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INTEGRATED C O M M O N S E N SE A N D THEORETICAL M E N T AL M O D E LS 
I N PHYSIC S PROBLEM SOLVIN G 

Jerem y Roschelle ,  Institut e fo r  Researc h o n Learnin g 
3333 Coyot e Hil l  Road ,  Pal o Alto ,  C A 9430 4 

& 
Education :  Math ,  Science ,  an d Technolog y Progra m 

Universit y o f  California ,  Berkele y 

The whol e o f  scienc e i s  nothin g mor e tha n a 
refinemen t  o f  everyda y thinking .  I t  i s  fo r  thi s 
reaso n tha t  th e critica l  thinkin g o f  th e 
physicis t  canno t  possibl y b e restricte d t o th e 
examinatio n o f  concept s o f  hi s ow n specifi c 
field .  H e canno t  procee d withou t  considerin g 
criticall y a  muc h mor e difficul t  problem ,  th e 
proble m o f  analyzin g th e natur e o f  everyda y 
thinking . 

Alber t  Einstein ,  quote d i n Mille r  (1986 ) 

Abstrac t  an d Introductio n 
Cognitiv e Scientist s hav e recentl y develope d model s 

of  physicists '  proble m solvin g behavior .  Thei r  model s 
propos e a  ric h se t  o f  cognitiv e construct s includin g 
procedure s (Helle r  an d Reif ,  1984) ,  problem-solvin g 
schemat a (Larki n 1983) ,  categorizatio n rule s (Chi , 
Feltovic h &  Glaser ,  1981) ,  phenomenologica l  primitive s 
(diSess a 1983) ,  forwar d an d backwar d chainin g (Larkin , 
McDermott ,  Simon ,  &  Simon ,  1980) ,  an d qualitativ e 
reasonin g (deKleer ,  1975 ,  Forbu s 1986 ,  deKlee r  an d 
Brown ,  1986 ,  an d other s i n Bobrow ,  ed .  1986) .  Thes e 
construct s hav e prove d usefu l  i n understandin g aspect s 
of  physic s reasoning . 

Thi s pape r  udl l  provid e a n analysi s o f  physic s proble m 
solvin g skil l  tha t  integrate s cognitiv e construct s 
previousl y considere d disparate .  Th e mai n poin t  i s  this : 
Commonsense reasonin g abou t  situation s provide s a n 
indispensabl e resourc e fo r  copin g wit h physic s proble m 
solvin g complexity .  Mor e precisely ,  I  wil l  argu e tha t 
th e systemati c integratio n o f  th e dee p structur e o f 
situationa l  an d theoretica l  knowledg e ca n reproduc e 
competen t  physic s cognition .  T o suppor t  thi s clai m I 
wil l  discus s th e capabilitie s o f  runnin g compute r 
programs ,  writte n i n Prolog ,  tha t  implemen t  severa l 
representation s an d reasonin g processes .  I n addition ,  I 
wil l  sho w h o w th e Prolo g model s captur e th e essenc e o f 
a think-alou d protoco l  o f  a  physicis t  recoverin g fro m a n 
erro r  whil e workin g a  nove l  problem . 

The Problem Domain 
Thi s researc h concern s a  domai n o f  problem s lik e 

thos e foun d i n physic s textbooks .  (Se e figur e 1  fo r 
examples. )  I n thes e problems ,  block s ca n b e connecte d 
by strings ,  an d ca n touc h fixe d surfaces .  Al l  block s ar e 
assume d t o hav e zer o initia l  velocity .  Fou r  kind s o f 
force s appea r  i n thi s domain ,  gravity ,  tension ,  norma l 
force s an d "given "  forces .  I n eac h proble m th e goa l  i s  t o 
fin d th e u n k n o w n accelerations ,  tensions ,  an d norma l 
forces .  A  generativ e g ramma r  (tabl e 1 )  ca n produc e a n 
infinit e suppl y o f  problem s i n thi s domain . 
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Figur e 1 :  Problem s i n th e Domai n 

Table 1: Problem Domain Grammar 
Proble m < -  SituatedBloc k 
Proble m < -  SituatedBlock ,  string ,  Proble m 
SituatedBloc k < -  ForcedBloc k 
SituatedBloc k < -  surface ,  ForcedBloc k 
SituatedBloc k < -  ForcedBlock ,  surfac e 
ForcedBloc k < -  bloc k 
ForcedBloc k < -  force ,  bloc k 
ForcedBloc k < -  block ,  forc e 

Thi s domai n i s interestin g becaus e o f  th e difficultie s i t 
pose s fo r  th e theorist .  T w o level s o f  complexit y i n th e 
domai n lea d t o tw o criteri a tha t  a  successfu l  theor y 
shoul d meet .  Th e primar y complexit y reside s i n th e 
mappin g fro m physica l  situation s t o scientifi c  models . 
Object s lik e string s an d wall s d o no t  hav e a  simpl e 
representatio n i n Newtonia n physics ;  a  first-principle s 
explanatio n fo r  thei r  behavio r  ca n onl y b e expresse d i n 
term s o f  Q u a n t u m Mechanics .  Physicists ,  however , 
approximat e interaction s involvin g string s an d wall s 
wit h Newtonia n model s i n orde r  t o expedit e th e 
solutio n process .  A  propose d theor y shoul d accoun t  fo r 
physicists '  abilitie s t o reliabl y generat e approximat e 
Newtonia n model s fo r  observabl e physica l  situations . 

