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ABSTRACT 

Student models are important for guiding the development of instructional systems. An 
approac h t o constructin g studen t  model s i s reviewed .  Th e approac h advocate s constructin g 
studen t  model s i n tw o steps :  (1 )  develo p a  descriptiv e theor y o f  correc t  an d bugg y studen t 
responses ,  the n (2 )  develo p a  proces s theor y o f  th e wa y student s actuall y generat e thos e 
responses .  Th e approac h ha s bee n use d i n th e domai n o f  introductor y programming .  A 
statu s repor t  i s  provided :  (1 )  Goal-And-Pla n (GAP )  tree s hav e bee n develope d t o describ e 
studen t  progra m variations ,  an d (2 )  a  Generate-Test-and-Debu g (GTD )  impasse/repai r 
architectur e ha s bee n develope d t o mode l  th e proces s o f  studen t  progra m generation . 

INTRODUCTION: MOTIVATIONS AND GOALS 

The long-term goal of the research reported here is to build computer-based applications 
tha t  hel p student s lear n desig n skill s  (i.e. ,  planning ,  constructing ,  evaluating ,  an d 
debuggin g artifact s suc h a s compute r  programs) .  Therefore ,  on e purpos e o f  thi s pape r  i s 
t o presen t  a  brie f  overvie w o f  a  long-ter m researc h pla n fo r  buildin g instructiona l  systems . 
A ke y par t  o f  thes e system s i s a  studen t  model .  Thi s pape r  provide s a  statu s repor t  o n th e 
developmen t  o f  a  studen t  mode l  fo r  th e domai n o f  introductor y programming . 

Previously [SSP85], we have advocated an approach to constructing student models that 
decompose s th e proble m int o tw o steps :  (1 )  develo p a  descriptiv e theor y o f  th e alternativ e 
cortec t  an d bugg y response s student s generate ,  an d (2 )  develo p a  proces s theor y o f  th e 
way student s actuall y generat e thos e responses .  I n [SSP85] ,  w e presen t  a  descriptiv e 
theor y o f  correc t  an d bugg y studen t  generate d Pasca l  program s tha t  i s  base d o n th e notio n 
of  a  Goal-And-Pla n (GAP )  tree .  However ,  a  descriptiv e theor y provide s onl y a  systemati c 
enumeratio n o f  wha t  th e alternative s are ,  an d doe s no t  addres s th e questio n o f  ho w th e 
alternative s originat e i n th e firs t  place .  I n thi s paper ,  w e presen t  a  mode l  o f  th e wa y 
differen t  student s writ e alternativ e programs .  Th e proble m solvin g behavio r  o f  student s 
writin g program s wil l  b e describe d i n term s o f  a  generate-test-and-debu g (GTD )  proble m 
solvin g architectur e i n whic h impasse/repai r  knowledg e play s a  ke y role . 

The paper will: (1) describe a long-term research plan for building instructional systems, 
(2 )  illustrat e th e importan t  rol e o f  studen t  model s i n th e pla n b y arguin g tha t  limitation s i n 
existin g instructiona l  system s ca n b e trace d bac k t o weaknesse s i n thos e systems '  studen t 
models ,  (3 )  describ e som e alternativ e program s tha t  rea l  student s generate ,  an d finall y (4 ) 
explai n th e proces s b y whic h ou r  studen t  mode l  generate s thes e programs . 
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WHAT'S DMATA? 

D M A T A i s a n acrony m fo r  a  long-ter m researc h pla n aime d a t  developin g an d studyin g th e 
developmen t  o f  computer-base d applications ,  especiall y instructiona l  systems . 

