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Modelin g Expertis e i n Tcoub3.gs);iQOtj.n q an d Reasonin g 
Abou t  Simpl e Electri c CJxcujc s 

by Barbar a Y .  Whit e an d Joh n R .  Frederikse n 

workin g withi n th e framewor k o f  designin g a  computer-base d syste m 

fo r  teachin g automotiv e electrica l  troubleshooting ,  w e ar e 

developin g a  mode l  o f  exper t  troubleshootin g an d a  qualitativ e 

causa l  mode l  o f  circui t  behavior .  Th e purpos e o f  thes e model s i s 

t o demonstrat e t o student s th e troubleshootin g proces s an d t o 

explai n th e operatio n o f  circuit s i n faulte d an d unfaulte d 

conditions .  Ou r  instructiona l  interes t  i s  i n determinin g ho w 

model s o f  circui t  behavio r  influenc e th e learnin g o f 

troubleshootin g an d ho w trainin g i n troubleshootin g influence s 

learnin g t o reaso n abou t  circuits .  I n thi s pape r  w e wil l  focu s 

on th e psychologica l  criteri a fo r  constructin g model s o f 

troubleshootin g an d reasonin g abou t  circuits . 

In modeling the troubleshooting process, we interviewed and 

observe d exper t  mechanics ,  studie d automotiv e manuals ,  an d 

reviewe d compute r  base d troubleshootin g system s (Forbu s & 

Stevens ,  1981 ;  Rous e &  Ruston ,  1982 ;  Sleema n &  Brown ,  1982) .  We 

hav e observe d thre e broa d categorie s o f  troubleshootin g behavior : 

(1 )  sympto m faul t  association s (Rasmusse n &  Jensen ,  1974 ) ,  (2 ) 

decisio n trees ,  an d (3 )  knowledg e base d inferencin g strategies . 

Trainin g base d upo n sympto m faul t  association s require s highe r 

fidelit y tha n i s possibl e usin g compute r  simulation s an d require s 

many year s t o gai n experienc e wit h lo w probabilit y  fault s i n th e 

rea l  world .  Decisio n tree s hav e th e drawbac k o f  bein g difficul t 

t o remember ,  incomplete ,  an d d o no t  develo p skill s  tha t  woul d 

enabl e th e learne r  t o troubleshoo t  system s othe r  tha n th e on e 

explicitl y  trained .  Ou r  goal ,  therefore ,  wa s t o fin d a  knowledg e 

base d inferencin g strateg y tha t  woul d b e flexible ,  transferable , 

and no t  to o difficul t  t o learn . 

We have worked with an expert troubleshooter who utilizes and 

teache s a  knowledg e base d strateg y (th e Feed-Device-Groun d o r  FD G 

strategy )  t o student s i n a  technica l  hig h school .  Th e strateg y 
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appear s t o hav e genera l  applicabil i t y  an d ha s severa l  propertie s 

tha t  mak e i t  eas y t o execute . 

Firstly, the FDG strategy minimizes the number of entities about 

whic h on e ha s t o reaso n a t  an y moment  b y focusin g o n on e devic e 

a t  a  tim e an d dividin g th e circui t  int o thre e parts :  feed , 

device ,  an d groun d (se e Figur e 1 )  .  Th e feed ,  fo r  example , 

consist s o f  al l  circui t  element s betwee n th e positiv e voltag e 

sourc e an d th e devic e o f  focus .  Th e groun d i s analogousl y 

defined .  Al l  inference s ar e mad e wit h referenc e t o thes e thre e 

ent i t ies . 

Secondly, the strategy seeks to eliminate ambiguities about the 

locatio n o f  th e faul t  befor e shiftin g th e focu s t o anothe r 

device .  Fo r  instance ,  suppos e tha t  a  tes t  ligh t  (o r  voltmeter ) 

i s  connecte d betwee n th e devic e an d th e negativ e termina l  o f  th e 

batter y an d tha t  i t  doe s no t  ligh t  (o r  indicat e a  vo l tage) . 

