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Our  objectiv e ha s bee n t o determin e whethe r  woiî in g 
wit h reductionisti c model s reduce s students '  mis -
conceptions ,  an d increase s th e coherenc e an d flexibilit y o f 
thei r  expertis e a s the y solv e problem s an d generat e expla -
nations .  W e conducte d experimenta l  trial s o f  a n interac -
tiv e learnin g environmen t  tha t  provide s model s o f  circui t 
behavior .  I n thes e trials ,  w e examine d students '  perfor -
mance o n a  variet y o f  circui t  problem s befor e an d afte r 
the y worke d wit h eithe r  (a )  a  "transport "  mode l  alone ,  o r 
(b )  th e transpor t  mode l  augmente d wit h explanation s o f  it s 
processe s i n term s o f  a  "particle "  model .  Th e posttes t  re -
sult s revea l  that ,  whil e bot h group s performe d wel l  o n a 
wid e rang e o f  tasks ,  student s w h o receive d th e particle -
model  explanation s achieve d highe r  level s o f  performanc e 
on task s tha t  requir e a n understandin g o f  voltag e an d it s 
distribution .  W e conjectur e tha t  thi s i s  du e t o th e particl e 
model  providin g student s wit h a  mechanisti c mode l  fo r 
charg e distributio n tha t  i s consisten t  wit h th e behavio r  o f 
th e transpor t  mode l  an d tha t  inhibit s th e constructio n an d 
use o f  certai n c o m m o n misconceptions . 

Introduction 

Computer-base d model s ca n embod y differen t  perspec -
tive s o n syste m operation .  Fo t  instance ,  model s ca n reaso n 
abou t  circui t  behavio r  a t  th e macroscopi c level ;  tha t  is , 
the y ca n incorporat e 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 a  circuit . 
Alternatively ,  the y ca n represen t  th e behavio r  o f  circuit s a t 
a mor e microscopi c level .  Fo r  instance ,  on e ca n imagin e 
seein g h o w electrica l  force s withi n a  circui t  caus e mobil e 
charge d particle s t o b e redistribute d when ,  fo r  example ,  a 
switc h i s closed .  W h e n internalized ,  suc h model s enabl e 
student s t o simulat e mentall y an d t o explai n domai n 
behavio r  (Centne r  &  Stevens ,  1983 ;  Spoeh r  & .  Horvath ,  i n 
press) . 

Our  hypothesi s i s tha t  physica l  domains ,  suc h a s elec -
trica l  circuits ,  canno t  b e understoo d fro m a  singl e perspec -
tive ,  rather ,  the y mus t  b e conceptualize d fro m multipl e 
perspectives .  Further ,  i n orde r  fo r  expertis e t o hav e ex -
planator y dept h an d consistency ,  thes e alternativ e per -
spective s mus t  cohere .  Th e questio n w e thu s addres s i s 
h o w ca n a  se t  o f  model s b e designe d t o sho w th e linkag e 
betwee n microscopi c an d macroscopi c conceptualization s 
of  syste m behavior ? Further ,  doe s workin g wit h suc h a  se t 
of  linked ,  reductionisti c model s hel p student s t o understan d 
and reaso n abou t  th e behavio r  o f  elecuica l  circuits ? 

I n thi s article ,  w e introduc e thre e perspective s o n circui t 
behavior :  (1 )  microscopic ,  (2 )  macroscopic ,  an d (3 ) 
intermediat e (whic h model s circui t  behavio r  a t  a  leve l  tha t 
i s  intermediar y betwee n th e othe r  tw o ~  se e Whit e 199 3 
f w a  discussio n o f  "intermediat e models") . 

1. The Microscopic Perspective -- reasoning about 
interaction s a m o n g particles .  Th e firs t  conceptualizatio n 
we introduce ,  calle d th e "particl e model, "  focuse s o n th e 
behavio r  o f  mobile ,  charge d particle s withi n a  conductiv e 
mediu m an d thei r  change s i n positio n an d distributio n ove r 
time .  I n thi s model ,  conductiv e material s ar e divide d int o 
smal l  slices ,  an d th e primitiv e proces s i s  th e C o u l o m b 
interactio n betwee n particle s (lik e charge s repel ,  unlik e 
charge s attract) .  Thus ,  i f  on e put s tw o slice s nex t  t o on e 
another ,  an d i f  ther e i s a  differenc e i n thei r  initia l  ne t 
charges ,  the n ther e wil l  b e a n electrica l  forc e exerte d o n th e 
charge d particle s withi n th e tw o adjacen t  slices .  Thi s ca n 
be though t  o f  a s du e t o th e negativ e charge s repellin g on e 
anothe r  an d th e positiv e charge s attractin g th e negativ e 
charges .  Thes e force s wil l  accelerat e th e mobil e charge s 
(i.e. ,  th e electrons) ,  causin g the m t o migrat e (i.e. ,  b e 
redistributed )  fro m th e mcM- e negativel y charge d slic e t o th e 
mor e positivel y charge d slic e unti l  bot h slice s hav e th e 
same ne t  charge .  Th e mode l  ca n b e elaborate d t o explai n 
resistanc e i n term s o f  obstacle s tha t  affec t  th e motio n o f 
charge d particles . 

