc goal wh1ch oan be~

'determlned from the given 1nformatmon Such problems are

used throughout mathematlcs and sc1ence curr1cula both to

@

teach content materlal and to assess students abllltles to

apply the concepts and prlnclples taught 1n courses. DeSplte

* their high degree of structure, these problems generally L_

.v‘», B

require very complex knowledge for thelr solutlon” ang“most.

“students flnd them quite dlffrcult Effectlvexmethods for
. ’ ¢ L )
“teachlng students how to s@kve such problems c0nt1nue to

‘elude educators They remaln therefore, a serious
. educatlonal challénge. ‘3 ”;- ,' a" Co .
3 ! LIS T . A
As we mentloned above, 1t is useful to thlnk about '-\
- - . vy

¢
T

nstructlon as a process wh1chm1nvolves modlflcatlon of

) dents knowledge iqm performlng tasLs Th1s process can

~n

“be viewed as a serles of tran31t10ns from one knowledge state

3

..to another a t7eor?;of 1nstructlon would speclfy how to

brlng about these tyansitions betweenzknowledge states,' The

n

1nformatlon procesging . analyses haVe mostly Involved concnpts

rand methods for characterlzlng 1nd1v1dual knowledge states,'
-« _
~‘although some progress has begun to be made in spetlfylng the '

Qs
mechanlsms 1nvolved in changes in knowledge, i.e. learnlng

-~
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of the impllcatlons these. cognltlve analees have for the.

v

L N
des1gn of 1nstructlon in sc1ent1f1c problem solv1ng We
begln by rev1ew1ng descrlptlve analyses of problem solv1ng in

. . A
% sc1entﬁf1c domalns, and then descrlbe 1n some detall an -

o Lo

analys1s whlch takes a more prescrlptlve approach to the - -
[ o

1&Ent1f1catlon of knowledge needed for solving problems. We

conclude Wlth a‘Hlscuss1on of the 1nstructlonal 1mpllcatlons

Q
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DESCRIPTIVE ANALYSES OF PROBLEM-SOLVING PERFORMANCE

Studies of Problem-Solving Performancev’

One method of discovering the kinds of knowledge-i
requlred for solvrng sc1ent1f1c probléms is to compare

solutlons by highly skllled, "expert" problem solvers w1th

~those by-"novices." Such analyses can prOV1de theoretical

x'1n51ghts into the nature of skllled performance as well as

flnto the kinds of dlfflcultles beglnnlng problem solvers

ﬂexperience. Once the . components of'skllled performance have

been 1dent1f1ed 1t becomes posslble to conslder teach1ng

§oFerea -

bth1s knowledge to nov1ces (Greeno, 1976, l980)., Furthermoref

.
expl;catlon of the prior knowledge of students could guide
the design of instruction specifically,intended.to address
gheir d1ff1cult1es . In this section we will review the major

o 22

flndlngs of research explorlng dlfferences between the

"scientific problem—dolv1ng performance of 1nd1v1duals at

dlfferent levels of expertise. p : : ¢

~ Simon and Slmon_(l978)s;ﬁ%lyzed the differences between
f

expert and novice solution 19 kinematics problems. Their

| . . . . ' . * ’»\»,‘a
expert had extensive experience solving mechanics problems;

'.v

4their,noviCe had only recently stUdied\the'kinematics-chapter

of .an elementarﬂ'physlcs\textbook, and had never solved.

problems of this kind before. The problems 1nvolved
Lo

sltuatlons in which objects moved w1th uniform acceleratlon,

sqph as the following..

A bullet leaves the muzzle of a gun.at a speed of 400

‘"m/sec. The length of. the” gun barrel is 0.5 m. y Assuming
that the bullet is uniformly accelerated, what is the
average speed W1th1n the barrel?

There were major dlfferences in the-overall solution

" Y

6

-
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'jstrategles used by these two problem solvers., ﬁot
.surpr1s1ngly, the expert solved the problems in less than one
quarter of the time ‘needed by the novice and made fewer e

ferrprs But of more, 1nterest was thewgact that he seemed to

solve the oroblems almost automatlcally. Immedlately upon
readlnq the,problem statement,.the,expert generated equations .

“into whioh known values had already been'substituted.' That
. . .
is, he spontaneously and almost effortlessly comblned

- =4
NBI

1nformatlon given in the problem statement>w1th h1s knowledge
"?pf phys1cal iaws to produce already 1nsta¥t1ated equatlons.

&

He than easlly solved these equatlons. , -

.

The nov1ce s solutlon was in sharp’contrast to the.
\ .

'expert s smoothly executed sequences of 1dent1fy1ng,

1nstantrat1ng, and solv1ng equatlons.; The hovice had to- ask
N\

_herself at each step what to do next,;and frequently
expressed llttle confldence in her abilities. She had to-
_search through paoes of the ‘textbook for formulas that m1ght
apply, and would- expllc1tly mentl n whlch formulas she was

' cons1der1ng ) ‘

Slmon and Slmon found ‘some evidence that the expert used
what they referred to as ”phys1c ) ultlon. They defined
physical intuitionfin‘information[;iocessing terms as the
ICOnstruction of a cognitive representation of the_ physical

,51tuatlon, and the use of that representatlon to gulde the
generatlon and appllcatlon of equatlons. (ThlS notlon of
lunderstanding as the construction of almental representation

of the elements and relations in a "situation is central to

recent cognitive theoriesrof language understanding

o

7




' (Anderson, 1976; Norman:s Rumelhart, 1975; Schank & Abelson,

-
P

1977).) The expert'sithorough qualitative understanding of

-~

the problem:situation; in the form of\such a representation,
~allowed him tonsolve the problems effioiently’and quiokly.‘
Simon and Simohlcontrasted'this "physical"japproach of the
expert (moving from the problem statement to a cognitive
representation of the,physical situation, and from that
representation to equations) with the nov1ce s "algebraic"

) approach (goiqg directly from the‘problem stateménts to the
’equations). They asserted that knowledge of the phys1;al
laws'or equations~needed for_solv1ng.these problems"comprises
onlv the "algebra of'kihematios.f. To "know physics," an
individual must be able to uhderstand~Complex‘broblem_
situations in terms of‘the laws of physics.

.

Simon and Simon-also.observed differepoes in the
Asequeﬁoe in which‘equations were‘generated by the expert and
novice; The- expert seemed to use a fWorking—forward"_
strategy, operatinq from the-givens of the problem by
successively applying equations until the desired values were
found.\LThe novice' s'stgategy was nearly opposite to the
5expert ——s?e used a "working-backward" approach going from
- the unknowns to the givens. ‘she would look for formulas
which contained variables that were wanted in the problem,
1and;apply those‘formulas.v If those formulas contained other
variables for~which the values were unknown,.she'would apply
‘the same procedure to find values for these new variables.
The hypothesis was that these two strategies'aCCounted

[ ’ ‘
for.the differences between the sequences in which equations

| ' . ' ' AN
\\ \
\\ ' v . . 8 . ) N o ’
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were used b? the expert and novice. " To test this hypbtkesis,
Simon and Simon created two very sinple production;syétems to
try to model the obseryed performance. Productions'are
.condition—acticn pairs which’ are more sophisticated versions
oﬁqthe stimulns—response pairs of .classical behaviorist
psychology. Whenever the conditionsﬁin-pne of the -
proaucticns:are'éatisfiedh the action associated with that
-condition is performed. '(One can think of these as similar
to "if—then"‘statements.) ﬁroduction systems are lists of

these conditionQaction pairs which constitute a theory about

‘the cont?nts and organlzatlon of some portion of . memory.-

Many of the recent information-processing theories are in the
orm of productlon systems. |
Simon and Simon created two separate‘lists of
’ producticns, one repreSenting the working-forward strategy-of
tne exnert, and the other representing the working-backward
strategy of the novice. 1In, both cases) the actionlpart7of
each productlon was one of the klnematlc equatlons and the
vcondltlon part was a list of variables in that equation. The
Systems;only,differed‘rn'one respect. In the expert;system
the rule was: If the equation contains known variables
(cordition) tnen tr& to solve that eéuaticn‘(action). .In the
novice system the‘rule was: "If the equation contains Qne or
%ore desired variables (condition) then try to solve that
fequation.(action).
Simon and SimQn compared the sednencéé of equatrons

ﬁwhich‘each_of.these systems‘éenerated with the sequencea

3 proéuced by their two subjects. They found that this-simplo_

9 .

Q . _ T -li
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model matched very well the equation-generating behavior of
the expert and novice, thus conf1rm1ng that the :
workihg-forward and worklng backward strategles constituted

- reasonable explanations of some differences between, the

e
observed solutions.
A2 ‘ . -
3 A substantially expanded ‘and computer- 1mplemented

vers1on of these models was developed to account for the
performance of a larger group of subjects solving krnematics'
‘and dynamics problems (Larkin, McDermott, -Simon and Simon,

o

1980b) . Two models were created, one simulating naive -

—~
+

performance and the other-competent‘performance., The naive
system used "means-ends analysis" (ME), which‘corresponds tob
Simon and Simon's—. work1ng~backward" strategy.A The other
used ‘a "knowledge-development" (KD) strategy, a method

~/ corresponding to" Simon and Simon's Pworklng—forward"
procedure. The KD model also had knowledge of
problem—solving "methodsf (such as an "energy" method or

+ "force" method)‘comprised~of clusters-of physics,principles.

These models were run on Simon ahd-Simon's i9nkinematics

problems plus two new problcms requlrlng d1fferent
pr1nc1ples. The resultlng traces were compared W1th the )
-performance of eight novices (undergraduate students taklng
their first physics course) and eleven experts ipLy51cs
professors and advanced graduate students), solving, the th -
new probléms, plus thc data from Simon and Slmon s cxpcrt and
novice solving the other. 19 problems. ;hc models predicted
well the order in which the human subjects appllcd pr1nc1ples
during their solutlons. They a]so 1cflected ‘the, obscrved

- 10 4 Ce
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- dlfferences in. the automat1c1ty w1th wh1ch pr1nC1ples are

’ used In the ME model the selectlon and 1nstant1atlon of

v
-

’ fequatlons are=done in. sepbrate steps, whlle in the KD model,
they are performed in- ‘a s1ngle step. 'H ka'__ _ I_?f 3
~ Larkln (l981a, b) .also qqplored the questlon of@how a

less- skllled problem solver m1ght improve through pract1ce.
[}

She created a productlon system, ABLE which "learnsﬁ from .-
exper1ence-rsolv1ng problems. h1s model wﬁlch'lnltlally'
uses an algebra1c, means ends strategy in 1ts "barely ABLE"'
state, acqulres new knowledge each time 1t solves a problem,

until 1t becomes "more ABLEz - The process by whlch it learns :

r

'1s to not1ce, whenever 1t successfully applles a pr1nc1ple,'f

how and under what problem condltlons that prlnC1ple was- g°

|

'applled In 1ts final state, the program uses the KD j.
/-'*
/

5
strategy to generate equatlons automatlcally.

