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Abstrac t 

In  this paper, we present results ftom two empirical studies in 
whic h subject s diagnose d fault s tha t  occurre d i n a  computer -
based ,  dynamica l  simulatio n o f  a n oil-fire d marin e powe r  plant , 
calle d Turbinia .  Ou r  result s wer e analyze d i n th e framewor k o f 
dual  proble m spac e searc h (DPSS) ,  i n whic h non-routin e diag -
nosi s wa s characterize d a s a  proces s o f  generatin g hypothese s 
t o explai n th e observe d faults ,  an d testin g thes e hypothese s b y 
conductin g experiments . 
I n th e first  study ,  w e foun d tha t  th e less-efficien t  subject s 
conducte d significantl y mor e experiments ,  indicatin g a  stron g 
bottom-u p bia s i n thei r  diagnosti c sU-ategy .  I n tiie  secon d study , 
we examine d th e effect s o f  imposin g externa l  resourc e bound s 
on subjects '  diagnosti c strategies .  Result s indicate d tha t  con -
straint s o n diagnosi s time  le d t o a  reductio n i n th e numbe r  o f 
action s performe d an d component s viewed ,  withou t  appearin g 
t o affec t  diagnosti c performance .  Constraint s o n th e numbe r 
of  diagnosti c test s reduce d searc h i n th e experimen t  space , 
whic h appeare d t o negativel y affec t  performance .  Take n to -
gether ,  thes e sugges t  result s tha t  subjects '  diagnosti c strategie s 
wer e sensitiv e t o consti-aint s i n tiie  externa l  tas k environment . 
We clos e wit h a  sketc h o f  ho w D P S S migh t  b e augmente d t o 
includ e effect s du e t o externa l  resourc e bounds . 

Introduction 

The nee d fo r  effectiv e troubleshootin g i s rapidl y becomin g 
ubiquitou s i n ou r  increasingl y technologica l  society .  Trou -
bleshootin g i s a  comple x cognitiv e process ,  requirin g th e inte -
gratio n o f  detaile d syste m knowledg e wit h strategie s fo r  locat -
ing ,  testing ,  an d repairin g fault s unde r  a  dynamicall y changin g 
environment .  I n thi s pape r  w e attemp t  t o understan d an d char -
acteriz e thi s complexity .  W e presen t  result s fro m tw o empir -
ica l  studie s i n whic h subject s diagnose d fault s i n a  computer -
based ,  dynamica l  simulatio n o f  a n oil-fire d marin e powe r 
plant ,  calle d IXirbini a [Vasandan i  an d Govindaraj ,  1993] . 

The dat a wer e analyze d i n th e contex t  o f  a  theoretica l  frame -
wor k i n whic h non-routin e diagnosi s i s characterize d a s a  pro -
ces s o f  generatin g hypothese s t o explai n th e observe d faults , 
and testin g thes e hypothese s b y conductin g experiments .  I n 
cognitiv e science ,  suc h model s hav e bee n describe d a s dua l 
proble m spac e search ,  wher e processin g alternate s betwee n 
searc h i n th e hypothesi s proble m spac e an d searc h i n th e ex -
perimen t  proble m spac e [Klah r  an d Dunbar ,  1988] . 

I n th e first  study ,  subjects '  diagnose s wer e analyze d i n or -
der  t o determin e thei r  strategie s fo r  generatin g hypotheses , 
fo r  conductin g experiments ,  an d fo r  integratin g searc h i n th e 
tw o proble m spaces .  I n addition ,  w e analyze d th e efficienc y 
of  thes e strategies .  Not e tha t  subject s wer e diagnosin g fault s 

wit h essentiall y  n o constraint s o n tim e an d resources .  H o w -
ever ,  i n th e real-world ,  resourc e bound s strongl y affec t  th e 
w ay diagnosi s i s conducte d [Town e an d M u n r o ,  1988] .  Fo r 
example ,  a  diagnosi s situatio n m a y requir e tha t  th e faile d de -
vic e b e repaire d immediately ,  o r  a  longe r  turnaroun d tim e m a y 
be permitted .  Moreover ,  replacemen t  part s m a y b e plentifu l 
an d cheap ,  o r  the y m a y b e scarc e an d expensive .  Finally , 
certai n diagnosti c test s m a y b e difficul t  o r  time-consumin g t o 
perform .  Therefore ,  i n th e secon d study ,  w e impose d bound s 
o n availabl e resource s i n orde r  t o investigat e thei r  effec t  o n 
subjects '  diagnosti c strategies .  T w o kind s o f  bound s wer e im -
posed :  tim e an d costs .  T h e effect s o f  tim e wer e investigate d 
by manipulatin g th e tim e availabl e fo r  diagnosin g faults .  Th e 
effect s o f  cos t  wer e investigate d b y limitin g th e numbe r  o f 
diagnosti c tests .  M o r e theoretically ,  th e goa l  o f  thi s stud y 
was t o augmen t  th e framework  t o accoun t  fo r  effect s du e t o 
resourc e bound s durin g troubleshooting . 