2. The Intermediate Perspective ~ reasoning about 
loca l  flo w o f  charge .  I n orde r  fo r  student s t o investigat e 
th e propertie s o f  a  syste m tha t  incorporate s a  mechanis m 
lik e th e Cou lom b interaction ,  i t  i s  usefu l  t o m o v e t o a 
highe r  leve l  o f  abstraction .  T o facilitat e suc h investiga -
tions ,  w e create d th e "transpor t  model, "  whic h incorporate s 
a mor e abstrac t  representatio n o f  th e charg e o f  a  slic e (th e 
vertica l  bar s show n i n Figiu- e 1 )  an d o f  th e flo w o f  charg e 
fro m on e slic e t o anothe r  (th e horizonta l  arrow s show n i n 
Figur e 1) .  Fo r  instance .  Figur e 1  show s tw o slice s o f  a 
resistor ;  th e resisto r  slic e o n th e lef t  i s  neutra l  an d th e on e 
on th e righ t  ha s a  negativ e charge .  I f  on e connect s thes e 
tw o resisto r  slices ,  on e ca n watc h wha t  happen s ove r  time . 
Th e primitiv e proces s i n thi s mode l  i s a  transpor t  o r  "local -
flow"  proces s tha t  govern s th e movemen t  o f  charg e withi n 
eac h tim e interval .  (I n th e model ,  tim e i s quantize d a s 
discret e intervals. )  I n eac h interval ,  th e amoun t  o f  charg e 
moved depend s o n th e differenc e i n charg e betwee n 
adjacen t  slices .  A s thi s mode l  runs ,  on e ca n se e tha t  i n 
eac h tim e increment ,  adjacen t  slice s g o par t  wa y toward s 
reachin g equilibrium .  B y observin g thi s process ,  on e ca n 
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watc h th e syste m settl e int o a  stead y state .  T h u s ,  i n th e 
e x a m p l e s h o w n i n Figur e 1 ,  initiall y  ther e i s a  larg e 
differenc e i n th e charg e densit y o f  th e t w o slices ,  an d thi s 
cause s a  larg e curren t  flow  betwee n th e t w o slices .  A s o n e 
continue s t o ste p throug h time ,  o n e see s tha t  th e differenc e 
i n charg e densit y o f  th e t w o slice s b e c o m e s smalle r  a n d 
smalle r  a n d th e curren t  f lo w b e t w e e n th e t w o slice s 
b e c o m e s correspondingl y smalle r  an d smalle r  unti l  Anall y 
th e t w o slice s hav e th e s a m e charg e densit y an d curren t  n o 
longe r  flows.  B y th e us e o f  thi s representation ,  an d 
steppin g throug h t ime ,  o n e c a n infe r  th e simpl e causa l 
relationshi p tha t  th e large r  th e differenc e i n charg e 
densitie s o f  adjacen t  slices ,  th e greate r  th e curren t  flow 
betwee n thos e t w o slices . 
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Figur e 1 .  Usin g th e transpor t  mode l  t o illustrat e charg e 
redistributio n acros s time .  Th e mode l  use s th e differenc e 
equation :  flow(t )  =  k  x  Acharge(t )  wher e Acharg e i s th e 
differenc e i n charg e betwee n connecte d slice s a t  tim e t 
and flo w i s th e amoun t  o f  charg e transfe r  a t  tim e t .  Th e 
paramete r  k  i s se t  t o . 2 i n th e simulation .  Not e tha t  ther e 
i s n o distinctio n betwee n amoun t  o f  charg e an d charg e 
densit y i n thi s mode l  sinc e al l  o f  th e slice s o f  conductiv e 
materia l  ar e th e sam e size . 

With this model, one can increase the resistance of a 
resisto r  b y puttin g mor e an d mor e o f  thes e slice s nex t  t o 
on e anotho- .  Th e charg e o n a  give n slic e affect s onl y thos e 
of  adjacen t  slices ;  i t  doe s no t  affec t  th e charge s o n slice s 
tha t  ar e furthe r  awa y fro m it .  (Th e mechanis m ignore s 
impaction s amcMi g widel y separate d charges. )  A  batter y i s 
modelle d a s a  devic e tha t  react s t o maintai n a  constan t 
differenc e i n charg e betwee n it s positiv e an d negativ e 
terminals .  I f  on e assemble s thes e component s int o a 
complet e circui t  lik e th e on e show n i n Figur e 2  an d let s th e 
proces s run ,  th e proces s ca n b e see n t o eventuall y reac h a 

stead y stat e i n whic h th e distributio n o f  charg e throughou t 
th e circui t  ha s stabilized .  B y observin g thi s proces s run , 
on e ca n se e h o w Ohm' s la w an d Kirchhof f  s  law s emerg e 
fro m a  syste m tha t  behave s i n accordanc e wit h thi s local -
flow  mechanism .  I n th e exampl e presente d i n Figur e 2 ,  th e 
equilibriu m wil l  b e a  dynami c equilibriu m (unlik e tha t 
show n i n Figur e I) :  Th e ne t  charg e o n a  slic e o f  a  resisto r 
wil l  remai n th e same ,  no t  becaus e ther e i s n o longe r  a 
curren t  flowing,  bu t  becaus e th e curren t  flow  int o eac h 
slic e wil l  exactl y equa l  tha t  leavin g th e slice .  Thus , 
Kirchhof f  s  curren t  la w emerge s fro m th e behavio r  o f  th e 
simulation .  I n thi s way ,  th e transpor t  mode l  (base d o n th e 
local-flo w equation )  provide s a  mode l  o f  transien t  a s wel l 
as steady-stat e circui t  behavio r  an d thereb y illustrate s th e 
origin s o f  th e steady-stat e circui t  laws . 
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Figur e 2 .  Th e transpor t  mode l  applie d t o a  simpl e circui t 
containin g a  batter y an d a  resistor .  Not e tha t  m a n y tim e 
step s hav e occurre d befor e stead y stat e i s reached . 