_f”:n In the studles thus far dlscussed, the'experts[were'

solv1ng what were for them very easy“problems. n@o/obtaln
) ‘more 1nformatlon about experts' capabllltles, Larkln (l977a,
:1977b)cbserved phys1c1sts solV1ng more complex problems in
~ mechanics. These stud1es revealed a r1ch sequence of problem
: representatlons whlch the experts used at d1fferent polnts in

the1r solutlons.

The expertsﬂfsolutiOns were'comprised of an initial.

-phase of qualltatlve analys1s" which was performed before

_any equatlons were generated . In thls prellmlnary phase, the

experts f1rst drew sketches representlng the phy51cal e
51tuatlon descrlbed in the problem, then drew more abstract
'dlagrams represent;ng:the problem 1n:terms of,concepts from
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their knowledge of physics (such as force and energy). The

information in'these'abstract'representations was not -

'
-

- vfmentioned in the problem statement, yet thls 1nformation'

apparently was required for understanding the problem.

@

, e . .
During thls qualitative phase,.the experts also explored

.alternatiye ways "to solve the problem. This.olanning was
done at a very general level The experts referred to a
small set: of candidate solution methods, Wthh consisted of

' clusters or "chunks" of phys1cs pr1nc1ples to be applied ds a
group. The expertE‘would consider these alternatives,
exploring the utility of gne Or ‘more before selecting an'

1‘approach to use. After this’ exploratory phase was completed,

- as signaled by their writing of an equation, none of the_r Jf

- A

experts»subsequently:changed their approach to a problem. {

Novices, in conttast, generated equations'shortly*after.

reading the problem, without:this intervening step'of,f.

,checking-the usefulness of coherent solution methods.‘ .The
¢ /
nov1ces ‘did frequently sketch physical 51tuations described

lin the problems, and would sometimes draw abstract

representations, espe01ally force diagrams.- However, they

/
always went directly-to-and stayed‘atma 51ngle detailed level
R ' . B o/ C ‘ '
during_the rest of their solutions, writing:and manipulating
. . / - . . : -

s

equations. o -'l o _"‘, /f"
Larkin (1977b)modeled some of the experts _planning
o processeS‘in a production system, ‘and McDermott and Larkin\
”..‘(1978) developed, a. model known as PH632 (for tﬁ? number of
e vthe most advanced mechanics course at Carnegie-Mellon

o

iUn1Vers1ty) which s1mulates experts' reliance upon a sequence’
S T o e ' ' B : :

12




of;problem representations. Four types of representatlons

‘are used by these systemsc - the verbal'statement of the"v

5'problem, a sketch of the phy51cal s1tuatlon in the problem,.a

: -4
: _more abstract representation 1nclud1ng conceptual ent1t1es in

phys1cs, and a quantltatlve representatlon in the form of l}:
equatlons (referred to as verbal nalve, sc1ent1f1c, and |
mathematlcal representatlons by Larkln, l982a) | Larkinu
(l982b) has also modeled the 1mportant role of . spat1al
,knowledge in COnstructlon of the nalve and sc1ent1f1c

representatlons '

Problem Perceptlon
| Knowledge for constructlng problem representatlons has,
"also recelved attentlon 1n studies of human. subjects
perform;ng tasks-other than solving problems._ Ch1 and her,;t
'colleagues (chi, Feltovichﬂ & Glaser, 1981 Chl, Glaser, &m.f
a Rees, 1981) asked expert phys1c1sts and novice phys1cs |
. :students to sort mechanlcs problems, and analyzed the
categories4constructed and justificationszor'thesexd
categories Nov1Ces were found to sort problems ‘on; the bas1su
of phys1cal objects (such as pulleys and 1ncllned planes),.
and phy51cs concepts (suCh as fr1ctlon), mentloned 1n the’j-
problem statements. - Experts sorted problems on the basis of
- more abstract phy51Cs pr1nc1ples (such as Conservatlon of
Energy) ‘that are appllcable in the problems but are not
gmentloned in the problem statements (Very s1m11ar results -
have been found in mathematlcs by Sllver, l979, and Schoenfeld'

and Herrmann, 1982.) These data are qulte consistent Wlth

- the f1nd1ngs that experts represent and plan solutlons for

13
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‘ prdblems in terms of underlylng phys1CS prlnc1ples, whereas

_:nov1ces' solutlons are not gulded by thls klnd of oo

'understandlng,-51nce they do not "see" the physlcs‘principlesj
: LY .
f_underlylng the problem statements.v o 'g”_.'

)

Knowledge of Bas1c Concepts

“Not only" do novices- lack this ablllty to understand R
problems in terms of SC1ent1f1c pr1nC1ples, they alSO have

3

‘ been found to m1s1nterpret 1nd1v1dual concepts. . ver1table*

“a

catalog of students'.non—sclentlfle’conceptlons is belng

accumulated by researchers around the world. For’ example, e ”
- number of studles document  studetits' 1nab111ty to predlct or
explaln correctly the motlon of objecbs (champagne, Klopfer,
h_& Anderson, 1980 Clement, 1982; dlSessa, 1982 McCloskey,
l983 McCloskey, Caramazza, & Green, 1980 Mccloskey & Kohl
A'l983 Mlnstrell l982a; Shanon, 1976 Trowbrldge & McDermott
1980- Trowbrldge & McDermott, 1981; Vlennot l979), and basic
concepts llke graV1ty and heat (Albert, 1978 Gunstone & ‘
Y White; 1981; Mali & Howe, 1979). It has been shown that”'"
students' naive conceptlons are extremely widespread and are
very re51stent to change, per51st1ng after con51derable
'expOSure to sc1ent1f1cally correct explanatlons in =
. tradltlonal 1nstructlon and in experlmental laboratory.

: settlngs

Art1f1C1al Intelllgence Programs ">

Processes for bulldlng and using problem representatlons_A
have also been explored in art1f1c1al 1ntelllgence programs.
(Although- these programs were not 1ntended to model " -human |
cognltlon, they can 1dent1fy’processes fo; which functlonaliy ;;
‘ ”14- : e . E




'eeqﬁlvalent mechanlsms mlght exlst 1n human performance )

)

.
. 4

,Novak (1977), for example, has demonstrated the process of

3

1translat1ng verbal problem statements (for statics problemS)v

‘into representatlons of the objects and relations in the

O
problems. This’ program, IsAaac, can read, understand, draw.

p1cture5'of, and solve a set'of problems stated in EngliSh-
L3 . . :
A program ‘called NEWTON, by de Kleer (1975, 1977); models

qualltatlve analy51s involving "envisionment" of how objects;l

will move in ‘problem situations. ' For some Slmple pfoblems, ¢

thlS analy51s is suff1c1ent for reaching a sdlution. - When it

- e

is not, NEWTON uses means—ends analy51s to select formulas to

apply. Another program, MECHo (Bundy, 1978' Bundy, Byrd,

- Luger; Melllsh, & Palmer, 1979-'Byrd & BOrnlng, 1980),,m0de15'*

several levels of representatlon .in solutlon of statics- ‘and

'

'dynam1CS~problems.v All of these programS model the cr1t1cal

: prole of problem understandlng and representatlon in ach1ev1ng

_solutlons to complex problems ’ 4"2
Summ ary - - - o L ~{
PR .

f We haVe briefly: reviewed several emplrlcal and

4 theoretlcal analyses related to sc1entlflc problem solv1ng.

These 1nclude detalled Studles ‘of 1nd1v1duals at different
levels of expertlse, conputer models Slmulatlng some aspects

of human 1nformatlon prOCe551ng durlng prOblem solv1ng, and

Part1f1c1al 1ntelllgenCe models of problem solving.: We haVe ‘

learned a good deal from theSe analyses about the nature of
the knowledge requlred for so}vf%g problems in complex
subject—matter domalns._ o 4 ) _'f

'Elrst,_knowledge for4understanding_andurepresenting

.
. . ’ . . ' : .e” ! . .



. . . \J/'/ . .
v - ! v LA
v .. . i

. problems frequently 1s crlthal for reach1ng correct, or even .

.

reaSOnable, problem solutlons Understandlng is. v1ewed as a

-

process of creatlng a representatlon of the problem Th1s

:representatlon medlates between the ‘problem text and 1ts.

- solution,. guiding expert‘human and computer systems in the
C ~selectlon of methods for solv1ng problems. Nov1ces tend to

v bes qulte def1C1ent w1th respect’ to understandlng or

percelvlng problems 1n terms of fundamental pr1nc1ples or"
-concepts.: They cannot and/or do not CQnstruct problem
.representatlons that are helpful 1n achlev1ng solutlons..
Strateglc knowledge governs the approach problem solvers
take to the task. Experts solve problems<u51ng a process of
4success1ve reflnements——unless they are faced w1th a simple
.problem for which they can 1mmed1ately recall a spec1f1c -
solutlon method, the strategy experts. use is to perform
high- level plannlng and qualltatlve analy51s before beg1nn1ng
to generate equatlons Nov1ces do,not have the knowledge )
requlred to approach problems in th1s way, and tend to’ go.Q;
d1rectly from the problem text to equations.
Problem solv1ng also requlres exten51ve.knowledge of
basic concepts and pr1nc1ples. Experts have a great amount
of such doma1n—spec1f1c fabtual knowlnge wh1ch is- both
technlcally correct and well—organlzed Experts also have
knowledge about when coﬁcepts and pr1nc1ples are appllcable
_ and useful, and have procedures for 1nterpret1ng and apply1hg
dthelr factual.knowledge. Nov1ces are lacklng much of thlS

knOWledge, do not "have their. knowledge well organlzed ‘and

,frequently exh1b1t naive preconceptlons rather than

16 - - S
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scientiflcally.correct ideas" v '

[
v

) F1na11y, repert01res of famlllar patterns ‘and known

prOCedures are necessary for rellable performanCe.

Experts'

.' ) have such repert01res, 1nclud;ng knowledge of famlllar

.
v -
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/ THE PREg;RIPTIVE APPROACH

fhe psychological analyses discuSSed thus far have.

prov1ded detailed descriptiOns of the performance of problem
SOlVerS’at different levels of expertise. 4These analyses.

