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, : a ..+ Abstract o — .
X . |
: Tutorlal dlalogues can’ be analyzed aa ,,an

1intefaction Ln Wthh a tutor “debugs“ ‘a. stud@pt's knowledge

-rep:esentation by diagnosing 'and correctlng conceptuall

)
@ understandlngs. In thls paoer, we outllne some tentatlve

-

steps toward a theory wh c descrlbes tutorlal anteractlons.

]

. 'We. outline the goal structu&e ofaa tutor, descrlbe_types of

- .. - Ty
conceptual bugs that students have in their understandlng of.
. T ’
. N
uphy51cal‘processes and- dlscuss Some of the representatlonal

Ry

':v1ewpolntF necessary to dlagnose(and correct these bugs.‘
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'phy51ca1 processes. In order to‘build such’'a system, we
‘' Have  been forced - to confront several = fundamental -issues.
= l - . . : : } . <
‘ about the. tutorial p)¥Cess?;:
- K . N ” x kY
¢ T ‘ S -

‘o

I | " Sally Goldin

' Disagnosing Students' Misconceptions in Causal‘Models

,

Albert Stevens N -

Allan Collins

- . . .
L) . . A
- B
- [
-

A}

We aref building a computer aidedrinstructional system

which tutors students - to. reason - about and understand

(1) 'Whatfis-the goal strudture that governs: a tutor s

"'seiectlon of ‘examples, questlons and statements at.

-
"

3
‘<

-'dlfferent p01nts in the’ dlalogue° . .,

e " ‘ .. _
et . - 4

&

'(2),“wnat.ate:thelt§pes of misconceptdons that studehts‘have—

and rhow do tutors dilagnose misconceptions from errors

“E?)students make? - S 3 . -~ : »
‘a . - " - .
s hl . L O . N . - . ° ' - N

(3) 'What;are\thefabstractfons and viewpofnts _that tutors

e .o - .o‘r-‘__'.c',"‘a.

*»  use to explain physical processés? .-,

‘ We “believe .we'fare- tak1ng tEntatlve steps toward a

theory wh1ch addresses these 1ss . ,Dur aoproach is - to

- -
- -

work out>ra theory -based on analyses of tutoring dlalogues‘

) b X L4 :’

and - experlments ahd thEﬂ. bulld a  system based .on that‘

£heory. Bulldlng the system reveals polnts)where the theory

<
’ -

is 1nadequate or -wrong.a In subsequent 1teratlons of thls

-
-
- - 2 ——

. L4 . -
e ! ) \ e - L . ~ "
. ~ .

R - N o=2-

~r
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process, we-concentrate on these ‘weak' points. In this

_structure represents the . dlfferent temporal and causalrsteps_

}organlzatlon.dx It §hows, the

- ' : >

-
)

paper, we wxll ‘describe the f1rst vers1on of our system,‘its
i -

jweak p01nts and the steps 1n ana1y51s and theory development

. T
~ Y

we are taklng to remedy these weak points.

"%

The WHY §xstem: }

The“first version of our system, called the WHY system,.

can carry on a 51mp$e teachln? dlalogue about the causes of

.

.ralnfall The theory on which the WHY system is based 'is

S/ ~

formallzed .ast’a set of productlon rules—)representing
: i . ‘ .
'teachlng strategles - (Collins, 1977) -and script-like’

¢ . ) -

knowledge -structure -(Schank & Abelson, 1977).‘ The-scripth

- -

-

1n processes that affect ralnfall ﬂMany nscrlpts in the

fsystem can be decomposed ‘into more detaxled subscrlpts. ,%He

e S e
resultlng embedded structbf&;;s used to represent levels of
E RIS . o ' . - '
detail of knowlgedyge abo different processes. i1 .
. . _\: . ; ) .

Figure 1 illustratesd these,-aspeqtsﬂ of .knowlédge

%
k8

ralnfall whlch oon51sts of four steps- Evaporation, poﬁement.

of the air mass,- coollng and prec1p1tatlon. The. subscript-

I

4

. for the flrst step is also showniand e&n51sts ‘of ‘a more

N ’ / .
- [ N =3
detalled breakdown of the steps*lnvolved 1n evaporatlon.

W,

. ) - & - T DU ‘
top-level script - -for heavy



~ Heavy Rainfall. " . 2 Y

° A L}
S, ‘ ' . \ '
- \ 4 . []
R . I -
' / , " ' - yr'
. S

1: A warm i moss. 2 Winds corrythe “_"‘ 3 Themoistair . /4‘ The moisture in the

Over g warm bodyof Precedes YOrmmoistair mossP g Toss from over the ' . i Mags from over the

water absorbs a lo ---»from over-the body ----» bodypf water cools Lbody of water

“of moisture from the “ ofwatertooverthe  *  over theland area L precipitates over the

bodyofwater . lndmoss -« T lndare |
o | . ‘l ' Mt I . | N |

1+ Evaporation L L ‘ L L

L ‘A"b°d‘Y°'f“."°fef Enabl'és.']-z’ Moisture evopgrates " "
water isworm.  ~——>rapidly into the oir mass |

. _ 15 The warm air mass
over.the body of water '

over thewarm bodyof
- woterabsorbsalotof - - .
moiturefrom he bodyl' -

.

'n L3
", '
W

|

¢

13:The, d'i"r'muss\ N Enoble 14 The worm air moss -

over thebody of " ———>tmn holdalof of of W°'°'
water sugm ,.mmsture o | “
"d' '.:' | | ' \ ) "‘ ,
: i / A
: | | ) /
b / Y »
N
\ :: ..' . r ‘/
CFIGRE 1. The script for heavy ramfaﬂ and the subscmpt for
| evaporaﬁon in the ﬁrst version of the Why system,
) . - /‘ .
.?)’ X ¢ | ’_ ‘ \,:
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conditional test, of the student's response.to a question-

! ST N . :
The teaching strategy rules are stated in "terms 'of a

paired with an action. .to perform if the test 1is true. .

Example rules are:
L]

\

(1) If the student gives as an explanatlon a factor that

' is not an immediate cause in the causal chaln,
%?en)ask for the intermediate steps.