3. The Macroscopic Perspective - reasoning about 
steady-stat e circui t  behavior .  I n orde r  t o solv e a  w id e 
rang e o f  circui t  problem s (suc h a s circui t  desig n an d pre -
dictio n prob lems) ,  student s nee d t o deriv e principle s o r 
rule s tha t  enabl e t he m t o determin e steady-stat e circui t 
behavior .  Student s ca n w o r k wit h th e transpor t  m o d e l  t o 
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develo p suc h rule s i n qualitativ e o r  quantitativ e form .  Fo r 
instance ,  i n ou r  prio r  instructiona l  researc h (Whit e & 
Frederiksen ,  1990) ,  w e create d computer-base d model s 
tha t  us e qualitativ e rule s t o reaso n abou t  circui t  behavio r  a t 
th e macroscopi c level .  Thes e model s determin e th e 
distributio n o f  voltage s withi n a  circui t  vi a a  se t  o f  qualita -
tiv e rule s o f  th e for m "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 resis -
tiv e device s i n tha t  circuit. "  Th e rule s are ,  i n effect ,  quali -
tativ e expression s o f  th e law s o f  quantitativ e circui t  theory . 
Student s i n th e presen t  stud y ha d t o develo p suc h rule s 
fro m workin g wit h th e transpor t  mode l  (a s oppose d t o 
workin g wit h qualitativ e o r  quantitativ e model s tha t 
explicitl y  articulat e suc h rules) . 

Together, this set of reductionistic and macroscopic 
perspective s provide s a  hierarchica l  decompositio n suc h 
tha t  emergen t  behavior s a t  on e leve l  o f  th e hierarch y be -
come th e primitiv e processe s fo r  reasonin g a t  th e next , 
highe r  level .  Th e lowe r  leve l  model s provid e a n explana -
tio n fo r  (the y unpack )  processe s tha t  ar e considere d primi -
tive s withi n th e highe r  leve l  models .  Fo r  example ,  withi n 
th e particl e model ,  particle s ar e see n t o migrat e ove r  tim e 
int o adjacent ,  connecte d region s o f  a  circui t  a t  a  rat e tha t  i s 
proportiona l  t o th e differenc e i n charg e densitie s betwee n 
th e regions .  Thi s process ,  represente d a t  a  highe r  leve l  o f 
abstraction ,  become s th e primitiv e proces s governin g th e 
flo w o f  charg e withi n th e transpor t  model .  Likewise , 
withi n th e transpor t  model ,  voltage s hav e a  certai n 
distributio n acros s a  resistiv e networ k whe n th e mode l 
reache s a  stead y state .  Rule s fo r  describin g thes e 
outcomes ,  i n turn ,  gover n th e reasonin g tha t  operate s a t  th e 
nex t  leve l  i n th e hierarchy ,  tha t  is ,  macroscopi c reasonin g 
abou t  steady-stat e circui t  behavior . 

W h en w e surveye d physic s textbooks ,  electrical-engi -
neerin g textbooks ,  an d technica l  textbook s (use d i n train -
in g electrica l  technicians) ,  w e wer e unabl e t o find a  dy -
namic ,  physica l  mode l  suc h a s th e transpor t  mode l 
(Frederikse n &  White ,  1992) .  Th e fac t  tha t  w e di d no t  find 
suc h a  mechanis m presente d i n an y o f  th e textbook 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 a  mode l  o f  transien t  phenomen a 
withi n D C circuits ,  o r  tha t  suc h models ,  presente d i n th e 
for m o f  differentia l  equations ,  ar e s o comple x tha t  the y 
confus e rathe r  tha n enlighten . 

However ,  whil e physicist s m a y accep t  abstract ,  alge -
brai c presentation s o f  circui t  laws ,  mos t  student s find  tha t 
mathematica l  abstraction s mak e sens e onl y afte r  the y un -
derstan d th e domai n i n mechanisti c terms .  I f  a  dynamic . 
physica l  mode l  i s no t  supplied ,  the y wil l  attemp t  t o inven t 
thei r  own .  o r  t o interpre t  circui t  behavio r  i n term s o f  thei r 
prio r  conception s o f  electricit y (Collins ,  1985 ;  Whit e & 
Frederiksen ,  1990) .  I n eithe r  case ,  misconception s an d 
inconsistencie s develop .  Fo r  instance ,  on e prevalen t  mis -
conc^tio n i s th e "current-as-agen t  model "  i n whic h bat -
terie s ar e viewe d a s curren t  sources ,  rathe r  tha n voltag e 
sources ,  an d curren t  seek s th e pat h o f  leas t  resistanc e a s i t 
finds  a  wa y throug h a  circui t  (Cohen ,  Eylon ,  &  Ganiel , 

1983) .  O u r  hypothesi s i s tha t  th e formatio n an d us e o f 
suc h misconception s ca n b e avoide d i f  student s ar e pre -
sente d wit h a n alternative ,  causa l  accoun t  o f  circui t  dy -
namics .  Fo r  thes e reasons ,  w e create d th e particl e an d 
transpor t  models ,  tha t  eac h embod y simpl e mechanisms ,  t o 
hel p student s acquir e dynamic ,  physica l  model s fo r  th e 
origin s o f  steady-stat e circui t  behavior .  Introducin g stu -
dent s t o th e particl e and/o r  transpor t  models ,  whic h diffe r 
i n leve l  o f  mechanis m an d degre e o f  abstractness ,  wil l  al -
lo w u s t o investigat e thi s hypothesi s an d t o determin e th e 
characteristic s tha t  conceptua l  model s nee d t o posse s t o 
enabl e student s t o acquir e coherent ,  flexibl e expmise . 