Ther e ar e mult ipl e fault s tha t  ar e consisten t  wit h thi s result : 

Ther e coul d b e a n ope n o r  a  shor t  t o groun d i n th e fee d t o th e 

device ,  th e devic e itsel f  coul d b e faulty ,  o r  th e groun d circui t 

coul d b e shorted .  Give n th e ambiguit y o f  suc h a  tes t  result ,  ou r 

exper t  ha s severa l  technique s fo r  determinin g whethe r  th e faul t 

i s  i n th e feed ,  device ,  o r  groun d system .  On e techniqu e i s t o 

detac h a  possibl y fault y groun d syste m fro m th e device .  I f  th e 

groun d wer e shorte d thi s detachmen t  woul d caus e th e ligh t  t o com e 

on .  Anothe r  techniqu e i s t o provid e a  substitut e fee d t o th e 

device .  I f  th e ligh t  wer e the n t o com e on ,  on e coul d infe r  tha t 

ther e i s a  faul t  i n th e fee d system .  A  furthe r  techniqu e i s t o 

detac h th e fee d system ,  whil e leavin g th e substitut e fee d i n 

place .  The n i f  th e ligh t  wer e t o com e on ,  on e coul d infe r  tha t 

th e fee d i s shorted .  I f  al l  o f  thes e technique s hav e bee n 

employe d an d th e ligh t  stil l  doe s no t  com e on ,  on e coul d the n 

conclud e tha t  th e devic e itsel f  ha s a n ope n o r  a  shor t  t o ground . 

Usin g thes e methods ,  th e faul t  ca n b e isolate d t o b e withi n th e 

feed ,  device ,  o r  groun d portio n o f  th e circuit . 

Thirdly, the FDG strategy minimizes the memory demands for 

keepin g trac k o f  wha t  part s o f  th e circui t  ar e know n t o b e good . 

Once th e sectio n o f  th e circui t  wit h th e faul t  ha s bee n 

determined ,  th e strateg y involve s seriall y  searchin g tha t  sectio n 

of  th e circui t  know n t o contai n a  faul t  (eithe r  th e fee d o r 

ground )  movin g i n a  directio n awa y fro m th e device .  Thi s i s don e 

by repeatedl y shiftin g th e focu s t o th e nex t  devic e i n th e fee d 

(o r  ground )  syste m an d util izin g th e technique s fo r  resolvin g 
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ambiguit y outline d abov e t o constrai n furthe r  th e locatio n o f  th e 

fault .  I t  shoul d b e note d tha t  a  seria l  searc h i s no t  th e mos t 

efficien t  procedur e fo r  larg e circuits ;  however ,  i t  doe s mak e i t 

eas y t o remembe r  wha t  part s o f  th e circui t  hav e alread y bee n 

teste d an d foun d t o b e fre e o f  faults .  Thi s make s th e PD G 

strateg y easie r  t o execut e tha n strategie s whic h utiliz e 

potentiall y  mor e efficien t  searc h procedures ,  suc h a s repeatedl y 

shiftin g th e devic e focu s t o th e middl e o f  th e suspec t  par t  o f 

th e circuit . 

The FDG strategy has the advantage of being generally applicable 

t o simpl e electrica l  circuit s an d minimize s memor y requirement s 

fo r  executin g it .  However ,  i t  doe s presuppos e knowledg e o f 

electrica l  circuit s an d appear s t o requir e a n abilit y  t o reaso n 

qualitativel y abou t  circuits .  Thi s ma y mak e i t  a  difficul t 

troubleshootin g techniqu e fo r  a  novic e t o master .  Fo r  example ,  a 

studen t  need s t o understan d tha t  fo r  curren t  t o flo w throug h a 

device ,  ther e mus t  b e a  continuou s pat h fro m a  voltag e sourc e t o 

th e devic e an d bac k t o th e opposit e termina l  o f  th e voltag e 

source .  Th e implicatio n o f  thi s principl e i s tha t  i n a  serie s 

circui t  a n ope n wil l  preven t  curren t  fro m flowing .  However ,  i n a 

paralle l  circuit ,  a n ope n wil l  no t  necessaril y  preven t  curren t 

fro m flowin g throug h th e devic e i f  ther e i s a n alternativ e pat h 

fo r  th e curren t  t o take .  Furthermore ,  student s nee d t o 

understan d tha t  i n th e cas e o f  paralle l  circuits ,  mor e curren t 

wil l  flo w i n th e pat h o f  lowe r  resistanc e an d tha t  i f  ther e i s 

one pat h wit h n o resistance ,  al l  o f  th e curren t  wil l  follo w tha t 

path .  Th e importan t  implicatio n o f  thi s principl e fo r 

troubleshootin g i s tha t  short s t o groun d provid e alternativ e 

path s wit h negligibl e resistanc e an d thereb y preven t  curren t  fro m 

flowin g throug h th e remainde r  o f  th e circuit . 