(2) If the student gives as an explanation one .or more
factors that are not necessary, -
then formulate a general rule by asserting that the
factor 1is necessary and ask the student if the

rule is true. - _

4

-

The theory in Collihs, (1976) consists of twenty-four rules.
~

v

L

which test for mis

>

The first‘-ﬁersioz -0of the Why system contain® seven rules

‘questions

ing script'steps,'askvSEUdent_
. b I - 3‘ -

and present information. ‘

Problems With the Current System T -

___ The current WHY"system 'is able- to carry on 51mp1e
3 4
tutorlng dlalogues about Ehe causes of ralnfall._ It‘gan ask

gqguestio /about places where heavy'nalnfall occurs, diagnose
’ - WL/ ’ - - . ‘v(. s .
missing skeps in the . student's knowledge and -inform the

.

.;tuéeh; about .the correct stepsF A bit;of idteraction_with
_Tthe system reveals sevefai1 problems: (1) Itv has 1little,
global pe%spebtive‘ about the 'dialoéoe and thus bases'its
questlons and responses almost exc1u51vely on local context.

g2) It 1s,sen§1t1ve to studept‘errors, but byplcally mlsses

‘the cause of these errors, correotin@ the surface error but’

=

---‘ - ' - . ” ; -‘ - N "; ’ “‘
. | : -5— 10 BN ' o

Y



" failing to diagnose the underlying misconception ' that t-o
‘ . s -_, .< . L) .' . . . .
error reflects. = (3) There are many important aspects < f
physical processes and many important ways of describing

i
|

physical processes that the WHY system fails to?useL

. = . . !
. , N \ : ) f‘ N - . -
These problems paral”~»" the issues listed earlier, The
lack of global perspec:..& -in the current system arises
° because there is no éoherentr,ﬁboal structure. The

3
( .
teaching-strategy rules we originally developed?are'based on

the _students' 1mmed1ate responses and have no_}way to

]

ﬁstabllsh and be influenced by higher levei gowls., ; N
, S i ‘ / -
The types ofﬁmisconceptions in students' xnégwledge that
. ‘.. ' ’ 1

-

. a system can diagnose are heavily dependent cn the knowledge
represented in the system. The script stroctures ,in  the

a‘. . . ) . . - ; L
currengf(%HY system - are .,able., to epresent mlsconceptlons

which result because of missing subste ets or extra- substeps\
T e e '

in the various scripts. These 2re only two c< several types -
A . - - oL -~ X o, ) B

of misconceptions that occur: We will discuss others below.
L ~ 7 L e . .

The problems of fa111ng to discuss 1mportant aspects of

£y

P y51ca1° processes, and falllng to use 1mportant ways.of‘
descrlblng phy51ca1 processes' - arise because - the
J o .
- script- subscrzptg/formallsm is dimited.. . We ' believe that :

representlng knowledge abo%t physical"processes"requires

e -

"multlple representatlonal ‘ v1ewpolnts.. - Our - “script -

]

structures prov1de one of those, the v1ewp€1nt of a sequence

T T
o . . X i . —6—-. - -' \_v_ -, .
. PR ¥ S L
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-

“of temporally ordered processes, some causally  related to =

others, and some " subprocesses. of\;‘athers. This
- ) . [ <
representational viewpoint -is important,, but equally

important is the_ "functional viewpoint" which'emphasizes the

functional relationsﬁips- among attributes. of'the various

objects involved in dﬁfferent*procésses.

* .
T -
-

-

<

In the Following sections,” we. will discuss each of

these problemé and ;Eovide,some'initial ideas ~about a theory
- ‘ * hant ‘ ' - .

necessary té deal”-with them. It wi}l beﬂapparent that the
“are all intimately interrelated and that' a key element
- necessary for- their solution is an’ adequate formalism for
. - \ - -3 . 9 "

o -

répjésehtihg.the knowledge taught.

4
o

Some Proposed Solutionéi ' X |

. W / ) o’ 4‘ - .
“Goal Structure. One of the major constraints on a

that«it should adequately describe the
. ~ . o RN

»

theory of tutoring-is

R ? . ~ - - .. ) A . -
structure of tutorial dialogues.  Our analyses of tutorial

-

-

' S ' :
dialogués reveals a general structure” that follows from the

S

- sé;ipf structure . of the knoWIédgé base. Tutors discuss

topics in* a rational order, .typically ‘followPng _ the '

. v
discussion of one process with discussion of a temporally or
- : / ) s » :
- - . - :

.

causally adjacent process or with a discussion of component'.

v

. 1
-

subprocesses. . A L o - L '
, s : : o . i L
. ' . ‘_ . . . (/

/-;

-
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> Detailed:. dialogue structure 'is .#;mpch- . more’
-problematical.  .Close ‘examination--oﬁl tutorlal dlaloguesb

- el -

-~ . E4d

T A - . L
reveal that "-the tutor probes ;then'studemt about’ _many-

i ~ _...‘ ~

'-djfferent ‘aspects of the knowledge. When the student makes

r\
&

én-error:.the'tutor w111 sometlmes correct’ -1t 1mmed1ate1y,

;-but in many ,cases';w111 ~ask other questipns 'until,the o

mlsconceptlon _?nderlying thefgerror is ~-isclated. = The
' L o ' -

; ;treatment of the misconception may,thengregnire a- number of

interchanges‘during_which"the ‘tuter tests .the"student's

r

‘knowledge and supplies the relevant information. We believe: -

that a. powerful . perspective from which to view this more
-detailed;structure'of tutorial dialogues is that of the

tutor as a “debugger.“ Much of the detailed structure of'a

-

dlalogue results from.the~¢utor u51ng varlous strategles ;to

o

diagnose: students' mlsconceptlons,‘ or "bugs,. and then"

applylng strategles to correct them.