Th e remainde r  o f  th e pape r  i s organize d a s follows .  I n th e 
nex t  section ,  w e presen t  th e theoretica l  framework  underlyin g 
ou r  studies .  Th e followin g sectio n describe s th e computer -
base d simulator ,  Turbinia .  W e the n presen t  th e metho d an d 
results . 

Theoretical Framework 

We define diagnosis as identifying the component that is 
causin g th e fault y condition .  W e propos e tha t  thi s proces s 
involve s identifyin g an d clarifyin g th e initia l  symptoms ,  gen -
eratin g hypothese s t o explai n th e symptoms ,  runnin g diag -
nosti c tests ,  an d evaluatin g tes t  results .  Withi n cognitiv e 
science ,  th e alternatio n betwee n hypothesi s generatio n an d 
testin g ha s bee n characterize d a s dua l  proble m spac e searc h 
[Klah r  an d Dunbar ,  1988] .  I n suc h models ,  searc h alternate s 
betwee n (1 )  th e hypothesi s space ,  whic h contain s al l  possibl e 
hypothese s fo r  th e task ,  an d (2 )  th e experimen t  space ,  whic h 
contain s al l  possibl e experiment s fo r  th e task .  Searc h i n th e 
hypothesi s spac e entail s proposin g component s whos e failur e 
bes t  explain s th e observe d symptoms .  "Th e searc h i s guide d b y 
bot h prio r  knowledg e an d result s from  experiments .  Searc h 
i n th e experimen t  spac e entail s conductin g diagnosti c test s 
whos e results ,  i n turn ,  m a y confir m o r  disconfir m particula r 
hypothese s unde r  consideration .  Searc h i n th e experimen t 
spac e m a y b e guide d b y currentl y activ e hypotheses ,  o r  m a y 
serv e t o gathe r  informatio n fo r  formulatin g hypotheses . 

I n thei r  studie s o f  scientifi c  discovery ,  Klah r  an d Dunba r 
(1988 )  hav e use d thi s framework  t o characteriz e subject s i n 
term s o f  h o w the y searc h th e tw o proble m spaces .  Theorist s 
describ e subject s w h o firs t  attemp t  t o generat e hypothese s 
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Figur e 1 :  T h e boile r  schemati c i n Turbinia . 

tha t  ar e the n con f i rme d o r  disconf i rme d throug h exper iments . 
Th i s t o p - d o w n approac h begin s w i t h searc h i n th e hypothesi s 
space ,  a n d th e searc h i n th e exper imen t  spac e i s constraine d b y 
th e hypothese s unde r  consideration .  Exper imenter s describ e 
subject s w h o searc h th e exper imen t  spac e wi thou t  explici t  hy -
potheses .  I n thi s b o t t o m - u p strategy ,  hypothese s ar e induce d 
from  experimenta l  results . 

T h u s ,  strategie s ar e crucia l  fo r  determinin g w h e r e a n d h o w 
th e t w o p r o b l e m space s ar e searched .  Fo r  e x a m p l e ,  w h e n 
searchin g th e hypothesi s space ,  ar e severa l  hypothese s con -
sidered ,  o r  on l y o n e ? W h e n searchin g th e exper imen t  space , 
ar e test s conduc te d t o 1 )  conf i r m th e leadin g hypothesis ,  2 ) 
disconfir m hypotheses ,  o r  3 )  m a x i m i z e informatio n gain ? I n 
o u r  empirica l  studies ,  w e w e r e intereste d i n determin in g sub -
jects '  strategie s fo r  coordinatin g searc h i n th e t w o p r o b l e m 
spaces ,  w h e t h e r  subject s cou l d b e characterize d a s theorist s 
o r  experimenters ,  a n d th e effect s o f  resourc e b o u n d s o n sub -
jects '  searc h strategies . 

T^irbinia-Vyasa 

Turbinia-Vyas a i s a n instructiona l  syste m tha t  train s opera -
tor s i n diagnosti c proble m solvin g i n th e domai n o f  marin e 
power  plants .  I t  i s comprise d o f  a  stea m powe r  plan t  simulato r 
an d a n intelligen t  tutorin g system .  Turbinia-Vyas a i s imple -
mente d i n Macintos h C o m m on Lis p wit h C o m m on Lis p Ob -
jec t  Syste m an d run s o n Appl e Macintos h I I  computers .  Th e 
simulator ,  Turbinia ,  i s base d o n a  hierarchica l  representatio n 
of  subsystems ,  components ,  an d primitive s togethe r  wit h nec -
essar y physica l  an d logica l  linkage s amon g them .  Turbini a 
ca n simulat e a  larg e numbe r  o f  failure s i n a  marin e powe r 
plant .  Approximatel y 10 0 component s hav e bee n modele d t o 
achiev e fairl y hig h degree s o f  structura l  an d dynami c fidelity 
eve n thoug h th e physica l  fidelity  o f  th e simulato r  i s rathe r 

low .  Vyas a i s th e computer-base d tuto r  tha t  teache s th e trou -
bleshootin g tas k usin g Turbinia .  Th e simulator ,  a n interactive , 
direc t  manipulatio n interface ,  an d th e tuto r  (wit h it s expert , 
student ,  an d instructiona l  modules )  compris e th e instructiona l 
system . 

