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Abstrac t 

In this paper we investigate the cog-
nitiv e plausibilit y o f  a n integrate d 
framewor k fo r  qualitativ e predictio n 
of  behaviour .  Th e framewor k i s 
based o n th e K A D S expertis e model -
in g approac h an d integrate s differen t 
approache s t o qualitativ e reasoning . 
The framewor k i s  implemente d i n a 
progra m calle d G A R P.  T o tes t  th e 
cognitiv e plausibilit y a  physic s prob -
le m involvin g qualitativ e predictio n 
of  behaviou r  wa s constructed .  Th e 
behaviou r  predictio n o f  thi s proble m 
generate d b y G A R P wa s compare d t o 
think-alou d protocol s o f  huma n sub -
ject s performin g th e sam e proble m 
solvin g task . 

Introduction 

Developin g conceptua l  framework s fo r  model -
in g proble m solvin g expertis e i s considere d t o 
be a n importan t  aspec t  o f  researc h o n Knowl -
edge Base d System s (KBS )  [15 ;  8 ;  12] .  I t  i s a 
generall y accepte d hypothesi s tha t  suc h frame -
work s cci n usefull y suppor t  th e knowledg e ac -
quisitio n process .  However ,  Uttl e researc h ha s 
been publishe d tha t  investigate s thi s hypoth -
esis .  I n particula r  littl e attentio n ha s bee n 
give n t o tes t  th e cognitiv e validit y o f  thes e 
frameworks .  Afte r  al l  the y ar e use d t o inter -

'Th e researc h reporte d her e wa s partiall y 
funde d b y th e Espri t  Basi c Researc h Programm e 
of  th e Commissio n o f  th e Europea n Communi -
tie s a s projec t  numbe r  317 8 (Reflect) .  Th e part -
ner s i n thi s projec t  ar e th e Universit y o f  Amster -
dam (Amsterdam ,  Th e Netherlands) ,  th e Nether -
land s Energ y Researc h Foundatio n EC N (Petten , 
The Netherlands) ,  th e Nationa l  Germa n Researc h 
Centr e fo r  Compute r  Scienc e G M D (St .  Au -
gusti n West-Germany )  an d BS R Consultin g (Mu -
nich ,  West-Germany) . 

pre t  verba l  dat a o f  huma n proble m solvin g be -
haviour . 

I n thi s pape r  w e investigat e th e cognitiv e 
plausibilit y o f  th e conceptua l  framewor k pro -
pose d b y th e K A D S methodology .  Withi n 
thi s framewor k w e focu s o n th e reasonin g tas k 
qualitativ e predictio n o f  behaviou r  a s th e spe -
cifi c  objec t  o f  ou r  research .  W e compar e think -
alou d protocol s o f  huma n subject s predict -
in g th e behaviou r  o f  a  comple x configuratio n 
of  balance s wit h a n implemente d compute r 
model  o f  th e sam e reasonin g task . 

The content s  o f  thi s pape r  ar e structure d a s 
follows .  Th e nex t  tw o section s describ e th e 
K A DS conceptua J framewor k an d th e reason -
in g tas k qualitativ e predictio n o f  behaviour . 
The pape r  the n move s o n t o a  protoco l  analy -
si s o f  thi s proble m solvin g tas k carrie d ou t  b y 
human subject s an d describe s t o wha t  exten t 
th e framewor k fo r  quaUtativ e predictio n o f  be -
haviou r  fits  th e think-alou d protoco l  data .  Fi -
nally ,  th e discussio n summarise s an d furthe r 
discusse s th e mai n results . 

Modeling problem solving 

expertis e 

KADS proposes a methodology for building 
KBS' s  [6 ;  7 ]  an d i s base d o n th e premis e tha t 
knowledg e use d b y peopl e durin g reasonin g 
processe s ca n b e distinguishe d accordin g t o 
severa l  types ,  correspondin g t o th e differen t 
role s th e knowledg e play s  i n th e reasonin g pro -
cess (se e figure  I) .  First ,  th e domai n laye r 

strategi c L«y« r  Tat k Layv r  Interenc *  Laye r  Domai n Laya r 

I t I t I t 
Cortrd i Appll, , Dncrlbt t 

Figur e 1 :  Th e K A D S fou r  layer s 

describes the domain knowledge in terms of 
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domai n concepts ,  relation s an d comple x struc -
ture s suc h a s model s o f  processe s o r  devices . 
Thi s knowledg e i s stati c i n nature ,  tha t  is ,  i t 
i s  no t  specifie d wha t  contro l  regim e i s neede d 
i n orde r  t o us e th e knowledg e effectivel y 