©
R -

In order to 1nvest1gate thlS perspectlve of tutors as

debuggers,‘;we have\conducted dlalogues where the questions

and responses were’ communlcated over linked terminaIS-_fnd

.
]
. 9 ‘ -,;, c

'-where-hthe' tutors -verbally commented on two aspects of ‘the
dlalogne as‘they proceeded.' The two aspects were. (l) What
they thought the student knew or dldn t know, based -on the.
student s’ response,_ and (2) ‘why they responded uo the

-

student fin the way - they did. Thls techn1que supplles data

e 5

%

normally unavailable@ for alrdlalogue“analys;s, prov1d1ng

Q ) e L ‘ ' oL T ’ ; ’ :

e
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1ns1ghts into how the tutor develops a model of the student,.

'.whgw the ‘tutor organlzes the knOWIQQ_f being taught and how -

-~

these-two factors .influence the tutors ChOlce 'of_ questions

i ad

-

| and.responses'to thefstudentlu"r‘ B B : .

- . .
- . ~ * . - N

/f . . - 3 ‘ - L8 S
- stng ‘this ‘data, we developed the outlines-of a théory:

&

of tutors'_goal-structures: The;goal structure we derived:
C . t4 T N o . A . - ' ) ) .
is summarizéd in Table .1.° The top level goals are (1)

- - . e -

refine: the student's causal model' and (2) - refine the

student s procedures for applylng the model ' These directly

- -

,:govern :the selectron of cases. As the student s knowledge

becomeS» more refined, mov1ng' from an understandlng‘-of
flrst-order factors “higher-ordér factors, cases _ are
L 4 q.._ . . s

selected whlch are exemplary of the .factorsftthe -tutor. 1is
trylng _to' teach _As'_the .student's predictive .ability-
beComes ref1ned, cases are selected which are 'progressiVely

. more 'novel ,and 'coﬁplex, taxing the student s pred;ctlve

ab111ty more and more.. . ..

o ’ i . - .
- s

- - . N . / ) ) ) | o a
The'proCESs of achievitig these top-level goals involves -
two types of subgoals. diagnosis<and correction. Both of"
5’

these subgoals govern the\selectldn of bas1c strategles.
NS

N P
. 1 3 -2

« ~ . ’ . . . 7 . “
The purpose of diagnosis is  to .dfscdver“,gaps_and
< / B
mlsconcept1ons in the student's knowledge. -Thisc generally

requrres ithat 'the‘ tutor‘ probe the student by asking for
‘relevant factors, ‘by requiring the._‘student to  make

e 7 ' ' v

a ?‘ ‘ | _."—9cf:L4
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/ E B / o Tab‘le 1 Lot
Outllne‘bf/aVSocratlc Tutor s Goal Structure. The manlfestatlons refer “to
' the rules descrlbed.ln Colllns (1976) and Stevens and Collins (1977) '

. Goals - s Manlfestatﬂon - ‘\ -
.\' : * . . . ] . . . ' : .
Ref'ine -the student's causal model . { Case sélection rules:
movwing from ist to nth order factors. o Select cases that . are
C L _ R . exemplary of the relevent
Y S factor . ‘
Refine the student's procedures” for o, Case selection rules: :
applying the causal model to ndvel S : Selegt less famlllar cases,
cases. . v L . , o . _exemplary of new factors. '
S s o "*\:.'?'5& :
- Subgoals o
DiagnoSe the'student's “bugs" E V-_vf Askhfor-féctor‘rules.’~
(i.e. the difference; between the . Prediction rules. - . -
student's knowledge and ‘the tutor s Entrapment rules. - ’
knowledge ) .o . | 3 . ‘ ‘Probe-reasonlng-strategy rules
.Correct the diagnosed bugs 'l . i‘A ‘Inform-student rules
: . o ' ’ . ‘Missing-factor rules’
v - o ' : T ' Forming hypotheses rules o
AR o Testing hypotheses rules AN
AL o - Information-collection rules -
?/{
. -/. \ i - - ) \
-~ ’ . Q’ | -L-. q
. ‘ . ’ LS
i z
g L | e ?
o i ] | R
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pnedlctlons about carefully selected casesu and by trylng to

-

_‘i!!?ntrap the student 1nto maklng 1ncorrect predlctlons. It ls

o

i 7.
-cannot be completely characterafed 1n ‘‘terms of a 51mp1e.

1

/

- to . correéct problems._in the student' i causal modél flnf:ﬁ‘

RN

-

l;é\ - from .our - @nalysis of human dlalogues that dlagnos1s

B

*\ N,

. SR
-;;Bpang between studentsf errors and thelr conceptual bugs.w“'

. J,

Rather the process 1nvolves sophlstlcated use of ,a‘_studentwv

model and knowledge about ’ common bugs in order to 51mulatef

the -student' reasonlng processgsL, aad* plnpolnt ' thew

.

underlying conceptual _error$ or m1551ng infopmatlon. In. :

-
-...

some cases, 2 31ngle answer may reveal a whole set of bugs,7l

s

whlle' in other cases,, the tutor must carefully probe the

\
student, test1ng alternatlve hypothe51zed bugs "to . reveal the\
mlsconception. g o - f‘L' L

R T A

tutor attempts to correct it. .This\may'require aisingle;f

o -

-~F

statement for 51mple factual errors or an extended d1aloguel'

Stevens and Coll1ns (1973) we 1llustrate the’agpllcatlon of,;;

4

- this goal structure model by analy21ng;a tutorlaltdlalogue;:

*
-
-

o
g

Ry . .
O = .
.-

9 Our out11ne of goal structure 1s relatlvely general and

probably can -be applled tp many - dlfferent kﬂowledge domalnsgpg,

‘ . K
and tutor1a1 1nteract10ns; However, in order to spec1fy 1tg;;

.:“/

1n detall, we need to know what the bugs are, how\ they "caﬁrt.ﬁgf

‘be_-represented, how they’ are dlagnosed from errors and how,

v ' . . s - -"l“' T
.they can_be corrected. - S L e C g

[
Ry

s, o - SRS S
- s - - . . ""’1 1_ .I._-‘ .
S « . / A " . : .
L ‘ :”\ \1 C. . L ~ -
N . [ . ~ o C ’lub

A Y " D - —

',Typically,.when a conceptual _bug :is‘/diagnosed, the.i_

L
© w
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.

