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Generatio n o f  Usefu l  Proble m Representation s i n a 
Semanticall y Ric h Domain :  Th e Exampl e o f  Physic s 

Joan I. Heller and F. Reif 
Universit y o f  California ,  Berkele y 

The initia l  representatio n o f  a  proble m ca n 
cruciall y determin e whethe r  th e subsequen t  searc h 
fo r  it s solutio n i s easy ,  difficult ,  o r  eve n im -
possible .  However ,  th e processe s use d t o generat e 
initia l  proble m representations ,  particularl y i n 
semanticall y ric h domains ,  hav e bee n studie d les s 
extensivel y tha n thos e use d fo r  search .  According -
ly ,  th e stud y reporte d i n thi s pape r  ha s aime d t o 
formulat e an d tes t  a  mode l  specifyin g ho w huma n 
proble m solver s ca n generat e effectiv e initia l  des -
cription s o f  problem s i n a  realisticall y comple x 
scientifi c  domain . 

The precedin g goal ,  whic h i s prescriptive ,  i s 
more genera l  tha n on e concerne d wit h naturalisti c 
studie s o f  actua l  expert s (Chi ,  Feltovich ,  5 
Glaser ,  1981 ;  Larkin ,  McDermott ,  Simon ,  S  Simon , 
1980) .  I n particular ,  i t  focuse s interes t  o n pro -
cedure s fo r  generatin g goo d proble m representa -
tions ,  withou t  necessaril y  tryin g t o simulat e th e 
behavio r  o f  expert s an d withou t  makin g th e assump -
tio n tha t  expert s behav e optimally .  Fro m thi s 
genera l  poin t  o f  view ,  models  o f  goo d proble m des -
criptio n may thu s b e suggeste d b y purel y theoreti -
cal  analyse s a s wel l  a s b y observation s o f  experts . 
(Indeed ,  protoco l  observation s o f  expert s revea l 
relativel y littl e abou t  th e processe s use d t o gen -
erat e initia l  proble m representation s sinc e thes e 
processe s ar e usuall y carrie d ou t  rapidl y an d 
almos t  automaticall y o n th e basi s o f  muc h taci t 
knowledge. ) 

A prescriptiv e poin t  o f  view ,  transcendin g 
naturalisti c studie s o f  exper t  performance ,  i s als o 
centrall y importan t  fo r  attempt s t o improv e huma n 
performanc e o r  fo r  educationa l  applications .  In -
deed ,  i n instructiona l  applications ,  student s ca n 
not  merel y b e taugh t  t o mimi c exper t  performanc e 
whic h ofte n relie s heavil y o n th e recognitio n o f 
pattern s acquire d a s a  resul t  o f  year s o f  exper -
ience . 

Our  prescriptiv e interes t  ha s bee n specifi -
call y focuse d o n huma n performanc e i n generatin g 
effectiv e proble m descriptions .  Fro m a  theoretica l 
poin t  o f  view ,  thi s emphasi s allow s u s t o presup -
pos e comple x huma n capabilitie s (suc h a s natural -
languag e understandin g an d pattern-recognitio n 
skills )  whil e focusin g attentio n o n th e mor e 
sophisticate d cognitiv e skill s  neede d t o generat e 
good proble m representations .  Furthermore,  ou r 
interes t  ha s bee n i n developin g experimenta l 
approache s whic h (unlik e som e form s o f  compute r 
simulation )  allo w direc t  validatio n o f  model s o f 
good huma n performanc e i n proble m solvin g tasks . 

