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A conceptua l  f r a m e w o r k fo r  predictin g erro r  i n comp le x 

h u m a n - m a c h i n e envi ronment s 

Michael Freed and Roger Remington 

N A SA Ame s Researc h Cente r 

{mfreed,rremington@mail}.arc.nasa.gov 

Abstrac t 

We present a GOMS-MHP style model-based approach to 
th e proble m o f  predictin g huma n habi t  captur e errors . 
Habi t  capture s occu r  whe n th e mode l  fail s t o allocat e 
limite d cognitiv e resource s t o retriev e task-relevan t 
informatio n from  memory .  Lackin g th e unretrieve d 
information ,  decisio n mechanism s ac t  i n accordanc e wit h 
implici t  defaul t  assumptions ,  resultin g i n erro r  whe n relie d 
upo n assumption s prov e incorrect .  Th e mode l  help s 
interfac e designer s identif y situation s i n whic h suc h 
failure s ar e especiall y likely . 

Introduction 

Advances in our understanding of human cognition have 

not  informe d th e desig n o f  comple x human-machin e 

system s t o th e exten t  possible .  Thi s result s i n par t  becaus e 

th e complexit y o f  thes e system s pose s a  formidabl e 

challenge ,  an d i n par t  becaus e th e knowledg e i s no t  i n 

for m tha t  ca n readil y b e applie d i n a  desig n setting .  M u c h 

of  ou r  knowledg e o f  h u m a n capabilitie s an d limitation s 

comes from  laborator y experiment s usin g simpl e task s an d 

tigh t  control s ove r  extraneou s variables .  Thes e control s 

ar e necessar y t o isolat e menta l  operation s o f  interest . 

However ,  i t  i s  har d t o generaliz e th e result s t o comple x 

applie d environment s i n whic h operator s mus t  pla n th e 

executio n o f  multipl e concurren t  task s i n th e fac e o f 

considerabl e uncertainty .  Unde r  thes e conditions ,  n o singl e 

menta l  operatio n determine s behavior .  Rather ,  i s 

necessar y t o understan d h o w th e divers e se t  o f  interna l 

resource s ar e manage d t o accomplis h tasks .  Eve n whe n 

certai n k n o w n fact s abou t  h u m a n performanc e coul d b e 

usefull y apphe d i n design ,  human-syste m designer s woul d 

hav e difficult y locatin g thos e fact s an d imderstandin g h o w 

the y migh t  appl y t o thei r  specifi c  problem .  Suc h fact s ar e 

ofte n burie d i n bulk y set s o f  guidelines ,  whos e rule s 

themselve s ar e ofte n difficul t  t o matc h t o specifi c 

problems .  Or ,  the y ar e containe d i n scientifi c  journal s no t 

easil y comprehende d b y non-specialists .  Handbook s ca n 

be useful ,  bu t  stil l  requir e th e designe r  t o k n o w wha t 

informatio n i s  neede d an d h o w t o matc h th e desig n 

requirement s t o th e availabl e data . 

The introductio n o f  G O MS modelin g i n 

conjunctio n wit h th e Mode l  H u m a n Processo r  [Card84] , 

made availabl e a  promisin g ne w methodolog y fo r  dealin g 

wit h complexit y a t  a  system s level .  Th e Mode l  H u m a n 

Processo r  ( M H P )  provide d researcher s wit h a  cognitiv e 

architectur e whos e resource s an d parameter s constraine d 

behavio r  whil e G O MS provide d a  forma l  metho d fo r 

procedur e executio n tha t  enable d th e representatio n o f 

rule s an d procedure s fo r  selectin g actio n i n comple x tas k 

domain s [John94 ;  Gray93] . 