:'of' dlalogues show that tutors spend a good part of thelr*

tlme dlagn051ng conceptual bugs from errors dhanifested in

.-

the dlalogue. We' belleve that one of the major SklllS a.

teacher possesses is. knowledge ‘about the types of conceptual

) bugs students areﬂllkely -to have, -the manlfestatlons of

these' bugs ‘and methods for cprrectlng them. It -is thus

., clear that an'&mportant component of.any teachlng/;ystem is
: s - . ] -« - . . O

PR A . -
—

a’ methodi for repiesenting, dfagnosing,and correcting bugs.

¢
s -

To ‘examine the types of bugs that occur in students'\

understandlng ‘ of ralnfall, we'-carriéd out a. simple

Types of bugs in, understandlng ralnfall. “Our 'anaIYSes_,

L

»
¥

- .

'experlment.‘ We complled ar systematlc test about the ‘causes :

Y

k of heaxy ra1nfall by generatlng questlons for all major

‘ﬁ scrlpt nodes in’ the current WHY system representatlon of»

;...

x

[<;$U ; quent"jscrlpt steps. These questions'were presented to

S L .
& - P

_explalned that all Questions' were< to; be ﬁnterpretéd as

v ! .-
refern1ng to areas of the world where heavy ralnfall ‘occurs

¥

and descrlbed what we. meant by heavy ralnfall(ﬁ\Some typlcal

o

questlons from" thls test are-;@

- . | . . .- . . .

e - v;,' - g A ) | s

i

'-ralnfalr;;__Th;sd 1ncluded,~ for each node, a queStlon whlch"

‘queried‘prior script steps and questlons whxch querledy'

subjpcts on a questlonnalre.' ‘At the  top of 'the
,queStionnaire'uVWas a  context-setting paragraph which
= ‘ o - < o



e © B ] ) -
. . :
. - . ~ -
L . “ . . /oa -
e y

,_"How is the molstuge content :of',thejﬂair related tor .7

- . ) . - '_ f H ) -
heavy ra1nfall°“ R S T v
. : . : ) * : -

"What role does rising air -play in causing'rainfall?“'

, | c v N
"What causes evaporation?" - K
‘n‘ | -. . --.' . '. . . E - . . . |
There were a total of 32 questions. The. questions were ]
9 : : o o S S AR . - . . s s --/r.
init%ally randomized ..and each subject.received -them in the ..
same_random order. The queStio;%@iﬁe also inClﬁded two

questions, one which’ asked the sabjects to name areas .of the >

- »

_worid which have' heavy ralnfall and the other areas whlch

-
-

~

have little ralnfall o S

- - . ’ P . _4__._
‘The 1nstructlons emphaSIZed that even if the subjec;s{f

L8

felt they" d1d not know an answer, they-should try‘to answegh

‘.the%auestlon. We adopted these, 1nstructlons, because the
e . ° )
A typlcal response glven by subjects when confronted with this

.)

‘test was “I don’' t, know anythlng about ra1nfa11 “_-Subsequent"

problng revealed ¢hat they often knew a good deal more than

.they thought g’The,.test~ was-_admlnlstered to_” subjects
,_indiv1dually- and ‘typlcally was completed in about 30
: ‘. . .. ) -G | - - . A ) ) R
* minutes. .- -~ L )

E . . . .

The;experiménthprovided‘usﬂwith_a.suhstantial bodyigof‘
' data on errors and mlsconceptlons. " In order'to analyzé  the
responses “in detall, all answers that ‘were judged 1ncorrect S

were tabulatedh under the approprlate_questlons;y We then_‘-'

.0

-t

- -
N 18
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errors "by -developing .a 'basic’ set . of

- -y

f'anaiy?ed éheéé

-

¥

S~ [

'cbnceptuai-bugs and claséiﬁying\éheﬁef;ors accéfdiﬁg”toithis ;
set;i ;&hﬁs- analysis revealedgﬁﬁo‘iointslof major‘%gpefest: S
R -- ‘ . ) . ’ B - . B . - - L. o \‘P? B . .
. .{L{' A partiéularj¢onceptua;;bug‘-is often 'shared_ bj'
) many s%udents."' - , o VAP
. : : T _ 1
. : T - Fan ot
(2) A particular‘codceptual bug is often manifested in
. many different ways. ” .
: S . - . ' R , ‘r
For example, a bug we call the Cooligg-by-dontact bug is -
. .very commgn;_dccurring for 6 of the §¥ sgpiects.‘.‘SQﬁe‘
..werbatim examples of mahiféstatidn§s9f thTs bug are: ~
- ) - ! . - , - )
5 - A - ’ - .
{l) "Cold air masses cool warm air masses when they
. "s.- .collide." o . . - LI

-, (2) "Winds cause-afr‘té.codi.“

- (3) "Mountains Ttause condensation because cold land
. ) touching warm-air causes condensation."”
- B « . .. ‘ N e %
. (4)° m"Cold fronts, wind, snow and rain cause ‘air to
. ) s . ‘ ) . ) -‘- &
) - ~‘ecol. ™" . _ R . -
- * <. T - ,‘.‘ - i . Q. ' c- )
: (51 "Cold air masses cool the clouds ‘so. the rain
T i falls." R

. None  of' the  above types’ of cSoling are. of 3ny

T cth;qﬁehce:in'éausing.heavy“féinfalll The:tyPe.of7*¢ooiing,
T N - N -

-
F A:' B -5". 3 ; L . . ' D, - . .
- _14- B ' ui.
R a -
" A . . .
19'.'°‘i e . v
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necessary 'occurs_ when an a1r-mass 1s forced to rlse.«.The

ng results in expan51on and energy loss. . Lo e e -

[

; W Iis

-

We’identified.a Eotalgofisixteen -different bugs fromg;;//

1
- A
<

.

this experiment.> They are shown in order of frequency in

-

\;J-

7

o Tablﬁ: . Using'these,sixteen bugs, we were able to account

for: 58% of the answers orlganally judged to be 1ncorrect.or

‘ omltted - (By 1gnor1ng omx551ons,'we were able account for

72% ) We are belng conservatlve in th1s accounting. _For

‘many of the remalnlng errors and omissions, one can make'"a'

- - _,.* e ”

plausible argument that these bugs could lead to that error.

e

“.Many statements .that “we: dld not account for were factual

errors, for example, "Heavy rainfall ocours only in warm

are&s.? . (Heavy rainfall occu15'in'many cool and cold areas
of the World.)' Othersdwere 'Qaming errors. For example, .
"wWhen 'water evaporates,ﬁlt turns to steam. (The standard-

*

A .term in meteorology for the produét of evaporatlon is ‘water I

vapor.) ’
"Many of the bugs we_observed aré.sgéoific\to the domain‘ -
of rainfall. ; This sh&ula{vbe- neither surprising nor-

_disturbing;: One of therskills a good teacher must- poSSess
is knowiedgex of the types of mlsconceptlons that arlse 1n"
E ?the domainémaught It is llkely that there are .other bugs‘

'.;whioh 1occur'yfn students' knowledge about ralnfall <5ut it

‘'will surprise us if this number is unmanageably large.