A secondar y complexit y arise s i n th e proces s o f 
manipulatin g mathematica l  representation s — solvin g 
larg e set s o f  equation s i s hard .  Conside r  figur e If .  Eigh t 
unknow n variable s appea r  i n thi s physica l  situation , 
potentiall y  requirin g th e solutio n o f  eigh t  simultaneou s 
linea r  equations .  Ye t  mos t  physicist s coul d determin e 
al l  th e unknown s precisel y whil e solvin g onl y a  singl e 
equatio n (T=m g fo r  th e hangin g block) .  A  physicis t 
migh t  explai n thi s situatio n b y sayin g somethin g lik e 
this : 

" I  ca n se e tha t  th e middl e bloc k wil l  b e supporte d b y 
th e table ,  th e bloc k abov e th e tabl e wil l  fall ,  an d th e 
bloc k belo w th e tabl e wil l  han g o n th e string .  Th e 
acceleratio n o f  a  supporte d bloc k o r  a  hangin g bloc k i s 
zero ,  whil e th e acceleratio n o f  a  fallin g bloc k i s a  k n o w n 
constant ,  g  =  -9. 8 m/s2 .  Th e tensio n i n th e to p strin g wil l 
be zer o becaus e i t  i s  collapsin g unde r  th e fallin g block . 
The tensio n i n th e botto m strin g wil l  b e enoug h t o 
balanc e ou t  gravity .  Thi s forc e ca n b e compute d b y 
multiplyin g th e mass ,  m ,  an d th e gravitationa l 
constant ,  g. " 
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Not e th e prevalen t  us e o f  concept s lik e supporting , 
falling ,  hanging ,  collapsing ,  an d balancin g i n thi s 
explanation .  diSess a (1983 )  ha s argue d tha t  concept s lik e 
these ,  calle d phenomenologica l  primitive s (p-prims) , 
provid e th e dee p structur e fo r  intuitiv e physica l 
reasoning .  Whil e thes e concept s ar e hav e n o forma l 
rol e i n Newtonia n science ,  I  wil l  sho w tha t  the y ca n 
streamlin e th e solutio n process . 

Representational Framework 
The complexitie s o f  situation-to-theor y mappin g an d 

of  solvin g larg e set s o f  linea r  equation s togethe r  poin t  t o 
th e nee d fo r  a  representationa l  framewor k tha t 
integrate s multipl e representations .  I  propos e th e 
framewor k illustrate d i n figur e 2 ,  calle d th e "Relationa l 
Framework. "  Th e Relationa l  Framewor k comprise s a 
situationa l  representatio n an d a  theoretica l 
re-presentation .  Thi s framewor k build s o n 
representationa l  distinction s develope d i n McDermot t 
& Larki n (1978 )  an d th e us e o f  qualitativ e reasonin g 
pioneere d b y deKlee r  (1975) ,  wit h tw o crucia l  additions : 

1. Both representations are mental models. 
Gohnson-Lair d ,  Holland ,  et .  al. ,  1896 ,  Centne r  & 
Stevens ,  1983 ) 

2.  Bot h menta l  model s ca n us e qualitativ e reasoning . 
(Forbu s 1986 ,  deKlee r  an d Brown ,  1986 ,  an d other s 
i n Bobrow ,  ed .  1986 ) 

The situational representation contains the kinds of 
objects ,  properties ,  an d relation s typicall y foun d i n rea l 
worl d situations .  Fo r  example ,  i t  migh t  includ e object s 
lik e blocks ,  tables ,  an d strings ;  propertie s lik e heaviness , 
roughness ,  an d springyness ;  an d relation s lik e on-top -
of ,  next-to ,  an d touching .  P-prim s allo w fo r  structure d 
explanatio n o f  behavio r  i n th e situationa l  menta l 
model .  Qualitativ e reasonin g allow s th e behavio r  i n 
situationa l  menta l  model s t o b e simulated ,  generatin g 
expectation s fo r  futur e behavior . 

The theoretica l  representatio n contain s th e kind s o f 
objects ,  properties ,  an d relation s foun d i n a  scientifi c 
theory .  Sinc e thi s pape r  i s primaril y concerne d wit h 
simpl e classica l  mechanics ,  th e theoretica l 
representatio n wil l  includ e poin t  masses ,  m o m e n t u m , 
and forces .  Th e conceptua l  structur e o f  th e theoretica l 
model  derive s directl y fro m Newtonia n Mechanics . 
Qualitativ e Reasonin g ca n generat e prediction s abou t 
th e behavio r  o f  a  theoretica l  menta l  mode l  usin g th e 
proces s o f  envisioning .  (deKlee r  an d Brown ,  1986 ) 

Give n Proble m 

envisionin g 
(QSC) 

Situationa l 
Menta l  Mode l  ' 
(TS)  J  (MCA ) 

Theoretica l  envisionin g 
Menta l  Mode l  (QT ) 

^Expecte d 
^ ^  Behavio r 

•• ^  Predicte d 
"  "  Behavio r 

The followin g section s compar e th e strength s an d 
weaknesse s o f  fou r  model s o f  physic s reasoning ,  eac h 
whic h implement s par t  o f  th e relationa l  framework . 
The first ,  th e Textboo k Solutio n mode l  (TS )  i s simpl e t o 
compute ,  bu t  lack s th e searc h capabilit y  necessar y t o 
buil d th e situation-to-theor y mappin g fo r  al l  problem s 
i n th e domain .  Th e remainin g thre e model s al l  us e a 
cas e analysi s searc h procedure .  Th e Mathematica l  Cas e 
Analysi s Mode l  ( M C A )  ca n identif y a  correc t  theoretica l 
descriptio n o f  a  give n situation ,  bu t  lead s t o a n 
explosio n i n computationa l  complexity .  Th e Qualitativ e 
Theoretica l  Cas e Analysi s Mode l  (QT )  reduce s thi s 
computationa l  complexit y vi a qualitativ e reasoning ,  bu t 
ofte n get s trappe d i n ambiguities .  Th e Qualitativ e 
Situationa l  Causa l  Mode l  (QSC )  als o reduce s th e 
complexit y o f  cas e analysi s vi a qualitativ e reasoning , 
but  use s a  situationa l  rathe r  tha n a  theoretica l 
representation .  Whil e Q S C get s trappe d i n ambiguitie s 
les s frequently ,  it s  knowledg e sourc e m a y contai n 
misconceptions . 