Vyas a operate s i n tw o modes :  passiv e an d active .  I n th e 
passiv e m o d e th e studen t  i s solel y responsibl e fo r  initiatin g 
th e communications .  W h e n hel p i s needed ,  th e studen t  mus t 
interrup t  th e simulation .  Sh e ca n the n brows e throug h an d 
obteii n detaile d knowledg e abou t  th e syste m an d generi c fail -
ures .  W h e n th e passiv e tuto r  i s invoked ,  th e simulatio n i s 
temporaril y  brough t  t o a  hal t  an d th e studen t  ca n acces s var -
iou s segment s o f  knowledg e i n th e exper t  module .  I n th e ac -
tiv e mode ,  th e tuto r  take s th e initiativ e t o provid e instruction s 
when i t  infer s a  possibl e misconceptio n base d o n th e student' s 
actions .  I n thi s mode ,  th e tuto r  monitor s th e student' s action s 
and offer s hel p whe n appropriate .  Th e instruction s ma y b e 
provide d b y th e activ e tuto r  wit h o r  withou t  intervention .  Th e 
capabilitie s o f  activ e tuto r  includ e al l  th e capabilitie s o f  th e 
passiv e tuto r  a s well . 

A studen t  interact s wit h Turbinia-Vyas a b y choosin g a 
schemati c icon ,  a  component ,  a  gauge ,  o r  icon s represent -
in g function s o f  th e tutor .  Th e boile r  schematic ,  alon g wit h 
variou s icons ,  i s show n i n Figur e 1 . 

Experiment 1 

An empirical study was conducted with goal of determining 
th e effectivenes s o f  thre e trainin g method s use d b y Turbinia -
Vyasa .  Th e detail s an d result s o f  thi s stud y ca n b e foun d i n 
Vasandan i  an d Govindara j  (1993) .  I n th e analysi s presente d 
here ,  w e focu s o n subjects '  diagnosti c strategie s whil e diag -
nosin g fault s usin g onl y th e simulator . 
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Mouse 
Categor y 
Gauges 
Component s 
Schematic s 
Symptoms 
Diagnose s 

Overal l 
Mean 
25.1 9 
18.2 6 
5.7 8 
1.6 2 
4.0 0 

Mean 
Quic k 
16.7 6 
12.2 4 
4.7 8 
1.5 7 
3.5 7 

Mean 
Slo w 
33.4 2 
24.2 8 
6.7 7 
1.6 8 
4.4 2 

Mai n Effec t 
F(1.28 ) 

6.8 5 
27.2 2 
9.6 9 

-

p-valu e 
.000 1 
.000 1 
.00 5 
n.s . 
n.s . 

Grou p X  Trial s 
p-valu e 
.000 1 
.0 2 
n.s . 
n.s . 
n.s . 

Tabl e 1 :  M e a n numbe r  o f  mous e action s pe r  grou p an d pe r  category ,  an d A N O V A results . 

M e t h o d 

Subjects .  Thirt y Georgi a Tec h Nava l  R O T C cadet s serve d a s 
subjects ,  an d wer e pai d fo r  thei r  participation .  Al l  subject s 
had take n a n introductor y cours e o n nava l  system s an d ha d a 
basi c understandin g o f  thermodynamics . 
Procedure .  Th e experimen t  consiste d o f  a  trainin g phas e 
(1 0 sessions ,  eac h lastin g approximatel y 1  hour )  an d a  testin g 
phas e (tw o sessions) .  Durin g th e trainin g phase ,  i n whic h sub -
ject s diagnose d 2 8 faults ,  subject s wer e randoml y assigne d t o 
one o f  thre e trainin g conditions :  (a )  trainin g usin g th e simula -
to r  alon e (Turbinia) ,  (b )  trainin g wit h th e ai d o f  a  passiv e tuto r 
(passiv e Vyasa) ,  an d (c )  trainin g wit h th e ai d o f  a n activ e tuto r 
(activ e Vyasa) .  Thi s wa s followe d b y a n identica l  tes t  phas e 
( 2 sessions) ,  i n whic h subject s diagnose d 1 0 faults ,  usin g onl y 
Turbinia .  Fiv e o f  thes e fault s wer e new ,  whil e five  ha d bee n 
give n durin g th e trainin g sessions .  Th e faul t  orderin g wa s 
identica l  fo r  al l  subjects . 

