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INTRODUCTION 

Verba l  protoco l  dat a ar e collecte d b y askin g subject s t o tal k alou d a s the y solv e a  problem ,  an d 

protoco l  analysi s i s th e proces s o f  interpretin g suc h data .  Protoco l  analysi s i s use d routinel y b y 

psychologist s an d othe r  behavio r  scientists ,  an d mor e recently ,  b y knowledg e engineer s wh o wis h t o 

embed th e knowledg e o f  huma n expert s i n a n exper t  system .  However ,  protoco l  analysi s i s notoriousl y 

difficul t  an d tim e comsuming . 

Severa l  system s hav e bee n develope d t o ai d i n protoco l  analysis .  Waterma n an d Newel l  (1971 , 

1973 )  develope d a  syste m tha t  coul d rea d th e natura l  langaug e o f  th e protoco l  an d produc e a  forma l 

trac e o f  i t  ( a proble m behavio r  graph) .  Th e system ,  however ,  di d no t  produc e a n abstrac t  mode l  o f  th e 

subject .  Bhaska r  an d Simo n (1977 )  avoide d th e natura l  languag e understandin g proble m b y havin g a 

human code r  rea d th e protoco l  an d formaliz e it .  Th e Bhaska r  an d Simo n program ,  however ,  wa s no t 

designe d t o construc t  a  mode l  o f  th e subject ,  bu t  instea d t o tes t  a  specifi c  mode l  o f  thermodynamic s 

proble m solvin g tha t  wa s buil t  int o it .  Fisher' s (1988 )  syste m provide s facilitie s fo r  assignin g forma l  code s 

t o section s o f  protocols ,  interrogatin g a  databas e o f  codes/sections ,  performin g pat h analyses ,  an d 

inferrin g flow-chart-lik e model s o f  th e subject' s behavior . 

Cirru s i s halfwa y betwee n th e theoretica l  neutralit y o f  Fisher' s progra m an d th e theoretica l 

commitmen t  o f  Bhaska r  an d Simon' s program .  I t  require s th e use r  t o provid e a n underdetermine d model , 

namely ,  a  proble m spac e (Newel l  &  Simon ,  1972) .  A  proble m spac e consist s mainl y o f  a  representatio n 

fo r  state s an d a  se t  o f  state-chang e operators .  I t  i s  no t  a  complet e nrode l  o f  th e subject' s behavio r 

becaus e i t  doe s no t  contai n informatio n fo r  selectio n o f  operator s o r  goals .  Th e jo b o f  Cirru s i s t o infe r 

fro m th e dat a th e subject' s selectio n strategies .  A  completel y determined ,  subject-specifi c  mode l  thu s 

consist s o f  th e proble m spac e give n t o Cirru s b y th e use r  an d th e selectio n strategie s constructe d b y 

Cirru s t o maximiz e th e fi t  wit h th e subject' s protoco l  data . 

Cirru s require s a  huma n t o encod e th e verba l  protocol .  However ,  Cirru s ca n no t  accep t  al l  forma l 

codes ,  bu t  onl y thos e tha t  designat e action s (i.e. ,  th e applicatio n o f  a  primitiv e state-chang e operator) . 

Moreover ,  Cirru s require s tha t  al l  th e subject' s action s b e encoded .  A  protoco l  tha t  consist s o f  al l  an d 

onl y th e action s o f  th e subjec t  i s  calle d a n actio n protocol .  Typically ,  actio n protocol s ar e collecte d b y 

implementin g th e experimenta l  tas k o n a  laborator y compute r  an d savin g th e subject' s keystrokes .  A 

verba l  protoco l  i s usuall y tape d a t  th e sam e tim e becaus e subject s ofte n mak e revealin g comment s abou t 

goals ,  plans ,  rationales ,  difficulties ,  etc . 

Cirru s an d th e huma n analys t  hav e distinc t  job s i n analyzin g a  protocol .  Th e huma n analys t 

uncover s th e subject' s proble m spac e b y drawin g upo n commo n sens e an d knowledg e o f  th e tas k 

domai n (somethin g tha t  Cirru s ha s non e of )  i n orde r  t o interpre t  th e whol e protocol ,  bot h action s an d 
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non-action commentaries. Cirrus then tests the adequacy of the human's analysis and deepens it by 

tryin g t o fin d selectio n strategie s tha t  wil l  accuratel y postdic t  th e subject' s  actions .  I f  som e section s o f  th e 

actio n protoco l  ar e no t  adequatel y fit ,  the n th e huma n theoris t  ca n re-examin e th e protoco l  a t  thos e 

points ,  revis e th e proble m space ,  an d ru n Cirru s again .  I n short .  Cirru s i s a  dat a analysi s too l  an d no t  a n 

automate d protoco l  analyst . 