D A T A M O D EL 
^ A P P L I C - ^ 

Tool s -  " ^  y  Tool s -  " A A T I O N 
Automat e ^ > ^  ^  Automat e 

The D M A T A pla n advocate s usin g Dat a fro m empirica l  studie s t o firs t  construc t  Model s o f 
peopl e performin g proble m solvin g i n som e domain ,  an d the n t o us e th e model s t o buil d 
Application s tha t  suppor t  huma n proble m solving .  However ,  w e ar e als o intereste d i n 
developin g Tool s tha t  hel p researcher s construc t  model s fro m dat a an d tha t  hel p researcher s 
buil d application s fro m models .  Eventually ,  w e woul d lik e t o Automat e th e data-model -
applicatio n developmen t  path . 

Some application builders would argue that it is unnecessary to construct separate models 
of  huma n proble m solvin g befor e buildin g applications .  I n fact ,  constructin g a  separat e 
model  i s n o guarante e tha t  a  successfu l  application s ca n the n b e built .  Nevertheless , 
weaknesse s i n existin g instructiona l  system s fo r  th e programmin g domai n ca n b e trace d 
bac k t o limitation s i n thei r  underlyin g studen t  models ,  a s describe d i n th e nex t  section . 

COGNITIVE REVERSE-ENGINEERING:  APPLICATION S - > MODELS 

In general, computer-based applications for design domains incorporate, either explicitly or 
implicitly ,  a  mode l  o f  th e wa y human s solv e task s i n thos e domains .  W e ter m th e proces s 
of  extractin g a  mode l  fro m a n applicatio n "cognitiv e reverse-engineering "  (se e [CK89 ]  fo r  a 
relate d concept) .  Fo r  instance ,  th e studen t  mode l  underlyin g th e P R O U ST syste m [IS85 ] 
migh t  b e terme d a n enumeratio n studen t  model ,  becaus e t o fin d bug s i n studen t  program s 
P R O U ST require s a  larg e knowledge-bas e tha t  enumerate s alternativ e correc t  solution s 
(i.e. ,  pla n library )  an d incorrec t  solution s (i.e. ,  bu g library )  fo r  a  programmin g task . 
Alternatively ,  th e studen t  mode l  underlyin g th e G R E A T E RP syste m [ABR85 ]  migh t  b e 
terme d a  restrictio n studen t  model ,  becaus e student s ar e force d t o follo w i n th e "foot-steps " 
of  a n idea l  studen t  an d tutoria l  advic e i s provide d a s soo n a s a  studen t  deviate s fro m th e 
resuicte d idea l  solutio n path . 

In sum, PROUST and GREATERP deal with the variability problem - the problem of 
copin g wit h alternativ e correc t  an d bugg y program s -  b y a n enumeratio n an d restrictio n 
approach ,  respectively .  Unfortunately ,  enumeratin g plan s an d bug s i s ver y tim e 
consumin g an d ca n neve r  b e totall y complete .  However ,  restrictin g th e possibl e solution s 
does no t  giv e student s a  chanc e t o acquir e skill s  fo r  explorin g an d evaluatin g alternativ e 
designs .  Thus ,  neithe r  th e enumeratio n o r  restrictio n studen t  model s ar e entirel y 
satisfactory .  Fo r  desig n domains ,  w e argu e tha t  computationa l  generativ e model s [BV80 ] 
ar e th e preferre d typ e o f  mode l  t o us e t o guid e th e developmen t  o f  computer-base d 
application s becaus e the y parsimoniousl y accoun t  fo r  variability . 
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DESCRIPTIVE THEORY O F PROGRAMS:  GA P TREES 

Because real students generate so many different correct and buggy programs when asked 
t o solv e eve n simpl e introductor y programmin g tasks ,  som e wa y mus t  b e foun d t o 
systematicall y organiz e an d describ e al l  th e variation s befor e attemptin g t o buil d a 
generativ e studen t  model .  Fo r  instance ,  conside r  a  programmin g tas k tha t  mus t  proces s a 
serie s o f  inpu t  values ,  stoppin g whe n a  sentine l  valu e i s entered .  Figur e 1  show s som e 
alternativ e pseudo-cod e solutions .  Th e solution s ar e base d o n actua l  Pasca l  programs . 