We chos e t o stud y th e generatio n o f  proble m 
description s i n th e particula r  domai n o f  physic s 
(especiall y withi n th e subfiel d o f  mechanics )  be -
caus e thi s i s a  realisticall y comple x domai n rep -
resentativ e o f  othe r  quantitativ e sciences .  On th e 
othe r  hand ,  thi s domai n i s sufficientl y simpl e an d 
well-define d tha t  th e generatio n o f  proble m des -
cription s ca n b e specifie d an d studie d i n som e 
detail . 
Model of Problem Description 

Our  ai m wa s t o formulat e a  theoretica l  mode l 
specifyin g ho w a  huma n proble m solve r  ca n generate , 
fo r  an y proble m i n a  particula r  scientifi c  domain , 
a usefu l  initia l  proble m descriptio n facilitatin g 
th e subsequen t  solutio n o f  th e problem .  Thi s mode l 
decompose s th e descriptio n proces s int o tw o succes -
siv e stages .  Th e firs t  stag e use s mostl y domain -independen t  knowledg e t o generat e a  proble m des -criptio n whic h summarize s an d organize s relevan t 

informatio n abou t  th e specifie d situatio n an d 
proble m goal ,  introduce s convenien t  symbolism ,  etc . 
Sinc e th e generatio n o f  thi s basi c descriptio n i s 
relativel y straightforward ,  w e shal l  no t  discus s 
i t  furthe r  here . 

The nex t  stag e o f  th e descriptio n procedur e 
i s mor e comple x an d involve s th e generatio n o f  a 
"theoretica l  description "  whic h deliberatel y re -
describe s th e proble m i n term s o f  specia l  concept s 
provide d b y th e knowledg e bas e fo r  th e relevan t 
domain .  Al l  th e principle s i n th e knowledg e base , 
whic h ar e expresse d i n term s o f  thes e specia l  con -
cepts ,  becom e thu s readil y accessibl e t o facilitat e 
th e subsequen t  solutio n o f  th e problem . 

The generatio n o f  th e theoretica l  proble m 
descriptio n i s base d o n th e followin g considera -
tions .  Th e knowledg e bas e abou t  an y domai n con -
tain s declarativ e knowledg e specifyin g th e parti -
cula r  entitie s o f  interes t  i n thi s domain ,  th e 
specia l  concept s usefu l  fo r  describin g thes e 
entities ,  an d principle s specifyin g relationship s 
betwee n thes e concepts .  Fo r  example ,  i n th e sci -
entifi c  domai n o f  mechanics ,  th e entitie s o f 
interes t  ar e particle s o r  mor e comple x system s 
consistin g o f  suc h particles .  Th e specia l  des -
criptiv e concept s ar e specia l  concept s use d t o 
describ e motio n (e.g. ,  "position" ,  "velocity" , 
"acceleration" )  an d specia l  concept s use d t o des -
crib e th e interactio n betwee n particle s (e.g. , 
"force" ,  "potentia l  energy",...) .  Th e principle s 
specifyin g relation s betwee n thes e concept s ar e 
"interactio n laws "  (whic h specif y ho w th e forc e o n 
one particl e b y anothe r  i s relate d t o th e proper -
tie s an d position s o f  thes e particles )  an d "motio n 
principles "  (whic h specif y ho w tempora l  change s o f 
concept s describin g motio n ar e relate d t o concept s 
describin g interaction) . 

The precedin g kind s o f  declarativ e knowledg e 
i n th e knowledg e bas e abou t  a  particula r  domai n 
provid e th e basi s fo r  explici t  "descriptio n rules " 
tha t  specif y procedure s fo r  generatin g a  theoreti -
cal  descriptio n o f  an y situatio n i n thi s domain . 
I n particular ,  thes e descriptio n rule s specif y 
what  particula r  kind s o f  entitie s shoul d b e des -
cribed ,  wha t  specia l  concept s shoul d b e use d t o 
describ e them ,  wha t  propertie s o f  thes e concept s 
shoul d b e incorporate d i n th e description ,  an d 
what  check s shoul d b e mad e t o ensur e tha t  th e re -
sultin g descriptio n i s consisten t  wit h th e princi -
ple s i n th e knowledg e base . 