The secon d typ e o f  knowledge ,  th e inferenc e 
layer ,  concern s th e canonica l  proble m solvin g 
action s {knowledg e sources )  tha t  ar e th e ba ^ 
si s o f  reasoning .  Knowledg e source s ar e ele -
mentair y i n th e sens e tha t  othe r  part s o f  th e 
proble m solve r  ca n no t  influenc e thei r  inter -
nal  control .  The y represen t  th e wa y i n whic h 
a domai n relatio n ca n b e use d t o mak e infer -
ences .  Fo r  example :  a  specificatio n an d a n ab -
stractio n inferenc e migh t  bot h us e a  subsum e 
relatio n a t  th e domai n laye r  t o mak e thei r  in -
ference . 

The differen t  role s th e domai n knowledg e 
play s i n th e reasonin g proces s i s describe d b y 
meta-classes .  Fo r  example ,  a  domai n concep t 
lik e fauHy-transisto r  ma y pla y th e rol e o f  a 
finding,  bu t  ma y als o pla y th e rol e o f  a  hy -
pothesis .  I n thi s cas e findin g an d hypothesi s 
represen t  domai n independen t  us e o f  domai n 
concept s fo r  diagnosti c reasoning . 

The thir d typ e o f  knowledge ,  th e tas k layer , 
describe s wha t  goal s ar e involve d i n a  particu -
la r  proble m solvin g tas k an d ho w th e availabl e 
knowledg e source s ca n b e ordere d cin d applie d 
t o satisf y thos e goal .  Fo r  example ,  th e prob -
le m solvin g tas k monitorin g ca n b e carrie d ou t 
data-driveno T model-driven ,  bot h representin g 
differen t  tas k structure s tha t  ca n b e use d t o d o 
monitoring . 

The fourt h typ e o f  knowledg e concern s 
strategi c knowledge .  A t  th e strategi c laye r 
strategie s ar e describe d tha t  contro l  th e over -
al l  reasonin g process .  I t  should ,  fo r  instance , 
plaa i  a  particula r  tas k structure ,  monito r  it s 
execution ,  and ,  i f  needed ,  diagnose ,  repai r  o r 
eve n substitut e th e curren t  tas k structur e wit h 
anothe r  tas k structure ,  unti l  th e desire d prob -
le m solvin g goa l  i s  reached . 

Ther e i s a  tradeof f  betwee n th e tas k an d 
th e strategi c layer .  I n cas e o f  non-standar d 
problem s th e proble m solvin g proces s wil l  us e 
more strategi c reasoning .  Thi s i n contras t  t o 
more routin e problem s i n whic h cas e th e prob -
le m solve r  i s  mor e Ukel y t o execut e a n alread y 
known tas k structure . 

Qualitative prediction of 

b e h a v i o u r 

The qualitativ e reasonin g communit y ha s de -
livere d a  numbe r  o f  implemente d A I  program s 
alon g wit h theoretica l  insight s o f  wha t  con -
stitute s qualitativ e reasonin g [2 ;  13] .  Quadi -
tativ e predictio n o f  behaviou r  i s a n analysi s 

Figur e 2 :  T w o o f  th e si x balanc e problem s 

tas k durin g whic h ne w propertie s o f  a  sys -
tem,  namel y state s o f  quaditativel y distinc t  be -
haviou r  (=output) ,  ar e derive d fro m a  struc -
tura l  descriptio n o f  th e syste m (=input) .  W e 
hav e develope d a  descriptio n o f  thi s predic -
tio n task ,  i n term s o f  th e conceptua l  frame -
wor k provide d b y K A D S [5 ;  3] ,  tha t  unifie s th e 
theoretica l  insight s mentione d above .  T o tes t 
th e validit y o f  ou r  framewor k w e hav e imple -
mente d a  progra m calle d G A R P [4] '  tha t  Cci n 
simulat e qualitativ e reasonin g a s describe d b y 
th e origina l  approaiches .  G A R P i s therefor e a 
quahtativ e reasonin g shel l  tha t  integrate s th e 
basi c approache s t o qualitativ e reasoning . 