CORRECT rDlJPLICAT H TNPi m 

inpu t 

whil e not-sentine l 

do begi n 

calculat e 

outpu t 

inpu t 

end 

B U G GY fMISSIN G RE-INPUT n 

inpu t 

whil e not-sentine l 

do begi n 

calculat e 

outpu t 

end 

Figur e 1 : Exampl t 

C O R R E CT ( D U M MY INIT ) 

init-to-not-sentine l 

whil e not-sentine l 

do begi n 

inpu t 

if  not-sentine l 

the n begi n 

calculat e 

outpu t 

end 
end 

B U G GY (MISSIN G GUARDS 

init-to-not-sentine l 

whil e not-sentine l 

do begi n 

inpu t 

calculat e 

outpu t 

end 

!  variabilit y  fo r  a n " i 

CORRECT (MORE-DATA) 
input(more-data ) 
whil e not-sent.(more-data ) 

do begi n 
inpu t 

calculat e 

outpu t 

input(more-data ) 

end 

B U G GY fMISSIN G RE-INPUT2 ) 

input(more-data ) 

whil e not-sent.(more-data ) 

do begi n 

inpu t 

calculat e 

outpu t 

end 

alternate "  tvp e task . 

Thes e example s illustrat e a  fe w o f  th e m a n y alternativ e correc t  an d bugg y program s w e 

hav e catalogue d i n th e G A P tre e fo r  thi s particula r  typ e o f  programmin g tas k [SPL*85] . 

Th e alternative s illustrat e thre e correc t  plan s fo r  th e sentinel-controlled-inpu t  goal ,  a s wel l 

as a  singl e bugg y versio n o f  eac h plan .  Becaus e a  programmin g tas k i s compose d o f 

severa l  goals ,  an d eac h goa l  ha s severa l  plans ,  an d eac h pla n m a y hav e severa l  bugs ,  a 

G AP tre e wit h bug s indexe d of f  plan s provide s a  concis e descriptio n o f  th e program s tha t 

student s generate .  I n th e nex t  section ,  w e wil l  presen t  a  generativ e studen t  mode l  tha t  ca n 

accoun t  fo r  som e o f  th e alternativ e program s tha t  a  G A P tre e onl y enumerates . 

PROCESS THEORY O F PROGRAMMERS:  GT D IMPASSE/REPAI R MODEL 

The development of the generative model (i.e., a process theory) could only occur after a 
systemati c organizatio n o f  th e th e alternativ e correc t  an d bugg y program s ha d bee n 
develope d (i.e .  a  descriptiv e theory) .  I n addition ,  thinking-alou d protoco l  dat a — complet e 
proble m solvin g behavio r  trace s o f  th e verball y reporte d planning ,  implementation ,  an d 
debuggin g step s involve d i n writin g a  progra m — ha d t o b e collecte d an d analyzed .  Base d 
on th e previousl y develope d descriptiv e theor y an d th e additiona l  thinking-alou d protoco l 
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data ,  a  proces s theor y ha s bee n develope d tha t  employ s a  generate-test-and-debu g (GTD ) 
impasse/repai r  proble m solvin g architectur e (se e [Su75] ,  [Ham86] ,  [Si88] ,  an d als o 
[BV80 ]  [BS85 ]  [NS72]) .  Th e thre e proble m solvin g phase s o f  th e architectur e are : 

Generate Phase: During the generate phase, students use different generation mechanisms 
t o writ e cod e t o achiev e th e goal s o f  th e tas k specification .  Th e student s eithe r  (1 )  use d 
previousl y acquire d programmin g knowledg e t o writ e th e code ,  o r  (2 )  create d ne w 
programmin g knowledg e b y translatin g relevan t  non-programmin g knowledg e (i.e. , 
"commonsense "  plans )  int o code .  Non-programmin g knowledg e (se e [BS85 ]  fo r  a  relate d 
concept )  i s  a  ke y par t  o f  th e mode l  an d correspond s intuitivel y t o knowledg e tha t  woul d 
allo w a  studen t  t o easil y d o a  han d calculation .  Fo r  instance ,  a  studen t  ma y b e abl e t o 
calculat e th e averag e o f  a n arbitrar y se t  o f  number s b y hand ,  bu t  hav e a  grea t  dea l  o f 
difficult y writin g a  progra m t o d o th e same . 