Thi s pape r  describe s th e cun'en t  versio n o f  Cirrus .  (A n earlie r  versio n i s reporte d i n VanLeh n an d 

Garlick ,  1987. )  Th e firs t  sectio n describe s th e theor y o f  proble m solvin g tha t  Cirm s assumes .  Althoug h 

th e theor y i s quit e standar d an d noncommittal ,  i t  i s  nonetheles s th e sourc e o f  mos t  o f  Cinojs '  limitation s a s 

an analytica l  tool .  Th e secon d sectio n describe s ho w Cirm s works .  Th e thir d sectio n discusse s Cirrus ' 

analysi s o f  protocol s fro m tw o differen t  tas k domains .  Th e las t  sectio n discusse s ou r  plan s fo r  removin g 

th e curren t  restriction s impose d b y Cirrus '  theor y o f  proble m solving . 

ASSUMPTIONS ABOUT PROBLEM SOLVING 

Thi s sectio n present s som e assumption s abou t  th e representatio n an d interpretatio n o f  procedura l 

knowledge .  Al l  o f  th e assumption s ar e fairl y  standar d i n th e field ,  bu t  th e particula r  combinatio n o f 

assumption s use d i n Cirru s nee d t o b e mad e explicit .  First ,  th e basi c proble m solvin g architectur e wil l  b e 

described ,  the n th e assumption s behin d i t  wil l  b e discussed . 

The basi c cycl e o f  proble m solvin g i s t o (1 )  selec t  a  goal ,  (2 )  selec t  a n operato r  tha t  i s  relevan t  t o 

achievin g tha t  goal ,  (3 )  execut e th e operator ,  an d (4 )  delet e th e goal .  Som e operator s ar e primitive ,  i n 

tha t  executin g the m change s th e stat e o f  th e problem .  Othe r  operator s ar e macro-operators ,  i n tha t 

executin g the m cause s ne w goal s t o b e created .  Thi s basi c cycl e i s initiate d wit h a  to p leve l  goal ;  i t 

finishe s whe n ther e ar e n o goal s left . 

The knowledg e representatio n consist s o f  (1 )  a  se t  o f  operators ,  (2 )  a  strateg y tha t  determine s 

whic h operato r  t o choos e fo r  an y give n goal ,  (3 )  a  strateg y fo r  determinin g whic h goa l  t o choose ,  an d (4 ) 

a stat e descriptio n vocabulary ,  whic h i s a  lis t  o f  th e attribute s o f  state s tha t  ar e considere d relevan t  fo r 

makin g strategi c decisions .  Th e use r  provide s Cirru s wit h th e se t  o f  operators ,  th e operato r  selectio n 

strateg y an d th e stat e descriptio n vocabulary .  Cirru s infer s th e subject' s goa l  selectio n strategy .  Soon , 

Cirru s wil l  als o b e abl e t o infe r  th e subject' s operato r  selectio n strateg y a s well .  Thi s capabilit y  i s  a 

standar d techniqu e i n machin e learnin g (see ,  e.g. ,  Langle y an d Ohisson ,  1984) ,  an d w e anticipat e n o 

problem s incorporatin g i t  i n Cirms .  Thus ,  Cirm s wil l  requir e onl y th e proble m spac e (i.e. ,  operator s an d 

stat e descriptio n language )  fro m th e user ,  an d wil l  infe r  th e res t  o f  th e subjec t  mode l  itself . 

