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Exploration s i n Unders tand in g 

H o w Physica l  S y s t e m s W o r k 

Barbara Y. White & John R. Frederiksen 
BBN Laboratorie s 

ABSTRACT 

This paper presents a theory of how to enable people to understand how physical systems work^ Two 
key hypothese s hav e emerge d fro m ou r  research .  Th e firs t  i s  tha t  i n orde r  t o understan d a  physica l 
system ,  student s nee d t o acquir e causa l  menta l  model s fo r  ho w th e syste m works .  Further ,  i t  i s no t  enoug h 
t o hav e jus t  a  singl e menta l  model .  Student s nee d alternativ e menta l  model s tha t  represen t  th e system s 
behavio r  fro m different ,  bu t  coordinated ,  perspectives ,  suc h a s a t  th e macroscopi c an d microscopi c levels . 
The secon d hypothesi s i s  tha t  i n orde r  t o mak e causa l  understandin g feasibl e i n th e initia l  stage s o f 
learning ,  student s hav e t o b e introduce d t o simplifie d models .  Thes e model s the n ge t  graduall y refine d int o 
more sophisticate d menta l  models .  W e wil l  presen t  a  theor y outlinin g (1 )  th e propertie s o f  a n easil y 
learnable ,  coheren t  se t  o f  initia l  models ,  an d (2 )  th e type s o f  evolution s neede d fo r  student s t o acquir e a 
more powerfu l  se t  o f  model s wit h broa d utility . 

I N T R O D U C T I ON 

We hav e bee n creatin g a n intelligent ,  computer-based ,  learnin g environmen t  tha t  help s student s t o 

lear n abou t  th e behavio r  o f  electrica l  circuit s (Frederikse n &  White ,  1987 ;  Whit e &  Frederiksen ,  1986 , 

1987) .  T h e issue s tha t  hav e confronte d u s ar e relevan t  t o th e understandin g o f  an y physica l  system , 

includin g bot h designe d an d naturall y occurrin g systems .  B y presentin g th e evolutio n i n ou r  attempt s t o 

foste r  understanding ,  w/ e ca n rais e s o m e importan t  issue s concernin g wha t  i t  m e a n s t o understand ,  an d 

h o w t o g o abou t  facilitatin g understanding . 

"Causality", "mechanism", and "purpose" are perspectives that people often spontaneously impose 

on physica l  system s i n orde r  t o understan d ho w the y work .  Thes e perspective s contras t  wit h th e typ e o f 

constraint-based ,  quantitativ e reasonin g tha t  physicist s ofte n us e i n modellin g physica l  systems ,  an d tha t 

i s presente d t o student s i n physic s clas s an d textbooks .  Thi s lac k o f  connectio n betwee n students ' 

intuitiv e notion s o f  causa l  mechanism s an d quantitativ e circui t  theor y is ,  w e believe ,  on e reaso n wh y 

student s typicall y hav e s o m u c h difficult y understandin g th e behavio r  o f  electrica l  circuits . 

Our initial hypothesis was, therefore, that students would learn circuit theory more readily if it were 

introduce d i n th e for m o f  qualitative ,  causa l  model s o f  circui t  behavior .  Causa l  model s ca n simulat e 

domai n phenomena ,  an d ca n provid e a  m e a n s o f  linkin g mathematica l  formalism s t o thes e phenomena . 

I n addition ,  the y ca n introduc e student s t o th e basi c concepts ,  laws ,  an d causalit y o f  th e domain .  W h e n 

internalize d i n th e for m o f  menta l  models ,  the y ca n enabl e student s t o mentall y simulat e an d t o explai n 

domai n behavior .  Suc h menta l  model s ca n b e use d i n solvin g a  wid e rang e o f  interestin g problems ,  suc h 

as predictin g circui t  behavior ,  an d designin g an d troubleshootin g circuits .  T h e compute r  syste m w e buil t 

therefor e incorporate d causa l  model s tha t  coul d visuall y simulat e an d verball y explai n th e causalit y o f 

circui t  behavior .  Th e syste m w a s designe d t o provid e a n externa l  representatio n o f  th e menta l  model s 

tha t  w e wante d student s t o acquire . 