Test Phase: During the test phase, students use different program testing mechanisms to 
detec t  on e o f  a  fe w type s o f  problems ,  o r  impasses .  Th e student s eithe r  (1 )  compare d a 
simulatio n o f  thei r  program s t o a  simulatio n o f  a n interna l  representatio n (i.e. ,  menta l 
model )  o f  th e expecte d solutio n o r  (2 )  checke d fo r  specifi c  commonl y occurrin g bugs . 
Impasse s i n M A R C EL migh t  mor e appropriatel y b e calle d expectation s violations ,  becaus e 
the y ar e unlik e th e impasse s cause d b y lac k o f  domai n knowledg e a s i n [BV80 ]  an d 
[BS85] .  However ,  becaus e repairin g th e impasse s i n al l  thes e mode l  ca n lea d t o bugs ,  w e 
prefe r  th e ter m impass e t o expectatio n violation . 

Debug Phase: During the debug phase, impasses are fixed using one of small set of repairs. 
Associate d wit h eac h impass e ar e betwee n tw o an d si x repair s tha t  migh t  b e applie d t o fi x 
th e impasse .  On e wa y variabilit y  ca n aris e i n th e mode l  i s  whe n differen t  repair s ar e use d 
t o fi x  th e sam e impasse . 

A simulation program, called MARCEL, implements the model, and can be used to 
simulat e student s writin g bot h correc t  an d bugg y Pasca l  program s [S89] .  I n th e remainde r 
of  thi s paper ,  w e wil l  focu s o n accountin g fo r  th e generatio n o f  alternativ e correc t  an d 
bugg y program s i n term s o f  impasse/repai r  knowledge . 

PROGRAM VARIABILIT Y I N TERMS O F IMPASSE/REPAI R TREES 

In this section, a small set of impasses and repairs which students appear to use will be 
described .  A s i n th e subtractio n domai n [BV80] ,  w e wil l  se e tha t  a  smal l  se t  o f  impasse s 
and repair s ca n giv e ris e t o a  grea t  dea l  o f  variability .  However ,  becaus e th e amoun t  o f 
variabilit y  i n th e programmin g domai n ( a desig n domain )  i s enormou s compare d t o 
variabilit y  i n th e subtractio n domai n ( a procedura l  skil l  domain) ,  w e d o no t  ye t  mak e 
specifi c  quantitativ e claim s abou t  th e coverag e o f  ou r  model ,  bu t  instea d suppor t  th e mode l 
wit h shor t  quote s o r  snippet s from  thinkin g alou d protoco l  data . 

To understand the impasses and repairs used in the model one should begin by viewing a 
progra m a s a  consumer-produce r  syste m i n whic h certai n goal s consum e som e object s an d 
produc e other s (e.g. ,  th e calculatio n goa l  consume s th e inpu t  object s an d produce s th e 
outpu t  objects) .  Mos t  o f  th e impasse s an d repair s use d i n th e mode l  ar e domain -
independent ,  an d ca n b e applie d t o a  variet y o f  consumer-produce r  system s (e.g. , 
biologica l  systems ,  economi c systems ,  etc.) .  Fo r  instance ,  a  coa l  compan y produce s coa l 
tha t  i s  consume d b y a n electri c compan y t o produc e smok e an d electricity .  I f  th e coa l 
contain s impuritie s (i.e. ,  B A D - K I N D )  tha t  lea d t o to o muc h pollution ,  the n a  numbe r  o f 
repair s ca n tried :  separat e th e impurit y befor e th e coa l  i s  burne d (i.e. ,  INSERT-SPLIT) ,  o r 
scru b th e smok e (i.e. ,  I N S E R T - C O N S U M E R ). 
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I n program s (o r  an y othe r  consumer-produce r  system )  si x type s o f  impasse s ca n occur : 

II. NOT-PRODUCED: An object is consumed before it has a value (before produced). 

"I f  I  jus t  star t  wit h a  WHILE-D O statement ,  th e variabl e i s no t  gonn a hav e an y valu e yet. "  (AAS7.I5) . 