Experimental Trials 

We ar e conductin g experimenta l  trial s o f  a  compute r 
environmen t  tha t  embodie s thi s se t  o f  models .  I n thes e 
trials ,  w e ar e varyin g th e numbe r  o f  hierarchica l  model s 
tha t  ar e give n t o group s o f  subjects .  Th e purpos e o f  th e 
researc h i s t o determin e th e propertie s o f  model s tha t  foste r 
learnin g and ,  mor e specifically ,  t o investigat e whethe r 
learnin g a  reductionisti c mode l  (o r  models )  (a )  reduce s 
students '  misconceptions ,  particularl y thei r  adherenc e t o 
th e current-as-agen t  model ,  an d (b )  increase s th e coherenc e 
an d flexibility  o f  thei r  knowledg e a s the y solv e circui t 
problem s an d explai n circui t  phenomena .  Th e experimen t 
reporte d her e involve d a  compariso n o f  students ' 
performanc e o n a  variet y o f  circui t  problem s befor e an d 
afte r  the y ha d learne d eitiie r  (a )  th e transpor t  mode l  alon e 
(th e T M group) ,  o r  (b )  th e transpor t  mode l  augmente d wit h 
explanation s o f  it s  processe s i n term s o f  th e particl e mode l 
(th e P M group) .  W e compare d performanc e o n problem s 
fo r  whic h th e current-as-agen t  mode l  i s sufficien t  wit h 
performanc e o n problem s tha t  requir e a  ful l  understandin g 
of  h o w voltage s ar e create d an d distribute d withi n a  circuit . 

Subjects. The TM group and die PM group included 
10 an d 9  subjects ,  respectively .  Th e subject s wer e al l  un -
dergraduate s a t  B row n Universit y w h o ha d take n n o pre -
viou s course s i n electricity ,  w h o professe d t o b e naiv e 
abou t  th e subject ,  an d w h o score d belo w a  cut-of f  valu e o n 
a screenin g tes t  o f  knowledg e o f  electricity . 

Learning Sessions 

Student s i n th e tw o group s learne d h o w t o conceptual -
iz e circui t  behavio r  fro m workin g wit h a n interactiv e sim -
ulatio n tha t  embodie s th e transpor t  model .  Th e learnin g 
environmen t  incorporate s a  carefull y designe d sequenc e o f 
model s an d problem s fo r  developin g th e basi c principle s o f 
D C circui t  functioning .  Thi s sequenc e o f  problem s i s 
base d upo n a  progressio n o f  successivel y mor e elaborate d 
version s o f  Ui e transpor t  mode l  tha t  begins ,  i n leve l  1 ,  wit h 
a simpl e mode l  o f  th e flow  o f  charg e betwee n tw o slice s o f 
purel y conductiv e material .  Th e sequenc e nex t  introduces . 
i n leve l  2 ,  th e concep t  o f  resistanc e an d portray s th e 
iterativ e proces s o f  charg e redistributio n tha t  occur s 
betwee n resistiv e slice s (e.g. .  Figur e 1) .  Next ,  i n leve l  3 ,  a 
model  o f  a  batter y i s presented ,  an d student s observ e th e 
effec t  o f  a  batter y o n simpl e serie s circuit s containin g a 
battery ,  a  switch ,  an d a  resisto r  (e.g. .  Figur e 2  wit h a 
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switch) .  I n th e remainin g thre e instructiona l  levels , 
student s lear n abou t  th e behavio r  o f  mor e comple x circuits . 
Thes e include :  i n leve l  4 ,  mor e elaborat e serie s circuit s 
containin g multipl e resistor s o f  varyin g length s (i.e . 
voltag e dividers) ;  i n leve l  S .  paralle l  circuits ;  and ,  i n leve l 
6,  hybri d series-paralle l  circuits .  I n thes e late r  levels , 
student s ar e encourage d t o abstrac t  th e steady-stat e circui t 
law s tha t  for m th e foundatio n o f  ou r  qualitative . 
macroscopi c model s (Whit e &  Frederiksen ,  1990 )  an d o f 
quantitativ e circui t  theory . 

I n additio n t o th e simulatio n software ,  student s ar e 
give n a  workboo k t o accompan y eac h o f  th e si x level s i n 
th e sequence .  Th e workbook s begi n wit h explanator y ma -
teria l  fo r  introducin g th e ne w concept s an d principle s a t 
eac h level .  Thi s i s followe d b y a  serie s o f  activitie s t o b e 
carrie d ou t  usin g th e software .  I n eac h activity ,  th e studen t 
first  set s u p a  proble m o n th e compute r  an d the n i s aske d t o 
simulat e th e proble m mentall y an d m a k e som e writte n 
predictions .  Th e studen t  nex t  run s th e simulatio n o n th e 
compute r  an d compare s hi s o r  he r  prediction s agains t  th e 
simulatio n results .  T h e studen t  the n read s s o m e 
interpretiv e materia l  an d seek s t o resolv e conflict s an d 
a m e nd an y misconceptions .  H e o r  sh e ca n the n 
(optionally )  reru n th e simulatio n an d as k i t  t o generat e 
explanation s fo r  it s behavior ,  o r  ca n ru n a  varian t  o f  i t  us -
in g differen t  initia l  charges .  Finally ,  th e studen t  i s aske d t o 
formulat e rule s tha t  summariz e th e result s an d tha t  wil l 
hel p i n makin g prediction s i n futur e activities .  Thes e in -
clud e bot h qualitativ e an d quantitativ e rule s usefu l  fo r 
determinin g steady-stat e circui t  behavior . 