To investigat e th e cognitiv e vahdit y o f  th e 
theor y underlyin g G A R P,  th e quahtativ e rea ^ 
sonin g tas k wa s operationalise d wit h si x bal -
anc e problem s (se e fo r  example s figure  2) . 
The proble m wa s t o predic t  th e behaviou r  o f 
balance s wit h contciiner s filled  wit h wate r  o n 
each balance-arm .  Throug h outlet s nea r  th e 
botto m o f  th e container s th e wate r  gradueill y 
flowe d ou t  o f  th e containers .  I n eac h versio n 
of  th e proble m th e tw o contaiiner s differe d i n 
shap e an d i n th e amoun t  o f  wate r  the y con -
tained . 

I n th e nex t  section s th e 4-laye r  mode l  fo r 
solvin g thes e balzuic e problem s i s described . 

Domain and inference layer 

The origina l  approache s t o quaJitativ e reason -
in g provid e specifi c  ontologie s fo r  structurin g 
th e knowledg e a t  th e domai n laye r  (cf .  [3]) .  A t 
th e inferenc e laye r  th e meta-classe s describ e 
ho w th e domai n knowledg e i s use d an d th e 
knowledg e source s describ e th e inference s tha t 
can b e made .  Th e framewor k distinguishe s be -
twee n th e followin g metci-classes : 

•  Syste m mode l  descriptio n 
A descriptio n o f  th e syste m durin g a  pe -
rio d o f  tim e i n whic h th e behaviou r  o f  th e 

*  G A R P - A Generi c Architectur e fo r  Reasonin g 
about  Physics -  i s  implemente d i n SWI-Prolo g [14] . 
Bot h G A RP an d SWI-Prolo g ar e distribute d with -
out  charg e fo r  non-commercia l  purposes .  Pleas e 
contac t  th e first  autho r  fo r  mor e details . 
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syste m doe s no t  chang e (=SMD) .  Th e no -
tio n o f  chang e i s rathe r  subtl e becaus e th e 
actua l  (real-world )  syste m ma y chang e 
wherea s fro m a  qualitativ e poin t  o f  vie w 
it s behaviou r  remain s constamt . 

•  Syste m element s 
Entitie s (lik e physica l  objects )  fro m th e 
reed-worl d exphcitl y  represente d i n th e 
proble m solvin g process . 

•  Parameter s 
The propertie s o f  syste m elements . 

•  Paramete r  value s 
The value s a  paramete r  ca n have . 

•  Quantit y space s 
An ordere d se t  o f  value s a  specifi c  param -
ete r  ca n have . 

•  Paramete r  relation s 
Dependencie s betwee n parameters . 

•  Qualitativ e calcul i 
Defin e th e semantic s o f  a  paramete r  rela -
tion . 

•  Mathematica l  mode l 
A se t  o f  relation s tha t  hold s durin g a  par -
ticula r  S M D. 

•  Partia l  model s 
Partia l  models ^  ar e use d t o furthe r  spec -
if y a n S M D.  The y represen t  th e genera l 
knowledg e o f  th e domain ,  lik e fo r  exam -
pl e th e propertie s o f  a  liqui d containe d b y 
a containe r  o f  som e sort . 

•  Transformatio n rule s 
Represen t  knowledg e abou t  ho w t o find 
successiv e SMD's .  Thre e type s o f  rule s 
hav e bee n identified :  termination ,  order -
in g an d continuit y (the y ar e explaine d i n 
more detai l  below) . 

•  Behaviou r  description s 
A se t  o f  SMD' s ordere d i n time .  I t  repre -
sent s th e possibl e behaviou r  o f  som e real -
worl d system . 

Ther e i s no t  enoug h spac e i n thi s pape r  t o 
completel y describ e th e domai n knowledg e 
neede d t o represen t  th e balanc e problems . 
Some o f  th e mos t  importan t  entitie s o f  th e 
domai n knowledg e ar e therefor e enumerate d 
below ,  togethe r  wit h th e metâ clas s tha t  de -
scribe s thei r  role . 

•  Syste m element s 
balance ,  container ,  water ,  balance-surm , 
outlet ,  contain-relatio n support-relation , 
connect-relation . 

Î n previou s wor k w e referre d t o partia l  model s 
as 'syste m structures' . 