12. BAD-NEXT-GOAL: The next goal is not the expected goal. 

"I' m thinkin g wha t  wil l  happe n i f  the y pu t  i n les s tha n zer o [invalid] ,  an d I  stil l  tr y t o prin t  ou t  th e 
answer  [o n invali d shoul d stop ,  no t  output]. "  (AVM5.I26) . 

13. DOUBLE-USE: A goal uses (consumes) the same value twice. 

"... /  ha d t o pu t  i t  i n a  plac e s o i t  wouldn' t  b e affecte d [b y th e sam e valu e again]... "  (JBH7.232) . 

14.  BAD-SOURCE:  A n object' s valu e i s no t  fro m th e user . 

"I' d hav e t o rewrit e th e first  lin e instea d of.. .  automaticall y [dumm y initialization].. .  assignin g t o th e 
value.. .  I  coul d promp t  [ge t  valu e fro m user] "  (AVM6.4I5) . 

15. OVER-WRITE: A value is destroyed before it is used (consumed by a goal). 

"Ever y tim e i t  goe s throug h it s gonn a se e su m get s zero...s o mayb e I'l l  pu t  tha t  outsid e th e whol e loo p 
[su m initializatio n over-write s th e update]. "  (JBII7.II1) . 

16. BAD-KIND: A value is inappropriate for the case. 

"Everythin g i s gonn a hav e t o dea l  with.. .  wai t  i t  di d sa y somethin g abou t  impossibl e value s [th e 
calculatio n almos t  go t  ru n o n invali d values]. "  (JBH5.62) . 

The protocol data contain examples of impasse/repair episodes on average once every 2.5 

minutes .  Protoco l  snippet s guide d th e developmen t  o f  th e impasse/repai r  componen t  o f  th e 

model ,  an d provid e suppor t  fo r  th e cognitiv e plausibilit y  o f  th e model . 

During the debug phase, a repair is selected for an impasse. All of the repairs involve 

simpl e operation s (insert ,  delete ,  move ,  change ,  duplicate )  o n a  fe w basi c type s o f  progra m 

element s (producer ,  consumer ,  expected ,  encountered ,  object ,  test ,  split) ,  define d whe n a 

particula r  impass e i s detecte d i n a  particula r  progra m contex t  (se e [S89 ]  fo r  details) .  Fo r 

example ,  conside r  th e smal l  se t  o f  repair s tha t  appl y t o th e impass e N O T - P R O D U C E D: 

Repairs to I1:N0T-PR0DUCED: When a consumer goal tries to consume an object whose value has not 

yet  bee n produced ,  tr y on e o f  th e followin g repairs : 

RLCHANGE-OBJECT - If the consumer of the not-produced object is a split, then try changing the 
objec t  t o a n auxiliar y object . 

R2:INSERT-PRODUCER -  I f  th e produce r  i s no t  i n th e progra m yet ,  the n inser t  th e produce r 
directl y befor e th e consumer . 

R 3 : M 0 V E - P R 0 D U C ER I f  th e produce r  i s somewher e els e i n th e program ,  the n mov e th e 
produce r  directl y befor e th e consumer . 

R 4 : M O V E - C O N S U M ER I f  th e produce r  i s somewher e els e i n th e program ,  the n mov e th e 
consumer  t o directl y afte r  th e producer . 

R5:DELETE-CONSUMER -  Delet e th e offendin g consumer . 

R6:DUPLICATE-PRODUCER I f  th e produce r  i s somewher e els e i n th e program ,  the n mak e a 
duplicat e o f  th e produce r  an d inser t  i t  befor e th e consumer . 