Subject s i n th e P M grou p receive d description s o f  th e 
particl e mode l  withi n level s 1  an d 2  whe n th e ide a o f  flo w 
of  charg e wa s introduced .  Subject s i n th e T M grou p re -
ceive d alternativ e description s tha t  di d no t  unpac k th e flo w 
proces s i n term s o f  th e particl e model . 

Assessment Sessions 

T o determin e th e effectivenes s o f  thes e instructiona l 
material s o n students '  understandin g an d proble m solving , 
th e followin g assessmen t  task s wer e administere d befor e 
and afte r  instructicMi : 

(a )  Understandin g o f  circui t  concepts .  I n thes e tasks , 
subject s wer e aske d t o m a k e judgement s o r  generat e ex -
planation s concernin g basi c circui t  concept s suc h a s volt -
age ,  current ,  an d resistanc e (e.g. ,  "Wha t  i s mean t  b y th e 
ter m voltage?") . 

(b )  Predictin g circui t  behavior .  I n th e circui t 
behavio r  tasks ,  a  se t  o f  circuits ,  som e o f  whic h ar e simila r 
t o thos e use d i n th e instructiona l  sequence ,  wa s presente d 
i n schemati c form .  Th e subject s wer e aske d t o predic t 
whethe r  o r  no t  a  ligh t  woul d b e o n whe n particula r 
switche s withi n th e circui t  wer e ope n o r  closed .  I n addi -
tion ,  fo r  eac h item ,  the y wer e aske d t o giv e a n explanatio n 
as t o w h y tha t  particula r  behavio r  woul d occur .  Finally , 
the y wer e aske d t o rate  thei r  confidenc e i n thei r  jH-ediction s 
of  circui t  behavior . 

(c )  Designin g circuits .  I n th e circui t  desig n tasks ,  sub -
ject s wer e aske d t o design ,  usin g a  give n se t  o f  compo -
nents ,  a  circui t  tha t  woul d exhibi t  a  particula r  behavio r 

(e.g. ,  "Desig n a  circui t  wit h a  battery ,  a  switch ,  an d a  re -
sisto r  suc h tha t  whe n th e switc h i s closed ,  th e resisto r  i s 
hot.") .  Th e circuit s t o b e designe d include d circuit s o f 
greate r  complexit y tha n thos e containe d withi n th e cur -
riculum,  suc h a s circuit s containin g tw o switche s tha t 
jointl y aiffec t  th e behavio r  o f  lightbulb s withi n th e circuit . 

I n additio n t o th e abov e assessments ,  thre e additiona l 
assessment s wer e administere d onl y a s posttests .  Thes e 
allowe d u s t o asses s subjects '  understandin g o f  th e trans -
por t  model ,  an d thei r  abilit y  t o reaso n abou t  th e voltage s 
and current s obtaine d whe n a  circui t  reache s a  stead y state , 
tha t  is ,  t o reaso n abou t  th e emergen t  behavior s resultin g 
fro m th e operatio n o f  th e transpor t  model . 

(d )  Understandin g o f  th e transpor t  model .  A  se t  o f 
multipl e choic e an d quantitativ e problem s require d sub -
ject s t o demonstrat e thei r  master y o f  th e transpor t  mode l 
and t o perfor m th e local-flo w calculation s entaile d i n it s 
operation . 

(e )  Reasonin g abou t  relativ e magnitudes .  I n th e rela -
tiv e magnitude s tasks ,  student s wer e aske d t o compar e 
voltage s o r  current s fo r  tw o component s withi n a  circuit ,  o r 
acros s tw o separat e circuits ,  i n orde r  t o determin e i f  on e o r 
th e othe r  wa s large r  o r  i f  bot h wer e th e same .  Thi s 
assessmen t  provide s th e mos t  direc t  tes t  o f  subjects '  abili -
tie s t o reaso n abou t  voltage s an d th e dependenc e o f  curren t 
on voltage . 

( 0 Quantitativ e circui t  analysis .  I n th e quantitativ e 
tasks ,  student s wer e aske d t o calculat e voltage s an d cur -
rent s fo r  serie s an d paralle l  circuit s tha t  var y i n complexity . 

Experimental Findings 

Ther e wer e n o significan t  difference s betwee n th e P M 
and T M group s o n an y o f  th e pretes t  measures ,  no r  wer e 
ther e significan t  difference s i n stud y time s fo r  th e tw o 
group s (th e averag e stud y tim e wa s 4. 5 hours) .  Th e tw o 
group s o f  subject s thu s appea r  t o hav e ha d comparabl e 
initia l  knowledg e o f  electrica l  circuit s an d t o hav e spen t 
simila r  amount s o f  tim e readin g th e workboo k material s 
an d usin g th e compute r  simulations .  Th e effect s o f 
learnin g usin g th e circui t  simulation s an d workbook s wer e 
significan t  fo r  bot h group s o f  subject s fo r  nearl y al l  o f  th e 
assessmen t  measure s administere d befor e an d afte r  learn -
ing .  Fo r  th e P M group ,  ther e wer e significan t  effect s o f 
learnin g fo r  al l  measures .  Fo r  th e T M group ,  ther e wer e 
significan t  improvement s o n th e circui t  concqi t  an d circui t 
desig n assessments ;  however ,  fo r  th e circui t  behavio r 
tasks ,  ther e wer e significan t  improvement s fo r  th e tota l 
correct ,  bu t  no t  fo r  th e rationales  o r  confidenc e scores . 

