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Abstrac t 

Law Encoding Diagrams (LEDs) are classes of represent-
ation s fo r  proble m solvin g an d learnin g i n science .  A 
framewor k consistin g o f  fou r  schema s ha s bee n propose d 
t o accoun t  fo r  proble m solvin g an d learnin g wit h LEDs . 
Thi s pape r  assesse s th e utilit y o f  thi s framewor k b y usin g 
i t  t o analys e verba l  an d behavioura l  protocol s o f  a  subjec t 
involve d i n proble m solvin g wit h a  clas s o f  LED s fo r 
electricity . 

Introduction 

Understandin g th e natur e o f  representation s an d th e rol e the y 
hav e i n cognitio n i s  fundamenta l  t o Cognitiv e Science . 
Differen t  representation s o f  formall y isomorphi c problem s 
ca n dramaticall y chang e th e difficult y o f  th e problem s (e.g. , 
Kotovsky ,  Haye s an d Simon ,  1985) .  Expert s an d novice s 
m ay hav e differen t  proble m representation s fo r  th e sam e 
domai n tha t  substantiall y  affec t  thei r  approache s t o proble m 
solvin g (Ega n an d Schwartz ,  1979 ;  Koedinge r  an d Anderson , 
1990) .  Ther e ar e computationa l  benefit s o f  diagrammati c 
representation s ove r  sententia l  representation s tha t  ar e 
informationall y equivalen t  (Larki n an d Simon ,  1987) .  Th e 
focu s her e i s o n th e interna l  menta l  an d externa l  aspect s o f 
representation s tha t  mus t  b e analyse d an d relate d t o 
adequatel y understan d cognitio n (Tabachneck-Schijf , 
Leanord o an d Simon ,  1997 ;  Zhan g 1996) . 

Thi s pape r  i s  par t  o f  a  researc h programm e tha t  i s 
studyin g th e rol e o f  representation s i n cognitio n b y 
examinin g a  particula r  clas s o f  representation s wit h som e 
interestin g propertie s — L a w Encodin g Diagrams ,  LEDs . 
L E D s,  ar e representationa l  system s tha t  captur e th e law s o f  a 
domai n i n th e structur e o f  a  diagra m usin g geometric , 
topologica l  o r  spatia l  constraints ,  suc h tha t  eac h 
instantiatio n o f  a  diagra m i s a  singl e cas e o f  th e law s o r  a n 
exampl e o f  th e phenomen a o f  th e domain .  Th e rol e o f  L E D s 
i n scientifi c  discover y ha s bee n investigate d (Cheng ,  1996a , 
Cheng an d Simon ,  1995 )  an d thei r  potentia l  fo r  learnin g 
scienc e i s bein g pursue d (Cheng ,  1996b ,  1996c) . 

The particula r  clas s o f  L E D s considere d her e wa s invente d 
by th e autho r  an d ha s bee n calle d A V O W diagram s (Amps , 
Volts ,  O h m s an d Watt s — th e unit s o f  th e basi c electrica l 
properties) .  Th e elementar y diagram s ar e rectangles ,  A V O W 
boxes ,  tha t  represen t  th e propertie s o f  a  singl e resisto r  o r 
load ,  a s show n i n Figur e 1 .  Th e mapping s o f  propertie s t o 
diagra m feature s are :  voltag e (V )  t o height ;  curren t  (I )  t o 
width ;  resistanc e (r )  t o gradien t  o f  th e diagonal ;  powe r  (P )  t o 
area .  A s V=I* r  (Ohm' s law )  an d P=V* I  (powe r  law) ,  th e 

Figur e 1  A n A V O W Bo x 
fo r  a  resisto r 

geometr y o f  th e A V O W - b o x e s encode s thes e law s (i.e. , 
height=width*gradient ,  area=height*width) . 

To mode l  network s o f  resistors ,  A V O W boxe s ca n b e 
composed ,  a s i n th e diagram s i n Table s 4  an d 5 .  Th e 
compositio n constraint s o n suc h composit e A V O W 
diagram s encod e Kirchoff' s  Law s tha t  gover n th e behaviou r 
of  electrica l  networks .  A  wel l  forme d composit e A V O W 
diagra m mus t  b e a  rectangl e tha t  i s  completel y filled  wit h 
A V OW boxes ,  wit h n o overla p o r  gaps . 

Cheng (1997 )  propose s a  framewor k t o characteriz e th e 
natur e o f  informatio n processin g wit h LEDs .  Thi s pape r 
describe s ho w th e framewor k ha s bee n applie d t o th e prob -
le m solvin g protocol s o f  a  sub -
jec t  usin g A V O W diagrams . 
The completeness ,  coherence , 
consistenc y an d parsimon y o f 
th e analysi s argue s fo r  th e ade -
quac y o f  th e framework . 