Thes e model s ar e presente d a s competitor s t o 
highligh t  thei r  uniqu e characteristics .  Howeve r  t o 
represen t  h u m a n cognition ,  severa l  model s migh t  b e 
deploye d i n parallel ,  a s indicate d b y th e paralle l 
envisionin g path s i n figur e 2 .  A  proble m solve r  coul d 
exploi t  th e redundanc y o f  paralle l  model s i n orde r  t o 
fin d inconsistencie s an d tra p errors .  Alternatively ,  a 
proble m solve r  coul d increas e productivit y b y replacin g 
some mathematica l  computation s wit h qualitativ e 
reasoning .  A  protoco l  segmen t  wil l  late r  illustrat e h o w 
on e physicis t  integrate d Qualitativ e Situationa l  an d 
Qualitativ e Theoretica l  reasonin g processe s t o achiev e 
an efficien t  an d error-fre e solution . 

Textbook Solution Procedures 
The Textboo k Solutio n (TS )  mode l  allow s a n 

examinatio n o f  th e sufficienc y o f  standar d textboo k 
proble m solvin g procedure s fo r  thi s domain .  Standar d 
textboo k procedure s shoul d b e sufficien t  fo r  thi s 
domain ,  sinc e strin g tension s an d norma l  force s ar e par t 
of  th e standar d curriculum . 

Textboo k procedure s shar e severa l  characteristics . 
First ,  thes e procedure s us e a  serie s o f  representation s 
and transitio n rules .  Larki n an d McDermot t  (1978 ) 
identif y thi s serie s a s havin g fou r  representations , 
words ,  a  situatio n sketch ,  a  theoretica l  sketch ,  an d 
mathematica l  symbols .  Second ,  textboo k procedure s 
examin e onl y th e surfac e feature s o f  a  situatio n sketch . 
Sampl e surfac e feature s i n a  sketc h woul d b e "th e block s 
ar e touching "  " a bloc k i s o n a  table, "  an d " a strin g i s 
attache d t o a  block. "  Third ,  textboo k procedure s d o no t 
invok e backtrackin g o r  retractio n o f  previousl y derive d 
information .  Th e fou r  kind s o f  representations ,  fro m 
word s t o equations ,  follo w a  forwar d progression ,  i n 
whic h eac h late r  representatio n borrow s fro m th e 
earlie r  one ,  bu t  doe s no t  modif y it .  Th e exclusio n o f 
backtrackin g an d retractio n severel y limit s proble m 
solvin g capabilit y  i n thi s domain . 

The Prolo g T S mode l  follow s th e step s below ,  adapte d 
fro m Kleppne r  an d Kolenkow' s introductor y physic s 
tex t  (1973) : 

Mathematica l  Solutio n 

Figur e 2 :  Th e Relationa l  Framewor k 
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1.  Identif y system s tha t  ca n b e treate d a s particles . 
2.  Identif y al l  force s present . 
3.  Writ e a n instanc e o f  Newton' s Secon d L a w i n th e 

vertica l  an d horizonta l  direction s fo r  eac h particle . 
4.  Writ e a n instanc e o f  Newton' s Thir d L a w fo r  eac h 

equa l  an d opposit e forc e pair . 
5.  Writ e additiona l  constraint s a s necessary . 
6.  Solv e th e equations ,  b y keepin g trac k o f  know n an d 

u n k n o w n variables . 

Steps two and four are accomplished using Heller and 
Reif' s  (1984 )  procedure .  Th e T S mode l  follow s th e firs t 
fiv e step s an d output s a  se t  o f  n  equation s i n n 
unknowns .  Thes e equation s coul d presumabl y b e 
solve d b y a  compute r  usin g a n algebrai c algorithm .  I n 
thi s case ,  th e autho r  solve d the m b y hand . 

The T S mode l  ca n solv e som e simpl e physic s 
problems .  However ,  a  larg e clas s o f  simpl e physic s 
problem s exist s whic h th e T S mode l  canno t  solve .  Thi s 
clas s o f  problem s include s m a n y problem s involvin g 
th e norma l  forc e an d strin g tension s sinc e thes e force s 
ca n onl y b e approximatel y represente d i n Newtonia n 
Mechanics .  Findin g th e correc t  approximat e 
representatio n require s a  searc h wit h backtrackin g 
capabilities ,  no t  provide d fo r  i n th e T S Model . 

The T S model ,  fo r  example ,  canno t  solv e th e proble m 
i n figur e I f  becaus e i t  doe s no t  hav e enoug h 
information .  (Se e tabl e 2  fo r  a  step-by-ste p applicatio n 
of  th e T S mode l  t o figur e If) .  Th e missin g informatio n 
i s tha t  th e to p bloc k i s falling ,  tha t  th e othe r  tw o block s 
ar e stationary ,  an d tha t  th e to p strin g ha s n o tension . 
Thi s informatio n coul d b e inferre d b y a  h u m a n 
proble m solve r  usin g commonsense ,  howeve r  withou t 
appropriatel y integrate d commonsens e knowledge ,  th e 
TS mode l  canno t  fin d th e correc t  solution .  O n e wa y o f 
integratin g commonsens e wil l  b e discusse d late r  i n th e 
Q SC model .  Bu t  first ,  tw o model s tha t  avoi d th e nee d 
fo r  representin g commonsens e knowledg e ar e 
introduced . 

Tabl e 2 :  A n AoDlicatio n o f  th e T S Mode l  t o Figur e I f 
1.  Th e thre e block s ca n b e treate d a s particle s i n thi s 

situation . 
2.  Th e to p bloc k ha s tw o forces ,  th e strin g tension ,  T i 

and gravity ,  mig .  Th e middl e bloc k ha s fou r  forces , 
th e strin g tensio n T2 ,  th e strin g tensio n T3 ,  gravity , 
m2g an d th e norma l  force ,  N .  Th e botto m bloc k ha s 
tw o forces ,  th e strin g tension ,  T4 ,  an d gravity ,  msg . 