Lik e th e impasses ,  al l  o f  th e repair s use d i n th e mode l  ar e derive d fro m protoco l  snippets , 

an d suppone d b y additiona l  snippet s (se e exampl e below) . 
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START-HERE 

while not-sentinel 
do begi n 

inpu t 
calculat e 

outpu t 
end 

I1:N0T-PR0DUCED 

R1:CHANGE-OBJECT 

while not-sentinel(more?) 
do begi n 

inpu t 
calculat e 

outpu t 
end 

l1:NOT-PRODUCED 

s : 
R2:INSERT-PRODUCER 

input(more?) 
whil e not-sentinel(more? ) 
do begi n 

inpu t 
calculat e 

outpu t 
end 

I3:D0UBLE-USE 

R15:IDUPLICATE-PRODUCER 

input(more?) 
whil e not-sentinel(more? ) 
do begi n 

inpu t 
calculat e 

outpu t 
input(more? ) 

end 

OK 

R3:MOVE-PRODUCER 

input 
whil e not-sentine l 
do begi n 

calculat e 
outpu t 

end 

l2:BAD-NEXT-GOAL 

R6:DUPLICATE-PRODUCER 

input 
whil e not-sentine l 
do begi n 

inpu t 
calculat e 

outpu t 
end 

I5:0VER-WRITE 

R22:CHANGE-SOURCE 

initialize 
whil e not-sentine l 
do begi n 

inpu t 
calculat e 

outpu t 
end 

I6:BAD-KIN0 

R23.INSERT-SPLI T 

initialize 
whil e not-sentine l 
do begi n 

inpu t 
i f  not-sentine l 

the n calculat e 
outpu t 

end 

l2:BAD-NEXT-GOAL 

R10:MOVE-ENCOUNTERED 

initialize 
whil e not-sentine l 
do begi n 

inpu t 
i f  not-sentine l 
the n begi n 

calculat e 
outpu t 

end 
end 

OK 

R12:DUPLICATE-EXPECTED 

input 
whil e not-sentine l 
do begi n 

calculat e 
outpu t 
inpu t 

end 

OK 

R21:MOVE-PRODUCER 

input 
whil e not-sentine l 
do begi n 

calculat e 
outpu t 
inpu t 

end 

OK 

R20:MOVE-CONSUMER 

input 
whil e not-sentine l 
do begi n 

calculat e 
inpu t 
outpu t 

end 

I2:BAD-NEXT-G0AL 

R9:MOVE-EXPECTED 

input 
whil e not-sentine l 
do begi n 

calculat e 
outpu t 
inpu t 

end 

OK 

R11:INSERT-SPLI T 

initialize 
whil e not-sentine l 
do begi n 

inpu t 
if  not-sentine l 
the n calculat e 

if  not-sentine l 
the n outpu t 

end 
OK 

Figur e 2 :  Correc t  an d bugg y program s i n a n impasse/repai r  tree . 
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Ofte n whe n student s trie d t o writ e a  progra m t o proces s a  serie s o f  inpu t  values ,  the y 
woul d star t  b y sayin g somethin g lik e - -  wha t  I  nee d t o d o i s a  standar d input-calculate -
output ,  bu t  wit h a  loo p wrappe d aroun d it .  Thi s woul d resul t  i n a  progra m whos e pseudo -
cod e structur e wa s lik e tha t  i n th e uppe r  lef t  corne r  o f  Figur e 2  (i.e. ,  S T A R T - H E R E ) . 
Sinc e th e "not-sentinel "  tes t  i n th e W H I L E i s testin g a  variabl e tha t  ha s no t  ye t  bee n 
produce d (th e inpu t  i s  insid e th e loop) ,  som e student s detec t  a  N O T - P R O D U C ED impass e 
(e.g. .  I f  I  jus t  star t  ou t  wit h W H I L E - D O statement ,  th e variabl e i s no t  gonn a hav e an y 
valu e yet. "  (AAS7.15). )  Afte r  detectin g th e impasse ,  som e studen t  ma y decid e t o repai r  th e 
impass e b y testin g a  differen t  variabl e instea d o f  th e on e whic h i s inpu t  insid e th e loop ,  s o 
the y us e a  C H A N G E - O B J E CT repai r  (e.g., 7 coul d creat e anothe r  variabl e an d jus t  sa y 