-
-~

v - =15-

| 20 . | e




/‘-Tabe'Z; }he set of observed misconceptions. " . - -«

. .;- 4 - : . . . .
e » ) - i . . . .-
"5:‘ MlsconceptlonL Number of Subjeets Example - - oo

(1) ‘oollngtby contact B ,'"Mountalns cause condensation .
' o . -
K ';;5,» L .. . S becausedcold 1and touc ing. air
I - ¢~ - ._ . |causes condensatlon
. ¥ . -~ . Ca - e * oy ~
(?)'Heatlng by rad1at10n :\\- 6 . "The sun warms the air.!
(32 Small molstUre source 5 0 .-A 12 by 12 by 10 -foot pood is
4 . ' - ., ~enough to cause rainfall.®
(¥) Rising-cgusesg -~ . . 3 _MRising air makes-the“moist air
increasedépressyrk o ' ‘rise, pressure’increases,..."
" (5) Absorbtlon-by— B -3 ;9...decrease in pressure causes
' expansion< - Y ) - _ water molecules to expand '
o N : S ~ causes evaporatlon _‘
- . 3 - ST 7
(6) Heating-by-contact . = 3 ) '...1and warms the Sair at night.
(7T Squeefingfcausesi - y "Puttlng pressure on air .
‘condensation . a - . masses causes condensation."
(B8).Temperature- of-water- 2 ’ "Temperature of water is X
~irrelevant-for- - : unrelated to evaporazlon. -
evaporation - » . » ' _ .
. ¢ ’ . : . A » - -
(9) Temperature- 2 - "Air has to be cocler than
differential- the body of water for
causes-evaporation - i evaporation to occur.ﬁ-
(10) Insufficient- - 2 l " current can be warm’ because
warming- of- . . . it comes from a&iarm source
i water ] ‘ . of water--for example, a ¢
. - , ) T lake which is warm." '
(11) Heating-causes- ) ;:1- . "Air- warming up causes rainfall.
' condensation _ SR S S
(12). Winds-cause= : 1 "Winds are forceful ‘and
. pressure-increases . ' ’ -cause various air pressures.
(135_Cooling-causes— 1 «'"When a body of water is cold,
,eVaporation _ . - it evaporates. )
(14) R1s1ng-resu1ts-1n ~ 1 . MAir that’ 1s»warmer is expanded
pressure-equallzatlon‘ : -and has 1less pressure._It rises

until its pressure is equal to

surrounding -air." :
S S B :

."Cooling causesfa;r to rise.”

-—

(15)-Coollng-cause-a1r
: to rise, -

-
]

—

.' . . & ) - . “,.. . I _. . .. .
(16) Eva oratlonacauses- - "Evaporaticn causes air to rise."
P L .

a1r to-r1se

4 L . Te - - ~
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To r.present these bugs 1n a way tgat make% it p0551b1e—

for a teachlng;'system w1th a. d1agnose—and correct goal

st{ucture to use - them 1s an 1mportant step.. Infprlnciple;

7 N

the current scrlpt—llke formallsmx could be wused. In

-;practiee: such thlngs as‘%ncorrect functlonal relatlonshlp
.*(g;g; the"Peatlng-causes:condensat1on bug) -or\ rncorrect‘@’
‘attributes ° (e.g5=*the?'temperature 'of nountains ln the
- . T _ . S -
'Cooling;by—obntaot' bug) seem to. jrequire a dlfferent

repf%sentational‘ivﬁeﬁpoint "than those- prov1ded by scrlpt

structures.. We will provide some steps ~toward‘;afvsolut1on‘p

_— 0.

. below in the section on representation. .. T L .
< . ) 3 * - & = ! - . . ’ X ' .

L

Explaining’ physical’ processes. - The thitd problem we

- déScribed’ in’ the introduction is the nature of 'the
abstractions‘ and viewpoints fhat tu -Or'S use to descr1be'

-‘) e o o . \-- .
.physical processes. The teach1ng dlalogues we have examlned‘

“reQuire - multi—leveled -structure,-‘ w1th sor1pt—11ke

knowledge necessary to support some parts of the dlscu551ons

_‘and relat1vely low—level'detalled-ﬁnowledge about phys1cal-

' - . < PONL - o e T
principles necessary Eo_' support other parts. - More
) -3 ) . ' oo ’ . . :

ﬁnterestingly,_-to adeQUately support-the dialogues‘requires
that the knowledge be factorable in seyveral ‘ways}: Tutors

’dlscuss far more than causal -and temporal l1nkages between

o

~Steps in_'a -scrlpt-;structure. . They probe and ‘discuss
information about 'attributes of the actors that,iare

important, the results of processes -and the form of the

‘ 17 2 S
) 19—

» * . .
- . N . . ° -
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: IS L . . .
ynction8l -relationship which’holds befween. the attributes
. vc . . . . . . - - ) . )

.

. & e

Lcsf-oacto;x'é and%tﬁe‘results ofﬁprqceSSés;

. P
!