4

havejrevealed that the knowledge required for - solving
7 c
problems is much richer, more extens1ve, and more complex

/gh%n we had realized .This complex1ty had not been"

'ognlzed«earlier because so much knowledge is implicit in
killed performance and remains "tacit" (Polyani, 1967) for
the person who had the knowledge. Slnce the expert'problem-"
solvers themselves are unaware of this tacit knowledge, thosé
who teach’ problem solVing have not been able to “make explic1t.

for'students the knowledgelneeded to achieve good , .
performance. - In turgp, since this.taoit knowlédge has.rarély'
been taught'explicitly, it is not surprising lhatunovices o
‘differ so much from experts, ev n after.the novioes have

.,

'completed courses which cover the problem- solv1ng material

It might appear th;t we should now begin to remedy thisf'
problemiby teaching students directly the knowledge possess&d
by experts._ Wgule this approach has merit, we believe it is
not always the one to }ollow for several reasons. First, we
may not always want to teach beginning students this expert
-knowledge. For o:e thing, not all students need to reach the
very advanced level‘of-performance exhibited by,the'experts
“in these studies._lThe_students vary widely~in their .
professional goals,iand extensive expertisegin a scientific.L
domain is not reasonableito expect of students enrolled in

each course-in that domain. There is also no reason to

¢

18
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'assumc that individuals we somewhat arbitrarily dub "experts"
on the basis of their position or title always perform
optimally.- We want students to achieye at least minimally
competent levels of perforﬁance, and competent performance 1s
not necessarily synonymous ‘with expert performance.

.. Even if we.wanted to-teachinovices to be experts, itﬂisw&“M
‘not clear_ that we could. Experts acquire their knowledge
through years of experience. 'They have.large repertbires_of'
familiar patterns'and highly automatized procedures which
gradually develop through repeated exposure to problems and
‘Wthh would be extremely difficult to teach directly. _We: are
"also well aware that novices:do- not begin instruction asl
"blank slates." They enter courses with a great deal of
prior knowledge,_including strong preconceptions which are
'.frequently‘incompatible with the_ideas and language of the
sciencelto-be learned. Learning is.not a processfof filling
empty spaces in'studentS' headsﬁaexistingvknowledgé.must'be.
reorganized and restructured to accommodate and assimilate:
the new.knowledge; and some of the prior 1deas must be
irelinquished and replaced As demonstrated by Minstrell
(l982b 1983), it may be necessary to engage students 1n -
extended periods of 1ntense discu551on before they accept .
"expert" SClentlflC explanations and definitions which differ_
from the students'-earlier 1ntu1tions.

“

Instead of teaching nov1ces to be exnerts, then, a more

-realistic goal might be what we could cal'_

expert nov1ce"

'performance- An individual at‘this,leve ] ould:be,able_to
solve problems competently,.but not“neCessarily using the

~
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'same processes as experts. In order -to des1gn instructlon

-

" for this purpose, we need to- generate‘theorles &f the
knowledge novices could rely on'to achleve good performance.
This approach, wh1ch has“/pen rzferred to as "prescr1pt1ve"
(Bruner, l964 Reif, 1979), inv lves 1dent1f1catlon of
effectlve problem—solv1ng methodsmﬁbat we mlght wish- to
"prescribe" for students to learn.v Purely descr;ptlve
analyses, in contrast, are intended to document:ané;explain,'
naturally occurr1ng performance, whether or not that
.performance 1s effeﬁ@&ve. “
s> A prescrlptlve theory of . problem—solv1ng.performance can
lncorporate components of descriptive theorles of expert

performance, but it d1ffers from the latter in 1mportant

~ A

ways.‘ It would substltute for_ the highly automatlzed
prOCedures of the expert, alternative procedures wh1ch draw

on the knowledge avallable to nov1ces. Fo/zexample,ieXperts

'lrecognlze~types of problems, and rapldly retrieve'and apply

solutlon methods which are associated with problem types, but
nov1ces neither have knowledge of problem types nor stofés of
known methods. A prescriptive theory would expllcate
prOCedures novices could use to recognize . features of

problems and decide which solutlon method to use for wh1ch

- problem. Such a theory would also take,1nto consideratiOn‘

the preconceptions and knowledge deficiencies of novices

" which lead to common errors, and would lnclude preventlve or .

compensatory procedures to block or catch these errors. ~For

example, a variety of powerful checks not neCessarlly ev1dent

\

- 1n experts solutlons_could be~1ncluded throughout theg

/ . 4
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. solution proceduré', | L o \
It should be noted that. the "expert novice" level of
\performance is not. necessarily where - 1n%gnmduals Q uld remain
.for long periods of time after instruction. It encompasses a.
set of*minimal reliably effective procedures 1ntend¥d for
Sonscious and‘deliberateluse by indiyiduals who have not yet
acquired years of experienceL For,those individuals who
continue in the field, problem—solVing procedures woul;\bev
expected to evolve naturally, becoming less explicit, an \
more automatized and efficient. As.Resnick (1976) has . \
suggested, efficient instruotidn“iS“not necessarily directf
'w_‘instruction in skilled performance. Rather, the aim can bel
kto teach routines "that put learners in a good pos1tion to \
discover .or invent effiCient strategies for themselves. '
As descrlbed by Heller  and Reif (in press), the -
formulation and testing of a prescriptive model involves the
‘follOWing major steps:

L4

—SpecifiCation of applicability: Specifyvthe conditions

‘under which the pr0posed model is supposed to be applicable.
These conditions include the characteristics of the tasks to
be performed-and the characteristics (capabilities“and
limitations) of the persons who are to perform these tasks.

.—Formulation of a model of good performance Formulate‘

a prescriptive model specifying explicitly the procedures and
associated factual knowledge whereby a person with the
previously specified‘characteristics can perform effectively'

B
the specified kinds of tasks. .

- -Elaboration of the model: Translate the.model into a

L.
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chailed "program" which mdkoq OXplicit the knowledygeo

qpocifiod by tho modol'. Thiﬂ program consjsts of a sequence

14

of gpecific steps 'and asgsociated facts.

+M0asnres_to ensure implcmgntability: Pilot test and
‘modify thefprogram until jt isﬁgpecified at an optimal level
of'detailsand all steps in theiprogram can be readily
.interpreted and reliably executed. ' %

.—Controlled‘egperiments: Carry out cbntrOlled

experiments in which 1ndiv1duals are induced to act in
accordance Wlth the program for the model. Observe in detail .
the resulting performance. (Experiments can also compare the
performance which results when different subjects work in.
accordance with alternative models.' Comparison between

models which differ in specific ways allows one to ascertain

&

which particular features of these models are. necessary or

.suffiCient:for good performance.) .
k This.approach-for}formulating and testing a prescriptiVe

" m&del is‘analogous'to that used in artificial intelligence
for modé%s of effective performance by computers: One
develops a program which embodies a‘theory of how a task can’
'be performed by an information -processing system, and tests’
that program by runni it on‘the system for which it was
intended. If the task is'performed well, the model is ]udged

" to be snfficient; if the system fails to perform the task
‘dorrectly, the model is not suffiCient and . needs modification.
The use of this approach with human problem solvers is, |

however, motivated by very different goals from those

.

generally pursued by artifiCial—intelligence theorists.. In
) : ' 22
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qa&drgl, an of fective AT prngram i an ond jn itygelf. i[n
contrast, development c)f? i sound model of human per t ormance
ig only n;Mvunu for 1dontify1nq potentially tudchah]u- ,
problem-solving methegds. Once a prescriptive model 15 shown
to lead to good-problem~sblving pcrformance by human
subJects, - there stili_femdins'ﬁhe question of whether to
teach people to usc.thagaquelzk The answer to thislquostion
dcpchds‘pn favtors such as how casi}y learnable.thc knowledqge
in the model'is. Tecaching experiments would be required t
cvaluate these aspects of.q valida£ed model of performance.
Heller and Reif'(iﬁ'prGSS)‘applieq the prescriptive

‘approach to an important aspect of scientific problem
solving, namely the initial qualitative description of

_ problems. Beéause this appfoach may be very useful as a
bridge between descriptive studies and the design of -
instruction, we present this work in ceﬁs;derable-detail
hefe. In the following sections we discmss theﬁprescripﬁive
model, and £he results of empiricai tests of the model.

 Prescriptive Model of Problem Description

Specification of Applicability

The tasks in this study were éroblems‘in basic )
college-level phys1cs, spe01flcally in the fi€ld of
mechanlcs. The subjects were presumed to have not only
typical human 11m1tatlons (e. g., of short term memory), but
also relatlvely complex human capabilities (e.g., the ability
to understand English, to draw diagrams, to do algebra, and

.to interpret individual principles in besic,thsics).

Formulation of a Moéel of Good Performance
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Relt and Nellery (1982) formulated a 1)r(hacxiiyﬂ;ivfe-yu)dasl

Cof effoective human problem solving in thotlomain of phyulcu:
This model speciticn some general procedures to bo used in

conjunction with & knowledge base about a particular

-

sciontitfic domain., The*genceral procedures subdivide the

A

problem-solving process into three major stages: - (a) the

generation of an initial problem description; (b) the ®
A

k)

generation of the actual solutiom; and (c¢) the assesSmaﬁtﬁﬂﬁé~

M - . v . v 5 4 v L] ﬂ '
improvement of this solution. The domain-specific kng }cdge
s S P

. . o - i &
basc contains declarative knowledge of concepts and '

[

principles, togeth&r with sﬂaéffic pr6cedures facilitating

their use, and is organizedgiecrarchically.

Heller and Reif (in p stﬁdied one component of thisg
model, the process for genergtlng g useful initial .
description (or "representation”) of any pfdblem.» According

to their model, thelgeneration of this initial deséfiption
can conveniently be decomposcd:into two stages. 1In the first,
of these, a pérson starts from an originally éresented
probleém and uses general domain-independent knowledge ?9*,
generate a "basic ﬂesefiption" of thekproblem. This basic
description transforms thelproblem into a readily
“jnterpretable form. It summarizes expli&itly the information’
specified.and waﬁted in the problem, identifies relevant
time—depéndeht prdcésses and decompoSes‘them into distinct
subprocesseé, introduces uséful'symbols, énd expresses the
relevant information”in‘convenient syhboiic representations
(iﬁ pictorial as well as verbal forms). Althbugh ggneraticn
of this basic desqifption is non-trivial, Heilef and Reif




‘restricte their attention totthe second° more complek;%nd;“”
interesting tage ‘of the description process, the generation-
-of a "theoretical description" of a problem.‘- |
'A'"theoretical description"’of a problem is a‘ l
description deliberately expressed in terms of spec1al
concepts and properties in the knowledge base for the problems

domain (corresponding to the “abstract" or "sc1entif1c

’ - Lo g ”, &

"problem representations in descriptive analyses) The -
procedures for- generating theoretical descriptions of S
problems ‘are determined largely by the contents and

'organization of the knowledge base. rTherefore, the -

\,,.;" n

)

délineation of the knowledge base for any domain is an
extremely important part of a prescriptive model of problem'

‘'solving in that domain. .

-

Reif and Heller (1982) suggest that the knowledge base |

& T

for any scientific domain should spec1fy the ent1t1es of

interest in this'domain, concepts for describing these '
k) . " B A

entities, properties of these concepts, and prinCiples and
rules expressed in terms of these concepts.
In mechanics, for example, the knowledge base includes

“the follOWing information

®

-The entities of 1nterest are particles or systems

consﬁsting’of-many“such particles.f”rﬁﬁf~”"
- —Concepts for describing particles are of two

kinds, according to‘Reif and,Hellerﬁ concepts'to

describe indiVidual particles (e g.,‘ﬁmassf and .