3.  -T i  +  mi g =  mia i 

T2 -  T 3 +  m2g + N  =  m2a 2 
T4 +  ms g =  m3a i 

4.  T i = T 2 ; T 3 =  T 4 
5.  N o additiona l  constraint s given . 
6.  Onl y 5  equation s i n 8  unknowns ,  n o solutio n 

possible . 

Mathematica l  Cas e Analysi s 
As mentione d above ,  th e roo t  caus e o f  th e problem s 

wit h th e T S mode l  i s tha t  tensio n an d norma l  force s d o 
not  hav e a  simpl e Newtonia n model .  Newtonia n 
Mechanics ,  however ,  ca n mak e prediction s i n situation s 
involvin g comple x forc e function s b y invokin g cas e 
analysis . 

Case analysi s i s a  procedur e commonl y taugh t  i n 
engineerin g discipline s b y whic h a  complicate d 
function ,  lik e th e norma l  force ,  i s  divide d int o severa l 
distinc t  operatin g regions ,  eac h whic h ca n b e 
represente d b y a  simpl e function .  Th e tensio n forc e fo r 
an idea l  string ,  fo r  example ,  ca n b e separate d int o fou r 
operatin g regions ,  mainly : 

1.  strin g collapsed ;  distanc e <  length .  Tensio n =  0 
2.  strin g collapsing ;  distanc e =  length ,  Adistanc e <  1 , 

Tensio n =  0 
3.  strin g taut ;  distanc e =  length ,  Adistanc e =  0 ,  Tensio n 

>0 
4.  strin g breaking :  distanc e =  length ,  Adistanc e >  0 , 

Tensio n =  m a x i m u m loa d capacit y o f  th e strin g 

(Note: The models discussed here actually use a simpler 
breakdow n fo r  th e idea l  strin g whic h ignore s th e 
collapse d an d breakin g states. ) 

A Prolo g mode l  calle d M C A (Mathematica l  Cas e 
Analysis )  use s suc h decomposition s t o implemen t  cas e 
analysi s a s a  searc h fo r  a  consisten t  se t  o f  linea r 
equations .  M C A build s an d examine s a  searc h tre e tha t 
represent s eac h possibl e combinatio n o f  operatin g 
region s fo r  th e tension s an d norma l  force s tha t  exis t  i n 
th e system .  A t  eac h lea f  i n th e tree ,  M C A generate s a 
representatio n tha t  assume s eac h loca l  par t  o f  th e 
syste m i s operatin g i n certai n region s (o r  cases) .  I f  thi s 
representatio n i s globall y consistent ,  the n i t  i s  a 
solution .  Otherwis e tha t  particula r  combinatio n o f 
operatin g region s ca n b e eliminated . 

To buil d a  scientifi c  representation ,  th e M C A mode l 
follow s th e firs t  fou r  step s o f  th e T S model .  I n ste p 5 , 
th e M C A mode l  add s a  non-deterministi c choic e o f 
operatin g regio n fo r  eac h norma l  forc e an d strin g 
tension .  I t  output s a  se t  o f  linea r  equations ,  whic h ar e 
currentl y solve d b y han d i n ste p 6 .  I f  th e equation s ar e 
inconsistent ,  M C A backtrack s t o ste p 5  an d choose s 
anothe r  se t  o f  operatin g regions .  Thu s i f  ther e ar e n 
comple x function s requirin g m operatin g region s each , 
M CA searche s a  tre e wit h m "  leaves . 

Applie d t o figur e If ,  M C A produce s th e sam e 
equation s a s T S fo r  step s 1-4 .  I n ste p 5 ,  M C A choose s on e 
of  8  possibl e set s o f  operatin g regions .  Ther e ar e eigh t 
set s o f  operatin g region s becaus e ther e ar e tw o string s 
and on e norma l  force ,  eac h requirin g a  breakdow n int o 
2 operatin g regions ,  an d 2 ^  i s 8 .  Th e resultin g additiona l 
equation s fo r  tw o o f  th e eigh t  set s o f  operatin g region s i s 
show n belo w i n tabl e 3 .  Th e first ,  whe n combine d wit h 
th e othe r  equations ,  i s  inconsisten t  an d mus t  b e 
rejected .  Th e secon d i s consistent ,  an d therefor e i s a 
solution . 

190 



Tabl e 3 :  Th e MCA model .  2  searc h point s (o r  fiaur B 1 f 
Operatin g Region s Se t  A :  (inconsistent ) 
Ti  >  0 ,  a i  =  32 ; 
N >  0 ,  3 2 =  0 ; 
T3 >  0 ,  3 2 =  3 3 

0per3ting Regions Set B: (consistent) 
Ti  =  0 .  3 1 <  32 ; 
N >  0 ,  3 2 =  0 ; 
T3 >  0 ,  3 2 =  3 3 

Tsbl e 4 :  Th e Q T model .  2  searc h point s fo r  figur e I f 
some equ3tion s wit h qu3lit3tiv e 
oper3tin g regio n A  for m 
-Ti+mig.mi3 i  -1+-1-a i # 

ai  «  3 2 3 1 «  3 2 -  0  # 

T2 -  T 3 +  m2g + N  =  m23 2 1  -  1  +  - 1 +  1  »  3 2 ' 
T4 +  m3g-mi3 3 1-1=3i " 

some equ3tion s wit h 
oper3tin g regio n B 

T2 -  T 3 +  m2g + N  =  m2a 2 
T4 +  m3 g =  mi3 3 

qu3lit3tiv e 
for m 

0 -  1  +  - 1 +  1  =  3 2 

1-1=3 r 
(# mesn s inconsistent ,  *  me3n s ambiguous ) 

Whil e thi s procedur e ca n solv e al l  problem s i n th e 
domain ,  i t  involve s solvin g 8  set s o f  8  equation s i n 8 
unknowns .  Thi s i s a  lo t  o f  work ,  eve n fo r  a  computer . 
Moreover ,  th e M C A mode l  doe s no t  suppor t  a  ver y 
satisfyin g explanatio n o f  th e solutio n — th e 
explanation ,  essentially ,  i s  tha t  th e compute r  followe d 
th e cas e analysi s procedur e an d identifie d a  consisten t 
set  o f  equations ,  whic h mus t  b e th e solutio n becaus e th e 
case analysi s procedur e i s correct .  Ther e i s n o evidenc e 
tha t  physicist s woul d us e a  procedur e lik e M C A t o solv e 
thi s problem . 