Ther e ar e severa l  taci t  feature s o f  thi s proble m solvin g architectur e tha t  distinguis h i t  fro m other s i n 

th e GPS/STRIP S class .  First ,  i t  lack s GPS' s commitmen t  t o differenc e reductio n a s th e metho d fo r 

choosin g operators .  Th e operato r  selectio n strateg y can ,  i n principle ,  b e an y functio n o f  th e curren t  state , 

and no t  on e tha t  reduce s th e differenc e betwee n th e curren t  stat e an d th e goal .  Currently ,  Cirm s use s a 

simpl e representatio n fo r  operato r  selectio n strategies .  Eac h operato r  ha s a  conditio n attache d t o it .  Afte r 

th e architectur e ha s foun d whic h operator s ar e relevan t  t o th e curren t  goal ,  i t  test s th e condition s 

attache d t o th e operators .  I f  exactl y on e operato r  ha s a  tm e condition ,  i t  i s  selected ;  othenwis e a n 

impass e occur s (Brow n &  VanLehn ,  1980) .  Currently ,  Cirm s doe s no t  mode l  subject' s reaction s t o 

impasses . 

In orde r  t o bac k u p durin g proble m solving ,  mos t  GPS-styl e proble m solver s hav e a  stat e selectio n 
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phase that immediately precedes the goal selection phase. Cirais does not, In part because backing up is 

not  tha t  common ,  an d whe n i t  doe s occur ,  th e subjec t  ofte n jus t  start s th e proble m ove r  (Newel l  &  Simon , 

1972) .  Whe n startin g ove r  occurs ,  i t  i s usuall y eas y fo r  a  huma n analys t  t o spot ,  s o th e code r  ca n merel y 

give n Cirru s a  protoco l  tha t  ha s tw o solution s o f  th e sam e problem ,  th e firs t  o f  whic h happen s t o en d i n 

failure .  Thus ,  Cirru s ca n "handle "  th e mos t  commo n type s o f  backup ,  albei t  crudely . 

Lik e G P S ,  Cirru s doe s no t  mode l  learnin g durin g th e cours e o f  proble m solving . 

Lik e G P S ,  Cirru s ha s ver y limite d plannin g abilities .  Subject s sometime s pla n ahea d b y mentall y 

simulatin g th e nex t  fe w actions .  Cirru s ca n no t  mode l  this .  No r  ca n Cirm s mode l  abstractio n planning , 

suc h a s tha t  use d b y Newel l  an d Simon' s logi c subjects .  No r  ca n Cirru s mode l  envisioning ,  wherei n a 

subjec t  mentall y simulate s th e workin g o f  a  physcia l  device .  Cirm s ca n no t  d o thes e thing s becaus e i t 

onl y represent s on e proble m state .  Usually ,  th e curren t  proble m stat e represent s curren t  stat e o f  th e real , 

physica l  world ,  althoug h i t  ca n represen t  a n imaginar y world ,  a s whe n th e subjec t  i s  doin g menta l 

mulitplication .  Cirru s ca n no t  represen t  someon e wh o i s workin g i n bot h a  menta l  worl d (ofte n a s a  wa y o f 

developin g a  plan )  an d a  rea l  world .  Thi s mean s tha t  th e onl y kin d o f  plannin g tha t  Cirru s ca n represen t 

i s operato r  subgoaling ,  wherei n on e develop s a  stac k o f  subgoal s befor e finall y arrivin g a t  a n operato r 

tha t  ca n b e execute d directl y (e.g. ,  "I n orde r  t o ge t  fro m Pittsburg h t o Montreal ,  I'l l  fly ;  bu t  a  preconditio n 

of  flyin g i s bein g a t  th e airport ,  s o I'l l  tak e a  ca b t o th e airport ;  bu t  a  preconditio n o f  takin g a  ca b i s  ...") . 

However ,  Cirru s doe s hav e a  flexibl e approac h t o sulDgoaling .  I t  doe s no t  insis t  o n a  depth-firs t 

traversa l  o f  th e goa l  hierarchy .  Instead ,  i t  assume s peopl e hav e a  goa l  selectio n strategy .  Fo r  instance ,  i f 

takin g a  ca b spawn s th e subgoal s o f  (1 )  bein g a t  a  ca b an d (2 )  havin g enoug h mone y t o tak e a  cab ,  the n 

th e goa l  selectio n strateg y woul d hav e t o decid e whic h o f  thes e ne w goal s t o wor k on .  Indeed ,  i t  coul d 

eve n decid e t o wor k o n a n olde r  goal ,  suc h a s obtainin g mone y fo r  airfare .  Thus ,  Cirru s ca n nx>de l 

subject s wh o jum p aroun d i n th e goa l  hierarchy .  Thi s ha s turne d out ,  somewha t  surprisingly ,  t o b e 

necessar y eve n fo r  nx)delin g simpl e skills ,  suc h a s subtractio n (VanLeh n &  Ball ,  1987) . 