.\

"veloCity") and-concepts to describedthe interaction

: between‘particles‘(e.g;,l"force”),.r,ﬁ_

:




~Properties of-théSe conéepts include "interaction'
laWS"AWthh .specify how concepts descrlblng »

o 1nteractioﬂ'are related to conCepts gescrlblng motlon..'”

jThese 1nteractlon laws are speC1f1eQ for short-range"

' 1nteractlons wh1ch occur when partlcles Ftouch“ieach

-

-~

other,.and "longerange 1nteractlons (such'as
‘gravitational interaction)-whiCh ogcur ‘even . if the’.
‘?}f .

'.1nteract1ng partlcles are separated by ‘some: d1stance.7

R ~-Finally, thelknowledgerase,for mechanlcs
includes‘important."motion”principles" (sﬁch'as‘
Newton 'S famOus "second Law™ ms-F) wh1ch spec1fy ‘how
Ithe motlon of part1cles changes as a result of

1nteractlons between them. - o - , .

The declarat1ve knowledge in the knowledge base »

-
PRSI

almpllCltly 1nd1cates the 1ngred1ents needed for the
theoret1cal descrlptlon of any problem in thls,domaln:
entities of:interest must'be described'in’terms‘of'themg
Jconcepts in the knowledge base, taklng 1nto cons1deratron the'
;propertles of those'conCepts.‘ Thls descrlptlon must alsoﬂi
conform with’ the constra1nts 1mposed by known pr1nC1ples in:-

the doma1n. However, these general statements are too vague

to be useful for an 1nexper1enced problem solver who is asked‘

.

.tougenerate a partlcular descrlptlon. The prescr1pt1ve model.'

5

therefore specifies the" exact steps by Wthh the declaratlve »l
knowledge should be applled to generate a theoret1cal
descrlptlon. That is, it spe01f1es how to 1dent1fy the”

'partlcular ent1t1es to be descrlbed, hOW to apply the Tﬂ,

'concepts to descrlbe thnse ent1t1es, how to exp101t




properties of these concepts,.and how to apply pr1nc1ples in
the knowledge ba;evto check that the description 1s,fd' .
self- consistent and correct. .

‘The procedure for generating theoret1cal descriptions of
any problem in mechanics isbsummarized ianable.l, (The.
procedure isfpreceded_by‘idéntification ofdrelevantftimesﬁand’
systems,.which-will.notjbe discussedhhere;)".Descriptions are
constructed separately for‘each'relevantvsystem, until_all'
such.systems have been described. For each system, two_i

e,
Ay

udiagrams‘are drawn- one describing 1ts motio

,nd the other
1ts interaction w1th other.. systems (that 1s, a diagram of thei'v
forces exerted on the 'system by all other systems,.commonly
referred to as a "free—body diagram“) An algorithm lS..;
prov1ded for identifying all short—'and long—range forces on-'
a system. ThlS algorithm stresses identificatiOn ofmsystems -

responsible for exerting those,forces. ‘An example helps to

make_clear'how this procédure is'used.to describe a problem.'

_FTable,l about here

;Consider the problem in Figure ll The description
procedure would be’ applied to both block A and block B,.
yielding motion and'interaction diagrams of each.; For< .
vexamplef for block B, first.a motiOn'diagram’is dramn to
,descrrbe its veloc1ty and acceleration (see Figure 2). We

have been told that block B is pulled to the 1eft w1th

”constant speed——hence a labelled arroy is. drawn on a simple

sketch of block B -to 1ndicate the veloc1ty 1s to the left,-,f




. . ' . . N ) ) N . .
'and,a note.is made that the acceleration'of the,block'is zero

(it moves “w1th constant s eed ).- Then the 1nteractlon
P

dlagram is drawn to descrlbe all forces on block B. To\do
o

thls, f1rst all objects whlch touch the block are 1dent1f1ed -
and all of the.correspondlng short—range forces’ exerted on B
by these objects are 1nd1cated As shown in Flgure 2, these
objects are the system pulllng block B to the left, which
exerts an applled,force‘EQ the strlng, Wthh exerts a

tension force T; the floor, whlch exerts ‘normal and fr1ctlongi

-

'forces~§_and £; and block A, wh1ch exerts normal and fr1ctlon

i

forcestj'and f}.; Then thesprocedure 1dent1f1es the--

long-range force F‘ exerted on block B by the earth.
. _ ~ .

L)

Figure-2 about ‘here.

s -

. .. Despite:its seeming simplicity, this procedure is'far

"~ from trivial} Appllcatlon of the procedure ensures, 1n ‘the
follow1ng ways, that h1ghly 1mportant declaratlve knowledge
is systematlcally and correctly 1ncorporated in the 1n1t1alk

descrlptlon of any problem, and that common errors are N
‘ :

prevented.:

The relatlon betyeen motlon and 1nteractlon is central“
to the sc1ence of mechanlcs. -Accordingly, “the descrlptlon
procedure requlres that both the motlon and the 1nteractlon.
of any part1cle be carefully descr1bed.. By contrast, most
physlcs textbooks (e.qg., Resnlck & Halllday, 1977) emphaslze ;
the need to descrlbe forces, but not the cqrreSpondlng need

‘to describe motlon. _Expert problem.solvers also tend to ';i




deécribe explicitly only forces, 1eaving.motion.description

\

implicit. 'However, novices frequently neglect motion;

information (Heller & Reif, in press) Wthh contributes to

their inadequate performance on these problems.

In the science “of mechanics, the concept of "force is
introduced to describe the interaction between objects.

Correspondingly, the descriptiOn procedure requires that

: nteracting objects should be identified before the'

¢

~specification of particular forces describing their'

interaction. Hence the prOCedure guards against errors
caused by students' preSClentlfIb conceptions (e G s ‘Viennot,
l979; Clement 1982) in which forces are VleWed‘aS ultimate
causal agents, producing effects independently of the
eXlStenCe ‘of other ObjeCtS.. ”">'.'f'ﬂ .j}é” |

The description procedure also incirporates the

distinction between short -range and lOng range interactions.
A

It requires the enumeration of all “touching objects",‘n

order to identify short-range forCes—-every object which

.touches another object must eXert a force .on that object

This procedure while not eVident in eXperts' solutions,

comprises a very- easy method for néyices to use because the"'

“identification of objects touching a giVen system is ter1al..

e

_commOn error of omitting short range forces acting on a

system.

-for human problem solvers._ It can thus help prevent nOV1CeS';{:

P

s

Finally, the procedure exploits the motion principles in’
-~ ~ .

mechanics to check  tlre correctness of problem descriptions,

One such check_requiresfthat-the descriptions-of:the motion 7
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and interac¢tion of each system be'qualitatively consistent"

with the fundamental motlon pr1nc1ple ma F, ice., that the
Y "

acceleratlon of a;partlcle have the same d1rectlon as the
total force on 1t In ord%r to perform th1s check, both ‘the
motlon and 1nteractlon of each system must have been
:descrlbed eXpr1c1tly, as requlred by the model..
, The power of th1s check1ng procedure can be 1llustrated
in the case of the problem of Flgure 3. It 1s qulte easy for j:

subjects to determlne that the aCCeleratlon of block .C is

d1rectedvto the rlght However, subjects Very frequently }

cla1m that the fr1ctlon force on th1s block is dlrected to

K Toae .-

the 1eft because "fr1ctlon opposes the motlon"'of .an object
and block C "moves to the rlght (In fact,.frlctlon opposes

the relat1ve motlon of objects,\and block C would move to the

v « -

left’ relat1Ve to block A, in the absence’ of;frlctlon.). The

®

checking procedure would immediately reveal that:the
directiom of this.force is inconsistent with that of the’

acceleration and must therefore be‘incorrect "Thus”this

check prov1des a rellable method for detectlng and correct1ng

v

the common error of ascr1b1ng the wrong dlrectlon @o the

>

fr1ctlon force in th1s problem.v S o
. )d',u . Hf._'iv:”Eigure'Bzabout here . ..

C—
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Testlng the Model of Problem Descrlptlon

‘The bas1c paradlgm fgr testlng a prescr1pt1ve model of
o
human performance is to 1nduce sub]ects to act in accordance