Despit e th e succes s an d widesprea d us e o f  G O MS 

modeling ,  i t  ha s prove n difficu h t o accoun t  fo r  huma n 

error ,  o r  t o handl e th e executiv e contro l  neede d t o manag e 

multipl e tasks .  Thes e ar e significan t  shortcoming s whe n 

modelin g domain s suc h a s ai r  traffi c  contro l  wher e th e 

coordinatio n o f  muhipl e task s i s  centra l  an d th e concer n 

wit h huma n erro r  paramount .  I f  w e ar e t o develo p 

representation s o f  huma n behavio r  tha t  ai d th e designer s o f 

procedure s an d display s fo r  ai r  traffi c  control ,  w e mus t 

deal  directl y wit h th e sourc e o f  h u m a n erro r  i n a  dynamic , 

multitaskin g environment . 

We hav e constructe d a  h u m a n operato r  mode l  calle d 

A P EX tha t  i s intende d t o hel p identif y situation s i n whic h 

th e desig n o f  equipmen t  an d procedure s migh t 

inadvertentl y contribut e t o operato r  erro r  [Freed97] .  I n 

keepin g wit h th e G O M S - M HP approach ,  A P E X combine s 

mechanism s fo r  proceduralize d tas k executio n wit h a 

cognitiv e architectur e tha t  specifie s resources .  Ou r  choic e 

fo r  a  tas k executio n mode l  wa s drive n b y th e deman d fo r 

flexible  schedulin g o f  multipl e task s [Freed98a] .  W e 

replace d th e G O MS componen t  wit h a  simila r  bu t  mor e 

powerfu l  procedur e executio n mechanis m base d o n R A P s 

[Firby89] .  Originall y designe d t o enabl e robot s t o 
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interleav e an d coordinat e multipl e task s i n dynamic , 

uncertai n tas k environments ,  th e R A P approac h provide s 

severa l  importan t  capabilitie s including : 

• continuous coordination of concurrent activities 

•  divers e mechanism s fo r  handlin g tas k interruption , 

tas k switching ,  an d resumptio n 

•  mechanism s neede d t o cop e wit h uncertaint y inheren t 

i n complex ,  dynami c environment s 

•  monitorin g fo r  an d recoverin g from  tas k failur e 

Our implementation of these capabilities is embedded 

withi n a  h u m a n resourc e architectur e tha t  enforce s huma n 

limitation s o n behavio r  [Freed98b] .  Component s o f  th e 

architecture ,  eac h representin g a  perceptual ,  cognitive ,  o r 

moto r  resource ,  ar e associate d wit h limitation s an d 

parameters .  Fo r  example ,  th e visio n componen t  ha s a 

locus-of-attentio n parameter .  Executio n ca n se t  thi s valu e 

t o a  singl e locatio n i n th e curren t  visua l  field.  Becaus e th e 

visua l  componen t  restrict s acces s t o visua l  informatio n 

outsid e th e selecte d location ,  agen t  performanc e depend s 

on th e effectivenes s wit h whic h th e locus-of-attentio n 

resourc e i s allocated . 

Usin g th e executio n modul e an d resourc e architectur e 

t o simulat e h u m a n behavio r  require s specifyin g domain -

specifi c  rule s an d procedures .  Performanc e wil l  depen d o n 

h o w thos e procedure s us e limite d resource s t o carr y ou t  a 

task .  Thus ,  th e proces s o f  specifyin g procedure s shoul d b e 

informe d b y a n understandin g o f  th e strategie s peopl e us e 

t o manag e limite d resources .  Fo r  example ,  peopl e 

sometime s rel y o n writte n list s rathe r  tha n fault y m e m o r y 

when shoppin g fo r  groceries ,  o r  sca n th e marke t  shelve s 

fo r  neede d items ,  replacin g a  difficul t  m e m o r y tas k (recall ) 

wit h a n easie r  on e (recognition) .  Suc h strategie s becom e 

incorporate d int o people' s routin e procedure s fo r  carryin g 

out  a  task ,  enablin g the m t o circumven t  limit s tha t  woul d 

otherwis e affec t  performanc e [Salthouse91] .  Modelin g th e 

effect s o f  resourc e limitation s o n performanc e thu s 

require s representin g th e procedura l  end-produc t  o f 

adaptatio n t o routin e tasks .  Whil e thes e adaptation s ar e 

generall y useftil ,  the y creat e th e opportunit y fo r  error .  W e 

wil l  discus s th e rol e o f  suc h adaptation s i n producin g a 

for m o f  erro r  calle d a  habi t  captur e an d presen t  a  h u m a n 

operato r  mode l  tha t  incorporate s thi s analysi s t o predic t 

erro r  i n realisticall y comple x envirormients . 