Here ,  th e framewor k i s first 
described ,  wit h electricit y 
providin g a n exampl e domain . 
Second ,  th e framewor k i s use d 
t o analys e protocol s o f 
proble m solving ,  t o asses s th e 
utilit y o f  th e framework . 
Finally ,  th e discussio n sectio n consider s th e adequac y o f  th e 
framework  an d relate d work . 

Schemas for LEDs 

The fou r  schema s name d i n Tabl e 1  wer e propose d a s th e 
basi s o f  a  framework  fo r  understandin g proble m solvin g an d 
learnin g wit h L E D s i n scientifi c  domain s b y Chen g (1997 , 
i n press) .  Th e schema s ar e distinguishe d o n tw o dimen -
sions .  On e pai r  o f  schema s (1,2 )  hold s informatio n abou t 
th e basi c unit s o r  component s o f  a  domain .  Th e othe r  pai r 
(3 ,  4 )  deal s wit h th e interaction s amon g thos e components . 
The phenomen a leve l  schema s (1 ,  3 )  ar e fo r  particula r  class -
es o f  phenomen a o r  cases ,  an d th e schema s (2 ,  4 )  a t  th e 
theoretical ,  o r  meta ,  leve l  hol d informatio n abou t  th e law s 
or  principle s governin g th e domain .  Th e fou r  classe s o f 
schemas ar e considere d i n tur n wit h example s from  th e 
electricit y domain . 

L E D schema s (LS) .  Tabl e 2  show s example s o f  thi s 
clas s o f  schema s fo r  selecte d circui t  components .  The y hav e 
slot s containin g informatio n abou t  (i )  particula r  aspect s o f  a 
componen t  an d (ii )  it s  A V O W diagra m representation .  Fo r 
example ,  conside r  th e Typical-loa d LS .  Th e interpretatio n 
slo t  indicate s tha t  thi s schem a deal s wit h typica l  load s wit h 
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Tabl e 1  Schema s fo r  LED s 

Phenomena leve l Theoretica l  leve l 

Intra-componen t  relation s 
Inter-componen t  interaction s 

(1 )  L E D schema s (LS ) 
(3 )  Composite-LE D schem a (CLS ) 

(2 )  meta-LE D schem a ( M L S ) 
(4 )  Meta-composite-LE D schem a ( M C L S ) 

Slot s 

Diagram s 

Diagram -
configuratio n 

Domain -
condition s 

Interpretatio n 

{1 )  Typical-loa d 

/ / 
Rectangl e (no t 
especiall y thi n o r 
squat ) 

"Norma l  values " 
(no t  tin y o r  huge ) 

Typica l  loa d 

Tabl e 2  L E D schema s (LS ) 

{2 }  Known-loa d 
V 

^ I 

Rectangl e wit h 
know n 
dimensions . 

Value s o f  som e o f 
I ,  V ,  r ,  P  given . 

Particula r  resisto r 

{3 }  Insulato r 

Vertica l  lin e 
(narrow , 
gradien t  huge ) 

1=0 o r  r=o o o r 

(P= 0 an d V?tO) . 

Insulator , 
"broke n circuit " 

{4 }  Conducto r 

Horizonta l  lin e 
(flat ,  gradien t 
tiny ) 

V =0 o r  n= 0 o r 
(P= 0 an d I?tO ) 

Conductor ,  "shor t 
circuit " 

{5 }  Voita f e-sourc e 

Vc 

Rectangl e wit h 
constan t  heigh t 

Vc=constant ,  P  an d 
I  variabl e 

Idealize d batter y 

propertie s (domain-conditions )  tha t  ar e no t  unusual .  Th e 
load s ca n b e represente d b y a  rectangl e (d iagram -
constraints )  tha t  i s  simila r  t o on e i n th e d iagram s slot . 
The Known-load ,  Insulato r  an d Conducto r  LS s ar e 
specialization s o f  th e Typical-loa d LS .  Th e Voltage-sourc e 
L S i s fo r  idealise d batteries ,  whic h suppl y a  constan t 
voltage .  On e us e o f  LS s i s t o complet e th e informatio n 
about  a  componen t  whe n onl y partia l  informatio n i s given . 
For  example ,  i f  on e consider s a  resisto r  o f  unknow n bu t  no t 
extrem e value ,  the n matche s wit h th e interpretatio n an d 
diagram-condition s slot s o f  th e Typical-loa d L S wil l  b e 
made an d a  rectangl e (diagram-configuration )  t o represen t 
i t  ma y b e draw n (diagrams) . 