'Thi s researc h wa s funde d b y th e Arm y Researc h Institute ,  unde r  contrac t  MDA-903-87-C-0545 . 
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Causal  model s ca n embod y differen t  perspective s o n syste m operation .  Fo r  instance ,  suc h model s 

ca n reaso n abou t  circui t  behavio r  a t  wha t  migh t  b e calle d th e macroscopic ,  o r  phenomenologica l  level . 

That  is ,  the y ca n allo w reasonin g abou t  circui t  behavio r  throug h th e applicatio n o f  a  se t  o f  law s tha t 

gover n th e distributio n o f  voltage s an d current s withi n th e circuit .  On e ca n imagine ,  fo r  example ,  closin g 

a switc h an d hearin g a n explanatio n o f  ho w tha t  cause s voltage s t o b e applie d t o device s withi n th e 

circuit ,  an d ho w tha t  i n tur n cause s a  curren t  throug h a  devic e suc h a s a  ligh t  bulb ,  whic h cause s i t  t o b e 

on.  Alternatively ,  causa l  model s ca n represen t  th e behavio r  o f  circuit s a t  th e mor e microscopi c level .  Fo r 

instance ,  on e ca n imagin e seein g ho w electrica l  force s withi n a  circui t  ca n caus e mobile ,  charge d 

particle s t o b e redistribute d when ,  fo r  example ,  a  switc h i s closed .  Finally ,  causa l  model s ca n tak e th e 

for m o f  functiona l  models ,  whic h reaso n abou t  th e purpos e o f  th e circuit ,  an d ho w subsystem s withi n th e 

circui t  interac t  t o achiev e tha t  purpose .  Here ,  instea d o f  reasonin g abou t  device s a s potentia l  conductor s 

or  source s o f  voltage ,  on e reason s abou t  device s a s receivers ,  transformer s an d transmitter s o f 

information ,  an d th e causa l  propagatio n i s i n term s o f  informatio n flow ,  instea d o f  i n term s o f  electrica l 

charg e (Whit e &  Frederiksen ,  1987b) .  Th e questio n fo r  instructio n the n is :  whic h o f  thes e type s o f  causa l 

model s shoul d on e star t  wit h an d why ? Further ,  wh y havin g picke d on e o f  them ,  ar e ther e an y compellin g 

reason s fo r  introducin g th e others ? 

PHENOMENOLOGICAL MODELS 

We began by conducting studies of experts' reasoning about circuit behavior in the course of 

solvin g problem s suc h a s troubleshooting .  W e foun d tha t  expert s primaril y reaso n abou t  devic e states , 

and ho w a  chang e i n th e stat e o f  on e devic e ca n caus e change s i n th e state s o f  othe r  devices .  Whe n th e 

circuit s deal t  wit h wer e simpl e electhca l  circuit s suc h a s thos e foun d i n a n automotiv e electrica l  system , 

expert s employe d electrica l  concept s i n predictin g ho w a  chang e i n on e device' s stat e woul d propagat e 

it s effect s t o othe r  device s withi n th e circuit .  Thi s electrica l  reasonin g incorporate d th e ide a o f  causa l 

interaction s amon g devices ,  whic h ar e du e t o th e effect s o f  change s i n conductivit y o f  on e devic e o n 

voltage s applie d t o othe r  device s withi n a  circuit .  Th e expert s reasone d solel y abou t  whethe r  voltage s 

woul d b e presen t  o r  absen t  acros s devices ,  no t  abou t  incrementa l  change s i n thos e voltage s o r  abou t 

thei r  quantitativ e values . 

To model this type of reasoning, the model we created reasons about gross aspects of circuit 

behavior ,  suc h a s whethe r  o r  no t  ther e i s a  voltag e dro p acros s a  device .  Fo r  example ,  i n a  circui t 

containin g a  battery ,  a  switch ,  an d a  lightbulb ,  th e exper t  reason s tha t  (1 )  whe n yo u clos e th e switch ,  tha t 

change s th e conductivit y o f  th e switc h causin g a  redistributio n i n th e voltage s withi n th e circuit ,  (2 )  s o tha t 

no w ther e i s a  voltag e dro p acros s th e lightbulb ,  wherea s befor e ther e wa s not ,  (3 )  s o th e lightbul b goe s 