‘with the model, and to observe whéther their resultlng

. -




-/ | ! |
' performance is effective in the predlcted ways. In the i\
EXperimentalvprocedure used hy'Heller andiReif, subjects were
'asked to carry out the description and‘subsequent solution of
various problems by:executing "external—contr01“‘directions
that .were succe551vely read to them accord1ng to the program
,spec1f1ed by the model. For purposes - of comparlson,'a'
mod1f1ed model was formulated wh1ch lacks selected features
“of ‘the proposed model of good performance. The experlment
could then reveal whether the part1cular features' .om1tted5
from the or1g1nal model were actually necessary for good
‘performance. “if : l‘_."l,am:-.ﬂ-
~~~~~~~~~~~~~ ft*should be empha51zed that the aim of such
external- control exper1ments 1s to ascerta1n the mer1ts of a
proposed model of good performance, but not to teach.
Subjects may, of course, “learn 1nc1dentally whlle work1ng
“under conditions:of external_control; However, such-learning
need not occur;'because no effort is made tovhaVe‘the
'subjects 1nternallze the. d1rectlons. A subject, perform1ng
very well whlle work1ng under external control, m1ght revert
to poor perfzrmance if that control were to be removed
In the next sectlons we dlSCUSS the method and results:
of the‘Heller-and‘Relf study.. We f1rst dlscuss the L
:,telaboratlon of the proposed model M, and of the mod1f1ed
i.:_‘model Mf,.;ntO'detalled programs;'vwe then,dlscuss the actuali
experiment mhich-compared the performance of'three groups.of

-

,subjects: a group M gu1ded by external- control d1rectlon5»-.-"

*

based on the full mode; M, a%group M* gu1ded by 51m11ar _M

) d1rectlons based on‘the mod1f1ed model M* and a comparlson;




.group C working without any external guidance.

'Elaboration of the models

The procedureskin model M were elaborated into detailed
external—control d1rect10ns.v The relevant ‘factual knowledge
was summarlzed in wr1tten form so that subjects could refer

to 1t during problem—sqlv1ng sessions. L

_The external-control directions for generating problem

-
2

descriptions were supplemented with some additional
directions to gulde subjects. subseéuent solutions of the

descrlbed problems. These directions provided minimal

.guidanCetfor gérerating andtcémbining'equaticns."The&Awill_Jh‘
not be discussed urther;hs _. - » t‘vv -
Thevelaberati n of the model (which was summarized in’
Table l):into detailed directicns is shownvin the;Appendix;h
'The foliowing activities mere‘required tc eiaborate;the mcdel‘lr
1nto directions wh1ch met a set of 1mplementab111ty cr1ter1a
" pr0posed by Heller and Reif.
To achieve interpretability,_the(iteps in the
descrlptlon prOCedure ‘were first eXpressed as. ea51ly
‘comprehensible and natural—sound;ng directions. The steps in .t
'pTable l.thus yielded corresponding d ections, such as te
construct separate motlon and 1nterac610n descrlptlons for
_each relevant system (steps 3 4, 7, and 11 in the Appendlx)
“and dlrectlons to check that these descrlptlons are
qualltatlvely conslstent with known mechan;cs principles

(steps 17 18, and 25)

Adﬁ}tlonal steps had tﬂ be 1ntroduced to ensure that

steps would be executed in -proper sequence; \For'example,'the




procedure of Table 1 describes that;motion and interactlon
'descriptions belconstructed for eachdsysten,‘one system at a
time, before the SOluthn of a problem is attempted.
‘Correspondlngly, dlrectlons in the Appendlx include spec1f1c
steps to coordinate these act1v1t1es‘1n cycles of chooslng,a
particular system (steps‘l and 2): describing the motion and
interaction'of this‘system, determining whether any other
systemslremain to.be descrlbed (step 19), and branching
accordingly- (step 20). .~ . |

yFurther steps were needed to provide adequate control
ivoVer subjec;s'fﬁSe‘of_the'deqlérative'knowledge availanle to
them. Pretesting reyealed,that subjects, even when_prompted,
would Sometime; fail ﬁowﬁse factual knowledge readily

available in the summary provided to them. Accordingly,'the

directions included explicit mention of some especially

. important elements of'declarative’knoWledge (steps 6, 9, and ¢

10) . Thesé steps ensure that a general procedure is used 1n
| conjunctlon w1th approprlate declaratlve knowledge,»e -
'that the procedure for descr1b1ng forCes 1s couple&‘W1th
>doma1n—spec1f1c knowledge about the types of forces exerted
by varlous ledS of systems. | . |

% Flnally, several addltlonal steps were added as checks
‘to ensure that preV1ous steps had been-performed completely
“and correctly. Such checks are necessary s1nCe human
subjects tend to be. falllble and d1stractable, prone to

forget steps in a‘procedure or to d1sregard avallable.

(,informatiOn. These checks (steps 12 16 and 21 24) are 1n.”‘

addlthn to the' more general checks mentloned 1n Table 1




(Corresponding to steps 17,'18} and 25).

| A modified model) M*,_was also developed to test whether
selected procedures in mgdel M were neceesary»fbrfgood_
performance. The mOdified'modelsédesigned to simulate‘
someWhét'the“descriptive advice commcnly fcnnd"in4physiCS'
textbooks, is considerably less complete and egpiicit than

the proposed model M. The detailedddifferences betWeen’the
eiabgratedkversiOns cf‘mcaei M and mode; M*fare exhibited in
‘the Appendix. The differeﬁCes between these’versions are the

e

following: (&) The full model M 1ncludes descrlpthns of

ﬂzth motlon and 1nteractlon for e&ery SYStem, whlle model M*

includes only a deSCrlptlon of interactions. (b) The model M i
v includes a detalled prOCedure specxfylng ‘how to enumerate all

-forces on a system,‘Whlle model M* includes Only a dlrectlcn

to enumerate all forces on the system by 0ther ObjeCtS. (S)
;.The full model M contains. some eXP1101t references to' I

€lements in the knowledge base (tO some Partlcular properties |

of motlon and 1nteractlon), while ‘such exp1101t referenCes

are Omltted in model M#, (d) The full model M 1ncludes some o

Powerful checks based Oon general -physics. prlnClples, whlle .

the modified mOdel M* dOes not 1nClude such: checks.

o Measures to Ensure ﬂ_[m lementablllt

Sihce testlng of thé preSCrlpthe model depends heavlly
on the comparlSOn of performance gulded by external -control
.dlrectlons, it is eXtremely 1mportant that these dlreCthnS‘
'dre 1mp1ementable by the subjeCt (1 e., that they are .
readlly 1nterpretable, antually executed -and 1mp1emented

°°rrectly) To ensure such 1mplementab111ty, the directions




- Experimental Method | e R

. were' pretested exten51vely with pilot subjects, and practlce

il

activities were designed to familiarize experimental subjects

with the directjons. - S o o ) .
. u . . ‘ . \\ ’rj

v

Problem tasks for assessing performance. Three')

approximately matching pairs of mechanics problems were
selected £rgm commonlyvused3introductory ph?sics texts
‘(French, '1971; Resnick & Halliday, 1977; Symon,ql97l) and
reworded slightly for clarity. All of the problems couldvbe “ p
.solved by application of one fundamental’notion:principle,
Newton's second law (Ma=E).. . . ..... L ‘ ';*\
The pairs of problems were split into two roughly
equivalent sets. Half of the subjects in each group receited
one set as a pretest and the other set during-the‘i N
experimental treatﬁent sessions;-the other halfnof the
‘subjects received these sets 1n the opp051te order.

Subgects. The subjects in the experiment were 4'baid~

‘volunteers, all undergraduate students currently enrolled 1n.

<« the’ second course of an 1ntroductory phy§1CS sequence at theﬁ

Unlver51ty of California, Berkeley. All subjects had
received a grade of B- or better. in the first course of this
sequence, in which the physics pr1nc1ples of mechan1Cs were
stud1ed . These subjects were randomly assigned to the three
experimental groups,'elght subjects to each group.

- Procedure. Pf@blems were’ 1nd1vidually administered to
eégh subject in ai} sesslons.’ all subjects,solved one_set of

problems in a prefest session while working without external

. guidance. . Before solving the second set of problems,

35



subjocts in groups M and M* were introduced to thozlh
experlmental procedure of.working under external control.
These subjects then solved the problems under the glidance of
directions read to them by.the experiﬁenter, while "subjacts
in group C worked without such guidance. .Suhjccts were asked
to talk aloud about what they were thinking whlle solving the
problems, and their verbalized@etatements were recorded.with
their permission. Allpsubjects, during all sessions, had
access to the printed summary of mechanics principles.

, Subjects working-with external guidance were read the
standard directions from a.script, one step at a"time, Each
direction had to be performed by the subject bercre‘the next
one was read, As long as the subject implemented the
d1rect10n, the exPerlmenter n51dered that d1rectlon
.executed, regardless of whether it had been done correctly.
(For example, durln% construction of a force dlagram,
subjects)were leected to. indicate all forCes exerted on a
system by other’ objectsr If a subject described ‘such a force

in the wrong dlrectlon, the step was<nevertheless considered
executed. As another example, subjectspin'grOQP M were asked
whether any object,~other than:thOSe already named,ptouched
the system of interest,vaen'lf the snbjectvresponded in,the
'negative when there was another touching object,.the'step was

> v :

nevertheless considered executed ) However, if instead'of’
answer1ng the questlon or performlng the step, the Subjects
prematurely sklpped to a later step, they were stopped and

the d1rect10n.was repeated untll an’ approprlate response was

made.  / - ‘f'
36
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Tﬁu,methodology of oxternal’iontrol wag not alwayg
initinliy accepted by the subjects. A frequently encounterod
difficulty was the subjects' resistance to sufrdndnringg
control to the expcrimenter. Many scemed determined to solve
the pfoblems,iﬂ their own way, rather than to follow the

directions ‘given to them. They were then reminded that their

solutions during the first session'had already provided us

with ihfbrmation about their own methods, and that we now

needed their help to assess our methods. For the most part,

‘this reminder was sufficient to enlist the subjects'

I S

N

cooperation.
| Once their initial resistance had been ovércome, many
subjeéﬁs became overtly positive in their reSponée to the
directions._ Sevéral remarked, with notable surprise,; that
these steps "really work" and tﬁat the problems seemed
suddenly "easy" to solve.
Results | ' . _ R ’
- The adequaéy oﬁ'eve;y solution was assesﬁed with respect
to ﬁbur perfq;mance criteria: the adequaCy of subjects' |
analyses of motion (as judged by assessing the information-

about acceleration_inggubjects' equations), the adequacy of

subjects" analyses?of interaction (also jud&ed by examining

eqpations), the adequacy of the set of_eéﬁafions genéfated
(assesséd by'determining bqth whether thé;SOlutiép,¢onta;ned
thé‘mihimal set’ of éqﬁaﬁions.needed to détermine a value,for
the wanted quantity, and'whether all individudlvéquations

were correct), and the correctness of the final answer

obtained. The data summarized in Figure 4 show the mean

»

-
]
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‘mumbeaer of each subjoect'd solutidions (on the three problems
. ) | > A
solved during pretagst or treatment gossions) that were
&