The goa l  selectio n strateg y o f  Cirru s i s represente d a s a  se t  o f  conditiona l  preference s o f  th e for m 

"Prefe r  <goal-l > ove r  <goal-2 > whe n <condition>. "  Fo r  instance ,  i n subtraction ,  i t  i s  importan t  t o execut e 

borrowin g action s tha t  effec t  th e to p digi t  o f  a  colum n befor e on e answer s th e column .  T o represen t  this , 

one ca n us e preference s suc h a s "Prefe r  (AddI O ?C1 )  ove r  (Dif f  ?C2 )  whe n C1=C2. "  Thi s say s tha t 

when tx3t h th e goa l  o f  addin g te n t o th e to p o f  a  colum n an d th e goa l  o f  takin g th e differenc e i n a  colum n 

occur ,  an d the y refe r  t o th e sam e column ,  the n on e shoul d d o th e additio n o f  te n first .  Suc h preference s 

ar e use d i n man y contemporar y proble m solvers ,  suc h a s Soa r  (Laird ,  Newell ,  &  Rosenbloom ,  1987 )  an d 

Prodig y (Minto n e t  al. ,  1987) . 

Cirru s ha s bee n describe d a s proble m solver .  However ,  tha t  i s onl y a  smal l  fractio n o f  it s job .  It s 

mai n tas k i s t o fin d th e goa l  selectio n strateg y o f  th e subjec t  (and ,  soon ,  th e operato r  selectio n strategie s 

as well) .  Whe n thos e ar e found ,  th e complet e mode l  o f  th e subjec t  i s  execute d b y th e proble m solve r  i n 

orde r  t o measur e it s fi t  t o th e protocol . 

THE ANALYSIS METHOD 

Thi s sectio n describe s th e technique s use d b y Cirru s t o infe r  th e goa l  selectio n strategy .  Not e that , 

i n contras t  t o th e precedin g section ,  thes e processe s ar e no t  claime d t o b e psychologica l  processes . 

Neithe r  th e subjec t  no r  th e huma n analys t  doe s anythin g remotel y simila r  t o wha t  i s describe d i n thi s 
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section. 

The firs t  ste p i n th e analysi s o f  a n actio n protoco l  i s  t o pars e th e protoco l  usin g th e operato r  se t 

provide d b y th e user .  Th e algorith m use d i s a  modificatio n o f  a  standar d top-dow n algorith m fo r  parsin g 

wit h context-fre e grammars .  Th e result ,  i n th e idea l  case ,  i s a  singl e tre e fo r  eac h problem .  Th e tre e 

represent s th e goal-subgoa l  decompositio n tha t  th e subjec t  too k o n tha t  problem .  Th e leave s o f  th e tre e 

ar e th e primitiv e operato r  application s tha t  constitut e th e subject' s actions ,  i n th e less-than-idea l  case , 

parsin g a  proble m produce s mor e tha n on e tree .  Cirru s ask s th e use r  t o choose .  I n th e wors t  case ,  som e 

problem s ca n no t  b e parse d a t  all .  Thi s indicate s a n inadequac y i n th e se t  o f  operator s whic h th e use r 

must  correct . 

The secon d ste p i n th e analysi s i s t o conver t  eac h goal-subgoa l  tre e int o th e trac e tha t  th e proble m 

solve r  woul d produc e i f  i t  ha d generate d thi s tree .  Th e trac e contain s eac h operato r  selectio n even t  an d 

eac h goa l  selectio n even t  tha t  th e proble m solve r  woul d hav e ha d t o perform .  Cirru s generate s thi s trac e 

by traversin g th e tree ,  an d outputin g th e appropriat e selectio n event s eac h tim e i t  visit s a  goa l  i n th e tree . 