M e t a - L E D schem a ( M L S ) .  Thes e schema s hol d 
informatio n abou t  (i )  th e law s governin g a  clas s o f 
component s an d (ii )  ho w the y ca n b e represente d a s LEDs . 
I n Tabl e 3  th e A V O W - b o x M L S i s fo r  resistors/load s an d 
th e Source-bo x M L S i s fo r  powe r  supplie s suc h a s batteries . 
M L Ss stor e informatio n tha t  i n effec t  defin e th e nature s o f 
particula r  set s o f  LSs .  Fo r  example ,  ho w shoul d a 
componen t  wit h (near )  infinit e resistanc e b e represented ? 
First ,  ther e wil l  b e on e diagra m bo x (interpretation-rules ) 

whic h mus t  b e a  rectangl e o f  som e sor t  ( d la g r a m -
constraints) .  Ohm' s la w (encoded-laws )  tell s  u s tha t 
curren t  wil l  b e nearl y zer o (domain-propert ies )  a s 
resistanc e i s almos t  infinite .  A s curren t  i s represente d 
(property-mappings )  b y th e widt h o f  th e bo x (diagram -
features) ,  s o th e rectangl e wil l  b e ver y narrow .  Thi s i s th e 
Insulato r  L S {3 }  (Number s i n curl y bracket s identif y 
schemas i n Tabl e 2  t o 6) . 

Compos i t e -LE D s c h e m a ( C L S ) .  Thes e shar e a 
c o m m on structur e t o LS s bu t  the y dea l  wit h network s rathe r 
tha n individua l  components .  Th e diagram s (slot )  contain s 
configuration s o f  mor e tha n on e A V O W box .  Th e 
diagram-feature s specif y wit h relativ e position s o f  whol e 
boxe s rathe r  tha n thei r  individua l  elements .  Th e domain -
condition s relat e propertie s o f  differen t  boxes ,  an d th e 
interpretatio n o f  CLS s ar e topologie s o f  components . 
Tabl e 4  give s som e examples .  A  C L S ma y b e use d i n a 
simila r  fashio n t o a  LS .  Fo r  instance ,  give n tw o load s i n 
serie s (interpretation) ,  th e Typical-serie s C L S ca n b e use d 
t o dra w th e give n diagram ,  o r  t o complet e a  diagra m i f  on e 
A V OW bo x ha s alread y bee n drawn .  Particula r  relation s 
betwee n th e load s ca n als o b e asserte d (domain-cond -

Tabl e 3  Meta-LE D schem a (MLS ) 

Slo t (6 )  A V O W - b o x {7 }  Source-box . 

Diagram -
feature s 

A bo x width ,  V  bo x heigh t 
Q bo x diagona l  gradient ,  P  bo x are a 

As bo x width ,  V s bo x heigh t 
Ps bo x are a 

Diagram -
constraint s 

Rectangl e (box )  wit h bottom-lef t  t o top-righ t  diagonal . Rectangle . 

Domain -
propertie s 

current ,  /  (A) ;  voltage ,  V  (V) ; 
resistance ,  R  (Q) ;  power ,  P  ( W ) 

Sourc e voltage .  Vs .  Sourc e current .  Is . 
Power  supplie d b y source ,  P s 

Encoded-law s O h ms law :  V=IR .  Powe r  law :  P=V I Power  law :  Ps=VsI s 

Propert y 
mapping s 

I  — A; V — V; R — a; P — P 
Horizonta l  line s ar e equi-potentials . 

I n — X;V n — \;P n — F 
Top o f  bo x i s a t  V s an d botto m i s a t  0 . 

Interpretation -
rule s 

Singl e component ,  o r  a n isolate d networ k (wit h a  on e 
inpu t  an d on e outpu t  connection) . 

An idea l  powe r  source . 

Case s Table2(l} ,  {2} ,  {3}.{4 } Tabl e 2  {5} . 
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Tabl e 4  Serie s Composite-LE D schema s (CLS ) 

Slot s (8 )  Typical-serie s {9 }  Equal-series-pai r 10}  Series-load-t-conducto r [11 }  General-serie s 

Diagram s 

1 ^ 

E 0 

Dlagram -
configuratio n 

stack ,  sam e widt h stack ,  sam e width ,  boxe s 
same heigh t 

stack ,  sam e width ,  1  bo x 
squa t 

stack ,  no t  o f  unifor m 
width . 

Domain -

condition s 

VT=V1+V2,11=12 , 
RT=R1+R2 

VT=VH-V2,11=12 . 

RT=Rl-l-R2 ,  R1=R 2 

VT=V1,V2=0,11=12 , 

RT=R1,  R2=0 . 

VT=V1+V2,  11̂ 12 , 

RT=n.a . 

Interpretatio n resistor s m pur e 
serie s 

equa l  resistor s i n pur e 
serie s 

resisto r  i n pur e serie s wit h 
conducto r 

tw o resistor s partl y i n 
serie s wit h eac h other . 

itions) ;  suc h a s th e curren t  i s th e sam e throug h bot h loads . 
The Typical-serie s C L S m a y b e specialize d t o giv e 

Equal-pair-series ,  Series-load-i-conducto r  an d Series-load-i-in -
sulato r  (no t  shown )  CLSs .  Further ,  i t  i s  itsel f  a  special -
izatio n o f  th e General-serie s C L S .  Ther e ar e equivalen t 
CLSs fo r  paralle l  load s (i.e. .  Typical-parallel ,  Equal-parallel -
pair ,  etc.) .  Tabl e 5  show s som e othe r  interestin g example s 
of  CLSs ,  whic h ar e usefu l  fo r  th e analysi s below . 