correct on each af thesco mmaﬁ%rns. The data are nnmmarized
for subjacts iﬁ cach of the threce treatment groups, nnd for
all 24 gsubjects 6n the pretest. There were no significant

differences between-the various groups on this pfetcst, nér
between théﬁé‘prctcs results'gnd the performance of ghe

comparison group C yh_the treatment.
m : : .

e . ,./j

. : B Figure 4 about here. : .

P TN

Are the procedurcs proposed by.the model sufficient for

producing succeszul solutions? The perforﬁance of subjects
- in group M, worKing under external control, indicates that

. ~ . - )
they are. As is apparent from Figure 4, these 'students

performeéd nearly perfectly:  Aii of their solutions cbntained

.

every required equation, and all of their equations contained

correct and complete information about motion and interaction.

3

But could the subjects have performed just as well on

the basis of their prior knowledge? The sﬁbjécts'
performance on the pretest, and the performance of the

-comparison group C, indic&te that the subjects' prior
knowledge was definitely not sufficient to solve these kinds
' of problems adequately. ©On the average, the Subjects solved

0
o

' correctly less thahggne'third of the7pretest problems.

3

Furthermore, less Ehan one third of their solutions contained
: . . e ' - L

enough correct equations‘to-achieve a solution, and less than.

one half of these solutions incorporated correct information

a
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+ about both the motlon and 1nteract10n of the relevant

y

systems. These results 1nd1cate that the knowledge students‘

acqulre as a result of ordlnary 1nstruct10n in an .

.- -

1ntroductory mechanlcs course is not suff1c1ent to endow them

;"w1th the ablllty to solve falr;f:standard mechanlcs problems
at’ the level of th1s course. (Or at least the knowledge is
lost w1th1n two months of taklng the course')

Are all\of the components of th1s model actually
'necessary'> This questlon can be partlally answered by
comparlng the oerformance of group M with the performance of
group»M* As‘mentloned prev:ously,;lf'the knowledge-:“ ‘. ,_r-
components om1tted from M*. were 1n fact necessary for good
performance, the obserVed performance of group M* should be
less adequate than that of - group M. In part1cular, since the
d1fferences between the mddels lay in the completeness and\\sk;
expllc1tness of prOCedures for constructlng 1n1t1al problem
descrlptlons, ‘the descrlptlons of motion and 1nteractlon by-'
group M* would-be expected to be 1nferlor to those by group
M. Correspondlngly, the equatlons generated by subjects in
group M* _and hence also the flnal problem answers obtalned

- by them, should be less often correct than those generated by -

r 7

subjects 1n group M. & .
The data in- Flgure 4 reveal es;entlally thls pattern of
‘results. All results are statlstlcally s1gn1f1cant (u51ng
Kruskal—Wallls Test, P < Ol), except 1n the case of motlon

N descrlptlon, where the performance of ‘group; M* was’ not
51gn1f1cantly poorer than the perfect performance ‘of group M:g

It thus appgars that at least some of the components, deleted
k39“h g




from model M to.create the modified model M*, are indeed. i
necessary for achieving good problem solutions.

Relevance of the'Prescriptive Approach

In this work Heller and Relf formulated and validated a
Lot

prescriptive theoret1cal model of. some of the knowledge and
.procedures needed for good problem solv1ng in mechanlcs.
rPartlcular attention was glven to.the generatlon,of 1n1t1al‘”
;problem descrlptlons wh1ch faC1lltate the solutlon of  such -
problems. The model 1ncluded Very spec1f1c procedures for
:generating "theoret1cal problem descrlptlons. ‘ These procedures 'y”
speC1f1ed how to descrlbe the motlon and 1nteractlon of |
systems 1n terms of Spec1al concepts in: the knowledge base
for mechanlcs. ,' o | e -

The model was. tested by a- method of 1nduC1ng human.
subjects to solve problems us1ng the prescr1bed procedures.
fResults 1nd1cated that the model does lead to expllc1t and

correct problem descrlptlons, and that these descrlptlonsi

markedly fac1lltate the c0nstructlon of correct problem '

- -

solutlons.

Descrlptlve analyses have shown that - nov1ces typ1cally

.
-

lack the kinds of strateglc knowledge ‘that were 1ncluded 1nf

-

Heller and Relf's model——l e., the meta—knowledge that it is
'1mportant to descr1be a’prOblem with care before’ attemptlng fi
to solve 1t, expllc1tpknowledge about what types of
1nformatlon should be 1ncluded in an effect1Ve descrlptlon,-'
and eﬂpllC1t procedures for generatlng such descrlpthnS.
'Experts usually pOssess - these klnds of knowledge, although
predom1nantly in tac1t form,_and the knowledge is

.- L)
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'rarel§-taught exPlicitly'in physics courses.c The work a
vfdiscussed here shows' that such ‘knowledge can be made more
.eXp11c1t and that, 1f used - by students, it can strlklngly
1mprove the1r problem-soIV1ng performance. | ' |
What s the relevance of thlS work for’ problem-solV1ng
_instructlon?; A prescrlptlve model Can be thought of as a
specification of the knowledge students should acquire as a

‘result of 1nstruct10n or, 1n Greeno' s (1976) termlnology, the

cognltlve objectlves“ of 1nstructlon.- Once such a model-has~'

,been valldated, ~showing that it d0es successfully lead to
‘good performance, it is then‘approprlate to raise questlons
‘'such as‘*whether and how to’ teach-students to 1nternallze'the?

knowledge in the model.

@



INSTRUCTIONAL IMPLICATIONS

"We will now outllne ‘some of the general 1nstructlonal

, 1mpllcatlons of. the cognitive analyses of: problem solv1ng

.

which we have dlscussed. By 1nstructlonal 1mp11catlons;"'we:_
: refer to reaSOnable concluS10ns about both what to teach, and}

how that 1nformatlon sh?uld be taught AS.WerWlllleSCuSSi‘
the research has more dlrect 1mpllcatl%ps for.the former than :
.the latter, but the two questlons are. notAentlrely |
’ 1ndependent (R :jw o : ].""'a;»

GeneralfRemarks

<

The studles of nov1ce performance in sc1ent1f1c domalnS‘ .

- P Nesey -

have shown that 'even after.lnstructron,‘many students lack'
real qualltat1Ve understandlng of the concepts and problems
they encounter in sc1ence courses. They also do not know how
to approach problems, or when to apply Wthh formulas, and
why._ At the risk of stat1ng the obv1ous, we: would say that a
first,. very general 1nstructlonal 1mp11catlon of ‘these.
'flndlngs is Slmply that there is a strong need for more -
effectlve 1nstructlon, partlcularly to prepare students to
.solve problems with understandlng -

Such 1nstructlon should be spec1f1Cally tallored to
prepare students to solve the klnds of problems they w1ll
encounter‘ For the de51gn of such 1nstruct;on, an, . i ’é-g,
understandlng of the knowledge requlred for solv1ng problems
1s of paramount 1mp0rtance. 'Greeno (1980) summarlzed this .
pointfwell- | | -

- To. teach students how to solve a class of problems,
first analyze the knowledge that they need in order to
solve that class -of problems, ‘and ‘then carry out

blnstructlon that will result in their vaUlSlthn of the

41 "-,‘
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/*, o requlred knowledge. (p. 13) ) o I
Th1s plan has begun to be . 1mp1emented, and’ at th1s p01nt both

‘descrlptlve and prescrlptlve efforts have contrlbuted
o

_‘powerful methods for 1dent1fy1ng th1s knowledge. 'The
appllcatlon of these methods has revealed 1n51ghts into the
.nature Qf_the knowledge that_ls.requlred rn selected

'scientific and mathematical domains. In:order to design
effect}ve problem-solv1ng’1nstructlon,‘we should contlnue to
apply these’ method% in different problem doma1ns to 1dent1fy

' the spec1f1c knowledge that would need to be taught in each
of those domalns. , . l»»;w,_pﬂ,-_: _ . -

Th1rdly, th1s llterature demonstrates the 1mpress1ve

s *

guantltx ‘level of detall, and complexity of the knowledge we'

must transm1t to our students. It 1s_somewhat overwhelmlng-
in this respect; it~begins to seem amazing that some people

2 .
fdo acqulre and coordlnate the diverse. k1nds of knowledge

: requlred for solV1ng even fa1rly standard problems 1n B

--:

ftechnlcal doma1ns, The studies and theoret1cal models
con51stently show that one cannot solve problems correctly'
,w1thout a large‘amount of domaln-spe01flc knowledge. When
even a small amount of th1s knowledge is m1ss1ng or removed
from descr1pt1ve or prescriptive models, performance
deteriorates dramatlcally, *lnstructlon mustrsomehow supplpb
studegtslwith'the extensive body of knowledge needed'to_solve'
problems, and must do so'at~a'vervdfine level of.detail;

| Flnally, the sc1ent1f1c problem-solv1ng llterature has

brought to our: attentlon, or underscored the 1mportance of,

vpartlcular k1nds of knowledge wh1ch are needed for- solv1ng

’
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-problems and thus need to be cons1dered in the design of_

N

_;problem~solv1ng 1nstructlon. " We have learned that knowledge

for.understanding'problems and conceptS'qualltatlvely is

o - . ‘ - _ C o B
-extremely important in problem solving vet is not'learned by

'students in sciénce classes. This has also been shown in
_ stud1es of mathemat1cal problem solv1ng (see, for example,_,i“
Paige & Simon, 1966, and Hinsley, Hayes; & Slmon, l§78),
Students “are not learning to appreciate the importance of
.qualitative processes during‘problem solving.. ln fact, they -
seem 1nstead to hold the serlous mlsconceptlon that '
mathemat1cs and SC1ence are entmrcly quantltatlve flelds,.
’hence only quantltatlve reason1ng is respectable (Patterson,’
1983). We need to communlcate better ‘the great value of -
segmingly vague qualitathe eiploratfén,‘includlng
iconstruction of sketches'and general:solutiongplansaprior to _1
generation'of equations,_ And we must‘teachvspecific
procedures for accompllshlng these aspects of problem
solv1ng, .as well as for construct1ng solutlons by select1ng
and applylng formulas or pr1nC1ples L We have been shown,‘
too, that knowledge about when to perform procedures is
.extremely 1mportant, and must be made eXpllc;t to students
along w1th knowledge about- how to. perform them: Flnally, the |
research shows that problem solv1ng cannot be accompllshed
‘without an extens1ve, well organlzed knowledge base of
;domaln-spec1flc facts - We need to f1nd ways to communfcate
"not only the contents of doma1n SpelelC knowledge, but also
the_form.or organization of that knowledge‘that would

_facilitate its retention and retrieval.




-prescrlpt1Ve analyses,

' How Should Problem—Solving Knowledge Be Taught?

We now turn to some more speculative remarks about how

thlS knowledge mlght be taught o S

:What Should Be Taught?

’ We have stressed in. this paper the importance»of"

K

vldentlfylng the knowledge wh1ch students need in order to be

able to descr1be and solve’ problems. It is ev1dent that

. <k

‘there is a tremendous amount to‘know, hence.a great deal to
1teach ' The body of requlred knowledge 1nc1udes knowledge for

'un&erstandlng problems, for constructlng useful problem

descrlptlons, ‘and- for selectlng ‘and applylng pr1nc1ples or.

concepts to’ solve the problem. The knowledge for porformlng

these act1v1t1es 1nc1udes meta knowledge about the

act1v1t1es, and knowledge about when and how to perform themn,

The answer to the questlom of what should be taught (oxr
2 :

Jat least learned) 1s, ‘as Greeno 1nd1cated the knowledge.