-

Some-efamplés'of tutors' s;atemeﬂté énd QQéStions ”arE
shown 1n 'Tab1e<3. 'In-éach case, thg qqestion-on statemeﬁ;
refers to one of.tﬁé specific'aspepés'pf'7the Enowledge“ we
just described. A - cursory _exami;afioﬁ ;éf_ourfdialogugé
éugges# that#a lafge Percentégé of tutors' 'statemenis ané
- Guestions- 'fall intb~kthese_ categories. For example, in a
;i}epresentative“dia&ogue whfch‘ gonSisted of 41 éxcﬁénggs_

S A . . 5 o T
.;bétweeh the  tutor ipd student, %our;'of the. ;utbr's
fjstate?ehts were about attriButeS;pff%Ltors,'fbur'wére about’
mresﬁlts' of btoceéseS-;énd seven were - about functionql‘-

«relationSHips. This accounting_includes lS_of_:thé tutor's

stateménts.” Ofﬁ the fremainipg 2€,ﬂeéght are references to

'priof; iht?rmédiate QfISﬁbsequent processés at a :leQei, of
abstraction that ;ah bé haﬁdiéd by stript.stgaéﬁﬁfes.‘;The- 

remainder, which we do not have good ideas about, ' fnclude

references to- the spatial ’struCture of the processes, -

-
-

descriptions-df'physical principles and ;explicétion 'of "a

;metaphor;~'

' Répresenting the knowledge domain

-

'<\\For each of the three problems we have discussed, a key
’ Yoo - - - L. ER S _ : .
4-}elemené__neéessarykfor its solution is an adequate formalism

.'fbr reﬁrgéénting Ehe_kngwiedge taught. TQuspecify_the gbal
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Table-3: Example statements for each part of the representation. O

\ .
Ny - . - ® °

s

. Factors -(Attributes Sf’Aétors),' %

"Do you think the’ amount of moisture in the air affects the

o

amount of rainfall?™, - )
R R R . R
.'. .‘vl‘ - v : .\ . . __. - \/
- "Does the temperature of water affect evaporation?" -
Results of Processes
"Condensation is the process by which moisture in the air
. becomes liquid water ®mgin." o o » 3
"Evaporation is the process by which water in. the ~ ocean -
becomes moisture in the air." T . >
, S ]
Functional Relations ; ot
‘"What happens to the temperature«of the air as it rises?"
"Do you remember how temperature affects” evaporation?"
- & -. . N . L
- /
& . D e N =
S N 7
- . ’q - « .‘
<
\ >
/
. s .
‘ !
g ¢ ‘.




'Strncture 'of .a  tutor. in detall requr\ws spec1fy1ng

mlsconceptlons and methods -for correctlng them. Spec1fy1ng

misconceptions and the proper abstractions and v1ewpo1nts

from which to diagnose'and correct them requires a 'detailed

i

formalism' for »representing' the knowledge taught. Script

structures can be used to- represent ordered causal and

4 . . =

temporal processes, 'but this handles only a small number of

bug representations and'viewPoinES' from which to dlscuss

{ them. In ‘this section, we will descrlbe one add1t10na1

representational- viewpoint.'that_.seems '1mportant for a
Gl L S | | 'K P

-

tutorial Systeﬁ._’. - R

Fl

A representation _of functional relatlonshlps. - The .

basid unit of .our = representation Vfor functlonal

'-relatlonshlps is__a‘ description of some procéess such as

rjcoollng or evaporatlon.x_An.example is shown 1in Figure 2.

‘This -represents the process of evaporatlon as 1t occurs in .
. .. r

1

the rainfall domaln; Its parts are:

~
S
o

: . . : 5 ._ - . ‘. . } ‘ : .
_ﬁ\set of . actors each with a role in the overall. -
. process. For example, the ocean plays the role of
moisture source. o

{2y A set of factors which'affectvthe‘process, ‘The factors

are all 'attrlbutes"of' actors. " "Fer eiample, the-‘

temperature ‘of the ‘source, body-of-water is a factor in

evaporation.. : \ R .
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EVAPORATION

- Actors

< o -

A -functional representatien for evaporatiom.

e L.
. e, . N~ . ~ .
>\ _ _ A : . ) e
. - . . . . " 1'-

N

L g

Source: Large—body— f-water

Destlnathn"Alr—mass

Factors - I o .."_?- S -
Temperature(Source)
Témgeratdre(Deéﬁination)i -
Proximity(Spurée,’Desﬁination)‘;

Funct10na1 relatlonshlp | |

) P051t1ve(Te;perature(Source)) ﬂ_.i;i -
P051t1ve(Teﬁperature(Destlnatlon))
- j P051t1ve(Prox1m1ty(Source, Destlnatlon)) ﬂ
;- Result _;-.. | ] N t‘ 7
Inbreasé(Humiditnyestination)j Y
2 "7 .. = oy

A Y

AV
o

/-
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(3) {A descrlptlon of the result of the process.- The result
is always.a-change_ of :éh: attrlbute of ohe_ of h

actors.‘ For example, the result of evaporatlon 1s to

=

X
1ncrease the humldlty of the destlnatlon air mass.- .
] .

24);:Afaesériptidn._of the functionai ‘relationship ~which

-holds- aﬁohg the factors and the result. =We,believe

-~ 5

~

'$5there is room ' for complex1ty _and subtlety ~in the

"use a simple descriptiue*scheme which allows positive

and ‘inverse“relationships. For example, in evaporation

.there is - a positive relationship betweeh the’

temperature of the moisture source and- the resulting

L4

hufiidity of the air mass:

-
- .
L e

This -representation is general in two .ways. '~ It can be

N

- -

large amount of evaporation requireS‘assigning 'values ~like-

description of functional relations, but we currentIf'

attributes. ~For example, representing ~'an instance of a

partially ~‘specified by assigning values;‘toy the, actor .

"warm* to, ‘the’ temperatures of source ana destlnatlon and a

<,

value 11ke adjaCent“ to the - prox1m1ty g relatlonshlp._

1

'Inference. rules 'whiCh _makeA use of the 1nformat10n about

~

relevantiattributes " and .funCtional IEIBtIOHShlpSV'Caﬁ be_'

L3

\aSS1gned values of factors and result are cons1stent.

-

. - .
. - )
s ) . . . ! . .
. .. . s . ‘ ) e
. - - . .. N

constructed to check (at some level of approxlmatlon) if the .