Habit Capture Errors 

Human error is an important concern in safety-critical 

wor k environment s suc h a s ai r  traffi c  control .  A  surve y o f 

ai r  traffi c  contro l  relate d error s reveale d tha t  a  hig h 

percentag e o f  controlle r  error s involv e failure s t o carr y ou t 

some intent ,  o r  failur e t o appl y update d knowledg e o f  th e 

worl d i n selectin g a n action .  Error s involvin g failure s t o 

execut e deferre d intention s ar e example s o f  a  clas s o f 

m e m o ry phenomen a referre d t o a s prospectiv e memory . 

Failure s o f  prospectiv e m e m o r y ar e c o m m o n i n dail y lif e 

and includ e suc h error s a s failin g t o tak e medicatio n a t 

prescribe d times .  Typica l  o f  prospectiv e m e m o r y failures , 

operator s ofte n recognize d thei r  erro r  shortl y afterward . 

Thi s suggest s tha t  a t  leas t  som e case s o f  prospectiv e 

m e m o ry failure s resul t  no t  from a  failur e t o successfull y 

retriev e information ,  bu t  a  failur e t o m a k e a  retrieva l 

attempt . 

Our  mode l  ascribe s suc h failure s t o initiat e 

retrieva l  t o th e misallocatio n o f  limite d resource s durin g 

actio n selection .  W e illustrat e th e mode l  usin g a  clas s o f 

prospectiv e m e m o r y error s tha t  w e ter m habi t  captures . 

The signatur e o f  a  habi t  captur e erro r  i s th e executio n o f  a 

habitua l  actio n i n plac e o f  a n intende d bu t  non-routin e 

actio n [Reason82] .  A  c o m m o n exampl e o f  suc h a n erro r 

migh t  b e th e failur e t o sto p a t  th e marke t  o n th e w a y home . 

Th e inten t  i s forme d befor e leavin g work ,  bu t  canno t  b e 

carrie d ou t  unti l  th e ca r  reache s a  specifi c  turn-off .  W h e n 

thi s occurs ,  instea d o f  exitin g th e highwa y a t  th e intende d 

exit ,  th e drive r  proceed s o n th e normal ,  habitua l  route . 

Accountin g fo r  habi t  capture s tha t  resul t  from 

failur e t o initiat e a  m e m o r y retrieva l  require s a n 

understandin g o f  w h e n retrieval s occur .  B y retrieval ,  w e 

refe r  t o m e m o r y acces s tha t  require s th e allocatio n o f  a 

limite d capacit y resourc e tha t  mode l  ca n onl y retriev e on e 

ite m o f  informatio n a t  a  tim e [Carrier95] .  Th e mode l 

assume s tha t  n o capacity-limite d m e m o r y acces s i s 

require d fo r  routin e behaviors ,  whic h ar e encode d directl y 

i n procedures .  Fo r  non-routin e behaviors ,  th e mode l  mus t 

decid e whethe r  o r  no t  t o allocat e limite d resource s t o 

retriev e th e require d information .  I t  i s  thi s differenc e i n 

th e resourc e demand s o f  routin e an d non-routin e 

informatio n tha t  underlie s th e generatio n o f  habi t  captur e 

errors . 

Anomaly-driven retrieval 

In making decisions about how to allocate resources, the 

model  i s guide d b y observe d anomalie s an d interna l  goals . 