Results 

As previousl y mentioned ,  th e presen t  goa l  wa s t o focu s o n 
subjects '  diagnosti c strategies .  Sinc e th e difference s betwee n 
trainin g condition s wer e small ,  w e collapse d subject s acros s 
conditions ,  an d onl y considere d thei r  performanc e durin g th e 
final  tes t  ("Rirbini a only )  phase ,  whe n the y diagnose d th e 
previously-unsee n faults . 

Turbini a kep t  a  permanen t  recor d o f  eac h subject' s mous e 
actions .  Eac h mous e actio n serve d on e o f  th e followin g func -
tions :  1 )  a  reques t  t o vie w th e initia l  faul t  symptom s (proble m 
formulatio n o r  elaboration) ,  2 )  a  reques t  t o vie w a  schematic , 
3)  a  reques t  t o vie w a  component ,  4 )  a  reques t  t o vie w a  gaug e 
(hypothesi s testing) ,  an d 5 )  a  reques t  t o m a k e a  diagnosi s 
(hypothesi s evaluation) . 

The first  mous e actio n wa s assume d t o b e proble m formula -
tio n o r  elaboration .  Th e secon d an d thir d mous e action s wer e 
assumed t o involv e hypothesi s formulation .  Action s i n th e 
fourt h categor y wer e assume d t o involv e hypothesi s testing , 
whil e action s i n th e th e fifth  categor y wer e considere d t o b e 
hypothesi s evaluation . 
Mouse Actions .  Overall ,  th e mea n numbe r  o f  mous e action s 
per  faul t  varie d widely ,  an d ca n b e see n a s reflectin g faul t 
difficulty .  Th e hig h variabilit y  als o suggeste d tha t  ther e wa s 
no learnin g effect .  Fo r  thi s reason ,  i n th e analysis ,  fault s wer e 
sorte d b y difficult y (determine d b y th e mea n numbe r  o f  mous e 
action s pe r  fault) . 

Tabl e 1  show s th e overal l  mea n numbe r  o f  action s i n eac h 
mouse actio n category .  Viewin g gauge s wa s th e mos t  com -
mon activity ,  accountin g fo r  3 9 % o f  subjects '  mous e actions . 
Viewin g component s accounte d fo r  2 8 % o f  subjects '  mous e 
actions .  Call s fo r  viewin g a  ne w schemati c accounte d fo r  9 % 
of  th e mous e actions ,  whil e evaluatin g diagnose s accounte d 

fo r  6% .  Th e mos t  infrequen t  actio n wa s viewin g th e initia l 
symptom s ( 2 % ) .  Thus ,  ove r  a  thir d o f  th e subjects '  action s 
involve d conductin g experiments . 
lyansitions .  I n Turbinia ,  th e use r  ca n b e i n on e o f  fiv e di -
agnosti c states :  viewin g a  symptom ,  schematic ,  component , 
gauge ,  o r  requestin g a  diagnosis .  A t  eac h state ,  th e use r 
ca n selec t  fro m amon g th e five  possibl e action s (excep t  th e 
schemati c state ,  i n whic h onl y fou r  kind s o f  action s ar e pos -
sible) . 

Thi s result s i n a  quit e larg e stat e transitio n network ,  wit h 
2 4 possibl e transitions .  However ,  a  m u c h smalle r  portio n o f 
th e network ,  wit h 9  possibl e transitions ,  accounte d fo r  th e 
vas t  majorit y o f  subjects '  stat e transitions .  Th e reduce d net -
wor k di d no t  sho w a  transitio n betwee n viewin g th e faul t 
symptom s an d requestin g a  diagnosis ,  suggestin g tha t  sub -
ject s di d no t  rel y upo n symptom-faul t  associations .  Thi s 
i s no t  surprising ,  sinc e suc h pair s likel y aris e throug h gain -
in g experienc e an d developin g sensitivit y t o c o m m o n fail -
ure s [Town e an d Munro ,  1988] ,  an d subject s i n thi s stud y 
wer e lackin g suc h experience .  Th e mos t  frequen t  transi -
tion s wer e gauge-to-gaug e an d component-to-gaug e transi -
tion s (accountin g fo r  3 9 % o f  al l  transitions) ,  agai n suggestin g 
tha t  subject s relie d highl y o n testing . 