Qualitative  Reasoning, Scientific Representation 
The primar y virtu e o f  cas e analysi s i s tha t  i t  ca n brin g 

a situatio n tha t  include s tensio n an d norma l  force s int o 
th e rang e o f  applicabilit y  o f  Newtonia n Mechanics .  Th e 
drawbac k t o cas e analysi s i s combinatoria l  explosio n i n 
th e numbe r  o f  set s o f  simultaneou s linea r  equation s t o 
be solved .  Qualitativ e Reasonin g canno t  reduc e th e 
combinatoria l  explosion ,  howeve r  i t  ca n reduc e th e 
effor t  involve d i n checkin g th e consistenc y o f  eac h se t 
of  equations . 

To appl y Qualitativ e Reasonin g t o thi s domain ,  I 
follo w Rei f  an d Heller' s (1982 )  suggestio n t o chec k th e 
consistenc y o f  th e directio n o f  acceleratio n predicte d b y 
th e resultan t  forc e wit h constraint s o n acceleration .  Th e 
firs t  ste p i s t o mak e eac h quantitativ e L F =  m a equatio n 
int o a  qualitativ e one .  T o d o this ,  I  replac e eac h 
quantitativ e forc e variabl e wit h th e numbe r  1  i f  it s  sig n 
i s positive ,  an d th e numbe r  - 1 i f  it s  sig n i s negative .  Th e 
lef t  sid e o f  th e equatio n i s the n summed accordin g t o 
th e qualitativ e arithmeti c tabl e (Forbus ,  1986) ,  yieldin g a 
predicte d sig n fo r  th e acceleration .  Thi s ca n b e compare d 
wit h an y constraint s o n th e sig n o f  th e acceleration . 

The Q T Prolo g mode l  carrie s thes e step s ou t 
computationally .  Th e firs t  fiv e step s ar e th e sam e a s i n 
th e M C A model ,  howeve r  i n ste p si x th e equation s ar e 
converte d t o qualitativ e for m an d checke d fo r 
qualitativ e consistency .  Tabl e 4  show s th e resul t  o f  th e 
QT mode l  applie d t o figur e If .  Th e equation s wit h a 
hash mar k (# )  ar e inconsistent ,  whil e th e equation s 
wit h a n asteris k (* )  ar e ambiguous .  Th e Q T mode l 
shows operatin g regio n A  t o b e inconsistent .  Howeve r 
operatin g regio n B ,  foun d consisten t  b y MCA,  canno t  b e 
prove d consisten t  b y Q T becaus e i t  i s  qualitativel y 
ambiguous . 

The Q T mode l  ha s tw o majo r  advantage s ove r  th e 
M CA model .  First ,  th e Q T mode l  ca n identif y 
inconsisten t  set s o f  equation s withou t  extensiv e 
algebrai c manipulatio n — i t  need s onl y t o comput e th e 
sig n o f  acceleratio n fro m eac h instanc e o f  Newton' s 
Second La w an d compar e th e resul t  t o constraint s o n 
th e acceleration .  Th e Q T mode l  therefor e reduce s th e 
amount  o f  computatio n neede d t o solv e a  physic s 
proble m i n thi s domain .  Second ,  th e Q T mode l  lend s 
itsel f  t o understandabl e explanations .  Fo r  example ,  on e 
coul d explai n th e contradictio n i n operatin g se t  A  i n 
tabl e 4  a s follows : 

'Ther e ar e tw o force s o n th e topmos t  block ,  gravit y 
and th e tensio n o n th e string .  Sinc e bot h ac t 
downwards ,  th e bloc k wil l  accelerat e downwards . 
However ,  ther e ca n onl y b e tensio n i n th e strin g i f  th e 
block s a t  eithe r  en d ar e movin g a t  th e sam e rate .  Sinc e 
th e bloc k o n th e tabl e i s no t  acceleratin g an d th e bloc k 
abov e i t  is ,  th e block s a t  eithe r  en d o f  th e strin g ar e no t 
acceleratin g a t  th e sam e rate .  Th e assumptio n tha t  ther e 
i s tensio n i n th e strin g therefor e lead s t o a n inconsisten t 
prediction. " 

The disadvantag e o f  th e Q T mode l  i s  tha t  i t  ofte n 
yield s ambiguou s results ,  a s i s th e cas e wit h operatin g 
regio n b  i n tabl e 4 .  Whil e th e nex t  model ,  th e QS C 
model  ca n als o creat e ambiguities ,  i t  doe s s o les s 
frequently . 

Qualitative  Reasoning, Situational Representation 
Al l  thre e previou s Prolo g model s shar e tw o 

importan t  characteristics :  (1 )  the y operat e primaril y o n a 
proble m representatio n base d o n scientifi c  entitie s lik e 
forc e an d mass ,  an d (2 )  th e reasonin g i n th e model s i s 
constraint-driven ,  rathe r  tha n causal .  Thi s sectio n 
present s th e Qualitativ e Situationa l  Causa l  (QSC ) 
model .  A s it s nam e suggests ,  QS C reason s causall y abou t 
a situationa l  model .  A s th e Prolo g mode l  demonstrates , 
QSC ca n mak e certai n crucia l  inference s mor e efficientl y 
and effectivel y tha n th e reasonin g component s 
discusse d previously . 

The QS C mode l  distinguishe s betwee n tw o classe s o f 
interactions ,  tendency-producin g interaction s an d 
constraint-producin g interactions .  (Thes e term s ar e 
introduce d t o avoi d confusio n betwee n commonsens e 
and scientifi c  us e o f  th e wor d "force." )  Tendency -
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producin g interaction s (t-interactions )  ar e th e ultimat e 
cause s o f  motion .  T-interaction s hav e a  valu e tha t  i s 
independen t  o f  stat e o f  othe r  interaction s i n th e 
situation .  Gravit y an d give n force s ar e th e t-interaction s 
i n th e presen t  domain . 