Unfortunately ,  th e trac e i s no t  alway s uniquel y determined .  Sometime s th e tre e ca n b e traverse d i n 

hundred s o f  way s whil e stil l  remainin g faithfu l  t o th e chronolog y o f  th e actio n protocol .  Cinu s currentl y 

use s heuristic s t o guid e th e tre e traversal .  Th e heuristic s ar e base d o n th e assumptio n tha t  solver s ten d 

t o minimiz e thei r  wort<in g memor y load .  Th e heuristic s guid e th e tre e traversa l  alon g a  pat h tha t 

minimize s th e numbe r  o f  activ e goals .  I t  i s  no t  ye t  clea r  whethe r  thi s heuristi c wil l  alway s b e a  goo d on e 

or  ho w t o detec t  whe n i t  ha s le d th e analysi s of f  o n a  garde n path .  Thi s woul d b e a  goo d plac e fo r  Cirru s 

t o hav e acces s t o th e non-actio n part s o f  th e verba l  protocol ,  becaus e som e o f  th e subject' s comment s 

migh t  indicat e i n whic h orde r  th e goal s ar e considered . 

The nex t  ste p i n th e analysi s i s t o conver t  th e goa l  selectio n event s int o preferences .  Thi s occur s 

i n tw o phases .  First ,  preference s ar e constructe d withou t  condition s attache d t o them .  Suc h preference s 

ca n b e eithe r  consisten t  w\i h a  goa l  selectio n event ,  o r  inconsistent ,  o r  inelevant .  Thus ,  i f  th e preferenc e 

i s "Prefe r  A  ove r  B" ,  an d th e even t  i s tha t  goa l  A  i s chose n whe n bot h A  an d B  exist ,  the n th e preferenc e 

i s consisten t  wit h th e event .  Th e preferenc e woul d b e inconsisten t  wit h th e even t  i f  B  wer e chose n 

instea d o f  A .  Th e preferenc e i s relevan t  onl y t o event s wher e bot h A  an d B  exist .  Preference s ar e 

constructe d onl y i f  the y ar e consisten t  wit h a t  leas t  on e event . 

The secon d phas e build s condition s fo r  preferences .  I f  a  preferenc e i s consisten t  wit h som e event s 

and inconsisten t  wit h others ,  the n a  conditio n i s induce d tha t  i s tru e o f  al l  th e consisten t  event s an d fals e 

of  al l  th e inconsisten t  ones .  Th e conditio n i s a  boolea n combinatio n o f  attribute-valu e pair s draw n fro m 

th e stat e descriptio n vocabulary .  (Thi s i s th e mai n reaso n fo r  havin g a  stat e descriptio n vocubulary. )  Th e 

ID 3 algorith m i s use d t o perfor m conditio n inductio n (Quinlan ,  1983) .  Ther e ar e som e biase s buil t  int o 

ID S a s wel l  a s al l  othe r  conditio n inductio n algorithms .  W e hav e experimente d wit h severa l  othe r 

inductio n algorithms :  th e Chi-square d varian t  o f  ID S (Quinlan ,  1986) ,  th e standar d versio n spac e 

algorith m (Mitchell ,  1982) ,  a  noise-handlin g versio n spac e algorith m (Mitchell ,  1978) ,  an d som e 

algorithm s o f  ou r  own .  Ou r  experienc e i s tha t  th e bia s inheren t  i n th e conditio n inducin g algorith m i s no t 

as importan t  a s th e bia s inheren t  i n th e stat e descriptio n vocabulary .  A n inadequat e vocabular y wil l  hur t 

the m all ,  an d a  goo d vocabular y allow s al l  o f  the m t o succeed ,  mor e o r  less .  W e us e ID S becaus e i t 

seems bes t  a t  handlin g nois y data . 

The las t  ste p i n th e analysi s i s t o tes t  th e mode l  b y executin g i t  an d comparin g it s "protocol "  wit h 
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the subject's. Tliis step is purely for the user's benefit, because the current version of Cirrus can not go 

bac k an d reconside r  th e heuristicall y determine d choice s i t  mad e durin g analysis .  Th e use r  i s responsibl e 

fo r  feedin g th e result s o f  th e analysi s bac k int o th e Cirrus ,  typicall y vi a change s i n th e stat e descriptio n 

vocabulary . 

The origina l  versio n o f  Cirru s (VanLeh n &  Garlick ,  1987 )  use d a  completel y differen t  representatio n 

fo r  goa l  selectio n stategie s an d a  completel y differen t  metho d fo r  inferrin g it .  Kowalsk i  an d VanLeh n 

(1988 )  discus s it s shortcoming s an d th e experiment s tha t  le d t o th e curren t  versio n o f  Cirrus . 