Th e larg e numbe r  o f  test s suggeste d tha t  subject s wer e fol -
lowin g a  strateg y o f  attemptin g t o confir m thei r  hypothesis . 
Th e ubiquit y o f  th e positive-tes t  strateg y i s a  robus t  finding  i n 
th e scientifi c  discover y literature .  Whil e th e positive-tes t  strat -
egy i s generall y acknowledge d t o b e a  less-efficien t  strateg y 
tha n a  negative-tes t  strateg y [Freedman ,  1992] ,  it s optimalit y 
is ,  i n reality ,  a  functio n o n th e distributio n o f  positiv e an d 
negativ e instance s [Klah r  an d Dunbar ,  1988] .  Fo r  example ,  i f 
th e probabilit y  o f  confirmin g a  hypothesi s i s high ,  the n a  posi -
tiv e tes t  resul t  doe s no t  ad d m u c h ne w information .  However , 
i n th e Turbini a simulation ,  th e majorit y o f  th e gauge s ha d 
norma l  levels .  Therefore ,  subject s ha d a  lo w probabilit y o f 
encounterin g abnorma l  gauges ,  whic h woul d serv e t o confir m 
thei r  curren t  hypothesis .  A s such ,  th e us e o f  a  positive-tes t 
strateg y i s a  quit e reasonabl e heuristic . 
Diagnosti c Efficiency .  Subject s wer e divide d int o tw o 
groups .  Quic k vs .  Slow .  Th e spli t  wa s base d o n a  post -
ho c media n spli t  o f  th e mea n numbe r  o f  mous e action s per -
forme d whe n diagnosin g nove l  fault s durin g th e tes t  phase . 
I n performin g thi s split ,  w e wer e intereste d i n characterizin g 
difference s betwee n efficien t  (Quick )  an d less-efficien t  (Slow ) 
troubleshooters . 

Analyse s o f  varianc e wer e conducte d wit h th e numbe r  o f 
mouse action s i n eac h categor y pe r  faul t  (sorte d b y difficulty ) 
as th e repeate d measure ,  an d grou p a s th e between-subject s 
factor .  Ther e wa s a  stron g mai n effec t  o f  trial s (al l  p' s <  .0001 ) 
i n al l  mous e actio n categories .  Thi s resul t  agai n reflecte d faul t 
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difficulty .  O n harde r  faults ,  subject s wer e simpl y makin g 
many mor e mous e action s i n al l  categories . 

I n term s o f  th e numbe r  o f  gauge s viewe d b y subject s i n 
th e tw o group s (Quic k o r  Slow) ,  ther e wa s a  stron g mai n 
effec t  o f  grou p an d a n interactio n o f  grou p wit h trial s (se e 
Tabl e 1) .  Moreover ,  a s fault s increase d i n difficulty ,  th e less -
efficien t  grou p viewe d significantl y mor e gauge s (ther e wa s a 
significan t  linea r  tren d showin g increase d viewin g o f  gauge s 
wit h increase d faul t  difficulty .  F(l ,  28 )  =  24.66 ,  p  =  .0001) . 

Simila r  significan t  difference s wer e foun d fo r  th e numbe r 
of  componen t  viewings .  Ther e wa s a  mai n effec t  o f  grou p an d 
an interactio n o f  grou p (Quic k vs .  Slow )  wit h trial s  (se e Tabl e 
1) .  No t  onl y di d th e less-efficien t  subject s mak e significantl y 
mor e componen t  checks ,  thei r  numbe r  increase d significantl y 
as fault s becam e mor e difficul t  (ther e wa s a  significan t  linea r 
tren d showin g increase d viewin g o f  componen t  wit h increase d 
faul t  difficulty ,  F(l ,  28 )  =  13.07 ,  p  =  .001) . 

I n term s o f  viewin g schematics ,  ther e wa s a  mai n effec t 
of  group ,  bu t  n o interactio n o f  grou p wit h trials .  Ther e wer e 
no significan t  difference s betwee n group s no r  interaction s o f 
grou p wit h trial s i n th e numbe r  o f  time s th e initia l  symp -
tom s wer e viewe d o r  th e numbe r  o f  diagnosti c evaluation s 
conducte d (se e Tabl e 1) . 
S u m m a r y.  B y definition ,  th e less-efficien t  subject s mad e 
mor e mous e clickin g actions .  A n examinatio n o f  thei r  cate -
gorie s showe d tha t  th e less-efficien t  subject s performe d mor e 
mouse action s i n al l  categories .  However ,  a  significan t  differ -
enc e betwee n less-efficien t  troubleshooter s wa s foun d i n th e 
number  o f  diagnosti c test s performed .  Th e less-efficien t  sub -
ject s conducte d significantl y mor e tests ,  an d thi s differenc e 
became mor e pronounce d a s fault s increase d i n difficulty . 
Thes e subject s coul d thu s b e characterize d a s experimenter s 
i n tha t  the y wer e attemptin g t o induc e th e faile d componen t 
by searchin g fo r  abnorma l  gauges .  Th e more-efficien t  sub -
ject s conducte d significantl y fewe r  experiments ,  suggestin g a 
bette r  searc h o f  th e hypothesi s space . 