fro m bein g of f  t o bein g on .  I n creatin g thi s model ,  w e initiall y  adopte d wha t  migh t  b e calle d a  "devic e 

centered "  vie w o f  casuality .  Tha t  is ,  reasonin g abou t  th e effect s o f  a  chang e i n circui t  conductivit y wa s 

don e fro m th e perspectiv e o f  th e individua l  device s i n th e circuit .  Fo r  example ,  eac h devic e withi n a 

circui t  woul d as k "Wha t  effec t  woul d closin g tha t  switc h hav e o n m y behavior?" .  So ,  fo r  instance ,  th e 

lightbul b i n thi s cas e woul d sa y "Befor e th e switc h wa s closed ,  I  didn' t  hav e a  goo d fee d pat h t o th e 

battery ,  an d no w whe n th e switc h i s closed ,  I  d o hav e a  goo d fee d path ,  an d I  als o hav e a  goo d retur n 

path ,  s o I  hav e a  voltag e dro p acros s me ,  s o I  wil l  b e on" .  W e foun d tha t  suc h a  mode l  i s eas y t o lear n 

and i s usefu l  fo r  introducin g basi c ideas ,  lik e th e concep t  o f  a  circuit . 

One of the drawbacks of the device-centered model, however, is that it doesn't map readily to basic 

circui t  law s (suc h a s Kirchhoff' s  Laws )  whic h ar e importan t  i n quantitativ e circui t  analysis .  Thes e law s 

may b e though t  o f  a s processe s whic h gover n th e distributio n o f  voltage s an d current s withi n a n electrica l 
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circuit .  W e therefor e wen t  o n t o conside r  a n alternativ e perspectiv e (  Forbus ,  1985 )  i n whic h th e concep t 

of  "process "  i s regarde d a s centra l  t o understandin g ho w system s work .  Fo r  instance ,  yo u coul d reaso n 

tha t  whe n yo u clos e a  switch ,  ther e i s a  chang e i n th e switch' s conductivity ,  whic h initiate s a  "voltag e 

redistributio n process* .  Instea d o f  lookin g a t  wha t  i s goin g o n fro m th e perspectiv e o f  eac h device ,  thi s 

redistributio n proces s i s ru n wheneve r  a  devic e change s state .  Then ,  al l  device s withi n th e effecte d par t 

of  th e circui t  simpl y as k whethe r  th e voltag e dro p acros s the m ha s changed ,  an d i f  i t  has ,  the y alte r  thei r 

state s appropriately .  Th e voltag e redistributio n proces s take s th e for m o f  a  se t  o f  qualitativ e rule s suc h 

as,  "I f  yo u hav e a  circui t  wit h a n ope n i n it ,  th e onl y voltag e dro p i n tha t  circui t  wil l  b e acros s th e open . 

Whereas ,  i f  yo u hav e a  circui t  tha t  i s  a  complet e conductiv e loop ,  ther e wil l  b e voltag e drop s acros s 

resistiv e device s i n tha t  circuit. "  Thes e rule s are ,  i n effect ,  qualitativ e expression s o f  th e circui t  law s o f 

quantitativ e circui t  theory .  Student s ca n b e easil y motivate d t o develo p thi s new ,  "process "  perspectiv e 

by presentin g the m wit h circuit s (e.g. ,  lon g serie s circuits )  fo r  whic h th e devic e centere d approac h i s 

extremel y tediou s an d inefficient .  Fo r  thes e circuits ,  th e process-centere d mode l  represent s a  much -

neede d simplification . 

Each of these alternative phenomenological models represents a different perspectives on circuit 

causality .  Thus ,  i n additio n t o bein g introduce d t o som e fundamenta l  concept s abou t  circuits ,  suc h a s 

voltage ,  conductivity ,  an d th e basi c ide a o f  circuit ,  student s lear n tha t  ther e i s mor e tha n on e wa y t o 

approac h modellin g circui t  behavio r  tha t  i s  consisten t  wit h th e fundamenta l  concepts .  I n eac h approach , 

we impose d a  causalit y ont o th e behavio r  o f  circuits ,  suc h a s a  chang e i n conductivit y ca n caus e a 

chang e i n voltage ,  an d a  chang e i n voltag e ca n caus e a  chang e i n devic e state .  Thi s causalit y map s 