•  Parameter s 
pressure ,  amount ,  mass ,  volume ,  flow-
rate ,  height ,  width . 

•  Paramete r  value s 
zero ,  minus ,  plus ,  absent ,  present ,  low , 
high ,  equiUbrate d 

•  Paramete r  relation s 
pressur e —•  flow-rate,  heigh t  —•  pressure , 
amount  =  volume ,  amoun t  =  mass . 

•  Partia l  model s 
water-flow-from-container-to-world , 
balance-with-weights ,  co n tained-liqui d 

The partia l  model s i n th e domai n laye r  spec -
if y severa l  possibl e viewpoint s tha t  subject s 
can us e i n solvin g th e balanc e problems .  I n 
particula r  w e expec t  th e partia l  mode l  'wate r 
flow  from  containe r  t o world '  t o diffe r  fo r  sub -
ject s wit h respec t  t o th e factor s tha t  determin e 
th e spee d o f  th e wate r  outflow : 

A siz e o f  th e outle t 

B heigh t  o f  th e wate r  colum n 

C volum e o f  th e wate r  colum n 

D widt h o f  th e wate r  colum n 

Give n th e lis t  o f  meta-classes ,  th e canonica l 
inference s (knowledg e sources )  use d i n qualitzi -
tiv e predictio n o f  behaviou r  ca n b e described . 
Figur e 3  give s a n overvie w o f  thes e inferences . 

The purpos e o f  th e compoun d specif y in -
ferenc e i s t o develo p a  'complete '  descriptio n 
of  a  particula r  stat e o f  behaviou r  o f  a  sys -
te m (=augmente d S M D ) ,  whic h mean s assign -
in g a  qualitativ e valu e t o eac h paramete r  tha t 
i s  use d t o describ e th e system .  T w o infer -
ence s mus t  b e carrie d ou t  i n orde r  t o arriv e 
at  suc h a  description ,  assemblin g a  mathe -
matica l  mode l  an d computin g th e correspond -
in g qualitativ e values .  Assemblin g a  mathe -
matica l  mode l  (=partiall y  augmente d S M D) 
i s don e b y finding  partia l  model s tha t  appl y 
t o th e inpu t  syste m (=partia l  S M D ) .  Onc e 
th e S M D i s augmente d wit h a  mathematicj J 
model ,  th e computatio n o f  qualitativ e value s 
can b e done .  Ther e ar e tw o output s possible , 
(1 )  contradiction ,  whic h mean s ther e i s n o se t 
of  value s consisten t  wit h th e curren t  se t  o f  re -
lations ,  (2 )  solution ,  whic h mean s one ,  o r  mor e 
set s o f  value s ar e consisten t  wit h th e curren t 
set  o f  relations . 

The compoun d transformatio n inferenc e i s 
concerne d wit h identifyin g successiv e state s o f 
behaviour .  Terminatio n rule s specif y th e con -
dition s unde r  whic h a  particula r  stat e o f  be -
haviou r  wil l  terminat e an d ar e use d t o selec t 
th e possibl e terminations .  Precedenc e rule s 
specif y th e orde r  i n whic h change s tak e plac e 
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Calcul i Cwitlfwtt v ruIg M 

Figur e 3 :  Th e inferenc e structur e fo r  predictio n o f  behaviou r 

and ar e use d t o sor t  th e availabl e terminations . 
Finally ,  transUio n rule s specif y th e continuit y 
condition s tha t  nee d t o b e satisfie d b y th e ne w 
stat e o f  behaviou r  i n orde r  t o b e a  vcJi d suc -
cessor .  The y aie ,  togethe r  wit h th e ordere d 
terminations ,  th e inpu t  fo r  transformin g th e 
curren t  S M D int o it s successor . 

Task and strategic layer 

I n th e prevalin g approache s t o qualitativ e rea -
sonin g th e tas k laye r  i s onl y minimall y filled. 
Ther e ar e i n fac t  onl y tw o tasks :  1 )  finding  al l 
state s o f  behaviou r  an d 2 )  finding  on e specifi c 
trac e o f  behaviour .  I n cas e o f  th e latte r  ad -
ditiona l  inpu t  paramete r  value s ar e take n int o 
accoun t  t o limi t  th e numbe r  o f  SMD' s tha t  ca n 
be found . 