Experiment 2 

I n th e rea l  world ,  man y kind s o f  externa l  constraint s oper -
at e durin g diagnosis .  I n th e secon d study ,  w e investigate d 
th e effect s o f  tw o kind s o f  externa l  resourc e bound s o n sub -
jects '  diagnosti c strategies :  tim e an d cost .  T im e limit s withi n 
Turbini a wer e implemente d b y restrictin g th e tim e availabl e 
t o diagnos e faults .  Cos t  limit s withi n Turbini a wer e imple -
mente d b y addin g a  "Cost "  windo w t o th e interface .  Upo n 
startup ,  thi s windo w displaye d a  numbe r  tha t  wa s decremente d 
by on e eac h tim e a  diagnosti c tes t  wa s conducted .  I n th e cas e 
of  Turbinia ,  thi s corresponde d t o consultin g a  gaug e attache d 
t o a  component . 

Method 

Subjects .  Twenty-fou r  Georgi a Tec h Nava l  R O T C cadet s 
serve d a s subjects ,  an d wer e pai d fo r  thei r  participation' .  The y 
wer e require d t o hav e th e sam e backgroun d a s subject s i n th e 
first  study . 
Procedure .  Th e stud y consiste d o f  thre e sessions ,  eac h lastin g 
approximatel y tw o hours .  Th e first  sessio n wa s a  trainin g 
phase ,  i n whic h subject s diagnose d 8  faults .  Durin g th e tw o 

Proportio n 
Diagnose d 

Tim e 
(mins ) 
Mouse 
Action s 
Gauge 

T I M E Action s 
Component 

Action s 
Schemati c 

Action s 
Sympto m 
Action s 

Diagnosi s 
Action s 

yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 
yes 
no 

C O ST 
yes 

.6 8 
4.0 3 
6.1 4 

3$.3 7 
49.9 5 
9.9 5 
14.0 0 
11.3 3 
16.1 8 
4.2 0 
5.7 2 
1.6 6 
2.1 8 
4.3 1 
3.6 4 

no 
.5 6 
.9 0 

4.7 6 
4.1 3 

44.7 9 
59.3 5 
14.5 6 
17.8 5 
13.0 6 
18.0 5 
3.6 2 
4.4 0 
1.8 3 
1.7 0 
3.7 9 
5.6 5 

The dat a fro m on e subjec t  wer e discarde d du e t o a n experimente r 
erro r 

Tabl e 2 :  Proportio n o f  fault s diagnosed ,  tim e t o solution ,  an d 
means numbe r  o f  mous e action s pe r  conditio n (yes=bounded ; 
no=unbounded ) 

tes t  sessions ,  subject s wer e randoml y assigne d t o on e o f  fou r 
conditions :  1 )  tim e an d cos t  bounds ,  2 )  cos t  boun d only ,  3 ) 
tim e boun d only ,  4 )  n o bounds .  I n eac h tes t  session ,  subject s 
diagnose d 8  fault s usin g onl y Turbinia .  Th e faul t  orderin g 
was identica l  fo r  al l  subjects . 
Design .  Ther e wer e tw o mai n factor s o f  interest :  diagno -
si s tim e (bounded ,  unbounded )  an d diagnosi s cos t  (bounded , 
unbounded) ,  resultin g i n a  2  X  2  between-subject s design . 
Manipulate d Variables :  T i m e an d Costs .  Bound s o n tim e 
and cost s fo r  eac h faul t  i n th e secon d stud y wer e determine d 
by analyzin g dat a fro m Stud y 1 .  Fro m thes e data ,  w e cal -
culate d th e mea n solutio n tim e an d mea n numbe r  o f  gaug e 
action s pe r  faul t  condition .  Fo r  diagnosi s time ,  subject s i n th e 
unbounde d tim e conditio n wer e give n 1 0 minute s t o diagnos e 
eac h fault .  I n th e bounde d tim e condition ,  fo r  eac h faul t  con -
dition ,  subject s wer e give n th e mea n tim e t o solutio n fro m th e 
Experimen t  1 ,  rounde d u p t o th e neares t  minute .  Fo r  diagno -
si s costs ,  subject s i n th e unbounde d cos t  conditio n wer e give n 
100 cos t  unit s  fo r  diagnosin g eac h fault ,  a n ampl e amount .  I n 
th e bounde d tim e condition ,  fo r  eac h faul t  condition ,  th e cos t 
windo w wa s initialize d wit h th e mea n numbe r  o f  gaug e con -
sultation s fro m th e previou s study ,  rounde d u p t o th e neares t 
integer . 