nicel y t o idea s abou t  electrica l  forc e an d th e behavio r  o f  charg e carrier s withi n a  circuit ,  a s wel l  a s t o 

quantitativ e circui t  analysis .  However ,  ther e ar e seriou s limitation s t o onl y presentin g studen t  wit h suc h 

phenomenologica l  circui t  models .  I n particular ,  whe n expose d t o thes e kind s o f  causa l  models ,  student s 

woul d onl y hav e shallo w answer s t o importan t  question s suc h as ,  "Wha t  i s a  voltag e drop ,  an d ho w d o 

voltage s ge t  redistribute d withi n a  circuit? "  Beyon d th e se t  o f  rule s fo r  determinin g th e distributio n o f 

voltages ,  student s hav e n o deepe r  sens e o f  wha t  i s goin g o n i n a  circuit .  On e o f  th e reason s fo r  thi s 

shallownes s (whic h i s als o a  characteristi c o f  quantitativ e circui t  models )  i s  tha t  i n creatin g th e voltag e 

redistributio n process ,  w e ha d use d qualitativ e version s o f  th e stead y stat e circui t  laws ,  i.e. .  Ohm' s La w 

and Kirchhoff' s  Voltag e Law .  Unfortunately ,  i f  yo u us e stead y stat e law s t o determin e wha t  th e nex t 

stead y stat e wil l  be ,  yo u hav e no t  reduce d th e proces s t o fundamenta l  principle s lik e F = m a (predictin g th e 

effect s o f  electrica l  force s o n th e movemen t  o f  charge d particles) . 

REDUCTIONISTIC, PHYSICAL MODELS 

We decided that we needed to unpack the voltage redistribution process via a dynamic physical 

model .  Thi s mode l  woul d introduc e a  simpl e causa l  mechanis m tha t  woul d driv e th e process .  Th e causa l 

mechanis m woul d b e base d o n wha t  diSess a (1983 )  refer s t o a s phenomenologica l  primitives ,  i.e. ,  thing s 

tha t  yo u ca n experienc e wit h you r  ow n body ,  suc h a s pushe s an d pull s an d a  sens e o f  equilibrium . 

Furthermore ,  i t  woul d b e base d o n mor e fundamenta l  physica l  law s suc h a s F=m a an d Coulomb' s Law , 

rathe r  tha n o n th e stead y stat e circui t  laws .  Anothe r  importan t  propert y o f  thi s mode l  woul d b e tha t  b y 

watchin g thi s physica l  mechanis m run ,  th e stead y "stat e circui t  law s woul d emerge .  I n othe r  words ,  i t 

woul d b e a  mode l  base d o n Coulomb' s Law ,  an d Ohm' s an d Kirchhoff' s  Law s woul d b e emergen t 

propertie s o f  th e physica l  proces s embedde d i n th e model . 

It is interesting to note that when we surveyed physics text books, electrical engineering text books, 

and technica l  tex t  book s tha t  ar e use d i n trainin g electrica l  technicians ,  w e wer e unabl e t o fin d suc h a 
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d y n a m i c physica l  mode l .  I n t w o a d v a n c e d physic s tex t  books ,  w e di d fin d a  mathematica l  derivatio n o f 

h o w y o u c a n star t  wit h F = m a a n d ge t  O h m ' s L a w ,  bu t  thes e derivation s stil l  focuse d o n reasonin g directl y 

abou t  th e propertie s o f  circuit s i n a  stead y state ,  no t  abou t  transien t  p h e n o m e n a .  T h e fac t  tha t  w e didn' t 

fin d suc h a  m e c h a n i s m presente d i n an y o f  th e tex t  b o o k s suggest s that ,  fro m th e perspectiv e o f 

physicists ,  eithe r  i t  i s  unnecessar y t o develo p suc h a  m o d e l  o f  transien t  p h e n o m e n a withi n circuits ,  o r 

suc h d y n a m i c m o d e l s ar e s o c o m p l e x a s t o confus e rathe r  tha n enlighten .  H o w e v e r ,  whil e suc h transien t 

m o d e l s ar e no t  availabl e fo r  electricity ,  the y ar e fairl y c o m m o n i n th e stud y o f  g a s diffusio n a n d hea t  flow . 