Anomaly-drive n m e m o r y retrieval s ar e initiate d t o 

explai n unusua l  o r  ambiguou s aspect s o f  th e curren t  tas k 

environment .  Fo r  exampl e observin g a  baske t  o f  laundr y 

i n th e middl e o f  one' s livin g roo m migh t  trigge r  a n attemp t 

t o locat e a n explanatio n i n memory .  Peopl e ca n tak e 

advantag e o f  thi s aspec t  o f  h u m a n m e m o r y processin g t o 

provid e timel y reminder s tha t  hel p manag e tasks .  Thus ,  a 

perso n migh t  intentionall y plac e laundr y i n a  conspicuous , 

atypica l  locatio n a s a  reminde r  t o d o th e wash .  Similarly , 

peopl e mak e us e o f  unintende d o r  incidenta l  perceptua l 

structur e i n th e tas k environmen t  t o cu e retrievals .  Fo r 

instance ,  i f  on e wer e interrupte d whil e bringin g laundr y t o 

a washin g machine ,  settin g th e laundr y baske t  d o w n migh t 

late r  serv e t o remin d on e t o resum e th e task . 
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T o simulat e thes e anomaly-drive n m e m o r y retrievals ,  ou r 

model  assume s tha t  peopl e acquir e expectation s abou t  th e 

perceptua l  structur e o f  thei r  tas k environmen t  an d tha t  the y 

monito r  thes e expectation s i n th e norma l  cours e o f 

carryin g ou t  a  task .  W e furthe r  assum e tha t  whe n th e 

environmen t  regularl y provide s timel y perceptua l 

indicator s tha t  a  m e m o r y retrieva l  i s  warranted ,  huma n 

decision-makin g processe s adapt  t o tak e advantag e o f 

them .  Suc h adaptation s hav e bee n demonstrate d i n a 

variet y o f  tas k domains ;  i n som e cases ,  peopl e see m t o us e 

goal-drive n retrieva l  i n th e earl y stag e o f  learnin g a  task , 

but  graduall y c o m e t o rel y o n perceptua l  indicator s t o 

initiat e retrieva l  (se e e.g .  [Vera96]) . 

Learnin g t o us e environmenta l  cue s ca n b e see n 

as a n adaptiv e respons e t o opportunity-cost s associate d 

wit h m e m o r y retrieval .  Sinc e onl y on e m e m o r y retrieva l 

attemp t  ca n b e processe d a t  a  time ,  us e o f  retrieva l 

mechanism s fo r  on e tas k block s o r  delay s thei r  us e fo r  al l 

othe r  tasks .  Thoug h the y provide  a n efficien t  w a y t o 

manage a  limite d resource ,  adaptation s tha t  rel y o n 

perceptua l  cue s entai l  thei r  o w n cost .  I n particular ,  whe n 

th e usua l  cue s ar e absent ,  relianc e upo n the m m a y resul t  i n 

failure .  Fo r  example ,  i f  someon e remove s a  baske t  o f 

laundr y fro m th e livin g room ,  it s valu e i n remindin g a 

perso n o f  thei r  cleanin g tas k wil l  b e undermined .  Mo r e 

generally ,  habi t  captur e error s ar e especiall y likel y whe n 

perceptua l  indicator s normall y presen t  i n th e tas k 

environmen t  ar e absent ,  an d thu s canno t  trigge r  neede d 

m e m o ry recal l  actions . 

I t  i s  helpfu l  i n analyzin g suc h failure s t o contras t 

nomina l  behavior ,  i n whic h a  timel y m e m o r y retrieva l 

result s i n correc t  behavior ,  fi-om  erro r  behavio r  i n whic h 

no retrieva l  i s  initiated .  I n th e latte r  case ,  a  perso n behave s 

as i f  th e unretrieve d m e m o r y ite m ha d neve r  bee n encoded . 