M e t a - c o m p o s i t e - L E D s c h e m a s ( M C L S )  Thes e 
schema s captur e (i )  th e law s governin g th e interaction s 
among component s an d (ii )  ho w the y ar e t o b e represente d a s 

configuration s LEDs .  Tabl e 6  give s thre e examples ,  tw o o f 
which .  Serie s cin d Paralle l  M C L S s ,  ar e specialization s o f  th e 
third ,  General-Networ k M C L S .  A n interestin g exampl e t o 
conside r  i s  th e generatio n o f  th e Series-and-paralle l  C L S 
{13 }  fro m M C L S s .  Fro m a  circui t  diagra m wit h thre e resis -
tors ,  R l  i n paralle l  wit h a  sub-networ k comprisin g R 2 an d 
R3 i n series ,  th e Serie s M C L S ca n firs t  b e applie d t o th e 
sub-networ k o f  R 2 an d R 3 t o dra w a  stac k o f  tw o A V O W 
boxes .  The n takin g thi s sub-networ k an d R l  together ,  th e 
applicatio n o f  th e Paralle l  M C L S put s anothe r  bo x fo r  R l 
nex t  t o th e stac k fo r  R 2 an d R3 ,  lik e th e drawin g i n Tabl e 5 . 

Althoug h th e schema s ar e simila r  t o eac h other ,  thes e 
particula r  pair s o f  schema s appea r  necessar y o n logica l  an d 
psychologica l  ground s (Cheng ,  i n press) .  M u c h o f  th e 
explanator y powe r  o f  th e framewor k fo r  scientifi c  reasonin g 
wit h L E D s reside s i n th e dimension s identifie d i n Tabl e 1 . 

Protocol Analysis 

I n othe r  application s o f  th e framework ,  i t  wa s use d t o 
characteriz e Galileo' s kinematic s discoverie s (Cheng ,  1997 ) 
and t o analys e th e natur e o f  scientifi c  understandin g usin g 
particl e collision s a s a n exampl e domai n (Cheng ,  i n press) . 

Here ,  i t  i s  applie d t o protoco l  dat a fro m experiment s t o 
continu e t o asses s it s  utility .  I f  coherent ,  parsimonious , 
complet e an d consisten t  account s ca n b e give n o f  ho w 
subject s lear n an d d o proble m solvin g wit h A V O W 
diagrams ,  thi s wil l  argu e fo r  th e adequac y o f  th e framework . 
However ,  th e complexit y o f  scientifi c  domain s an d th e 
norma l  us e o f  multipl e representation s i n proble m solvin g 
makes thi s a  significan t  challenge .  Fo r  instance ,  a  subjec t 
sayin g 'resistance '  ma y b e referrin g t o (i )  a  variabl e i n a n 
equation ,  (ii )  a  particula r  circui t  component ,  (iii )  th e 
magnitud e o f  a  property ,  o r  (iv )  th e gradien t  o f  th e diagona l 
i n a n A V O W box .  Here ,  a n opportunit y provide d b y partic -
ularl y goo d qualit y verba l  an d behavioura l  protocol s o f  a 
singl e subjec t  wa s take n up .  Th e subject ,  SL ,  participate d 
i n a  pilo t  experimen t  o n th e effectivenes s o f  A V O W diag -
rams fo r  learnin g abou t  electricity .  No t  onl y wer e hi s ver -
balization s detaile d bu t  h e di d a  lo t  o f  meaningfu l  pointing , 
whic h provide d th e mean s t o disambiguat e th e referent s o f 
verba l  expressions .  S L i s a  graduat e electrica l  engineer .  I n 
pre-tes t  proble m solvin g wit h th e conventiona l  algebrai c 
approac h t o electricity ,  i t  wa s foun d tha t  h e ha d a  reasonable , 
but  no t  a n expert ,  understandin g o f  th e domain . 

SL receive d brie f  instruction s o n A V O W diagram s (se e 
below )  an d attempte d thre e problem s usin g A V O W 
diagrams .  Th e processin g o f  SL' s verba l  protocol s mainl y 
followe d th e guideline s o f  Ericsso n an d Simo n (1993) ,  wit h 
transcript s o f  th e verbalization s segmente d int o expression s 
and a  simpl e codin g schem e devise d t o catergoriz e drawin g 
activity ,  computation s an d pointing .  T o identif y whe n th e 
subjec t  appeare d t o b e usin g a  particula r  schem a variou s 
codin g rule s base d o n th e definitio n o f  th e differen t  schema s 
wer e devised .  Basi c schema s fo r  components ,  L S o r  M L S , 
ar e implicate d when :  a n expressio n refer s t o singl e resisto r 

Tabl e 5  Mor e Composite-LE D schema s (CLS ) 