WHILE... "  (AVM6.59). )  Th e C H A N G E - O B J E CT repai r  (repai r  R l  above) ,  afte r  bein g 
applie d woul d resul t  i n a  progra m whos e pseudo-cod e structur e wa s lik e tha t  show n i n th e 
firs t  bo x i n th e secon d ro w o f  Figur e 2 .  Othe r  student s migh t  decid e t o mov e th e inpu t 
fro m insid e th e loo p t o abov e th e loop ,  s o the y us e a  M O V E - P R O D U C ER repai r  (e.g. , 
"that' s gonn a b e outsid e o f  th e loop.. .  becaus e it s go t  t o promp t  befor e th e loop. " 

(AAS7.15)) .  Th e M O V E - P R O D U C ER repai r  (repai r  R 3 above )  woul d resul t  i n a  progra m 
lik e tha t  show n i n th e secon d bo x i n th e first  ro w i n Figur e 2 . 

Sometimes students add new bugs to a program when they are trying to fix a bug [G086], 
and i n a  relate d phenomen a repairin g a n impass e ofte n lead s t o a  ne w impasse .  Becaus e 
impasse s ca n giv e rise  t o repair s tha t  ca n giv e rise  t o ne w impasses ,  a n impasse/repai r  tre e 
i s a  convenien t  representationa l  devic e fo r  describin g a  larg e se t  o f  program s tha t  student s 
migh t  conceivabl y generate .  Fo r  instance ,  al l  o f  th e correc t  an d bugg y program s o f  Figur e 
1 occu r  i n th e impasse/repai r  tre e show n i n Figur e 2  ("duplicat e input "  thir d colum n an d 
firs t  row ,  "dumm y init "  secon d colum n an d fifth  row ,  "mor e data "  first  colum n an d fourt h 
row ,  "missin g re-inputl "  secon d colum n an d firs t  row ,  "missin g guard "  secon d colum n 
and thir d row ,  an d "missin g re-input2 "  first  colum n an d thir d row) .  Thre e question s tha t 
remai n are :  H o w d o student s generat e th e initia l  progra m hypothesis ? W h y d o som e 
student s detec t  a n impasse ,  whil e other s d o not ? W h y d o differen t  student s selec t  differen t 
repair s fo r  th e sam e impasse ? (se e [S89 ]  fo r  som e preliminar y answers) . 

CONCLUDING REMARKS:  MODEL - > APPLICATIO N 

We have claimed that computational generative student models are to be preferred over 
enumeratio n o r  restrictio n studen t  model s whe n buildin g computer-base d application s t o 
hel p student s perfor m desig n activitie s an d acquir e desig n skills .  Admittedly ,  thi s clai m 
lack s convincin g suppor t  unti l  w e complet e th e nex t  stag e o f  ou r  researc h effor t  an d buil d 
suc h a n application .  Nevertheless ,  t o th e exten t  tha t  desig n domain s ar e characterize d b y 
variability ,  an d t o th e exten t  tha t  generativ e model s captur e importan t  aspect s o f  tha t 
variabilit y i n a  parsimoniou s model ,  w e fee l  w e ar e o n th e right  track .  I f  student s ca n b e 
explicitl y an d effectivel y taugh t  ho w t o detec t  th e si x impasse s an d appl y th e necessar y 
repairs ,  the n a  programmin g environmen t  tha t  support s explorin g an d evaluatin g alternativ e 
program s vi a impasse/repai r  tree s shoul d hel p th e student s exercis e an d develo p importan t 
desig n skills . 
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