'_requlred for. solv1ng thé problem; ThlS knowledge can, as we

have shown, be expllcated through descr1pt1ve arid

?

Research has told us much less about how to teach.
problem solv1ng than about what to’ teach and about how“to
determ1ne what to teach. But these - questlons are not

unrélated We w1ll now - br1efly coﬁslder some spec1f1c ideas

about how to 1mprove students' problem—solv1ng skllls, ideas .

wh1ch are. consistent with our current knowledge about -
problem—solv1ng knowledge.-

Students need to become_better able to reason

~qualitatively about problems,-and to'know.when and how to

a
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.performythe many componentiprocedures.required for solving- 1
problems; gin order to encourage this learning, the students'
attention -should be turned'to these particular.activities.
Thehfollowiné are%some waysyin which ‘this might be
accompllshed.. | |

Make tacit processes exp11C1t Tradltlonally, class

lectures -have been 1neffect1ve means for developlng

problem solv1ng Skllls. ThlS'lS in part because problem

tsolV1ng is heaV1ly procedural "thus .is. probably best learned'
,"by d01ng" (cf Angai & Slmon, 1979) .However, we know that
under certaln condltlons learnmng~can;occur through,@.":
observation ofla;model performing'the'activity (Bandura;ﬁ
1977. ”»"@v”Instructors'should be able~to communicate some‘
aspects'of'problem-solylng‘knowledée iniavlarge éroupy’- |
‘settlng, but only 1f they model in suff1C1ent detail the
process of. bulldlng a solutlon. Too often,‘lnstructors jump
from read1ng a problem statement to wrltlng on’ the board an-
already completed solutlon, sklpplng the qualltatlve

oo

analyses, strateg1c dec1s10ns, and explanatlons of how and

.why each step was done.’ M1ss1ng too are-the m1stakes,p"

(]

tentatlveness, and exploratlon that are all parts of problem
solV1ng.‘ If these aspects of problem solv1ng are modelled by

.1nstructors in greater detall students would haVe at least a

chance of learn;ng some of these prOCesses by observatlonq'd

Get students talk1ng about processes.' Wh;lepobserv;ng.

4 .
o

an 1nstructor modelllng'solutlonJprocesses should be. .
beneficial, more active,ihVolvement'on the part of the .. ok

;v . . , . ) . .‘ ' .\ . , ,‘ B -
student is very  important. Students should be encouraged to . -

o e




generate those processes themselves, and to think about théur
own thought prOCesses._'One technlqﬁg which has been found 4
luseful is to have the students solve a problem a}oud exam;ne
~or observe a model solv1ng~the same problem us1ng des1red :
proCesses, and then dlscuss among themselves dlfferences‘__
between the1r own and the: model" s«fgqcedures (Bloom & Broder,'
1950) Repeated activities of th1s type should help develop
in students expllc1t awareness of the processes involved in ° .

descrlblng and solv1ng problems. -4

Provide guided practlce.; Students typlcally have an

fopportunlty to Aractlce solving problems, usually on"'r
homework _But these 'experiences are rarely structured in a
way-that.ensures.that,thegright'activitlesare being
ﬂpraoticed. We suggest that guided practice ls.needed, such ..
as could be provided by intelligent coaches (human or
cOmputer) wh1ch oversee the students' performanCe, 1nterject
comments when the student is performlng in less than- optlmal
ways, and prov1de suggestlons for alternat1ve.methods. We

use coaching to teach act1vxt1es 1nvolv1ng motor skllls such

as athlet1Cs and playlng mus1cal 1nstruments--1t is-

K}
£

r1d1culous to thlnk of someone learnlng to shoot baskets or.'
Vplay the v1olln only by . watchlng a skllled performer, and the
‘close scrutlny and feedback on perfbrmance of a knowledgeable
observer 1s knoWn to be extremely useful for 1mprov1ng
performance._ It seems very llkely that students would

beneflt from this klnd of guldanCe when learn1ng complex

1ntellectual procedures as well

Ensure that component procedures are well learned

o




Carefully structuredizxercises coulddbe*used to help students
fdevelop the component procedures required. for, solv1ng | .
problems. What might such exercises look like? A promiSing
-approach'is to prov1de’students with problems which are
_partially solved,iand'have them practice performing selected
‘subsets of the entire solution.procedure (cf Vygotsky)
Ml978) For example, with respect to generating equations/Eorfv
the physiCs problems we discussed we could prov1de students
Jw1th problem descriptions and" have them practice applying
princ1ples_to generate equations. By carefully designin;‘

these tasks, we could ensure,that the students are exposed to

the main kinds of'situations which'they should‘be able to -

feedba e baSlS of prescriptive analyses of knowledge,v s
we could ensure that they were 1ndeed practiCing effective |
, procedures; |
Similarly) we could pose a variety of problems and askv
only that “tHe students draw diagrams which are apprOpriate
for problems of each type. Again, w1th guidance and |
feedback, such eXercises could dewelop’ SpelelC components of

,the_problem—solv1hg knowledge_students'peed to acquire.

Emphasize7both'qualitative understanding and specific,,

procedures. We have stressed that instruction in problem

solv1ng should differ frOm traditional educational efforts in»d
- two main ways:_ There should be much more;attention paid to

' qualitative reasoning,'and therelshould be'direct‘and5
'explicit instruction‘of thefcomponent procedures and |

~ knowledge structures‘that‘areﬂrequired_for'cpmpetent

£ : C ) \
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performance, But there are various ways in which these kinds

of knowledge might be taught For example, we could try to
develop qualltatlve understandlng of problems and concepts

prior to attempting 1nstruCtlon in specific problem—solV1ng

~procedures. or we could flrst pr0V1de practlce us1ng such
procedures in the hope that such experlence would naturally &

.br1ng about understanding of the problems ‘As Resnick (1983)

explains,

Research has not yet told us whether it is better to
first become skillful at a procedure and then analyze
it, or to allow procedures to grow out of understandlng
a situation. . But research has-made it clear that.

' procedures must take on meanlng and make sense, or they
are unlikely to be used in any situation that is at all
,d1fferent from the exact ones in wh1ch they were taught.

““Enu} researdh is needed to inform us about-

Careful 1nsér”

) S

how to teach in a way that communlcates the meanings of

procedures to our students. However, wd can reasonably»

-conclude that bOth understanding'and prOCedures need to be

. emphasized, and’ therefore recommend an 1terat1ve

-
1nstructlonal strategy in wh1ch attention would sh1ft

_frequently between pract1ce of speC1f1c procedures and g
.qualltatlue analysls of underlylng concepts. Nelther can be}

.very meaningful or useful 1n the absenCe of the other, hence

both mus t be stressed. We might, for example, carefully

ygulde students through the performance of spec1f1c

vproblem-solV1ng procedures, but -also 1ntersperse frequent

d1scuss10ns about why these part1cular procedures are useful

in this problem context, and how they relate to earller and

later procedures.' By performing detailed procedures.for'
interpreting and applyipg'principles_and concepts, it is



possible that studenté will begin to understand:better theh:f

gencral concepts involved in the problems. If they

'_understand the’ general nature of the problcms, students would

Ay

have more reason to perform the procedures. and may in fact be
better at‘remembering how to perform_them.

- This combination of attention to gqualitative reasoning

- and to performance of procedures is’ also needed to help -

students resolve conflicts between theirAconceptionspand

~

technically correct definitions and explanations;‘ Specific

v

_feedback‘on details of their performance could fiag such

contradictions. "Extended discussions may be needed to force
“ & . . Lo - . - .

El

students to confront the contradictions between their‘notions

%

‘and sc1entific or mathematically correct. conceptions (see

Minstrell, 1982b, 1983.- .

Test for understanding and reasoning processes.‘

'Unfortunately, students‘are very resistant to giVing

attention to anything which i§‘not "going to be on the test.
While we may be.convinced that the kinds of knowledge we have‘
been discuSSing are crucial to performing well on tests’

involv1ng problemvsolVing, it is.difficult to conVince

,students that thlS is the case. An alternative would be to

’

accept students' preoccupation w1th exams, as distasteful as

it may be, and use this concern to motivate attention’ to the _f

knowledge rather than rewarding only quantitative

problem-solving skills we'know are important. This would

mean designing examinations to assess these kinds of

4

performance. TakKen to an extreme, this would mean‘grading~

49



" time-consuming and seems indeed overwhelming. It requires

! [

only the rcasoning underlying the process of nolving the
problcm, or at least giving no “credit" for achieving corroct
answers unless evidence of qualitativa understanding is

included in the’ problem solutions. Test items ‘could ask only

for: qualitative problem descriptions, or for identificatiq%

and justification of a»solution méthod, rather than an answer

to the problem. We would stress, in effect, that the problem
solution is nﬁt_synonymous'with the answer, and it is the

solution with which we are most concerned.
. . 2 e‘
Some Pragmatic Comments

_We have suggested a variety'of techniques and .approaches

'.fdr effective instruction. Some of these techniques are-

currently practiced on a limited basis--for example, some

"instructotrs place'strong emphasis upon both qualitative and

quantitative aspects of suibject matter, and some examinations

’

are.designed'and graded for sblutions/ not;just right [
: i ) /

answers. . However, even~these occa51onal efforts have
probably been based on 1nsuffic1ently detailed analyses of
underlying knowledge; -

The basic approach of-analyzing knowlédge andbtailcring
instruction,to teach that'kn0wledge would'be extremely
expertise and-energy on the part of teachers and

instructional designers, cénsiderable effort by students, and

‘perhaps. even serious restructuring of curricula and courses.

uCh restructuring may be necessary for educational systems

to place the goal of teaching for mastery over that of

‘-.screening out all but the most able students (as frequently



‘information traditionally conSidered important in each

ftoomy to occnr at- tho undergradnate 1eveI, empeCiﬂlly). Leas
material would be taught in gﬁtnter-degth,_and the focus
would be on students' progress, not on:the qnantity of

material "covered." ‘As an alternative to restructuring
' ] g

current couz?es, another option'would be to introduce special
probIem—solving cour ses. or labs, or to design supplementary

materials for individual use (such as computerubased tutors)

Special measures such as these might allow students to

4

continue to be exposed to the large amount of baSlC factual

v

r“"

discipline, while“also learning%HOW'tO'solve problemS'tHat
- . N . . . 4 t
involve application of those.facts and .concepts..

AchieVing a balance‘between traditionally stressed

.domain spec1fic facts, and the large body of procedures,'

strategic knowledge, and qualitative understanding called for
by recemt research, may indeed 'be a major,pragmatic problemf