Moreover ,  whil e physicist s m a y accep t  abstract ,  algebrai c derivation s o f  circui t  law s withou t  an y 

necessar y lin k t o a  transient ,  physica l  mode l ,  i n th e initia l  stage s o f  learnin g m o s t  student s fin d tha t 

mathemat ica l  abstraction s a n d algebrai c derivation s m a k e s e n s e onl y afte r  th e d o m a i n i s understoo d i n 

causa l  terms .  I f  a  d y n a m i c m o d e l  i s no t  supplied ,  the y wil l  attemp t  t o buil d thei r  o w n ,  o r  t o interpre t  th e 

circui t  law s i n te rm s o f  thei r  prio r  conception s o f  electricity . 

We therefore focused on creating a model that would embody a simple mechanism which would 

hel p peop l e t o understan d th e origin s o f  circui t  behavio r  suc h th e voltag e redistributio n process .  T h e 

m o d el  i s b a s e d o n a  simplificatio n o f  Cou lomb ' s la w i n whic h w e quantiz e distanc e b y dividin g resistor s u p 

int o littl e slices .  W e als o ignor e surfac e charge s a n d regar d th e resisto r  a s essentiall y  o n e dimensional . 

Withi n e a c h slic e o f  th e resistor ,  w e represen t  th e charg e o f  tha t  slice .  Fo r  examp le ,  th e middl e slic e (wit h 

th e hole s fille d wit h m inuses )  s h o w n i n Figur e 1  i s neutral ,  th e o n e o n th e right  ha s a  negativ e charge , 

a n d th e o n e o n th e lef t  h a s a  positiv e charge .  T h e s e circle s a n d m inuse s ar e no t  m e a n t  t o represen t 

individua l  a t o m s a n d electrons .  T h e y ar e jus t  a  representatio n o f  th e charg e o f  tha t  slice .  I f  yo u prefer , 

y o u c a n thin k o f  t h e m a s bein g replace d wit h a  n u m b e r ,  s o th e middl e slic e h a s a  charg e o f  0 ,  th e right  i s 

-5 ,  a n d th e lef t  slic e i s + 5 .  N o w i f  yo u pu t  tw o o f  thes e slice s nex t  t o o n e another ,  a n d i f  ther e i s a 

differenc e i n thei r  charge ,  the n ther e wil l  b e a n electrica l  forc e exerte d o n charge d particle s withi n th e tw o 

adjacen t  slices .  Thi s ca n b e though t  o f  a s d u e t o th e negativ e charge s repellin g o n e anothe r  an d th e 

positiv e charge s attractin g th e negativ e charges .  T h e s e force s wil l  accelerat e th e mobil e charge s (th e 

m inuses ) ,  causin g t h e m t o migrat e (i.e. ,  b e redistributed )  fro m th e relativel y m o r e negativel y charge d slic e 

t o th e m o r e positivel y charge d slic e unti l  bot h slice s h a v e th e s a m e charge . 
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Figur e 1 .  Slice s o f  a  resistor . 

We can increase the resistance of a resistor by putting more and more of these slices next to one 

another .  W e m o d e l  a  batter y b y simpl y sayin g tha t  i t  i s  a  devic e whic h maintain s a  constan t  positiv e 

charg e o n o n e o f  it s  terminals ,  an d a  constan t  negativ e charg e o n th e othe r  o f  it s  terminals .  T h e n ,  fo r 

e x a m p l e ,  i f  yo u attac h th e negativ e termina l  o f  a  batter y t o o n e e n d o f  a  resisto r  a  resisto r  a s i n Figur e 2 

(s o y o u don' t  h a v e a  complet e circuit) ,  yo u ca n watc h w h a t  h a p p e n s ove r  time .  Withi n th e mode l ,  tim e i s 

als o quantized .  Withi n e a c h tim e interval ,  a  certai n proportio n o f  mobil e charge s wil l  b e redistributed ,  th e 
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actua l  n u m b e r  depend in g o n th e differenc e i n charg e b e t w e e n th e t w o adjacen t  slices .  A s thi s m o d e l 

runs ,  o n e c a n s e e tha t  o n eac h tim e increment ,  adjacen t  slice s g o par t  w a y toward s reachin g equilibnum . 