Given the need to teach these electrical principles and their 

implication s a s a  prerequisit e t o teachin g th e FD G strateg y fo r 

troubleshooting ,  w e ar e creatin g a n instructiona l  environmen t 

tha t  i s  capabl e o f  demonstratin g an d providin g practic e i n usin g 

thes e principles .  Th e basi s o f  thi s syste m i s a  qualitativ e 

causa l  mode l  tha t  simulate s th e operatio n o f  a n electrica l 

circui t  i n bot h unfaulte d an d faulte d states .  Th e qualitativ e 

causa l  mode l  incorporate s knowledg e o f  th e structur e o f  th e 

circuit ,  th e functionin g o f  th e device s withi n th e circuit ,  an d 

th e electrica l  principle s presente d above . 

There are a number of instructional requirements that constrain 
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th e for m o f  thi s qualitativ e causa l  model .  Firstly ,  th e mode l  i s 

t o b e capabl e o f  supportin g graphica l  representation s o f  circui t 

operat ion .  Thes e representation s il lustrat e circui t  topology , 

state s o f  device s (e.g. ,  a n ope n o r  close d switch ,  a  coi l  wit h a 

fiel d aroun d i t ) ,  an d curren t  flow .  The y ca n show ,  fo r  simpl e 

c ircui ts ,  th e effect s o f  fault s suc h a s open s an d short s t o 

groun d o n curren t  flo w an d o n tes t  ligh t  behavior .  Secondly ,  th e 

model  i s t o provid e a  simulatio n environmen t  withi n whic h th e FD G 

"expert "  progra m ca n demonstrat e troubleshootin g concept s an d 

procedure s an d th e studen t  ca n practic e executio n o f  th e 

strategy .  Fault s ca n b e introduce d withou t  th e student' s 

awareness ,  an d th e studen t  ha s facil i t ie s fo r  insertin g a  tes t 

l ight ,  settin g th e posit ion s o f  switche s an d points ,  establishin g 

a devic e o f  focus ,  installin g substitut e feeds ,  an d detachin g 

fee d an d groun d circuits .  Th e syste m wil l  faithfull y reproduc e 

th e effect s o f  thes e manipulat ion s o n th e behavio r  o f  th e tes t 

ligh t  an d th e operatio n o f  th e circuit .  Thirdly ,  th e mode l  i s t o 

be capabl e o f  generatin g explanation s o f  circui t  operation . 

Moreover ,  thes e explanation s emplo y th e sam e qualitativ e 

reasonin g principle s use d i n th e executio n o f  th e FD G strategy . 

When a  componen t  i s se t  t o b e faulty ,  th e syste m describe s th e 

effect s o f  th e faul t  o n th e operatio n o f  othe r  components ,  o n th e 

behavio r  o f  a  tes t  l igh t  inserte d int o th e circuit ,  an d o n th e 

functionin g o f  th e ignitio n circui t  a s a  whole . 

In order to meet these instructional requirements, the model 

consist s o f  (1 )  a  representatio n o f  circui t  topology ,  (2 )  a 

functiona l  mode l  fo r  eac h devic e withi n th e circuit ,  (3 )  rule s 

fo r  evaluatin g devic e state s a t  eac h poin t  i n t ime ,  an d (4 ) 

procedure s fo r  tracin g th e circui t  t o ai d i n evaluatin g 

condit ion s fo r  devic e states .  Th e topologica l  representatio n 

describe s th e connection s betwee n device s withi n th e circuit . 