Constraint-producin g interaction s (c-interactions) ,  o n 
th e othe r  hand ,  ar e conditiona l  o f  th e presenc e o f  othe r 
interactions .  Th e tw o c-interaction s i n thi s domai n ar e 
strin g tensio n an d th e norma l  force .  Thes e interaction s 
respon d t o applie d force s s o a s t o maintai n som e stat e o f 
affair s ( a constraint) .  String s reac t  t o applie d force s s o a s 
t o kee p t o connecte d object s a t  a  particula r  separation . 
Th e norma l  forc e react s t o applie d force s s o a s t o kee p 
on e surfac e fro m passin g throug h another . 

As wit h th e M C A an d Q T models ,  th e Q S C mode l  i s 
base d o n cas e analysis .  (Se e tabl e 5. )  However ,  unlik e 
thes e model s th e Q S C mode l  doe s no t  firs t  perfor m 
step s 1 ^  o f  th e textboo k solutio n model ,  becaus e th e 
Q SC mode l  operate s wit h th e situatio n representatio n 
directly . 

Lik e th e previou s models ,  Q S C non-deterministicall y 
choose s an d evaluate s a  se t  o f  operatin g regions ,  usin g 
on e choic e o f  operatin g regio n fo r  eac h c-interaction .  T o 
evaluat e a  se t  o f  operatin g regions ,  Q S C check s eac h c -
interactio n fo r  loca l  consistency ,  assumin g th e othe r  c -
interaction s fixed . 

Each consistenc y chec k require s evaluatin g a 
statemen t  lik e "Th e strin g i s loose ,  an d i f  th e strin g 
wer e no t  ther e th e block s o n eithe r  en d o f  i t  woul d no t 
m o ve apart. "  T o evaluat e thi s statement ,  th e Q S C 
model  mus t  calculat e th e motio n o f  th e block s o n eithe r 
end o f  th e string .  Th e Q S C mode l  make s th e motio n 
calculatio n qualitatively ,  an d causally .  Th e calculatio n i s 
qualitativ e becaus e th e Q S C mode l  compute s onl y th e 
sig n o f  th e acceleratio n (b y usin g th e qualitativ e 
arithmeti c tabl e t o s u m t-interactions) .  Th e calculatio n 
i s causa l  becaus e onl y t-interaction s ar e included .  T o 
eliminat e c-interaction s fro m th e calculation , 
propagatio n rule s ar e applied .  Thes e rule s i n effec t  sa y 
tha t  t-interaction s wil l  propagat e throug h tau t  strings , 
but  no t  throug h resistin g walls . 

Lik e th e M C A an d Q T models ,  th e Q S C mode l  migh t 
hav e t o searc h 8  set s o f  operatin g region s t o solv e figur e 
If .  Tabl e 6  show s a n Englis h translatio n o f  th e behavio r 
of  th e mode l  o n thi s problem .  Onl y tw o set s o f 
operatin g region s ar e shown ,  correspondin g t o th e 
operatin g region s chose n i n previou s examples . 

Table 5: C-lnteractions For Strings and Surfaces 
Surfac e c-interactio n 
cas e a :  Ther e i s pressur e o n th e bloc k fro m th e surface , 

and i f  th e surfac e wer e no t  ther e th e bloc k woul d 
m o ve throug h th e spac e occupie d b y th e surfac e 

cas e b :  Ther e i s n o pressur e o n th e bloc k fro m th e 
surface ,  an d i f  th e surfac e wer e no t  ther e th e bloc k 
woul d no t  m o v e throug h th e spac e occupie d b y th e 
surface . 

String c-interaction 
cas e a :  Th e strin g i s taut ,  an d i f  th e strin g wer e no t  ther e 

th e block s o n eithe r  en d o f  th e strin g woul d m o v e 
apart . 

cas e b :  Th e strin g i s loose ,  an d i f  th e strin g wer e no t  ther e 
th e block s woul d no t  m o v e apart . 

Tai?l 9 g ;  Th ? Q S Q Mp^^ I 
Operatin g regio n se t  a : 
bot h string s cas e a ,  surfac e cas e a 
1.  Fo r  th e to p string ,  i f  th e strin g wer e no t  ther e woul d th e 

block s mov e apart ? Assumin g th e strin g no t  there , 
ther e i s onl y on e t-interactio n actin g o n th e to p block , 
gravity .  Th e to p bloc k wil l  therefor e mov e downwards . 
The middl e bloc k i s touchin g a  resistin g surface , 
therefor e i t  i s  no t  moving .  Th e block s ar e movin g 
close r  together ,  s o th e answe r  i s no ,  an d thi s se t  o f 
operatin g region s i s inconsistent .  Th e othe r  c -
interaction s d o no t  nee d t o b e evaluated . 

Operating region set b: top string case b, 
botto m strin g cas e a ,  surfac e cas e a . 
1.  I f  th e to p strin g wer e no t  there ,  woul d th e block s no t 

move apart ? A s i n numbe r  1  above ,  th e to p bloc k 
woul d mov e downwards ,  s o th e answe r  t o thi s 
questio n i s yes . 

2.  I f  th e botto m strin g wer e no t  there ,  woul d th e block s 
move apart ? Ther e i s onl y on e t-interactio n actin g o n 
th e botto m block ,  th e forc e o f  gravity .  Th e botto m bloc k 
wil l  ther e mov e downwards .  A s i n numbe r  1 ,  th e 
middl e bloc k wil l  no t  move .  Since  th e block s ar e 
movin g apar t  th e answe r  i s yes . 