RESULTS 

Cirru s ha s bee n extensivel y teste d o n protocol s collecte d fro m eigh t  grade-schoo l  student s solvin g 

multi-colum n subtractio n problem s (Kowalsk i  &  VanLehn ,  1988) .  Preliminar y testin g ha s als o bee n don e 

on tw o protocol s collecte d vi a th e us e o f  Sketch ,  a  tutorin g syste m tha t  train s student s t o grap h 

transcendenta l  equation s (Trowbridge ,  Larki n &  Sheftic ,  1987) .  Thi s sectio n discusse s ou r  experience s 

usin g Cirru s t o analyz e thes e data . 

The subtractio n protocol s wer e collecte d a s par t  o f  a  stud y reporte d earlie r  (VanLeh n &  Ball ,  1987) , 

so th e subjects ,  method s an d result s wil l  no t  b e detaile d here .  Th e chie f  findin g i s tha t  eigh t  subject s i n a 

biase d sampl e o f  2 6 third-grader s execute d subtractio n procedure s i n non-standar d orders .  Fo r  instance , 

some student s woul d d o al l  th e tx)rrowin g i n a  proble m first ,  movin g fro m righ t  t o left ,  the n fil l  i n th e 

answer s t o th e columns ,  rrwvin g fro m lef t  t o right .  A  secon d findin g i s tha t  student s frequentl y chang e 

thei r  executio n ordering ,  ofte n i n th e middl e o f  solvin g a  problem .  Thi s make s i t  see m likel y tha t  the y ar e 

usin g a  non-standar d goa l  selectio n strateg y tha t  i s conditiona l  o n th e characteristic s o f  th e proble m state , 

rathe r  tha n havin g leame d a  non-standar d algorith m fo r  solvin g subtractio n problems .  However ,  whe n 

thes e protocol s wer e analyze d b y hand ,  w e wer e onl y partiall y  successfu l  a t  findin g goa l  selectio n 

strategie s tha t  woul d explai n th e subject s behavior .  U p t o one-thir d o f  th e choic e point s i n som e protocol s 

wer e lef t  undetermine d (VanLeh n &  Ball ,  1987) .  Th e tediu m o f  tryin g t o improv e thi s fi t  wa s a  majo r 

motivatio n fo r  th e Cirru s project . 

When Cirru s analyze s th e actio n protocol s o f  th e eigh t  non-standar d orde r  subjects ,  th e subjec t 

model s obtaine d ar e nearl y perfect .  Excep t  fo r  on e ambiguou s choic e poin t  i n th e protoco l  o f  on e 

subject ,  th e model s infere d b y Cirm s exactl y matc h th e protocols .  No t  onl y doe s Cirm s d o th e jo b i t  wa s 

designe d t o do ,  i t  outperform s huma n analyst s i n it s abilit y  t o matc h th e students '  protocols . 

However ,  perfec t  matchin g o f  protocol s i s t o b e expecte d fro m Cirms .  Th e inductio n technique s 

use d i n Cirru s ar e powerfu l  enoug h t o analyz e an y goa l  selectio n strategy ,  provide d tha t  th e use r  ha s th e 

patienc e t o kee p augmentin g th e stat e descriptio n vocabular y unti l  Cirru s find s appropriat e condition s fo r 

al l  th e preferences .  Thus ,  th e appropriat e measur e o f  Cirrus '  perfonnanc e i s whethe r  th e preference s i t 

find s mak e sens e a s goa l  selectio n strategies .  Thi s i s no t  a n eas y evaluatio n t o mak e objectively ,  s o w e 

can onl y presen t  ou r  experiences .  I n general ,  whe n Cirru s build s a  smal l  conditio n ( 3 t o 5  attributes) ,  ou r 

intuitio n agree s wit h it s condition ;  th e studen t  reall y doe s see m t o hav e tha t  preference .  However ,  whe n 

Cirru s build s a  large ,  deepl y neste d conditio n ( 7 t o 9  predicates) ,  ou r  intuitio n i s tha t  th e subjec t  probabl y 

has n o preferenc e (i.e. ,  the y choos e whimsicall y betwee n thes e tw o type s o f  goals )  o r  ha s a  defin e 

preferenc e bu t  occasionall y slip s i n applyin g it .  However ,  durin g th e earl y stage s o f  usin g Cirm s o n thes e 

protocols ,  mos t  o f  th e large ,  uninterpretabl e condition s turne d ou t  t o b e du e t o inadequacie s i n th e stat e 
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description vocabulary. 