O ur  majo r  sourc e o f  informatio n abou t  th e cognitiv e 
effect s o f  learnin g th e particl e an d transpor t  model s wa s a 
set  o f  comparison s o f  performanc e fo r  th e P M an d T M 
group s carrie d ou t  fo r  th e assessment s administere d fol -
lowin g learning . 

(a )  Understandin g o f  circui t  concepts .  Significan t 
grou p difference s wer e foun d whe n subject s wer e aske d t o 
generat e explanation s fo r  electrica l  concept s ( t n =  1.75 ,  p 

< .05 ;  P M grou p 8 6 % correct ,  T M grou p 7 7 % correct) . 
Furthermore ,  a  conten t  analysi s o f  subjects '  response s 
showe d tha t  P M subject s ha d a  bette r  understandin g o f 
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voltag e tha n di d T M subject s ( t n =  3.35 ,  p  <  .002) :  P M 

subject s wer e mor e abl e t o provid e explanation s o f  charg e 
flow  i n term s o f  th e charg e gradients ,  an d wer e mor e ap t  t o 
describ e batterie s a s voltag e source s (i.e. ,  device s tha t 
maintai n a  constan t  differenc e i n voltag e aiT()s. s ihci r  ter -
minals) .  Finally ,  the y wer e mor e ap t  t o provid e a  physica l 
mechanis m i n explainin g th e effec t  o f  resistanc e o n curren t 
flow  (ti 7 =  4.49 ,  p  <  .001) ,  a s in ,  fo r  example ,  "resistanc e 

inhibit s charg e fro m flowing  freel y throug h a  substanc e b y 
atom s tha t  i t  encounter s an d collide s wit h withi n th e 
material. " 

(b )  Predictin g circui t  behavior .  Bot h group s showe d 
hig h level s o f  performanc e i n predictin g circui t  behavio r 
( P M grou p 8 4 % correct ;  T M grou p 8 3 % correct) .  Whil e 
ther e wa s n o significan t  overal l  differenc e betwee n th e tw o 
group s o n th e tota l  numbe r  o f  correc t  prediction s fo r  th e 
circuit s presented ,  o r  o n th e correctnes s o f  rationale s tha t 
subject s provide d fo r  thei r  predictions ,  thi s m a y b e du e t o 
th e natur e o f  th e circuit s employe d i n thi s assessment . 
Sinc e th e prediction s involve d qualitativ e statement s o f 
whethe r  o r  no t  a  ligh t  woul d b e o n whe n a  switc h withi n a 
circui t  wa s ope n o r  closed ,  mos t  o f  th e problem s coul d b e 
solve d b y reasonin g solel y fi-om  a  curren t  perspective ,  tha t 
is ,  b y tracin g path s fo r  curren t  t o follow .  However ,  whe n 
we analyze d performanc e fo r  tw o circuit s tha t  requir e 
reasonin g abou t  voltage s withi n th e circui t  an d fo r  whic h 
th e current-as-agen t  mode l  i s insufficient ,  w e foun d a 
significan t  differenc e betwee n th e P M an d T M groups , 
wit h th e P M grou p (mea n o f  3 9 % )  ouqwrformin g th e T M 
grou p (mea n o f  2 0 % ;  p  <  .0 5 usin g th e Fishe r  exac t  test) . 
Thi s result ,  tha t  th e particl e mode l  provide d a  mor e soli d 
understandin g o f  th e difficul t  concep t  o f  voltag e 
distributio n withi n a  circuit ,  receive d furthe r  substantiatio n 
i n th e relativ e magnitude s assessment . 

(c )  Designin g circuits .  Bot h group s o f  subject s wer e 
abl e t o desig n circuit s involvin g a  singl e switc h wit h a  hig h 
degre e o f  succes s ( 9 7 % correc t  fo r  th e P M grou p an d 8 7 % 
correc t  fo r  th e T M group) .  Whil e performanc e wa s poore r 
fo r  mor e difficul t  two-switc h problems ,  th e tw o group s 
continue d t o sho w a  substantia l  degre e o f  succes s o n thi s 
unfamilia r  tas k ( 5 8 % fo r  th e P M grou p an d 6 5 % correc t  fo r 
th e T M group) . 

(d )  Understandin g o f  th e transpor t  model .  Bot h th e 
P M an d T M group s demonstrate d a  hig h degre e o f  master y 
of  th e transpor t  mode l  concept s an d th e calculation s 
entaile d i n it s  operation .  O n a  se t  o f  qualitative ,  multiple -
choic e questions ,  th e P M grou p ha d a n averag e o f  9 1 % 
correc t  an d th e T M grou p ha d 8 0 % correc t  ( t n =  1.18 ,  p  = 

.13) .  O n a  se t  o f  quantitativ e calculation s simila r  t o thos e 
carrie d ou t  withi n th e transpor t  model ,  bot h th e P M an d 
T M group s correctl y complete d 7 3 % o f  th e items . 