Results 

I n ou r  analyses ,  w e wer e intereste d i n tw o performanc e mea -
sure s (th e numbe r  o f  fault s diagnose d an d th e tim e t o solutio n 
fo r  fault s successfull y  diagnosed) ,  an d severa l  proces s mea -
sure s (th e tota l  numbe r  o f  mous e action s an d th e numbe r  o f 
mouse action s i n th e five  mous e actio n categories) .  W e con -
ducte d A N O V A o n th e performanc e an d proces s measures , 
wit h C O S T an d T I M E a s th e independen t  factors .  Mean s fo r 
eac h conditio n ar e show n i n Tabl e 2 . 
Performance .  Despit e imposin g tim e bound s o n som e sub -
jects ,  ther e wer e n o mai n effects ,  bu t  ther e wa s a n interactio n 
of  C O S T wit h T I M E o n th e tim e take n t o diagnos e faults ,  F (  1 , 
19)  =  5.48, p =  .03 . 

Ther e wa s a  mai n effec t  o f  C O S T o n th e proportio n o f 
fault s diagnosed ,  F(I ,  19 )  =  5.09 ,  p  <  .05 ,  an d a n interactio n 
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of  C O ST wit h TIME .  F (  1 .  19 )  =  10.77 .  p  <  .005 .  A  Scheff 6 
post-ho c analysi s indicate d tha t  th e subject s wit h cos t  bound s 
but  n o tim e bound s diagnose d significantl y fewe r  fault s tha n 
th e subject s wit h bot h tim e an d cos t  bound s ( p <  .01) . 

Number  o f  Mous e Actions .  No t  surprisingly ,  ther e wa s a 
mai n effec t  o f  TIME ,  F(l ,  19 )  =  4.50 ,  p  <  .05 .  Restrictin g 
th e tim e availabl e t o diagnosi s fault s appeare d t o reduc e th e 
resultin g numbe r  o f  actions .  However ,  restrictin g th e numbe r 
of  gaug e viewing s (COS T bounded )  di d no t  appea r  t o affec t 
th e overal l  numbe r  o f  actions . 
Viewin g Gauges .  Recal l  tha t  th e C O S T facto r  manipulate d 
th e numbe r  o f  gaug e action s allowed .  Predictably ,  ther e wa s 
a mai n effec t  o f  COST,  F(\ ,  19 )  =  3.75 ,  p  =  .06 .  However , 
ther e wa s no t  a  mai n effec t  o f  T IME . 
Viewin g Components .  Ther e wa s a  mai n effec t  o f  T I M E F (  1 , 
19)  =  3.94 ,  p  =  .06 .  However ,  ther e wa s no t  a  mai n effec t  o f 
C O ST 
Schematic ,  Symptom ,  an d Diagnosi s Actions .  Ther e wer e 
no mai n effect s fo r  thes e mous e actio n categories . 
Summary.  Thes e result s mus t  b e interprete d wit h car e du e t o 
th e smal l  numbe r  o f  subject s i n th e study .  However ,  th e result s 
suggeste d tha t  subject s diagnosin g fault s wit h n o resourc e 
bound s exhibite d th e mos t  successfu l  performance .  Thi s wa s 
not  a  surprisin g result .  Interestingly ,  th e subject s workin g 
under  bot h tim e an d cos t  constraint s showe d th e nex t  bes t 
performance .  Thi s suggeste d tha t  th e effec t  o f  workin g unde r 
extremel y bounde d condition s cause d subject s t o ac t  mor e 
as theorists ,  rathe r  tha n a s experimenters .  Thi s conclusio n 
seemed warrante d give n tha t  thes e subject s mad e fa r  fewe r 
mouse click s an d consulte d a  muc h smalle r  numbe r  o f  gauges . 
wherea s th e difference s betwee n th e numbe r  o f  action s i  n  othe r 
categorie s wer e no t  significant . 

Conclusion 

I n thi s paper ,  w e hav e suggeste d tha t  non-routin e diagnosi s ca n 
be characterize d a s searc h i n dua l  proble m spaces ,  alternatin g 
betwee n hypothesi s generatio n an d testing .  Searc h i n th e hy -
pothesi s generatio n proble m spac e result s i n suspecte d com -
ponents ,  whil e searc h i n th e hypothesi s testin g proble m spac e 
serve s t o confir m o r  disconfir m specifi c  hypotheses .  Applyin g 
th e DPS S framework ,  originall y formulate d t o characteriz e 
scientifi c  discovery ,  t o troubleshootin g task s i s importan t  i n 
suggestin g commo n strategie s underlyin g disparat e proble m 
solvin g situations . 

Our  analyse s o f  subjects '  diagnosti c processe s showe d tha t 
the y performe d a  larg e numbe r  o f  diagnosti c tests .  Thi s 
suggest s tha t  subject s wer e primaril y engage d i n searc h o f 
th e experimen t  proble m space .  Unlik e othe r  studie s wher e 
troubleshooter s use d strategie s suc h a s "half-split "  o r  symp -
tomati c searc h [Whit e an d Frederiksen ,  1990] ,  th e subject s i n 
th e presen t  stud y di d no t  see m t o engag e i n muc h sympto m 
evaluation ,  an d di d no t  rel y o n symptom-faul t  pairs .  Thi s i s 
perhap s du e t o thei r  lac k o f  experienc e i n th e domain ,  an d th e 
grea t  eas e o f  conductin g test s i n Turbinia . 