Decision-makin g processe s ca n b e describe d a s operatin g 

unde r  a n implici t  defaul t  assumptio n tha t  som e typica l 

condition ,  opposit e tha t  implie d b y th e m e m o r y item ,  hold s 

i n th e curren t  situation .  I n th e exampl e i n whic h a n 

intentionall y place d laundr y baske t  wa s remove d an d a 

failur e t o d o laundr y results ,  w e coul d thu s sa y tha t 

decisio n mechanism s implicitl y  assum e tha t  n o intentio n t o 

do laundr y exists .  Th e ide a o f  a  defaul t  assumptio n i s 

usefu l  i n specifyin g wha t  behavio r  i s likel y t o follo w whe n 

a relevan t  m e m o r y ite m i s no t  retrieved .  I t  als o serve s a 

usefu l  practica l  purpos e i n explainin g simulate d behavior , 

allowin g th e simulatio n trac e t o mak e explici t  referenc e t o 

a critica l  non-even t  — i.e .  th e non-occurrenc e o f  a 

retrieva l  attempt . 

Goal-driven retrieval 

Goal-driven retrievals are initiated to acquire information 

fo r  som e activ e task .  Fo r  example ,  on e migh t  quer y 

m e m o ry t o determin e wher e th e ca r  i s parke d whe n 

decidin g wher e t o exi t  a  larg e offic e building .  I n ou r  mode l 

[Freed98a] ,  routin e goal-drive n behavio r  result s fro m th e 

executio n o f  procedures ,  eac h represente d a s a  se t  o f 

primitiv e an d non-primitiv e steps .  Executin g a  primitiv e 

initiate s activit y i n mode l  resources ,  specifyin g simpl e 

action s suc h a  gaz e shift ,  utterance ,  o r  m e m o r y retrieva l 

attempt . 

Non-primitive s specif y a  subgoa l  that ,  i n man y 

cases ,  ca n b e accomplishe d b y an y o f  severa l  alternativ e 

methods ,  eac h represente d a s a  separat e procedure . 

Executin g a  non-primitiv e require s selectin g a  metho d an d 

the n recursivel y executin g eac h o f  it s  steps .  Procedure s 

ofte n includ e informatio n acquisitio n step s tha t  satisf y 

informatio n prerequisite s fo r  subsequen t  step s o f  th e sam e 

procedure .  Fo r  example ,  a  procedur e fo r  gettin g hom e 

fro m wor k migh t  includ e step s t o acquir e th e locatio n o f 

one' s ca r  an d the n g o t o th e specifie d location . 

I n man y cases ,  informatio n acquisitio n ca n b e 

achieve d b y an y o f  severa l  alternativ e methods .  Decisio n 

mechanism s ca n als o foreg o explici t  informatio n 

acquisition ,  especiall y i n highl y routin e task s wher e th e 

outcom e o f  th e acquisitio n proces s woul d ten d t o b e som e 

predictabl e value ;  instead ,  behavio r  conform s t o th e defaul t 

assumptio n tha t  thi s predictabl e valu e hold s i n th e curren t 

situation .  Thus ,  th e exi t  pat h fro m one' s offic e buildin g 

ca n b e selecte d b y retrievin g th e car' s curren t  locatio n 

from  memory ,  visuall y scannin g fo r  th e ca r  ou t  a  window , 

or  askin g a  companion .  Alternately ,  on e ca n simpl y leav e 

by th e usua l  exi t  withou t  eve r  explicitl y  considerin g th e 

car' s location .  Th e implementatio n o f  ou r  mode l  treat s 

relianc e o n a  defaul t  explicitl y  — i.e .  a s anothe r  metho d 

fo r  acquirin g task-relevan t  information .  T o reflec t  it s 

psychologica l  statu s a s a n implici t  rathe r  tha n explici t 

event ,  th e metho d o f  relyin g o n a  defaul t  take s n o tim e an d 

require s n o limite d resources . 