(e )  Reasonin g abou t  relativ e magnitude s o f  voltage s 
an d currents .  Ther e wa s a  significan t  grou p differenc e i n 
judgin g th e relative  magnitude s o f  voltage s o r  current s 
withi n a  circui t  o r  betwee n tw o circuit s ( t n =  2.16 ,  p  < 

.02 )  wit h 8 1 % correc t  fo r  th e P M grou p an d 6 6 % correc t 
fo r  th e T M group .  A n analysi s o f  varianc e reveale d tha t 
thi s differenc e betwee n group s wa s du e entirel y t o thei r 
performanc e o n series/series-paralle l  circuit s a s oppose d t o 

singl e resisto r  an d paralle l  circuit s (F2,3 4 >  4.25 ,  p  <  .02 , 

fo r  th e interactio n o f  subjec t  grou p an d circui t  type) . 
Successfull y judgin g relative  magnitude s withi n thes e cir -
cuit s canno t  b e accomplishe d solel y throug h reasonin g 
abou t  curren t  flow;  suc h judgement s requir e thinkin g abou t 
h o w voltage s ar e distribute d withi n a  circui t  Again ,  th e 
differenc e i n performanc e betwee n group s fo r  thi s 
particula r  clas s o f  circui t  problem s provide s evidenc e tha t 
th e particl e mode l  ha s successfull y deal t  wit h di e current -
as-agen t  misconcq)tio n an d ha s improve d understandin g o f 
th e mos t  difficul t  aspec t  o f  steady-stat e circui t  behavior , 
tha t  is ,  understandin g th e distributio n o f  voltage s withi n 
circuits . 

(f )  Quantitativ e circui t  analysis .  Th e final  tas k 
assesse d h o w wel l  subject s i n th e tw o group s coul d 
calculat e th e actua l  value s o f  voltage s an d current s withi n a 
circuit .  Th e voltag e an d curren t  relationship s tha t  ar e 
neede d i n thi s tas k represen t  emergen t  propertie s o f  th e 
transpor t  mode l  o f  circui t  behavior .  Becaus e th e transpor t 
model  provide s quantitativel y cwrec t  solution s fo r  voltage s 
and current s withi n an y circui t  tha t  i t  simulates ,  subject s 
hav e bee n expose d t o th e relevan t  relationships .  However , 
whil e th e workboo k exercise s endeavore d t o dra w attentio n 
t o som e o f  thes e relationships ,  th e algebrai c form s o f 
circui t  law s wer e no t  explicitl y  presented ,  an d subject s 
wer e no t  give n an y quantitativ e problem s t o solv e tha t  uti -
liz e thes e laws .  NoneUieless ,  w e foun d tha t  subject s give n 
th e transpu t  mode l  wer e abl e t o solv e a  fai r  numbe r  o f  di e 
quantitativ e problems .  Despit e larg e variabilit y  withi n 
groups ,  ther e i s som e evidenc e tha t  th e P M grou p agai n 
outperforme d di e T M grou p ( t n =  1.51 ,  p  <  .07 ;  P M 

grou p 4 3 % cOTrect ,  T M grou p 2 8 % correct) . 

Discussion of Results 

Th e posttes t  result s revea l  tha t  bot h th e P M an d T M 
group s achieve d a  hig h leve l  o f  performanc e o n a  wid e 
rang e o f  problems .  However ,  th e P M grou p subjects ,  w h o 
receive d a  particl e mode l  explanatio n fo r  di e basi c con -
cept s an d processe s o f  th e transpor t  model ,  achieve d a 
leve l  o f  peiformanc e tha t  wa s superio r  t o th e T M grou p o n 
problem s Uia t  requir e a n understandin g o f  voltag e an d it s 
distribution .  W e conjectur e tha t  thi s i s du e t o th e particl e 
model  explanation s providin g student s wit h a  mechanisti c 
model  fo r  voltag e an d it s distributio n tha t  i s  consisten t  wit h 
th e behavio r  o f  th e transpor t  model ,  an d tha t  inhibit s th e 
constructio n o r  a t  leas t  override s th e us e o f  di e current-as -
agen t  conception . 

T o elaborate ,  i n th e current-as-agen t  conception ,  stu -
dents ,  seekin g a  causa l  accoun t  fo r  circui t  behavior ,  inven t 
a mode l  i n whic h curren t  want s t o flow  int o regions  dia t 
offe r  i t  di e leas t  resistanc e a s i t  finds  it s wa y firom  on e sid e 
of  di e batter y t o th e other .  I n som e version s o f  thi s 
conceptua l  model ,  curren t  i s diough t  t o carr y energ y t o 
device s i t  encounter s alon g th e way ,  causin g Ughtbulb s t o 
ligh t  an d resistor s t o becom e ho t  Th e batter y i s regarde d 
as th e sourc e o f  curren t  an d energ y fo r  di e circuit . 
Unfortunately ,  Uii s conceptio n i s inadequate  fo r  dealin g 
wit h problem s tha t  requir e reasonin g abou t  relativ e mag -
nitude s o f  voltage s an d currents . 
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Th e transpor t  mode l  represent s a n attemp t  t o provid e 
student s wit h a n alternative ,  local ,  causa l  accoun t  o f  cur -
ren t  flow  b y showin g h o w difference s i n charg e densitie s 
o n connecte d section s o f  a  circui t  caus e a  loca l  flow  o f 
charg e t o occur .  Thi s accoun t  wa s designe d t o focu s stu -
dents '  attentio n o n voltage s a s th e causativ e agen t  i n un -
derstandin g circuits ,  an d wa s therefor e expecte d t o hel p 
student s overcom e th e limitation s an d difficultie s associ -
ate d wit h th e c o m m o n current-as-agen t  conception . 