The functiona l  mode l  fo r  a  devic e specifie s it s operatin g state s 

an d th e condition s fo r  enterin g thos e states .  Fo r  example ,  th e 

coi l  ha s tw o states :  fiel d buildin g an d fiel d dissipating .  Th e 

conditio n fo r  enterin g th e fiel d buildin g stat e i s tha t  a n 

electrica l  potentia l  exist s acros s th e Primary-Plu s an d Primary -

Minu s terminals .  Th e conditio n fo r  th e fiel d dissipatin g stat e 

i s tha t  ther e i s n o suc h electrica l  potential .  I n orde r  t o 

determin e i f  a n electrica l  potentia l  exists ,  th e mode l  mus t  chec k 

fo r  a  continuou s pat h fro m eac h termina l  t o a  voltag e source .  T o 

determin e i f  th e pat h i s continuous ,  th e mode l  mus t  chec k th e 

state s o f  eac h devic e t o se e i f  i t  provide s a  conductiv e path . 
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I f  a  brea k i n th e circuit s occur s (i f  a  switc h i s ope n o r  a 

devic e i s faulte d open ) ,  alternativ e paralle l  path s ar e searched . 

I f  n o continuou s pat h i s found ,  th e mode l  conclude s tha t  ther e i s 

no operatin g voltag e fo r  th e coil .  O n th e othe r  hand ,  i f  a t 

leas t  on e continuou s pat h i s foun d fo r  bot h th e fee d an d groun d 

systems ,  the n th e mode l  check s fo r  short s (path s o f  negligibl e 

resistanc e t o th e opposit e sid e o f  th e voltag e source )  .  I n thi s 

way,  characteristic s o f  th e circui t  ar e examine d i n orde r  t o 

evaluat e th e operatin g requirement s fo r  a  device .  A n advantag e 

of  thi s mode l  i s tha t  th e effect s o f  fault s o n th e operatio n o f 

th e circui t  ar e easil y determined .  A  furthe r  advantag e i s tha t 

th e circui t  tracin g procedure s ar e simila r  t o thos e employe d b y 

th e FD G strategy .  Thus ,  i n a  sense ,  th e troubleshootin g strateg y 

and th e qualitativ e causa l  mode l  utiliz e a  simila r  kin d o f 

reasoning . 

The model runs in discrete steps in time. All devices evaluate 

thei r  state s i n paralle l  an d appropriat e change s i n th e graphi c 

displa y ar e made .  I f  explanation s ar e desired ,  eac h ste p i n th e 

reasonin g proces s ca n b e articulated .  Th e mode l  als o support s 

studen t  initiate d tests .  Whe n a  tes t  ligh t  i s  positione d i n th e 

circuit ,  procedure s analogou s t o thos e describe d abov e deduc e th e 

stat e o f  th e light .  Runnin g th e mode l  als o enable s on e t o 

determin e th e se t  o f  fault s consisten t  wit h a  give n tes t  result . 

This model is similar to that of de Kleer and Brown (1983) in 

tha t  i t  i s  base d o n qualitativ e causa l  reasoning .  We selecte d 

thi s clas s o f  mode l  (se e als o Kuipers ,  1982 )  becaus e i t  enable s 

th e instructiona l  syste m t o generat e causa l  explanation s tha t  ma y 

hel p student s t o understan d circui t  behavior .  Sinc e ou r  focu s i s 

on troubleshootin g rathe r  tha n "envisioning" ,  ou r  mode l  differ s 

fro m tha t  o f  d e Klee r  an d Brow n i n severa l  respects .  We sough t  a 

model  tha t  woul d b e robus t  i n permittin g fault s t o b e introduce d 

withou t  requirin g a  ne w mode l  fo r  eac h perturbatio n i n th e 

circuit .  B y utilizin g contex t  fre e functiona l  model s fo r  device s 

alon g wit h a  topologica l  searc h proces s fo r  evaluatin g devic e 

conditions ,  w e wer e abl e t o construc t  a  singl e mode l  tha t 

account s fo r  th e effect s o f  fault s o n th e operatio n o f  th e 

circuit . 

Instructional considerations led us to decompose this domain into 

a troubleshootin g componen t  (th e FD G strategy )  an d a  circui t 

reasonin g componen t  (th e qualitativ e causa l  mode l ) .  Thi s 

decompositio n allow s u s t o conside r  th e effect s o f  teachin g 
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reasonin g abou t  circuit s o n th e learnin g o f  troubleshootin g 

skil l s  an d th e effect s o f  teachin g troubleshootin g o n learnin g t o 

reaso n abou t  circuits .  Thi s latte r  cas e i s interestin g fro m th e 

standpoin t  o f  helpin g student s understan d basi c circui t  theor y 

sinc e th e troubleshootin g tas k i s a  for m o f  qualitativ e proble m 

solvin g tha t  ca n motivat e th e learnin g o f  circui t  principles . 
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