Slot s 

Diagram s 

Diagram-configuration s 

Domain-condition s 

Interpretatio n 

{12}N-equal-paralle l 

^ ^ 7 

side-by-sid e only ,  sam e heigh t 

Vl=V2=..Vn ,  R 1 = R 2 = .. .  = R n 
l/RT=l/Rl-l-l/R2 + .. .  -l-l/Rn , 

N equa l  component s i n paralle l 

{13 }  Series-and-paralle l 

^ ^ 

stac k o f  2  boxe s sid e b y sid e wit h on e box ,  equa l  heigh t 

V 1 = V 2 + V 3;  12=1 3 
l/RT=l/Rl-l-l/(Rl-l-R2 ) 

A pai r  i n serie s i n paralle l  wit h a  singl e 
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Tabl e 6 .  Meta-composite-LE D schema s ( M C L S ) 

Slot s 

C o m p o n e n t - L E D s 

Composition -

constraint s 

Domain -
descriptio n 

Encode -
laws/relation s 

Mapping-rule s 

Interpretation-rule s 

Configuration s 

{15 }  General-Networ k 

A V OW boxe s 

Completel y filled  rectangl e 
(n o overlap s o r  gaps ) 

Any (2D )  networ k 

Kirchoff s laws :  genera l 

1 bo x fo r  eac h componen t  o r 
sub-network .  Topologie s o f 
circui t  an d diagra m match . 

current ,  voltag e (an d power ) 
share d amon g component s 

Al l  (non-crossing )  networks . 

jl6}Serie s 

A V OW boxe s 

Stacke d 

serie s component s 

Kirchoff s laws :  curren t 
conserved ,  voltag e distribute d 

1 bo x fo r  eac h componen t  o r 
sub-network .  Vertica l  orde r  o f 
boxe s matche s loads . 

Curren t  share d throug h loads . 
Voltag e spli t  acros s loads . 
Power  distribute d amon g loads . 

E.g.,{8}{9){10}{ll) . 

(17 )  Paralle l 

A V OW boxe s 

Sid e b y sid e 

paralle l  component s 

Kirchoff s laws :  voltag e 
conserved ,  curren t  distribute d 

1 bo x fo r  eac h componen t  o r 
sub-network .  Horizonta l  orde r 
of  boxe s matche s loads . 

Curren t  spli t  ove r  loads . 
Voltag e share d acros s loads . 
Power  distribute d amon g loads . 

Paralle l  configurations . 

or  on e A V O W box ;  o r  a  grou p o f  boxe s ar e treate d a s a 
unitar y entity ;  o r  a  networ k i s take n a s a  whol e wit h n o 
consideratio n o f  it s  interna l  topology .  Composit e schemas , 
C LS o r  M C L S ,  ar e implicate d whe n relation s amon g boxe s 
or  th e structur e o f  a  networ k ar e mentioned .  Phenomen a 
leve l  schemas ,  L S an d C L S ,  ar e indicate d whe n ther e i s a 
inferenc e consistin g o f  th e recognitio n o f  a  configura -
tion/cas e followe d immediatel y b y th e recal l  o f  associate d 
informatio n o r  th e drawin g o f  a  diagram ,  wit h n o inter -
venin g inferenc e steps .  Theoretica l  leve l  schemas ,  M L S an d 
M C L S,  ar e deeme d t o operat e whe n ther e ar e explici t 
inference s t o obtai n ne w informatio n o r  th e incrementa l 
piece-wis e consideration/constructio n o f  a  diagram . 

To enabl e th e identificatio n o f  ne w schema s bein g gen -
erated/learned ,  fou r  condition s wer e specified :  (i )  th e subjec t 
comes acros s a  nove l  domai n configuratio n no t  previousl y 
solved ;  (ii )  solve s thi s sub-goa l  wit h a  serie s o f  inference s 
tha t  invok e existin g schemas ;  (iii )  ther e i s n o singl e schem a 
tha t  coul d hav e bee n use d t o mak e tha t  inference ;  an d (iv )  th e 
subjec t  late r  solve s anothe r  sub-goa l  fo r  a n isomorphi c 
domai n configuratio n withou t  makin g a  serie s o f  inferences . 
Thes e condition s restric t  th e hypothesizin g o f  ne w schema s 
t o a  minimum ,  s o tha t  difficultie s i n th e explanatio n o f  th e 
protoco l  canno t  simpl y b e circumvente d b y proposin g ne w 
conceptua l  entities .  Thi s i n tur n make s th e overal l  tes t  o f 
th e framewor k a s stringen t  a s possible . 

Workin g throug h th e protocols ,  schema s t o explai n 
particula r  inference s wer e propose d base d o n th e informatio n 
availabl e t o th e subjec t  a t  eac h poin t  i n th e protoco l  an d th e 
ne w informatio n h e inferred .  Al l  thre e problem s hav e bee n 
analysed ,  bu t  onl y th e instruction s an d th e firs t  proble m wil l 
be considere d (give n th e limite d space) ,  t o illustrat e th e 
natur e o f  th e analysis . 