Strategi c knowledg e i s no t  presen t  i n th e 
origina l  approaches .  I t  i s no t  possibl e t o moni -
to r  th e inferenc e proces s an d modif y o r  chang e 
th e reasonin g proces s automatically. ^  How -
ever ,  i t  i s likel y tha t  th e reasonin g proces s wil l 
encounte r  difficulties ,  i.e .  tha t  th e proble m 
solvin g goa l  ca n no t  b e reached .  W e expec t 
tw o type s o f  difficultie s t o emerg e (cf .  [1 ;  10]) : 
first,  problem s wit h th e availabl e knowledg e 
(wha t  w e refe r  t o a s 'knowledg e conflicts') ,  an d 
second ,  shortag e o f  processin g capacity .  W e 
wil l  no t  discus s processin g capacit y furthe r  i n 
thi s paper .  Fo r  th e knowledg e conflict s con -
cernin g missing ,  ambiguous ,  o r  contradictor y 
fact s i n th e domai n knowledge ,  w e expec t  th e 
followin g repairs : 

•  Missin g knowledg e 

Practica l  repairs : 
rea d th e questio n agai n 

-  as k fo r  additiona l  informatio n 

Repair s b y reasoning : 

^ There is some work going on as an extension 
of  th e constrain t  centere d approac h (cf .  [11] )  t o 
filter  (an d thereb y reduce )  th e numbe r  o f  gener -
ate d states . 

continu e afte r  makin g a n assumptio n 
tr y extrem e value s 
use analog y 
use diff'erent/othe r  domai n knowledg e 

•  Amb iguou s knowledg e 
-  tr y on e (randoml y o r  base d o n heuristic ) 

tr y al l 
-  reaso n backward s fro m a  know n stat e 

•  Contradictor y knowledg e 
tr y agai n 

-  chec k computation s 
-  us e othe r  domai n knowledg e 

Once a  repai r  i s selecte d it s pla n i s tune d t o 
fit  o n th e specifi c  instanc e o f  th e impasse .  Thi s 
means tha t  strategi c reasonin g ma y involv e a 
revisio n a t  th e tas k layer . 

Protocol analyses of the 

concep tua l  f r a m e w o r k 

To tes t  th e conceptua l  framewor k w e com -
pare d proble m solvin g activitie s a s manifeste d 
by huma n subject s i n think-alou d protocol s 
wit h thos e predicte d b y th e framework .  Th e 
proble m solvin g mode l  tha t  wa s buil t  an d im -
plemente d i n G A R P wa s therefor e translate d 
int o a  codin g templat e wit h whic h th e think -
alou d protocol s coul d b e analysed .  Fo r  ev -
er y inferenc e activit y i n th e reasonin g pro -
cess tha t  wa s distinguishe d i n th e model ,  a 
categor y wa s create d an d a  cod e assigned . 
The subject s wer e te n psycholog y sophomore s 
who ha d take n hig h schoo l  course s i n physics . 
Thre e protocol s wer e code d entirely ,  resultin g 
i n 67 3 code d expressions .  Al l  te n protocol s 
wer e screene d o n th e occurrenc e o f  followin g 
thre e phenomena : 

•  Th e mode l  i s incomplet e 
Ther e ar e expression s tha t  ca n no t  b e 
coded . 

•  Th e mode l  i s to o detaile d 
Ther e ar e codin g categorie s tha t  ar e no t 
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used . 

•  Th e mode l  i s  wron g 
Ther e ar e deviation s o f  th e expecte d orde r 
i n whic h expression s appear . 

Belo w th e result s o f  thi s analysi s ar e de -

scribe d fo r  eac h knowledg e laye r  o f  th e model . 

The domain layer 

I n goin g throug h th e sequenc e o f  problem s 

subject s seeme d t o hav e a  tendenc y t o ab -
strac t  fro m th e detail s o f  th e system .  Whil e 
solvin g th e first  problem s specifi c  syste m ele -
ments ,  Uk e containe r  an d water ,  wer e referre d 
to .  I n th e late r  problem s th e behaviou r  o f 
th e syste m wa s describe d a s i f  onl y on e ob -
jec t  wa s present ,  th e balance ,  wit h a  mass-los s 
on tw o sides ,  on e losin g mas s faste r  tha n o r 
wit h equa l  spee d a s th e other .  I n a  simila r 
way man y parameter s wer e use d whil e solv -
in g th e first  problems .  Fo r  example ,  heigh t 
(o r  amoun t  etc. )  wa s see n a s determinin g th e 
pressure ,  whic h i n tur n determine s flow-rate 
whic h equal s mass-loss .  I n abstracte d for m 
th e heigh t  determine d th e mass-los s directly . 
Althoug h eac h specifi c  mode l  o f  th e balanc e 
problem s ca n b e represente d i n G A R P,  th e ab -
stractio n proces s itsel f  ca n not . 