I n thi s w a y ,  o n e c a n watc h th e sys te m settl e d o w n int o a  final ,  stead y state .  I n thi s case ,  ther e wil l  b e n o 

voltag e dro p acros s th e resisto r  a n d th e sourc e voltag e wil l  b e deve lope d acros s th e o p e n s e g m e n t  o f  th e 

circuit .  Furthermore ,  i f  yo u pu t  togethe r  a  complet e circuit ,  lik e th e o n e s h o w n i n Figur e 3 ,  a n d le t  th e 

proces s ru n unti l  i t  reache s a  stead y state ,  yo u s e e h o w yo u ge t  O h m ' s L a w a n d Kirchhoff' s  L a w s fro m a 

sys te m tha t  b e h a v e s i n accordanc e wit h Cou lomb ' s L a w .  Thi s i s  a  nic e e x a m p l e o f  h o w yo u c a n star t 

wit h s o m e ver y simpl e idea s abou t  attraction ,  repulsion ,  an d equilibnum ,  a n d s h o w h o w a  sys te m tha t 

operate s accordin g t o a  m e c h a n i s m b a s e d o n thes e idea s wil l  settl e d o w n int o a  stead y stat e tha t  o b e y s 

O h m ' s L a w a n d Kirchhoff' s  L a w s . 
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Figur e 2 .  A n ope n circuit . 
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Figur e 3 .  A  series-paralle l  circuit . 

Thi s m o d e l  m a k e s th e qualitativ e mode l s describe d earlie r  " m a k e sense" .  I t  provide s a  s e n s e o f 
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mechanism ,  s o tha t  th e macroscopi c models ,  combine d wit h thi s unpackin g o f  th e voltag e redistributio n 

process ,  provid e a  coherent ,  althoug h simplified ,  vie w o f  ho w circuit s work .  Thi s mode l  is ,  however ,  fa r 

fro m "complete" .  Firstly ,  ther e i s n o mode l  provide d t o explai n ho w electrica l  forc e get s produce d b y a 

battery .  Secondly ,  th e hole s an d minuse s ar e no t  mean t  t o represen t  individua l  atom s an d electrons . 

Instea d the y provid e a  representatio n o f  th e charg e o f  eac h slic e o f  a  resistor .  And ,  unles s yo u actuall y 

represen t  th e individua l  electron s an d animat e the m b y showin g the m movin g an d bumpin g int o atoms , 

yo u d o no t  ge t  a  goo d sens e o f  wha t  resistanc e is .  So ,  on e coul d hypothesiz e tha t  w e nee d t o unpac k 

on e mor e level ,  an d sho w th e behavio r  o f  atom s an d electrons .  However ,  w e argu e tha t  thi s i s 

unnecessary .  Peopl e alread y hav e goo d intuition s abou t  resistance .  Th e har d an d ke y idea s ar e voltag e 

dro p an d th e proces s b y whic h voltage s ge t  redistributed .  Thi s mode l  represent s tha t  concep t  an d 

proces s succinctly . 

By interacting with such models, students can also come to appreciate some important distinctions 

among physica l  theories :  Th e law s tha t  ar e use d t o describ e th e stead y stat e ar e usuall y redundant . 

They are ,  i f  yo u will ,  multipl e constraint s o n th e configuratio n o f  charge s i n th e stead y state .  Give n thei r 

redundancy ,  i f  severa l  statement s ar e given ,  on e ca n deriv e th e remainin g one s (thi s i s a n exampl e o f 

constraint-base d reasoning) .  I n thi s way ,  student s ca n b e introduce d t o constraint-base d reasonin g i n a 

qualitativ e for m a s a  precurso r  t o it s algebrai c forms .  I n general ,  student s ca n com e t o appreciat e 

epistemologica l  distinction s amon g form s o f  physica l  theorie s an d way s o f  reasoning ,  an d lear n ho w the y 

ca n exis t  sid e b y sid e a s alternativ e way s o f  viewin g th e physica l  world . 