The result s o f  ou r  analyse s o f  subjects '  diagnosti c effi -
cienc y ar e consisten t  wit h thos e foun d i n scientifi c  discov -
er y (Klahran d Dunbar ,  1988] .  W e foun d tha t  th e primar y 
differenc e betwee n th e diagnosti c strategie s o f  efficien t  an d 
less-efficien t  subject s wa s i n th e numbe r  experiment s con -
ducted .  Th e less-efficien t  subject s appeare d t o adop t  a  highl y 

data-drive n strateg y o f  searchin g fo r  abnorma l  gauges .  Thi s 
strateg y coul d b e viewe d a s a  kin d o f  abductiv e process ,  i n 
whic h abnorma l  gaug e reading s allo w th e fault y componen t 
t o b e induced .  Th e fac t  tha t  th e mor e efficien t  subject s per -
forme d significantl y fewe r  diagnosti c test s suggeste d tha t  the y 
engage d i n a  bette r  searc h o f  th e hypothesi s proble m space . 
I t  i s  possibl e tha t  difference s i n prio r  knowledg e abou t  stea m 
engine s accounte d fo r  subjects '  abilit y  t o formulat e an d ef -
fectivel y searc h th e hypothesi s space . 

I n th e secon d study ,  w e examine d th e effect s o f  impos -
in g resourc e bound s o n subjects '  diagnosti c strategies .  Sub -
ject s wit h n o resourc e bound s exhibite d th e mos t  succsessfu l 
diagnosti c performance .  Bound s o n tim e allowe d fo r  diag -
nosin g fault s le d t o a  reductio n i n th e overal l  numbe r  o f  ac -
tion s performe d an d component s viewed ,  withou t  appearin g 
t o affec t  performance .  Bound s o n th e numbe r  o f  diagnosti c 
test s (costs )  reduce d searc h i n th e experimen t  space ,  whic h 
appeare d t o negativel y affec t  diagnosti c performance .  A s 
suggeste d b y thi s first  study ,  testin g wa s greatl y relie d upo n 
by subject s (perhap s du e t o th e structur e o f  th e Turbini a en -
vironment) ,  an d removin g thi s capabilit y  adversel y affecte d 
performance .  Subject s wit h n o tim e bound s bu t  wit h cos t 
bound s appeare d t o adop t  a  conservativ e diagnosti c strategy , 
whic h i n th e en d di d no t  prov e beneficial . 

I n ou r  study ,  th e cos t  facto r  (bound s o n th e numbe r  o f 
experiments )  appeare d t o hav e th e larges t  effect s o n diag -
nosti c efficienc y an d accuracy .  W e ar e currentl y workin g 
on augmentin g th e D P S S mode l  t o accoun t  fo r  thes e re -
sults .  Thi s require s analyzin g th e rol e o f  experimentatio n 
withi n bot h DPS S an d th e tas k environment .  I n DPSS,  ex -
periment s ar e conducte d t o generat e o r  tes t  hypotheses ,  o r 
t o gathe r  dat a [Klah r  an d Dunbar ,  1988] .  I n Turbinia ,  ex -
periment s consiste d o f  readin g gauges .  Gauge s ha d a  fairl y 
hig h densit y and ,  i n th e experimenta l  condition s wit h n o cos t 
bounds ,  thei r  acces s wa s chea p an d easy .  Ou r  modelin g ap -
proac h involve s addin g a n additiona l  componen t  t o th e searc h 
framework .  Specifically ,  whe n considerin g a  diagnosti c test , 
th e mode l  mus t  first  estimat e th e cos t  o f  a  particula r  diagnosti c 
tes t  agains t  th e expecte d informatio n gain .  A s a  mode l  gain s 
expertise ,  thes e estimate s bette r  reflec t  th e cos t  structur e o f  th e 
tas k environment .  W e anticipat e tha t  thi s modelin g approac h 
wil l  bette r  captur e th e decision s an d complexit y face d b y trou -
bleshooter s i n real-world ,  resource-bounde d situations . 

Finally ,  thes e result s als o hav e desig n implication s wit h 
respec t  t o th e kin d o f  fidelity  tha t  i s  maintaine d betwee n a 
compute r  simulatio n an d it s correspondin g externa l  syste m 
[Collins ,  i n press] .  Generally ,  design s attemp t  t o maintai n 
epistemi c fidelity  betwee n th e simulatio n an d th e externa l 
system .  I n th e studie s reporte d here ,  subjects '  strategie s wer e 
clearl y sensitiv e t o feature s an d limit s presen t  i n th e diagnosti c 
situation .  A s such ,  simulation s o f  dynamica l  domain s shoul d 
attemp t  t o preserv e th e cost s an d resourc e bound s o f  rea l 
proble m solvin g situations . 
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