. ‘The second way that th1s representatlon can'be further

L&

‘,spec1f1ed is by 1nstant1at1ng the . actors. ;Eor example, in
the casé of ra1nfa11 over Ireland, the SOurce isgthe'Gulf

Stream. _ S R
Tnds, the information in this representation_providesva'
way for géneratingJrepresentations of different ‘amounts of

. N ] ] . \ . . - - - . _.k_,.--‘ .v
" evaporation -and for representing these different-amounts

o . - ‘ ] ; . -
‘with different actors. - This representation’ provides an

-
2

"additional representational viewpoint that, is missing from
‘'script structures. S | | o
L. - . _." ' L L . -’ .. . . . -l '//

Representlng Bugs. j'iﬁ_' ‘addition  to repréSénting

lknowledge that is. correct, 1t must be p05513&e to represent
' e

.misconceptlons. : One_- constralnt _“ph .oa knowledge.
'irépreSEntation used - for teachingf is . to represent-< -
'1.mlsconceptlons as mean1ngfu1 transformatlons of the basic
‘s = :

knowledge 'representatlons (Brown and )Burton,_1978)._ For
. - . ) ’ ’ ' | .‘ . - ! ‘ ! g S . .
example, - consider- the representation = for _the "

2;Absorption—by—eXpansion]bug'shown'in,Figure 3. ”The key part

is hlghllghted. It consists'prlnclpally'of.a substitut&on

;'of pressure for temperature as the relevant attribute of the

L3

:J/destlnatlon in’ the normal Mrepresentatlon ,for -evaporatlon.

Representlng f bugs in . the 'same format as 'the.-corregt{

knowledge makes d1fferent1a1 dlagn051s pos51b1e. " In tryingffc

~
~ .

o“*dec;de'whether a student has:the coollng—by—contact bug,

- ) - - i . : ¢

. e




'y N
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{Flgure 3. The Absorptlon—by—expan51on bug.'
- ]. + \‘-

 Evaporation under the Absorption-by-expansion bug -

Actors ! f..- o I '~ =y

Source: Large-body—of-water

— Destlnatlon.‘Alr—mass
_Factors" [ P e 'w__'.;‘
Pressure(Destinafioﬁ)_l- -
Pnpxiaityfsburéé, Desﬁinétion)' -
'_Eu&cfiénal;reiétibﬁship ) -
,; Inverse(Pressure&Destlnatlon)) ) -

P051t1ve(Proxlmlty(Soﬁrce, Destinatibn))

- s -
c.e

_Result ~ . ‘
u_' AV R v :
Increase(Humldlty(DéBtlnatlon))
, - _
. . : - " -~ .
- . ? .
N
. N )
. - ¢ " % i - - . ; . >
- . - _._‘ ~ '.f iy :
- L
: - E )
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‘asking the: student what actors are involved will not provide -

;-_aﬁY relevant.infe;matioﬁ; Eitherrwihds, meuntains ot‘ cold -

< air -masses.will stﬁil be mentioned'as fﬁpertant.”,it is the,
teie:vqt attributesf of these. acters ‘that _supplies ;tﬁé;
rleverage-uh However,. in- the émalf:ﬁoistutefsonteevbqgi the -

actor itself supplies the diagnostic leverage poihé_f

- .- -
o . R . . s .
‘ ]

Bugs show up in all parts of the representat1on. -iFor» ‘
'example,‘ the Coollng—by—contact bug 1is represepted as ah

dlfference in the role of the object, or 3as a dlffdrence ‘in

the . -relegant "‘attrlbqte_T of athe~'_.ob3ect. The

_Heatingecauses-condensation ‘bug  is represented Tas @ a

" difference in - - functional ~relationship. - .»The
B - . . i. ,» N .-’_,' B . . " ‘ ) .. R
Small-moisture-source bug is represented as a difference of
actor in the source role.: S e T e -
Remaining Probfems

.- o

In the previous sections, we outlined some tentative-

~ ~ steps -toward solvingi the probiems, of geal' strﬁcture,

representfng !mlsconceptlons,> and provldlng the add1t10na1

-

e

- representatlonal v1ewp01nt of a set of functlonaily .related

processes._ We .belleve the heart of-these problems‘lles in

the representatlon of knowledge._ Our tentatlve steps toward

representlng knowledge fahd" mlsconceptlons about' phy51ca1

! ! , _;;_.

processes extend_the~scr1pt—lbke representatlon we have been ‘,
. ‘ t

--us1ng, but we believe we are - st111 just scratchlng the v”‘

R —252° 3 5
L . . v, ’ . ) T . o o O -

SO e

Ly .

h\‘v‘



”Add1ng ‘this one v1ewpo1nt has given us' more . windows

- N

into problems that were. opaque u51ng our prev1ous notatlon.

.In-the-remalnder of this paper,:we will p01nt out ‘the nature,
. ¢ - ’ " .
of some of the problems that'we can now see. - i

- - - ~

*

Interacting Bugs. 1In most cases, a single bug accounts

for each error, but there are cases where bugs}-interaot-fto_
producei“a»_51ngle¢ mlsconceptlon. Brown and Burton (1938)

have shown that in ar1thmet1c, students often have'a-setﬁ of

bugs -that ;1nteract to produce nnpnﬁobvious 'patternS' of

4

errors.‘.Thefobservations from-our=ekperiment. suggest that’

rd

’ Similar' thlngs happen in the ra1nfa11 domaln._ For example)

ks : : 4- '

. one subject sa1d 1n response to a questlon about the role of

“Lcold-alr masses;_ -- e_-:f '3. ‘;'g o - ’ I
ST R 7 o ﬁ ’ s, e i ST ' L ' n _"- g L ‘(‘:'-‘. - . \\-":‘";—“ LR . v .

L]

"Cold air masses hitting warm air masses cause
' 4 « o _'. i r ‘ Co -

condensation.” S ' AR

|

Since she mentloned 'contact And not rlslng, the " most ~

-2

stralghtforward dlagn051s from thls statement is,-that 'she

p.