Another interesting property of this process model emerged when describing it to physicists. We 

woul d say ,  "Thi s i s a  diffusio n mode l  whic h represent s a  firs t  approximatio n t o wha t  happen s i n electrica l 

circuits .  I t  i s  th e kin d o f  mode l  tha t  yo u migh t  use ,  fo r  example ,  t o explai n hea t  flo w t o someone. "  Th e 

physicis t  woul d say ,  "  O h yes ,  yo u coul d us e i t  t o explai n wha t  happen s i n gase s a s well" .  Thes e 

discussion s implie d tha t  ther e ar e a  smal l  numbe r  o f  ke y processes ,  lik e thi s diffusio n process .  Thes e 

key processe s ar e understandabl e becaus e the y ca n b e grounde d i n phenomenologica l  primitive s (i.e. , 

ca n introduc e a  simpl e mechanis m tha t  relate s t o thing s yo u ca n d o wit h you r  ow n body) .  The y als o hav e 

th e propert y tha t  the y ca n b e use d t o hel p student s understan d a  wid e rang e o f  physica l  domains .  Thu s 

the y ca n pla y a  ke y rol e i n enablin g student s t o learn . 

CONCLUSIONS 

To summarize the viewpoint that has evolved in this research: We hypothesize that students need 

t o star t  wit h a  dynamic ,  physica l  mode l  tha t  provide s a  sens e o f  mechanis m an d introduce s domai n 

causality .  Suc h model s are ,  however ,  no t  particularl y usefu l  fo r  proble m solving .  Thus ,  i n addition ,  on e 

need s t o acquir e mor e abstract ,  behaviora l  model s tha t  ar e reasonin g a t  a  mor e macroscopi c level .  A t 

th e level ,  fo r  example ,  o f  switche s closin g causin g light s t o g o o n an d off .  Thes e kind s o f  model s ar e 

usefu l  no t  onl y fo r  understanding ,  bu t  als o fo r  proble m solving ,  an d nee d t o b e introduce d i n bot h 

qualitativ e an d quantitativ e forms .  However ,  causalit y an d mechanis m ar e no t  th e onl y perspective s tha t 

peopl e emplo y t o understan d ho w system s work .  Ther e i s anothe r  perspectiv e tha t  peopl e ofte n impos e 

on physica l  systems ,  an d tha t  i s th e perspectiv e o f  "purpose" :  Wha t  i s th e syste m designe d t o do ,  an d 

ho w d o th e subsystem s withi n i t  wor k togethe r  t o achiev e tha t  purpose ? Thi s represent s a n importan t 

way o f  comin g t o understan d systems ,  particularl y i n th e cas e o f  designe d artifacts ,  an d w e hav e bee n 

doin g furthe r  researc h concernin g ho w t o introduc e functiona l  model s int o ou r  intelligen t  learnin g 

environment . 
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The intelligen t  learnin g environmen t  incorporatin g a  progressio n o f  qualitativ e model s ha s bee n 

trie d ou t  wit h seve n subjects .  I t  wa s successfu l  i n al l  seve n case s i n enablin g novice s t o mentall y 

simulat e an d t o troubleshoo t  circuits .  Whe n subject s wer e no t  provide d wit h a  versio n o f  th e 

reductionistic ,  physica l  model ,  the y spontaneousl y invente d thei r  ow n reductionisti c explanation s whic h 

wer e incorrec t  an d usuall y inconsisten t  wit h th e causalit y embedde d i n th e macroscopi c model s (Whit e & 

Frederiksen ,  1987b) . 

In helping students to acquire this set of mental models, we have the same objectives that 

physicist s hav e i n evolvin g suc h models :  W e wan t  student s t o posses s a  se t  o f  coheren t  model s tha t  wil l 

enabl e the m t o predic t  an d understan d wha t  wil l  happe n acros s a  wid e rang e o f  domai n phenomena .  I n 

th e cas e o f  electrica l  circuits ,  th e model s w e hav e describe d allo w student s t o mentall y simulat e circui t 

behavio r  fro m different ,  bu t  coordinated ,  perspectives .  Fo r  instance ,  th e causalit y o f  ou r  microscopi c 

model s i s consisten t  wit h tha t  o f  ou r  macroscopi c model s o f  circui t  behavior .  Student s ca n emplo y thi s 

set  o f  model s t o mak e prediction s abou t  circui t  behavior ,  a s wel l  a s t o desig n an d troubleshoo t  circuits . 

The model s thu s provid e a  coherent ,  linked ,  knowledg e structur e tha t  ca n generaliz e acros s a  rang e o f 

situation s t o solv e problem s an d t o generat e explanations . 
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