Subject s use d differen t  partia l  models .  On e 
subjec t  use d viewpoin t  A  (siz e o f  outlet )  bu t 
shifte d o n a  late r  versio n t o D  (widt h o f  wa -
te r  column) .  On e subjec t  use d viewpoin t  B 
(heigh t  o f  wate r  column )  (althoug h thre e othe r 
subject s als o considere d it) .  Si x subject s use d 
viewpoin t  C  (volum e o f  th e wate r  column) , 
thre e o f  who m afte r  showin g doubt s abou t 
othe r  viewpoints .  Onl y on e subjec t  use d view -
poin t  D  fro m th e outset .  Th e remainin g sub -
jec t  use d ci n alternativ e viewpoint :  th e weigh t 
of  th e ai r  ove r  th e water-surfac e determine s 
th e water-pressure . 

The inference layer 

Compound specif y mad e u p 3 7 percen t  o f  th e 
protocol s statements ,  wit h a  rati o o f  2: 3 be -
twee n assembl e an d compute .  Assemblin g th e 
mathematica l  mode l  typicall y appeare d i n th e 
protocol s a s expression s i n whic h wa s state d 
tha t  a  paramete r  hai d a  valu e o r  tha t  a  rela -
tio n o r  inequjJit y applied .  Computin g value s 
made implici t  us e o f  a  qualitativ e calculus .  I t 
appeare d i n remark s like :  "becaus e th e pres -
sur e i n A  i s highe r  th e wate r  flows  ou t  wit h 
more force" .  Belo w som e example s o f  thes e 
inference s from  th e protocol s ar e listed : 

•  Specif y 

I t  jus t  matter s .. . 

I n a  balanc e i t  jus t  matter s wha t  th e 
weight s ar e 

•  Comput e 

Well ,  I  thin k first  i t  goe s dow n a t  th e sid e 
of  containe r  A 

Becaus e a t  th e outse t  i t  i s  heavie r  of f 
cours e 

Becaus e her e [  A  ]  i s  mor e wate r 

•  Specify/Comput e 

Let  m e thin k i f  i t  flows  her e [  A  ]  faste r 
tha n her e [  B  ] 

Her e [  A  ]  th e pressur e is ,  le t  m e thin k 

Yes,  her e [  A  ]  i t  i s  highe r  o f  cours e a t  th e 
botto m o f  th e containe r 

Does i t  influenc e th e flow-rate,  le t  m e 
thin k 

Yes,  th e forc e o f  outflo w wil l  b e bigger , 
undoubtedl y 

The sequenc e o f  assembl e followe d b y com -
put e wa s regularl y violate d an d a s suc h dif -
fere d fro m wha t  th e mode l  predicted .  Firs t 
fo r  on e par t  o f  th e system ,  applicabl e partia l 
model s wer e foun d an d computabl e paramete r 
value s wer e ccilculated .  Thi s wa s repeate d fo r 
th e nex t  par t  o f  th e system .  I t  seeme d a s i f 
founde d partia l  model s focusse d th e searc h fo r 
new one s (cf .  [9]) . 

Compound transfor m mad e u p 2 5 percen t 
of  th e protocol s statements .  Selectin g termi -
nation s wa s expresse d i n way s a  stat e o f  be -
haviou r  ends :  "the n th e amoun t  o f  wate r  i n 
containe r  A  become s equa l  t o tha t  i n B" .  Th e 
sortin g o f  termination s wa s onl y presen t  i n th e 
protocol s whe n th e reasonin g proces s wa s dis -
rupted ,  i.e .  i f  ambiguit y i n a  situatio n wa s 
detected .  Belo w som e example s o f  thes e infer -
ence s fro m th e protocol s ar e listed : 

•  Selec t  (terminations ) 

A goe s dow n .. . 

Unti l  B  i s entirel y empt y .. . 