for the field of education. We“know now.that these kindsvof
knowledge are all critically important for competent

tecnnical problem solVing, By both theoretical and pragmatic

" efforts, we need to find ways.to bring them to our-students.'

-
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APPENDIX I

‘Externa]-ControI Directions for Problem Descr1pt1on -

" The’ fo]1oﬁ?hg are the deta11ed external-control ‘directions used in our
experiment to elaborate the proposed descr1pt1on model M and mod1f1ed mode] M?
A]ternat1ve direct1ons used for model M or M* are marked by the 1etters M
or M*, respect1ve1y Direct1ons marked "M only" occur on1y for modet M,
but are omitted in model M*. Directionsvnot,specIfica11y marked are common
to both models. The letters E and § refer to actions by the experimenter

or subject, réspective]y,“With statements made by either put'betﬁeen.quotes.

' THEORETICAL DESCRIPTION OF SYSTEMS -

:M E: "Let's now draw d1agrams descr1b1ng each system of
. 1nterest."

ﬁ.M* E "Let's now draw d1agrams descr1b1ng the forces on each
system of interest."” :

CHOICE OF PARTICULAR >YSTEM

P

E: "Which system . . "“do you wish to consider - (1) -
) (first)/(next)?" | -

*S:  Names a system ‘'X'.

I X is a sfrmg or is not affected by 1nteract1ons . _
w1th other systems ‘ _ T : ,

: I-". | . -E: "There is no need to descr1be "o o (2) \
. o ~ Return to step . EE .

o -ﬁELSE continue:)

g . ’ A

61




]

> o : 4- . ‘.'-‘ ' ' .' .
v(ﬁ . ‘ refs s A SIESIT :

'HIL¢ER, E. A. Student~pebcep+idn: orf rwlafEdheE: =l ot LI

“mathematical verkal proklems., . JOURHAL FOR RES EHPIH IH
MATHEMATICS EOUCATION, 1573, 12, 15 E—ZIU

SIMON, O, P. & Simon, H. A.  Individusl d1++wrwnc_ﬂ in

serlvinag phyvsics prob lems. In R. Seigler <Ed.>», CHILDREH'E
S?MDH,‘K. R.  MECHAMICS (3rd editioh). ‘Reading,.ﬂass.:
Addizan=-be=z lew, 1971. . o

TROWBRICGE, 0. E., & Mtﬂermoff L. €. -Investidaticn of
student underistanding of the concert of welocity inm one

dlmenelﬂn. AMERICAR "JOURMAL OF PH?’IL&, 19ga, 43, laza-1aza

TRUMERIDHE L. E., & McDermatt, L. C. Inwe~+1mdf10n of
ztudent underefdnd;nm of the comcerpt of acce leration in ome
dimension. AMERICAM TUUPHHL aF PHV‘IL s 1821, 45, ”42~dq5

CWIENWNGT . L. Spontanecus reasctiing. in nlemanfdrv dvramics
EURCFERM JQURMNAL OF QCIEHLE EQUCARTICN, 1579, 1, Zes-221. f

THIHﬁIHG: WHAT DEVELOPET Hillsdale, N.J.: Erlhaum. 1?.;.‘

VYGOTSKY, L. MIMD IM SOCIETY. Camkridee, Mass.: Harpéra'

Un1uer ity Presz, 137&.

WERTHEIMER, M. PRODUCTIVE THIHKIMG., Hew Yorlks Harper &

Fow, 1234%, JEnlarasd editice, 19530

=762
.



t  [MOTION DESCRIPTION
nly . :
i 'E:  '"First draw a motion diagram of X, inc]uding any (3)
available information about its pos1t1on, velocity, -
and acceleration relative to a convenient reference
frame, If the velocity or acce1erat1on is zero. ‘
. indicate that on your d1agram "

St Draws motion d1agram of X.S‘

:E: "It is also useful to include on this diagram any (4)
‘ known propert1es of the system, such as mass." :

IF,prevaous systems have been described:

E: "Be sure to use conven1ent symboIs and to re1ate (5) .
them to those you ve used previously." -

4
IF X has c1rcu1ar motion:

~ E:- "Remember, the acceleration of a-system in (6) .
-~ circular motion ordinarily, although not ~
always, has two components,. one tangential and
the other toward the center of the circle.
Check to be sure whether both components
exist in th1s case." :

INTERACTION DESCRIPTION

v E: "Now let's draw an 1nteract1on diagram for X
! using the method I've: suggested " :

' SHORT-RANGE FORCES

A o E: "F1rst name each system that touches X, (7)

. . including those that exert applied forces : =
Co As you.identify each system, indicate all
! -~ external contact forces exerted on X by
that system " :

A -+, Er "“Draw a force d1agram 1nd1cat1ng the forces (1)
' ’exerted on X by all other systems." ‘

IF previous systems have been descr1bed

: - E:..'“Be sure to use conven1ent symbo1s" o (g)i
N and to relate them to those you've.
' X used prev1ous1y ‘ .
] } i
' S Names 1nteract1ng systems ‘1')'ahd/or
indicates forces o o :




IF interaction with surface: ]
E: "Remember, the force exerted by a (9)
surface ordinarily, a]though not always
has two components, the normal force
and friction force. Check to be sure
whether both components exist in this
..case. .. -

e e mmlmm . m .. . —— -
. po-

. The normal force is perpendicular to (10)
the. surface and directed away from it. : :
The friction force opposes the relative
motion of the contact points--here it
opposes the motion of X X relative to
Y." . ‘

LONG RANGE FORCES

:- E:  "Name all externa] systems that d1rect1y - (11)
- "7 interact with X without.touching it or . o
oo through any other physical contact. Then

' - indicate the long-range forces’ exerted on

X by each such system "

"~ S:  Names system and/or indicates force

,CHECK: ‘MISSING OR-EXTRANEOUS FORCES

)
1 [t E /E: "Are there. any other systems touching 52". o (12)
* "t~ E:  "Are there any other forces on x by 127y
| -[ ; | anything else?" E U
o 2 S: "Yes" or "no". |
. 'HE’ lE,Yes‘ | ,
1 o . 'E:  "Draw the forces. exerted by that (those; | (13)
[ : ' system(s)." | -
i; i[ i_ N .EE:< " “Draw the forces." ’f .:v (13') .
' | N Return to stepvli. |
:n1yl. . ELSE continue: . ) -

E; - "Are there any other: systems d1rect1y 1nteract1na (14
. with X by long-range rorces’" . '

' SE . "Yes" or "no"




IF yes:

: | E: \\"Draw the force.exerted by that system." (15)
' ‘Return to step 14. '

ELSE contihue

A A I I

) - E: "ﬁf not, you are f1n1shed describing all - (16)
. . fo<ces on X. Do not add any others

CHECK: CONSISTENCY BETHEEN MOTION AND INTERACTION

R "The motion and 1nteract1on of the system must be ' (17)
-, consistent. In your diagrams, are the forces on X

' ~such that, with proper magn1tudes their -vector sum
' can have the same direction as X's acceleration?

L L L

, Show me how you determine this. (You might want to
A ’ ‘check whether this is true by comparing components §
' a1ong convenient d1rect1ons {

.'S:  Checks consistency; responds “yes" or "no" with
explanation. Modifies descr1pt1on(s) if necessary.

4 E: "What would have to be true about the relative  (18) -
' magnitudes of the forces on X for the acceleration
. “and resu1tant force to have the same d1rect1on7" -

o .S:‘. Describes requ1red re1at1ve magn1tudes of forces ‘,_-" .\
'REPETITION OF DESCRIPTION FOR EACH SYSTEM | ’ ' T

. e ew com am s mm e e W = W o

IE E: "Have all systems of 1nterest been descr1bed yet?" o (19)
: s "Yes" or "no".

: IF no: g, )

! " Repeat theoret1ca1 description procedure, beg1nn1ng at (50)
' step 1. , _

2
. . ELSE continue:

'CHECK OF ENTIRE DESCRIPTION o | |

E: "After describing all systems it's useful to doub1e-check
your work. . Let's run through a checklist to make sure -
you haven' t m1ssed .anything."” .

CHECK CHOICE OF USEFUL SYMBOLS

|
i
'
¢
t
L
t
)
1

1 .
1

L "A11 arrows shou1dfbe labeled." s _ (21)

' S: Checks”afrows,




E: “Except for the gravitational force (which may (22)
be expressed as "mg"), or any magnitudes-actually
given in the problem statement, the values of
quantities should not be eva]uated at this time.
Symbols 1ike “F," ™T," and "N," w1th subscripts,
should be used instead." .

"

S: Checks S)’ﬂlbO]S RS eecﬁ
E

Do "Look at the symbo]s in all of your d1agrams oo (23)
- Wherever different symbols have been used, the . '
values of these quantities should actua]]g be -
unrelated. If values are the same or simple
- multiples, use the same symbol. If values are.
_ unrelated d1fferent symbo1s should be used "o

S: Checks symbo]s

CHECK: USE OF ALL INFORMATION IN PROBLEM _ o o

iE:  "A1l information specified in the problem should (24)
-+ be incorporated in your analysis. Please reread ’

. the problem carefully to make sure you have con-
' sidered all the given information. In particular,

make sure you've obtained from the problem all

available information about the magnitude, and

direction of the. velocity and acceleration of

each systen "

S:  Rereads prob]em statement. Modifies describtions
if needed

CHECK EXPLOITATION OF CONSTRAINTS (MUTUAL FORCES)

:E:¢ "Check to make sure ‘that'all act1on-react1on ' (25)
‘only ' pairs of fqrces are described as equaT in magnitude ‘
' and opposite in direction. For example, if systems
: A and B interact, the force of ‘A on B in your ,
' diagram of B shou1d be oppos1te in direction but
should have the same magnitude as the force of B
on A in your diagram of A. Look for forces between
each pair of systems and ¢ check that they are de-
scrwbed raght "

S: Checks'forces,r ;
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Table'l

‘HPtq;edgrevgeqeretjngmemTpeoretice}VProblemADescription fn Mechanics

* Description of relevant systems At each relevant time, describe in the
following way each relevant system (if simple enough to be considered a

single particle), 1ntroduc1ng convenient symbols and expressﬁng Simply
related quantities in-terms of ‘the swpe ‘symbo1: oo

* Description of motion: Draw a "motion diagram” 1nd1cat1ng available
information about ‘the pos1t1on, ve1oc1ty, and acce1eration of the
system .
) * Description of forces: Qraw a "force.diagram“ indicating avai]ab1e
information about all external forces on the system. Identify these
forces as follows: ’ ’ |
B *'Sﬁbrt—range forces: Identify every object which touehes the
given system and thus intefacts with it by short-range inter-
action. For each such interaction, indicate ori the diagram

~ the corresponding force and all available information about it.

* Logg-range forces' Identify all objects interacting with the
g1ven system by 1ong-range interactions. (Ordinérily this is
- just the earth interacting by gravitational interaction.) For
each such interaction, indicate on the diagram the corresponding
. force and a11 available information about it. .

* Checks of descrlpt1on. Check that the descr1pt1ons of motion and inter-
aCtion are qua1itative1y consistent with known motion principles (e.g.,
that the acceleration of each particle has the same direction as the

- tota1 force on 1t, as required by Newton's ‘motion principle ma = F)




Figure Captions

- Flgure T.‘ Sumple mechanics problem‘used Tnvintroductory;phys1cs““
cdurses. | | | ) | k -
Figure 2. Prob]em 1nvoiving two s1iding blocks connected by a
string. w1th motion and force descriptions 'of block B. (Forces
frequently om1tted by subjects are 1ndicated by dashed arrows. )
Figure 3. Problem involving three b]ocks,‘with motion and
force descrtptions of b}ock c.’ (The‘frjction ferce f, indicated by
.a.qashed arrow, is frequently ascribed the wrong direction, i.e.,
to the Teft.)' | ' f
uFigure 4. Graph of the mean number of solutions (out of three) '
with correct performance on specified measures. o
F1gure.5 Integrat1on prob]em involving f1nd1ng the area.
bounded by curves. : ' . o o L .

F1gure 6. Examp]es of student errors drawing graphs for problem

-
in Figure 5.
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511d1ng Blocks Prob]em

Two b]ocks A and B are connected by a 11ght f]ex1ble str1ng paSS1ng

around a fr1ct1on1ess pu]]ey of neg]1g1b1e mass . B]ock A has a mass

\

My and b]ock B has a; mass mB The coeff1c1ent of 511d1ng fr1ct1on
between the two b]ocks, and a1so between b]ock B and the hor1zonta]
tab]e be]ow 1t has a va]ue u. What is the magn1tude Fo of the force

necessary to pu]] b]ock B to the Ieft at constant speed’I

B PRI NI TR . - -
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