For  example ,  ou r  mode l  fo r  generatin g a  theo -
retica l  descriptio n i n th e particula r  scientifi c 
domai n o f  mechanic s contain s explici t  rule s speci -
fyin g tha t  attentio n i s t o b e focuse d o n particle s 
or  certai n system s o f  particle s (e.g. ,  strings , 
soli d objects ,  . . . ) .  Th e motio n o f  eac h suc h par -
ticl e i s the n t o b e describe d b y a  diagra m indi -
catin g availabl e informatio n abou t  it s position , 
it s  velocity ,  an d it s acceleration .  Similarly , 
th e interactio n o f  eac h suc h particl e i s t o b e 
describe d b y a  diagra m indicatin g availabl e infor -
matio n abou t  al l  force s o n thi s particl e b y othe r 
particle s (wit h a n explici t  algorith m specifyin g 
how al l  thes e force s ar e t o b e identifie d an d 
enumerated) .  Finally ,  th e resultin g descriptio n 
i s t o b e checke d b y assessin g it s consistenc y wit h 
known motio n principle s (e.g. ,  b y checkin g tha t 
th e acceleratio n o f  an y particl e ha s th e sam e 
directio n a s th e tota l  forc e o n it) . The precedin g descriptio n procedure,specifie d by th e model ,  i s  expecte d t o lea d t o initia l  pro -ble m description s wit h th e followin g properties : 77 



(1 )  Th e resultin g description s shoul d b e consid -
erabl y mor e explici t  tha n thos e commonl y generate d 
by actua l  experts .  (2 )  Stric t  adherenc e t o th e 
descriptio n procedur e shoul d avoi d mos t  o f  th e 
error s commonl y committe d b y novice s (e.g. ,  omit -
tin g force s o r  introducin g non-existen t  extraneou s 
forces) .  (3 )  Th e descriptio n procedur e shoul d 
lea d t o proble m reformulation s whic h ar e mor e 
readil y interpretabl e (e.g. ,  question s abou t  slac k 
string s o r  touchin g object s ar e automaticall y re -
interprete d a s question s abou t  forces) .  (4 )  Th e 
resultin g theoretica l  proble m description s shoul d 
substantiall y  facilitat e th e subsequen t  solution s 
of  thes e problems . 
Experimental Methods and Results 

Our  experimenta l  approac h fo r  testin g a  pre -
scriptiv e theoretica l  mode l  o f  huma n performanc e 
has use d th e followin g paradigm :  Desig n carefull y 
controlle d experimenta l  condition s t o induc e indi -
vidua l  huma n subject s t o ac t  i n accordanc e wit h 
th e model ;  the n observ e whethe r  th e resultin g per -
formanc e i s  effectiv e i n th e predicte d ways . 

To implemen t  thi s paradigm ,  w e hav e use d 
"external-contro l  experiments "  o f  th e followin g 
kind .  We firs t  desig n a  progra m o f  step-by-ste p 
directions ,  an d associate d knowledge ,  whereb y a 
human subjec t  ca n b e guide d t o ac t  i n accordanc e 
wit h th e mode l  (e.g. .  direction s whic h implemen t 
th e step s o f  th e specifie d descriptio n procedure) . 
Thes e direction s ar e problem-independen t  an d a t  a n 
appropriat e leve l  o f  detai l  t o b e reliabl y inter -
pretabl e b y th e subject .  I n th e actua l  experiment s 
an individua l  huma n subjec t  i s  the n induce d t o 
carr y ou t  a  tas k (e.g. ,  th e descriptio n an d sub -
sequen t  solutio n o f  a  problem )  b y executin g th e 
sequentiall y  presente d direction s o f  th e progra m 
implementin g th e model .  I n thi s proces s th e sub -
jec t  i s  aske d t o tal k ou t  lou d abou t  hi s o r  he r 
though t  processes .  Th e resultin g protocol ,  con -
sistin g o f  th e subject' s transcribe d verba l  state -
ment s an d writte n work ,  ca n the n b e analyze d i n 
detail . 