Instructions 

Thes e mus t  b e considere d a s the y provide d S L wit h hi s 
initia l  schemas .  The y consiste d o f  tw o brie f  page s o f 
writte n tex t  an d diagrams .  Fro m thei r  conten t  an d SL' s 
protocol s i t  i s  clea r  tha t  S L learn t  th e followin g schemas : 
Known-loa d {2 }  an d Voltage-sourc e (5 )  LSs ;  A V O W - b o x 

M LS {6} ;  Typical-paralle l  an d Typical-serie s {8 }  CLSs ; 
Paralle l  {17 }  an d Serie s {16 }  M C L S s .  Consider ,  fo r 
instance ,  ho w th e instruction s supplie d th e informatio n fo r 
al l  th e slot s o f  th e Voltage-sourc e L S {5} .  O n th e secon d 
pag e o f  th e instruction s wa s a  circui t  diagra m showin g a 
networ k connecte d t o a  batter y an d a  correspondin g A V O W 
diagram .  Bot h th e batter y an d th e overal l  heigh t  o f  th e 
A V OW diagra m share d a  c o m m o n symbo l  t o indicat e th e 
voltag e o f  th e batter y acros s th e whol e network .  Thus ,  S L 
had a  diagra m representin g a  battery ,  whic h h e kne w wa s a n 
idealise d voltag e sourc e (interpretation) ,  an d th e symbo l 
tol d hi m tha t  th e fixe d heigh t  o f  th e rectangl e (diagram -
configurations )  represent s tha t  constan t  voltag e o f  th e 
batter y (domain-conditions) . 

Problem 1 

I n thi s proble m th e overal l  resistanc e o f  th e networ k i n 
Figur e 2  ha d t o b e calculated ,  usin g th e give n value s o f  th e 
resistors .  (Resistor s wil l  b e identifie d i n th e tex t  b y a  'R ' 
plu s thei r  value ;  e.g. ,  Rl/12. )  Figur e 3  show s SL' s 
solutio n t o th e problem ,  wit h label s [A ]  t o [I ]  fo r  th e 
A V OW boxe s tha t  wer e drawn .  SL' s genera l  approac h t o 
thi s proble m wa s firs t  t o incrementall y construc t  th e A V O W 
diagra m fro m th e circuit ,  startin g wit h bo x [A ]  an d workin g 
throug h t o bo x [I] .  The n S L assigne d value s t o boxe s i n 
tur n startin g wit h [A ]  an d propagatin g th e know n value s 
throug h th e diagra m t o hel p constrai n th e furthe r  assignmen t 
of  values ,  whic h include d a  littl e algebr a t o fin d th e value s 
fo r  [H ]  an d [I] .  The n fro m th e calculate d tota l  heigh t  an d 
width ,  S L foun d th e overal l  gradien t  an d thu s th e resistanc e 
of  th e network . 

Thi s proble m solutio n ca n b e characterize d i n term s o f 
th e schema s learne d fro m th e instructions ,  plu s th e 
generatio n o f  3  ne w schemas .  Tabl e 7  summarize s th e mai n 
step s i n th e solutio n wit h th e particula r  schema s tha t  wer e 
invoke d o r  create d a t  eac h step .  Th e informatio n rea d fro m 
or  place d int o particula r  slot s ar e no t  given ,  bu t  som e 
example s wil l  giv e th e flavo r  o f  th e type s o f  inference s mad e 
and ho w the y wer e coded . 
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(Ste p 1 )  Th e initia l  drawin g o f 

[A ]  i s  a n applicatio n o f  th e 

Typical-loa d L S {1} ,  wit h S L 

quickl y drawin g th e A V O W bo x 

diagra m fo r  Rl/12 ,  assumin g a n 

interpretatio n o f  i t  a s a  typica l 

load .  Thi s i s th e firs t  A V O W 

box S L ha s drawn .  (Ste p 2 )  H e 

check s wha t  th e diagram' s 

feature s represen t  b y comparin g 

th e give n value s t o th e exampl e 

on th e firs t  pag e o f  th e 
instructio n sheet ,  whic h i s a n 
applicatio n o f  th e A V O W - b o x 

M LS {6 }  t o matc h particula r 
diagram-feature s t o domain -
propertie s usin g th e property -
m a p p i n g s .  (Ste p 3 )  B y 
examinin g th e value s S L ma y b e 
considere d t o hav e speciaUze d th e 
Typical-loa d {1 }  L S int o a  Known-loa d {2 }  L S fo r  Rl/12 , 
associatin g particula r  value s wit h domaln-properties , 
rathe r  tha n assumin g the y ar e jus t  "typical" .  (Ste p 4 )  S L 
sees tha t  Rl/ 4 i s i n serie s wit h Rl/1 2 an d state s tha t  'serie s 
ar e o n to p o f  eac h other' ,  implyin g th e Serie s M C L S {16 } 
was use d t o decid e wher e t o plac e bo x [B] .  (Ste p 5 )  Th e 
actua l  drawin g o f  [B ]  i s  jus t  a n applicatio n o f  th e Typical -
loa d LS{1} . 