3.  I f  th e surfac e wer e no t  there ,  woul d th e bloc k mov e 
throug h th e spac e i t  occupies ? Ther e ar e tw o t -
inleraction s actin g o n th e middl e block ,  th e forc e o f 
gravit y actin g o n it ,  an d th e forc e o f  gravit y actin g o n 
th e botto m block ,  propagate d throug h th e tau t  string . 
Bot h ar e downwar d s o th e bloc k woul d m o v e 
downwar d throug h th e spac e occupie d b y th e surface . 
The answe r  i s yes . 

Since  th e answe r  t o al l  thre e question s i s  yes ,  thi s se t  o f 
operatin g region s i s consistent . 

As tabl e 6  shows ,  th e Q S C mode l  ca n positivel y 
identif y bot h inconsisten t  an d consisten t  operatin g 
region s fo r  thi s problem .  Onc e a  se t  o f  consisten t 
operatin g region s i s identified ,  th e Q S C mode l  ca n 
procee d wit h th e textboo k solutio n (TS )  model .  I n ste p 
5,  th e operatin g region s discovere d b y th e Q S C mode l 
guid e th e additio n o f  suitabl e constraints .  Th e equation s 
ca n the n b e solve d fo r  a  mathematica l  solutio n i f 
desired . 

The Q S C mode l  fail s  onl y whe n tw o t-interaction s ac t 
on th e sam e body ,  an d eve n the n onl y unde r  certai n 
circumstances .  W h e n thi s failur e occurs ,  i t  amount s t o a 
failur e o f  th e qualitativ e logi c becaus e o f  a n ambiguity . 
Thes e ambiguitie s occu r  les s frequentl y i n th e Q S C 
model  tha n th e Q T model ,  becaus e th e Q S C mode l 
effectivel y eliminate s al l  c-interactions ,  whil e th e Q T 
model  represent s eac h c-interactio n a s a  force . 

I n addition ,  Q S C model s ca n fai l  i n th e presenc e o f 
misconceptions .  However ,  diSess a (workin g paper )  ha s 
suggeste d tha t  physicist s adjus t  thei r  p-prim s throug h 
learnin g s o tha t  th e p-prim s mor e accuratel y reflec t 
causa l  processe s i n th e world .  Thu s physicist s coul d 
appl y p-prim s withou t  necessaril y  invokin g 
misconceptions .  Moreover ,  w h e n physicists '  p-pri m 
representatio n i s integrate d wit h thei r  theoretica l 
representation ,  physicist s ca n gai n th e efficienc y o f 
qualitativ e situationa l  representations ,  withou t  losin g 
th e robustnes s o f  theoretica l  representations . 
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Protoco l  Analysi s 
Th e model s abov e wil l  n o w b e applie d t o th e analysi s 

of  a  physicist' s  think-alou d protocol .  Thi s protoco l 
resulte d fro m a n intervie w wit h a  Universit y o f 
California ,  Berkele y physic s graduat e studen t  wit h 
significan t  teachin g experience .  I n th e interview ,  th e 
subjec t  wa s show n th e sketc h i n figur e 3 ,  an d aske d 
"what' s happening. "  Th e transcrip t  o f  hi s respons e 
appear s i n tabl e 7 . 

Roschell e an d Green o (1987 )  include s a n extensiv e 
analysi s o f  thi s protocol ,  th e highlight s o f  whic h ar e 
summarize d here .  I n ste p one ,  th e subjec t  quickl y come s 
t o a  narro w focu s o f  attention ,  whic h i s remarkabl e 
give n tha t  1 3 force s woul d appea r  i n a  theoretica l 
representatio n o f  th e situation .  Instead ,  w e conjectur e 
tha t  th e subjec t  use s a  p-prim s an d a  situationa l 
representation .  Thi s hypothesi s i s supporte d i s ste p 2 , 
w h en th e subjec t  envision s th e motio n o f  th e 
situationa l  model .  I n ste p 3  th e subjec t  build s a 
theoretica l  mode l  o f  th e situation ,  an d envision s it .  I n 
ste p 4  th e subjec t  recognize s tha t  th e result s o f 
situationa l  an d theoretica l  envisionin g conflict .  Finally , 
i n ste p 5  th e subjec t  find s a  bu g ,  "frictio n oppose s 
motion "  i n hi s theoretica l  mode l  an d replace s i t  wit h a 
th e correc t  rule ,  "frictio n oppose s relativ e motion. " 

Thi s protoco l  i s  a n excellen t  exampl e o f  th e relationa l 
framework ,  becaus e i t  show s th e continuou s interpla y 
betwee n situationa l  an d theoretica l  menta l  models ,  a s 
wel l  a s th e rol e o f  situationa l  dee p structur e i n comin g 
t o a  quic k focu s o f  attention .  I t  ca n b e modele d quit e 
effectivel y wit h elaboration s o f  th e Q S C,  T S an d Q T 
models . 

Tabl e 7 :  O n e Dhvsicisf s protoco l  fo r  figur e 3 
1.  Thi s on e i s ver y interestin g becaus e i t  illustrate s a 

ver y importan t  poin t  whic h i s tha t  frictio n isn' t  alway s 
i n th e wron g directio n - -  o r  th e righ t  direction .  Th e 
thin g tha t  bothere d m e righ t  awa y i s th e extr a mas s 
sittin g her e [o n top] .  An d th e questio n is :  what' s goin g 
t o happe n wit h th e extr a mass . 

2.  Wel l  i f  there' s everythin g acceleratin g t o th e righ t 
,the n s o wil l  thi s to p mass . 

3.  An d o n th e othe r  han d ,  you r  firs t  temptatio n i s t o 
dra w a  forc e diagra m i n you r  hea d an d yo u sa y 'O K 
th e thing' s movin g t o th e right ,  s o frictio n i s t o th e left. ' 
Excep t  tha t  frictio n i s th e onl y forc e movin g i t  — 

4.  — s o righ t  awa y yo u reac h a  problem . 
5.  Th e answe r  i s .. .  tha t  frictio n oppose s relativ e motion , 

so th e friction' s goin g t o g o i n whicheve r  directio n i t 
need s t o poin t  t o oppos e th e motio n betwee n th e littl e 
mass an d th e bi g mas s it' s  sittin g on .  An d tha t 
happen s t o b e t o th e righ t  i f  th e bi g mas s i s movin g t o 
th e right . 