The Sketc h dat a wer e collecte d directl y fro m th e use r  interfac e o f  a  tutorin g system .  Preliminar y 

analysi s o f  th e Sketc h protocol s showe d tha t  Cirai s i s a  feasibl e syste m t o us e t o analyz e thes e i n greate r 

depth .  Th e protocol s shar e a  characteristi c wit h th e subtractio n protocol s i n tha t  subject s ten d t o alte r 

subtas k orderin g dependin g o n th e proble m context .  Cirru s ha s don e a n adequat e jo b o f  characterizin g 

th e proble m feature s tha t  lea d t o th e reorderin g o f  subtasks ,  althoug h a  theoris t  ha s no t  ye t  spen t  tim e i n 

th e loo p wit h Cirru s refinin g th e stat e descriptio n vocabular y t o full y  captur e th e pattern s i n th e data . 

DISCUSSION AND FURTHER WORK 

Cirru s ha s potentia l  bot h a s a  dat a analysi s too l  fo r  scientist s an d a s th e studen t  modellin g 

componen t  o f  a n intelligen t  tutorin g syste m (VanLehn ,  1988) .  Indeed ,  Cirm s gre w ou t  earlie r  tw o studen t 

modeller s fo r  th e subtractio n task ,  Debugg y (Burton ,  1982 )  an d A C M (Langle y &  Ohisson ,  1984) .  Lik e 

Cirrus ,  thes e system s analyz e dat a off-line ,  becaus e the y ar e to o slo w fo r  real-tim e us e i n a n intelligen t 

tutorin g system .  A  mor e importan t  limitatio n i s tha t  al l  thre e systems .  Cirrus ,  ACfy/ 1 an d Debugg y (bu t  no t 

IDebuggy ,  a  varian t  o f  Debuggy) ,  expec t  dat a fro m ai l  th e problem s t o b e availabl e initially ,  wherea s 

real-tim e studen t  modellin g require s takin g i n proble m solution s a s the y ar e generated ,  an d revisin g th e 

studen t  mode l  incrementally .  Incrementa l  version s o f  al l  th e analysi s algorithm s use d b y Cirru s exis t  i n 

th e machine-learnin g literature ,  bu t  w e hav e no t  ye t  trie d t o conver t  the m becaus e w e are ,  a t  present , 

more intereste d i n developin g Cirru s a s a  too l  fo r  scientists . 

The mos t  importan t  directio n fo r  improvin g Cirru s i s t o rela x th e assumption s abou t  proble m solvin g 

tha t  ar e buil t  int o it .  W e woul d lik e t o us e Cirru s t o analyz e protocol s o f  colleg e student s solvin g physic s 

problems ,  whic h wer e graciousl y give n t o u s b y M.T.H .  Chi .  Almos t  al l  th e wor k o n physic s t o dat e ha s 

use d coarse-graine d protoco l  analyses ,  suc h a s constrastin g th e orde r  i n whic h novice s an d expert s writ e 

equations .  Thi s misse s som e interestin g behavior ,  suc h a s plannin g an d envisioning ,  whic h i s reveale d i n 

some o f  th e subjects '  verba l  commentary .  A s mentione d earlier ,  Cirois '  assumption s d o no t  alto w fo r 

"dua l  world "  proble m solving ,  s o thi s kin d o f  behavio r  ca n no t  b e modelled .  Significan t  extensio n t o Cirru s 

wil l  b e required . 

The curren t  versio n o f  Cirru s i s definitel y useful ,  althoug h i t  i s  stil l  a  researc h prototyp e rathe r  tha n 

robust ,  distributabl e software .  Nonetheless ,  i t  demonstrate s tha t  huma n protoco l  analysi s ca n b e aide d 

by computer-base d tools ,  i t  ha s take n longe r  t o develo p thes e tool s tha n i t  too k t o develo p statistica l 

package s becaus e th e underlyin g machin e learnin g technolog y wa s develope d onl y recently . 

Nonetheless ,  th e wa y seem s clea r  fo r  furthe r  developmen t  o f  protoco l  analysi s tools ,  whic h shoul d allo w 

much easie r  interpretatio n o f  a  particularl y ric h an d revealin g windo w o n huma n cognition . 
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