Skippin g t o Ste p 11 ,  w e fin d a n interestin g exampl e o f 
th e generatio n o f  th e Series-and-paralle l  CL S {13} .  S L i s 

Figur e 2 .  Circui t  fo r 
proble m 1 . 

s - - - -

& - . 

k 

Figur e 3 .  Solutio n t o Proble m 1 

trying to decide how to draw [H] and [I] given [A-G] using 
th e Typical-serie s {8 }  an d Typical-paralle l  CLSs .  Th e inter -
pretatio n o f  R 4 an d R l  fro m th e circui t  diagra m mean s tha t 
bot h th e schem a ar e simultaneousl y applicable ,  s o th e dia -
gra m ha s [H ]  stacke d o n [I ]  an d bot h nex t  t o [A-G] .  Now , 
give n thi s ne w configuratio n S L ca n reasonabl y b e assume d 
t o hav e generate d a  ne w schema ,  CL S Series-and-paralle l 
CLS {13} ,  whic h happen s t o b e use d i n th e nex t  problem . 

The analyse s o f  th e secon d an d thir d problem s ar e largel y 
similar ,  bu t  othe r  ne w schema s ar e generated . 

Discussion 

The framewor k ha s bee n use d t o analys e SL' s protocol s fo r 
th e thre e problems .  A s th e sam e condition s fo r  identifyin g 

Tabl e 7  SL' s Solutio n Pat h t o Proble m 1 

Ste p Action s Schemas Invoke d an d Ne w Schema s Create d (* ) 

1 Dra w [A ] 
2 Diagra m features ? 
3 (i )  Compar e [A ]  gradien t  wit h (ii )  instructio n exampl e bo x 

4 Where to draw [BJ? 
5 Draw[B ] 
6 Serie s sub-network ,  dra w [CDE ]  perimete r 
7 Spli t  [CDE ]  int o thre e equall y 
8 Ad d diagonal s 
9 Serie s sub-network ,  dra w perimete r  [FG ] 
10 (i )  Spli t  int o tw o an d (ii )  ad d diagonal s 

11 [H] and [I] in series and in parallel [A-G], draw perimeter 

[HI] . 
12 Divid e [HI ]  int o tw o usin g give n resistanc e 
13 Tota l  resistanc e i s overal l  diagona l 
14 (i )  Comput e value s fo r  [A] ;  (ii )  chec k wit h Ohms law . 
15 Comput e value s fo r  [B ]  give n i t  i s  i n serie s wit h [A] . 
16 Comput e value s fo r  (i )  [C ]  give n (ii )  i t  i s  i n paralle l  wit h 

[DE ]  an d (iii )  [CDE ]  i n serie s wit h [B ] 
17 Chec k wit h (i )  Ohms la w an d (ii )  instructio n example . 
18 Comput e value s fo r  (i )  [F ]  give n (ii )  i t  i s  par t  o f  [FG] . 
19 (i )  Tota l  heigh t  b y summin g (ii )  individua l  height s 
20 Equation s t o comput e (i )  height s o f  [H ]  an d [I ]  give n (ii ) 

tota l  height . 
21 Su m (i )  widths ,  thu s (ii )  overal l  gradien t 

Typical-loa d LS{1 } 
AVOW-box MLS{6 } 
(i )  Typical-loa d L S {1 }  =>Known-loa d L S {2 } 
(ii )  Known-loa d L S 
Serie s M C L S {16 } 
Typical-loa d LS{1 } 
Typical-serie s CLS {  8 } 
Paralle l  MCLS{  17} ,  *N-EquaI-paralle l  CL S {12 } 
3X Typical-loa d L S {1 } 
Typical-serie s CL S {8 } 
(i )  Typical-serie s CLS{8} ,  (ii )  2 X Typical-loa d L S 
{l},*Equal-parallelCL S 

Typical-serie s CL S {8} ,  Typical-paralle l  CLS , 
*Series-and-paralle l  CL S {13 } 
Typical-serie s CL S {8 )  an d 2 X Known-loa d L S {1} . 
AVOW-box M L S {6} . 
(i )  Known-loa d L S {2} ;  (ii )  AVOW-box M L S {6} . 
Known-loa d LS{2 }  an d Typical-serie s {8} . 
(i )  Known-loa d L S {2} ;  (ii )  N-equal-paralle l  CL S 
{12} ,  (iii )  Known-loa d L S {2 } 
(i )  AVOW-box M L S {6} ,  (ii )  Known-loa d L S {2} . 
(i )  Known-loa d L S {2} ,  (ii )  Equal-paralle l  CLS . 
(i )  Known-loa d {2} ;  (ii )  4 X Known-load s {2 } 
(i )  Serie s M L S {16} ,  (ii )  2 X Known-loa d {2} . 