Th e Q S C mode l  alread y contain s situationa l  reasonin g 
capabilit y  fo r  blocks ,  strings ,  an d supportin g surfaces . 
T wo additiona l  rule s woul d b e neede d t o produc e th e 
predictio n o f  motio n t o th e righ t  (protoco l  segmen t  #2) . 
First ,  a  rul e i s neede d t o handl e th e c-interactio n o f  a 
pulley .  Thi s rul e woul d b e analogou s t o th e rul e tha t 
propagate s t-interaction s throug h strings .  Th e onl y 
differenc e i s tha t  th e pulle y c-interactio n change s th e 
directio n o f  th e t-interactio n a s i t  goe s ove r  th e pulley . 

A secon d rul e i s neede d t o handl e th e c-interaction s 
betwee n tw o block s tha t  ca n slid e relativ e t o eac h other . 
Thi s rul e woul d propagat e t-interaction s tha t  ar e 
paralle l  t o th e slidin g surface s throug h th e surface-to -
surfac e contact .  Thi s rul e model s th e behavio r  o f 
frictio n i n transmittin g force . 

Usin g thes e tw o rules ,  Q S C wil l  predic t  tha t  th e extr a 
bloc k move s t o th e right ,  becaus e th e onl y t-interactio n 
o n th e extr a bloc k i s th e gravitationa l  interactio n tha t 
has bee n propagate d thoug h th e pulle y syste m an d th e 
surface-to-surfac e contact . 

I n orde r  t o generat e a  theoretica l  representation ,  th e 
TS mode l  need s rul e fo r  identifyin g an d representin g 
friction .  Ther e ar e tw o form s o f  thi s rul e i n th e protocol , 
"frictio n oppose s motion "  an d "frictio n oppose s relativ e 
motion. "  T o mode l  th e protocol ,  firs t  on e rul e an d the n 
th e othe r  i s adde d t o th e T S model . 

The Q T mode l  alread y ha s th e capabilit y  t o predic t  th e 
directio n o f  acceleratio n base d o n a  theoretica l 
representation .  I f  th e frictio n o n th e extr a bloc k i s t o th e 
left ,  Q T wil l  predic t  motio n t o th e left ,  a s i n th e 
protocol . 

O ne additiona l  relationa l  componen t  necessar y t o 
model  thi s protoco l  i s  a  procedur e tha t  compare s th e 
predicte d behavio r  o f  th e Q S C an d Q T models .  I n thi s 
case ,  th e procedur e woul d compar e th e directio n o f 
motio n i n th e situationa l  representatio n wit h th e 
directio n o f  acceleratio n i n th e theoretica l 
representation .  Wit h th e bugg y frictio n rul e i n effect , 
thi s compariso n wil l  fail .  Wit h th e correc t  frictio n rul e 
i n place ,  thi s rul e wil l  succeed .  Tabl e 8  show s th e 
sequenc e o f  event s correspondin g t o th e protocol . 

Notic e tha t  th e physicis t  use s multipl e representation s 
i n tw o way s i n thi s problem .  I n protoco l  lin e #2 ,  h e 
use s Q S C reasonin g t o avoi d th e wor k o f  determinin g 
th e motio n o f  th e pulle y syste m vi a a  scientifi c 
representation .  Later ,  i n protoco l  lin e #4 ,  h e use s 
situationa l  reasonin g i n paralle l  wit h scientifi c 
reasonin g t o identif y a n error .  I t  i s  especiall y interestin g 
tha t  i n thi s cas e th e physicist' s  situationa l 
representatio n wa s correc t  whil e hi s initia l  scientifi c 
representatio n wa s wrong ! 

s S tSSSSSSS?^SSSSSSSSSSM 

Figur e 3 :  Extr a Bloc k Sketc h 
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Tabl e 8:ComDutationa l  Mode l  o f  th e Protoco l 
1.  Th e Q S C mode l  predict s motio n t o th e right . 

Th e T S mode l  build s a  theoretica l  mode l  usin g th e 
rul e "frictio n oppose s motion. " 
Th e Q T mode l  predict s acceleratio n t o th e left . 
Th e compariso n procedur e detect s a  conflict . 
Th e programmer ,  actin g i n th e plac e o f  a  comple x 
retrieva l  process ,  replace s th e bugg y frictio n rul e wit h 
th e correc t  one . 
Th e T S mode l  re-build s th e theoretica l  model . 
Th e Q T mode l  predictio n acceleratio n t o th e right . 
Th e compariso n procedure s find s th e model s t o b e 
consistent . 

6. 
7. 
8. 

Conclusio n 
Discussion s o f  p-prim s an d situationa l  reasonin g hav e 

generall y bee n restricte d t o th e question ,  "what' s wron g 
wit h novices? "  Th e Q S C mode l  suggest s anothe r 
questio n t o whic h p-prim s an d situationa l  reasonin g 
migh t  b e th e answer ,  mainl y "what' s righ t  abou t 
experts? "  I n particular ,  th e Prolo g model s discusse d 
abov e hav e show n tha t  th e integratio n o f  situationa l 
an d theoretica l  dee p structur e ca n resul t  i n performanc e 
tha t  i s bot h efficien t  an d robust .  Th e protoco l  exampl e i s 
a stron g exampl e o f  efficien t  an d robus t  proble m 
solving ;  whil e th e subjec t  analyze s th e situatio n quickly , 
he i s simultaneousl y abl e t o detec t  an d correc t  a  bu g i n 
hi s theoretica l  model .  Th e developmen t  o f  paralle l 
situationa l  an d theoretica l  representations ,  a s wel l  a s 
th e us e o f  qualitativ e reasoning ,  make s exper t 
competenc e possibl e withou t  sacrificin g exper t 
performance . 
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