Figur e 1  show s th e experimenta l  result s ob -
taine d b y suc h external-contro l  experiment s 
designe d t o tes t  th e propose d mode l  fo r  generatin g 
effectiv e initia l  description s o f  mechanic s pro -
blems .  Eac h subjec t  worke d o n thre e problems . 
Figur e 1  show s th e performanc e o f  thes e subject s 
i n generatin g goo d description s o f  motion s an d o f 
forces ,  a s wel l  a s subsequentl y generatin g solu -
tion s wit h correc t  equation s an d correc t  answers . 
The followin g ar e th e mai n result s obtaine d i n 
thes e experiments :  (1 )  Th e propose d mode l  fo r 
generatin g initia l  proble m description s i s  suffi -
cien t  t o lea d subject s t o generat e explici t  des -
cription s tha t  ar e complet e an d entirel y correct . 
I n turn ,  thes e description s greatl y facilitat e th e 
subsequen t  proble m solution s whic h ar e the n almos t 
flawless .  (2 )  Althoug h subject s i n thes e experi -
ment s posses s a  goo d knowledg e o f  basi c physic s 
concept s an d principles ,  a  knowledg e sufficien t  t o 
implemen t  th e individua l  direction s containe d i n 
th e model ,  thi s knowledg e i s no t  sufficien t  t o lea d 
t o goo d descriptions .  Thes e result s ar e apparen t 
fro m th e muc h poore r  performanc e o f  subject s i n a 
compariso n grou p workin g withou t  externa l  contro l 
of  th e model .  (3 )  Th e mai n feature s o f  th e mode l 
are ,  i n fact ,  necessar y fo r  goo d performance . 
Thes e result s follo w fro m experiment s wher e sub -
ject s worke d unde r  externa l  contro l  o f  a  modifie d 
model  tha t  omit s certai n feature s o f  th e propose d 
model  (e.g. ,  tha t  provide s a  directio n t o enumerat e 
al l  forces ,  bu t  doe s no t  provid e mor e detaile d 
direction s specifyin g ho w t o enumerat e them) .  (4 ) The experimenta l  dat a als o verif y certai n detaile d prediction s o f  th e mode l  (e.g. ,  th e avoidanc e o r occurrenc e o f  particula r  kind s o f  errors) . 78 
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Figur e 1 .  Result s o f  external-contro l  experiments . 

Conclusions and Implications 
The wor k briefl y outline d i n th e precedin g 

paragraph s lead s t o th e followin g mai n conclusions . 
The knowledg e bas e fo r  an y scientif c domai n 

implie s guideline s specifyin g ho w t o describ e 
effectivel y an y situatio n encountere d i n thi s 
domain .  Thes e guideline s ca n b e expresse d i n term s 
of  explici t  rule s prescribin g ho w t o generat e a 
usefu l  initia l  descriptio n o f  an y proble m i n th e 
domain . 

Prescriptiv e model s o f  effectiv e huma n per -
formanc e ca n b e usefull y teste d b y external-contro l 
experiment s i n whic h individua l  huma n subject s ar e 
deliberatel y induce d t o ac t  i n accordanc e wit h a 
model  an d th e resultin g performanc e i s the n 
observe d i n detail . 

The wor k describe d i n th e precedin g paragraph s 
was specificall y undertake n t o formulat e a  mode l 
fo r  generatin g effectiv e initia l  description s o f 
problem s i n th e particula r  domai n o f  mechanics . 
External-contro l  experiment s sho w tha t  thi s model , 
when implemente d b y huma n subjects ,  i s  ver y suc -
cessfu l  i n leadin g t o goo d initia l  proble m descrip -
tion s tha t  facilitat e th e subsequen t  solution s o f 
thes e problems . 

I t  shoul d b e note d tha t  thes e experiment s 
demonstrat e th e effectivenes s o f  th e specifie d des -
criptio n rule s implemente d b y huma n subjects ,  bu t 
wer e no t  designe d t o teac h descriptio n skills . 
(Indeed ,  suc h teachin g woul d requir e tha t  contro l 
knowledge ,  explicitl y  externa l  i n thes e experi -
ments ,  b e internalize d b y th e subject s an d mad e 
habitual. )  However ,  suc h a  well-validate d mode l 
fo r  generatin g effectiv e initia l  proble m descrip -
tion s ca n b e use d a s a  basi s o f  explici t  instruc -
tiona l  method s t o teac h student s effectiv e problem -
descriptio n skill s  an d thereb y enhanc e thei r  pro -
blem-solvin g abilities . 
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