(i) 2X Known-loads {2}, (ii) Known-loads LS {2}. 
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th e differen t  schema s wer e use d throughou t  th e instruction s 
and al l  thre e problems ,  th e analysi s appear s t o giv e a  fairl y 
consisten t  interpretation .  Th e analysi s ca n b e considere d t o 

be complet e a s ther e wer e n o substantiv e expression s o r 
drawing s tha t  coul d no t  b e reasonabl y accommodate d b y th e 
schemas .  Th e analysi s wa s fairl y parsimoniou s a s onl y a 
relativel y smal l  numbe r  o f  schema s o f  eac h typ e neede d t o 
be hypothesize d t o explai n SL' s behaviou r  an d the y wer e 
typicall y invoke d mor e tha n once .  Th e analysi s ha s som e 
coherenc e a s i t  provide s a  fairl y  unifor m characterizatio n o f 
th e differen t  phase s o f  SL' s reasonin g an d o n quit e differen t 
problem s types .  Ther e i s goo d reaso n t o thin k tha t  th e 
number  an d particula r  definitio n o f  slot s i s necessar y an d 
sufficien t  fo r  explainin g th e variou s inference s observed .  A t 
leas t  fo r  A V O W diagrams ,  ther e d o no t  see m t o b e an y 
redundan t  slot s containin g unnecessar y informatio n an d non e 
of  th e expression s ha d substantiv e informatio n tha t  coul d 
not  b e place d i n on e o f  th e propose d slots . 

Further ,  th e framewor k appear s t o captur e th e comple x 
reasonin g tha t  relate s th e value s o f  propertie s o f  individua l 
components/AVO W boxe s t o th e globa l  structur e o f  th e 
A V OW diagrams/circui t  topolog y — a n importan t  aspec t  o f 
proble m solvin g wit h LEDs .  Th e framewor k als o provide s 
an integrate d accoun t  o f  proble m solvin g an d learnin g wit h 
A V OW diagrams .  Proble m solvin g i s largel y characterize d 
by th e applicatio n o f  schema s b y matchin g content s o f 
certai n slot s t o availabl e fact s an d the n assertin g th e fact s 
fro m th e othe r  slot s o f  th e schemas .  On e importan t  aspec t 
of  learnin g i s th e generatio n o f  nove l  domai n leve l  schemas , 
LSs an d CLSs ,  usin g th e meta-leve l  knowledg e o f  th e 
domai n containe d i n M L S s an d M C L S s . 

The variou s slot s o f  th e schema s have ,  quit e deliberately , 
not  bee n define d i n precis e term s wit h th e specificatio n o f 
particula r  dat a formats ,  becaus e th e exac t  natur e o f  th e 
informatio n ma y var y fro m domai n t o domain ,  o r  eve n 
withi n a  domain .  Fo r  example ,  domain-conditlon s ma y 
be specifie d a s magnitude s o f  propertie s fo r  on e aspec t  o f  a 
domai n bu t  a s topologica l  relation s i n another .  Th e 
framewor k aim s t o b e a  genera l  characterizatio n o f  th e 
classe s o f  informatio n tha t  ar e necessar y fo r  proble m solvin g 
and learnin g wit h L E D s i n divers e proble m domains ,  bu t  i n 
doin g s o trade s som e precisio n i n th e definitio n o f  slot s fo r  a 
grea t  scop e o f  applicability . 

The propose d framewor k extend s previou s wor k o n 
proble m solvin g wit h diagrammati c representation s base d o n 
schemas.  I n contras t  t o Ega n an d Schwart z (1979) ,  w h o 
studie d th e rol e o f  perceptua l  chunk s i n th e recognitio n o f 
functiona l  unit s i n circui t  diagrams ,  th e framewor k provide s 
a basi s fo r  studyin g proble m solvin g tha t  integrate s circui t 
diagram s wit h th e nove l  A V O W diagrams ,  whic h 
incorporat e informatio n abou t  th e underlyin g law s governin g 
th e domain .  Koedinge r  an d Anderso n (1990 )  sho w ho w 
exper t  geometr y proble m solvin g ca n b e characterize d a s th e 
searc h throug h a  spac e o f  diagrammati c configuratio n 
schemas ,  DCSs .  Th e L S an d C L S schema s ar e simila r  t o 
DCSs,  bu t  th e matchin g o f  slot s content s i s no t  onl y t o th e 
diagra m configuration ,  a s i n D C S s ,  bu t  als o t o th e 
conceptua l  informatio n abou t  th e domain .  Further ,  th e 
M LS an d M C L S schema s provid e a  basi s fo r  beginnin g t o 

explor e th e "knowledge-based "  processe s b y whic h L S an d 
C LS ca n b e learne d i n th e first  place . 
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