•  Sor t  (terminations ) 

Yes,  the y eithe r  ar e empt y a t  th e sam e 
tim e o r  .. . 

B i s alread y .. . 

I  ca n no t  imagin e A  bein g soone r  empty , 
but  wh y cein' t  I  ? 

I  just ,  it' s  mor e a  feeling ,  le t  m e thin k 

A ha s go t  greate r  pressur e bu t  .. . 

No,  I  wouldn' t  kno w i f  they' d becom e 
empt y a t  th e sam e moment 

The limited occurrence of the sorting infer-
ence ca n b e explaine d i n tw o ways.  First ,  sort -
in g occur s onl y i f  mor e tha n on e terminatio n i s 
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found .  I f  so ,  th e subject s di d no t  find  impos -
sibl e termination s an d termination s tha t  wer e 
aspect s o f  th e sam e change ,  the y jus t  foun d 
possibl e one s (sometime s comprisin g differen t 
aspects) .  Second ,  impossibl e termination s an d 
differen t  aspect s wer e foun d bu t  th e sortin g o f 
termination s i n unambiguou s case s i s s m auto -

mate d proces s an d therefor e no t  reportable . 
The fac t  tha t  th e knowledg e use d t o mak e 
thi s inferenc e i s no t  domai n specific ,  make s a n 
automate d proces s plausible .  However ,  addi -
tiona l  reseaurc h i s neede d t o resolv e thi s issue . 

Littl e evidenc e wa s foun d fo r  th e thir d in -
ferenc e tha t  constitute s th e compoun d trans -
formatio n (not e tha t  i n figure  3  thi s inference , 
whic h follow s sort ,  i s  als o caille d transforma ^ 
tion) .  W e mus t  howeve r  assum e tha t  subject s 
make thi s inferenc e i n orde r  t o preserv e th e 
continuit y betwee n on e stat e an d th e next : 
vsdue s an d inequalitie s tha t  d o no t  chsuig e i n 
th e nex t  stat e ar e propagated .  Th e lac k o f 
expression s confirmin g thi s inferenc e ca n b e 
explaine d b y regardin g i t  a s a  defaul t  mech -
anism .  I t  provide s a  goo d exampl e o f  ho w 
subject s dea l  wit h th e fram e problem ,  tha t  is , 
unles s somethin g explicitl y  changes ,  the y con -
side r  thing s t o b e constan t  ove r  states . 

The task and strategic layer 

A total of 40 percent of the protocol expres-
sion s wa s code d t o involv e strategi c reasoning , 
of  whic h 7  percen t  wa s devote d t o th e detec -
tio n o f  impasses ,  3 3 t o th e overcomin g o f  thes e 
impasses .  Thi s include s 1 2 percen t  specificji -
tio n an d 1 1 percen t  transformatio n task s tha t 
wer e execute d in ,  fo r  example ,  reasonin g back -
waird s fro m th e derive d final  state ,  startin g 
al l  ove r  agai n an d re-checkin g th e computa ^ 
tions .  Th e remainin g 1 0 percen t  covere d othe r 
repair s suc h a s makin g assumptions ,  compar -
in g competin g knowledge ,  usin g analogie s an d 
readin g th e questio n again .  Belo w follo w ex -

ample s o f  thes e repair s i n th e protocols : 

• Extremes 

I  wonde r  i f  i n cas e o f  a  narrow ,  ver y nar -
ro w an d ver y hig h colum n .. . 

I f  th e pressur e i s highe r  tha n i n a  ver y 
wid e containe r  wit h a  ver y thi n laye r  o f 
wate r 

Jus t  t o imagin e i f  i t  matters ,  i f  it' s  volum e 
tha t  matter s o r  jus t  th e heigh t  o f  th e col -
umn 

• Assumption 

I  thin k it' s  volum e tha t  matter s 

So the y flow  ou t  wit h equa l  speed s an d 
th e bcdanc e remain s equihbrate d 

•  Analog y 

Maybe it' s  hke ,  a  bi t  strang e maybe : 

Talle r  peopl e hav e bigge r  feet ,  s o th e pres -
sur e i s mor e sprea d 

•  Bac k fro m en d 

So,  afte r  a  whil e i t  wil l  .. . 

Yes,  i n th e en d i t  wil l  com e bac k t o equi -
librium ,  n o doubt ,  bu t  .. . 