_has ' a’ Coollng by-contact bug.;,However, the problem really

QSeems w-fb"’béf?ﬁaué?‘“ta ;'tﬁoﬁ”'interactlng#-ﬁbugs:“ﬂ1the
Lo T . , ) B . . . .- $- . ) . . - R

';Heatiné;bchontact bug and thefﬁeatingfcau393+bondensation

bug. Two of. thlS student 's .responses to Votherf'questions

‘were: . - 7&ﬁu". N o

26— -
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"Air warming .up causes rainfall." .
o o~ |
 "Tropical winds warm air." - | -
B S - oo ' ! - . -‘ T _-' W . - P e
Thus,'fher-fdescription .Jf‘"condensatiOn'caused-by.coldrair“

'masses h1tt1ng warm a1r masses 1s most llkely due to- these
.bugs 1nteract1ng to produce a model 1n wh1ch the cold air is -

warmed up from .contact '-wlth the  warm- _air‘ (the

Al
- -

Heating~by¥contact bug) and this warminngCauses Arainfall[
(the Heating-causes-condensation bug). o oy

g

The'iexiStence 'of‘ 1nteract10ns 1mp1ychat the -mapping
from errors to'bugs is .not' one-to-one. We suspect -that
jthere are many cases.where the relatlonshlp between a set of
":errors ;and]fthe' underlylng bugs. may be qu1te subtle.' The‘

ﬁ\’exlstence of non:- obvxous 1nteractlons may account - fo or ﬂduy.
. /—-_ . B -._ . .-_r ___‘x‘r, s _ ." i R

tlnabillty to c1a551fy many of the errors we observed.: o fﬁc'hi

. PR

;,_“.‘]{ o "-'“5'-7"1f,f‘fr-a{' ¥ ;‘:p | -
. where do bugs come fromo..Hav1ng;100ked at the bugs we

]

:'have 1501ated, we now be11eve that they st111 are relatlvely

shallow, reflectlng even deeper levels of misconceptlons ;ini

‘-
e R

knowledge. The major reason for belfév1ng thlS 1s that bugs

”

"ithemselves ;seem 't form patterns._ The patterns seem besti‘;p
'explalned as the result of deeper problems 1n the student s-H
knowledge;_ Sometlmes _these deeper problems are due to the'

,application of an 1ncorrect metaphor in? understandlng la

"process; other .tlmes ;the' patterns reflect 1ncorrect or




notion of inverse, or posit

[y

missing general . relationsh.

-an' example of'.a‘ pa

""‘ -3

appllcatlon of a metaphor

l.1nc1udes-ft bugs..the Ab
\;

;'.....r. ".,;. .

'.Squeez1ng—caqses—condensat1

. -
-

AL
v1ews the a1r. mass - as a

C'"

'm01sture and later hav1ng i

F -] -
A}

_-deal lWIth thlS -deep~1eve

. ~

"conta{ner" analogy for

the
—BE

ips between process, like the

f

ive feedback.

ttern that”refleCts ah incorrect
is”-the -“sponge pattern _It
sorptlon—by—expan51on bug and the

on bug.' In effect, 'the student

-

glant sponge, expandlng ;o absorb

t squeezed out. Tutors typlcally

-

1

1sconceptlon by S'USIng a .

air mass,‘ identifying.pthe‘

capac1ty of the confalner w1th air temperature ‘rather than -

» ..
- u -

.size. .. -

A second‘ type of pat

of mlss1ng generallzatlons

®

example, - 'fthe” , patter

S

-

.

Heatlng—causes—condensat1on'

correct functlonal relat
evaporation~ seems - to
understandlng thatzgondensa

S

processes.~ Tutors

student that the two-: pboces

e

the sense in whlch they are

-

'These ‘processes of und

reai—world"knowiedge'that

»: N N
> P *

tern 1s that wh1ch arlses because

) . - L

about probess relatlonshlps.j:For

J -

..;

n,‘ 'whlchmdwfilncludes ~ the

1onship ~between : heating . and

a

tlon and evaporatlon are inverse
T

ses are 1nverses ,and; explalnlng
1nverses. -

erstandind;draw,on a large set of

-

bug but which_also includes - the

'weaii‘with jthfs bug: by 1nform1ng the_

X

students have built up over their

g2

’

.reflect‘ the ?studentis lack',of‘”¥H



lifetime. The bags‘oftén seem to depend on the student's_

-

failure? to understand some deep'physical principles that

support the correct model. In order for tutors to deal with’

conceptual . bugs, they must i(recogn}ze‘ this" ‘mode . of4

understa@nding -and attempt to discover what models the

student applies‘to;understana;the processes taught.

Y " A3
°

Other represéntational viewpoints. The existence of
_ - e .

patterns of ‘bugs '1mplies that that.there_are_stlllmother

representatlo 1 v1ewp01nts necessar to deal. completel .

vw1th_phyS1ca1 processes. The analog_'lca1 ‘use- of the spopge“

,concept“”implies,-that a complete 'anaiysis will- require_

Al

-~

_technlques for representlng -and modlfylng models drawn -from:

<

other domalns. ~The process-relatlonshlp example 1mp11es“

’

'that representatlon of genera1° process relatlonshlps 11ke
1nvense-p'processes e "feedback system !;aﬁa; ”cycllcal

,"process" w111 have to be 1nc1uded. There also"seem'f' ‘.be

“Qmultiple lways of descrlblng what appeaxs to be essentlallyﬁ
‘the same 1nformatlon. These dlfferentl ways _may- - be

QEnera;ive in__nature, but they emphaSIZe dlfferent aspects‘;f"

- of 'the,fprocesses.~ . For example, .there is-“the_g‘energy';mi

'-v1ewpoLnt' from whlch varlous processes appear to add or .

-

remove types of energy to dszerent actors.“. There :isfuﬁhéitu

L

_ change—of-state v1ewpolnt, from_whlohvvar;ous”actors appearmh“jf

.to‘change form' and"locatlohusas"}time progresses.‘; These;

1

_fmu1tip1e' representat10na1 v1ewp01nts are’ dlfferent but must:;

_29_
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- P T '
ide a-complete ;representation of a

At

interact in order to prov
. physical .process. We believe -that..défining" them will

‘provide additional insight$ into " the pafﬁfe'-of. tutorial
: ] ) ) _uﬁ, . vo L
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