We hav e seen ,  however ,  tha t  despit e evidenc e tha t  stu -
dent s hav e mastere d th e transpor t  model ,  th e transpor t 
model  alon e wa s no t  suiTicien t  fo r  overcomin g th e limita -
tion s o f  current-as-agen t  conceptions .  Fo r  example ,  sub -
ject s give n onl y th e transpor t  mode l  continue d t o sho w 
difficultie s i n solvin g serie s circui t  problem s tha t  require d 
the m t o reaso n abou t  voltages ,  an d di d no t  provid e expla -
nation s fo r  circui t  concept s tha t  incorporate d voltag e an d 
charg e gradients .  However ,  whe n w e introduce d a n addi -
tiona l  mode l  t o unpac k th e basi c flo w equatio n (flo w = 
constan t  x  Acharge )  i n term s o f  charge d particle s repellin g 
on e another ,  th e pictur e changed .  Subject s n o longe r 
showe d greate r  difficult y i n solvin g problem s tha t  require d 
the m t o reaso n abou t  th e distributio n o f  voltage s withi n a 
circui t  The y wer e als o abl e t o generat e explanation s usin g 
voltag e a s th e caus e o f  curren t  flow. 

CXi r  conjectur e i s tha t  thes e improvement s i n perfor -
mance ar e du e t o tw o predilection s tha t  student s hav e i n 
creatin g conceptua l  model s fo r  understandin g electrica l 
circuits :  (a )  the y prefe r  mechanistic ,  causa l  model s i n 
whic h individua l  object s ac t  a s loca l  agent s o f  change ;  an d 
(b )  the y striv e f w consistenc y i n thei r  causa l  account s o f 
circui t  phenomena . 

Object s a s loca l  agents .  W e argu e tha t  th e particl e 
model  differ s fro m th e transpor t  mode l  b y providin g a 
causa l  mechanis m tha t  include s object s tha t  ar e activ e 
agent s i n determinin g th e flow  o f  charge .  Withi n th e par -
ticl e model ,  individual ,  mobile ,  charge d object s exer t  an d 
reac t  t o repulsive  force s tha t  caus e the m t o m o v e awa y 
firom  on e another .  Thi s result s i n a  flow  o f  charge d parti -
cle s awa y fro m crowde d area s int o les s crowde d areas . 
Subject s w h o ar e give n thi s causa l  mechanis m ca n the n 
accep t  th e transpor t  mode l  a s a  mor e abstrac t  an d efflcien t 
way o f  representin g th e loca l  flow  o f  particles .  I n contrast , 
subject s w h o ar e expose d onl y t o th e transpor t  mode l  ar e 
give n a  causa l  accoun t  solel y i n term s o f  th e flow  o f 
aggregat e charge ,  m u c h a s ar e student s w h o ar e give n a 
wate r  analog y fo r  electricity .  I n eithe r  case ,  loca l 
difference s i n pressur e withi n th e charge ,  o r  fluid,  coul d b e 
though t  o f  a s causin g curren t  flow;  however ,  ther e i s n o 
mechanis m involvin g individua l  agents ,  onl y a n abstrac t 
notio n o f  "pressur e difference. "  Suc h a  mode l  di d not 
provid e subject s wit h a  causa l  mechanis m tha t  the y coul d 
accep t  i n attemptin g t o understan d circui t  behavior .  The y 
therefor e continue d t o us e th e limite d current-as-agen t 
model . 

Causa l  consistency .  O u r  finding s ar e tha t  student s 
w ho hav e bee n give n th e particl e mode l  ar e abl e t o transfe r 
thei r  understandin g o f  voltag e an d voltag e distributio n 
fro m th e contex t  o f  loca l  charg e transfe r  t o an  accoun t  o f 
steady-stat e circui t  behavior .  Thus ,  student s w h o wer e first 

give n th e particl e mode l  di d no t  invok e th e current-as -
agen t  mode l  whe n the y late r  attempte d t o understan d th e 
behavio r  o f  circuit s i n th e stead y state .  Ou r  conjectur e i s 
tha t  thi s unwillingnes s t o invok e th e current-as-agen t 
theor y i n thei r  mode l  o f  circui t  behavio r  wa s a  manifesta -
tio n o f  thei r  genera l  desir e fo r  parsimon y an d consistenc y 
withi n thei r  conceptua l  model s o f  electricity .  Tha t  is ,  w e 
conjectur e tha t  the y di d no t  introduc e th e current-as-agen t 
model  i n explainin g steady-stat e circui t  behavior  becaus e 
tha t  woul d hav e involve d introducin g a n alternativ e 
mechanis m tha t  conflict s wit h on e the y ha d alread y ac -
cepted ,  namely ,  tha t  difference s i n charg e densit y caus e th e 
movement  o f  mobile ,  charge d particles .  Thi s conjectur e 
assumes tha t  student s striv e fo r  parsimon y an d consistenc y 
i n constructin g theories .  I f  i t  i s  true ,  i t  implie s tha t 
coherenc e a m o n g model s withi n a  progressio n o f  linke d 
model s i s essentia l  fo r  learnin g an d understanding . 

Conclusions. The flndings of this study support the 
hypothesi s presente d i n th e introduction :  I n orde r  t o 
achiev e coherent ,  in-dept h expertis e on e need s t o acquir e a 
set  o f  linke d model s (suc h a s th e particl e model ,  th e 
transpor t  model ,  an d th e steady-stat e model )  i n whic h th e 
emergen t  propertie s a t  on e leve l  becom e th e primitiv e 
propertie s o f  th e nex t  level .  Thi s reductionisti c sequenc e 
of  model s ground s abstraction s (suc h a s Ohm' s L a w )  vi a a 
mechanisti c unpackin g o f  th e physica l  phenomena . 
Withou t  suc h a  reductionisti c unpackin g d o w n t o th e mi -
croscopi c level ,  student s develo p inconsisten t  view s o f 
circui t  behavior ,  an d thei r  performanc e i n solvin g problem s 
at  th e macroscopi c leve l  i s significantl y impaired . 
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