Let  m e se e 

The expressions that could not be coded, 
wer e al l  o f  on e type :  the y referre d t o a n activ -
it y tha t  relate d differen t  problem s o f  th e se -
quence .  Apparentl y th e subject s wer e abl e t o 
see similaritie s i n tw o version s o f  th e problem . 
Thi s als o explaine d th e occurrenc e o f  th e im -
mediat e productio n o f  a n answe r  withou t  an y 
apparen t  specificatio n an d transformatio n i n 
a fe w places .  Whe n th e model ,  buil t  fo r  on e 
versio n o f  th e problem ,  wa s apphe d t o anothe r 
i n th e sequence ,  th e complet e behaviou r  de -
scriptio n wa s applicabl e s o th e answe r  coul d 
be produce d immediately .  Thi s typ e o f  infer -
encin g coul d no t  b e accommodate d fo r  b y th e 
G A RP model . 

Discussion 

The mode l  presente d i n thi s pape r  extend s 
previou s description s o f  qualitativ e predictio n 
of  behaviou r  b y distinguishin g betwee n do -
main ,  inference ,  task ,  an d strategi c knowl -
edge .  Th e conceptua l  framewor k implemente d 
i n G A R P,  whic h i s base d o n thes e knowledg e 
types ,  appear s t o b e ver y usefu l  fo r  describ -
in g an d interpretin g th e reasonin g processe s 
involve d i n thi s proble m solvin g task .  Bot h 
th e differen t  viewpoint s subject s hav e o n th e 
domai n knowledg e a s wel l  a s thei r  reasonin g 
proces s ca n easil y b e modele d b y th e frcune -
work .  Th e canonica l  inference s an d th e meta ^ 
classe s define d i n th e model ,  provid e stron g 
means t o interpre t  th e step s o f  th e reasonin g 
proces s i n th e protocols .  Th e notio n o f  strate -
gi c reasonin g explain s disruption s an d change s 
of  orde r  i n whic h ne w state s ar e determined . 

However ,  fro m th e presente d experimen t  i t 
als o become s clea r  tha t  th e mode l  o f  th e dy -
namic s o f  th e qualitativ e reasonin g proces s o f 
human subject s need s t o b e refined .  I n par -
ticula r  i t  i s  unclea r  wha t  determine s th e or -
der  o f  th e assembl e an d th e comput e inferenc e 
durin g th e specificatio n o f  a n S M D (=stat e o f 
behaviour) . 

The modelin g framewor k als o doe s no t  ac -
coun t  fo r  learnin g ove r  a  numbe r  o f  proble m 
solvin g sessions .  A s th e subject s move d fro m 
one proble m t o anothe r  the y abstracte d fro m 
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irrelevan t  detail s i n th e descriptio n an d th e 
analysi s o f  th e problem .  Th e framewor k doe s 
not  suppor t  thi s abstractio n process .  I t  seem s 
however  tha t  thi s lac k o f  suppor t  i s  par t  o f  a 
large r  problem ,  namel y th e lac k o f  structurin g 
principle s a t  th e domai n layer .  Th e model -
in g framewor k provide s n o normativ e suppor t 
t o choos e a  leve l  o f  abstractio n a t  whic h th e 

knowledg e i n th e domai n laye r  shoul d b e mod -
eled . 

The notio n o f  a  tas k structur e wa s les s usefu l 
i n juialysin g th e protocols .  Expert s perform -
in g a  particula r  proble m solvin g tas k ma y de -
velop ,  throug h th e repeate d executio n o f  th e 
same sequenc e o f  inferences ,  a  trac e o f  thi s 
sequenc e an d a s suc h lear n a  tas k structure . 
That  is ,  a n instanc e o f  a  strategi c reasonin g 
process .  Non-experts ,  lik e th e subject s i n th e 
experimen t  reporte d o n here ,  jus t  us e genera l 
strategi c reasoning . 

I n conclusio n w e believ e tha t  th e mode l  pre -
sente d i n thi s pape r  provide s a  stron g ba -
si s fo r  furthe r  researc h o n th e wa y human s 
perfor m qualitativ e predictio n o f  behaviour . 
Such researc h shoul d i n particula r  focu s o n th e 
learnin g aspect s an d th e knowledg e structur -
in g principle s tha t  peopl e us e t o develo p thei r 
domai n knowledge . 
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