I n ou r  model ,  whic h informatio n acquisitio n 

metho d (includin g relianc e o n a  default )  i s  use d i n a 

particula r  instanc e depend s o n severa l  factors .  Fo r  thi s 

discussion ,  w e wil l  focu s o n on e suc h factor .  I n particular , 

afte r  learnin g o f  som e unusua l  situation ,  w e assum e tha t  a 

perso n wil l  b e les s likel y t o rel y o n a  defaul t  (tha t  th e usua l 

situatio n holds )  fo r  som e tim e thereafter .  Fo r  instance ,  i f  a 

perso n park s his/he r  ca r  somewher e othe r  tha n th e usua l 

location ,  decisio n mechanism s tha t  usuall y rel y o n th e 

defaul t  locatio n wil l  hav e a n increase d likelihoo d o f 

retrievin g locatio n from  m e m o r y w h e n exitin g th e 

building .  W e furthe r  assum e tha t  thi s likelihoo d decrease s 

t o th e usua l  leve l  ove r  time ,  althoug h tim e her e i s jus t  a 

prox y fo r  interferenc e an d othe r  cognitiv e phenomen a no t 

currentl y represente d i n th e model . 

The likelihoo d o f  a  habi t  captur e erro r  wil l  thu s 

depen d partl y o n th e amoun t  o f  tim e sinc e a n unusua l 

conditio n wa s observe d an d partl y o n th e rat e a t  whic h 

increase d likelihoo d o f  retrieva l  declines .  Ou r  mode l 

handle s th e proces s o f  determinin g whethe r  decision -

mechanism s rel y o n a  defaul t  o r  retriev e from  m e m o r y i n a 
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simplifie d way .  Wheneve r  a n intentio n o r  unusua l 

conditio n i s encode d (o r  retrieved) ,  th e mode l  generate s 

bias ,  causin g an y attemp t  t o acquir e informatio n abou t  tha t 

conditio n t o avoi d relianc e o n th e default .  Representation s 

of  bia s ar e associate d wit h a  fixed  expiratio n interval ; 

when thi s interva l  ha s passed ,  th e decisio n mechanism s 

rever t  t o th e usua l  metho d o f  determinin g a n informatio n 

acquisitio n metho d fo r  th e specifie d condition . 

Lik e Anderso n [1990] ,  w e assum e tha t  adaptiv e 

processe s largel y determin e m e m o r y behavior ,  allowin g 

experience d practitioner s o f  a  tas k t o approximat e optima l 

expiratio n interva l  values .  A n optima l  interval s weigh s th e 

ris k o f  habi t  captur e agains t  th e opportunit y cos t  an d tim e 

cos t  o f  retrievin g a  m e m o r y valu e tha t  merel y confirm s th e 

default .  Th e abilit y  o f  m e m o r y t o approximat e near -

optima l  interval s depend s o n experientially-derive d 

knowledg e o f  factor s suc h a s th e expecte d duratio n D  o f  a 

non-defau h condition ,  expecte d interva l  I  betwee n 

successiv e observation s o f  a  non-defau h (bia s i s refreshe d 

eac h tim e th e conditio n i s observed) ,  an d expecte d ris k o f 

reducin g performanc e a t  anothe r  tas k b y blockin g retrieva l 

(opportunit y  cost) .  W e approximat e optimu m expiratio n 

interva l  E I  =  min(D,I) . 

Sinc e bia s ca n b e maintaine d b y retrievin g th e 

non-defaul t  conditio n fro m memory ,  anomaly-drive n 

mechanism s tha t  us e retrieva l  t o explai n non-defau h 

condition s ca n b e use d t o suppor t  goal-drive n retrieval . 

For  instance ,  placin g a  writte n reminde r  tha t  one' s ca r  i s 

parke d a t  a n unusua l  locatio n i n a  conspicuou s place ,  an d 

observin g th e reminde r  durin g th e day ,  increase s th e 

likelihoo d tha t  decisio n mechanism s wil l  explicitl y 

conside r  th e car' s locatio n w h e n determinin g wher e t o exi t 

th e building .  Suc h strategie s wil l  ten d t o fai l  (an d resul t  i n 

habi t  captur e errors )  i n th e sam e condition s tha t  th e purel y 

anomaly-drive n strategie s wil l  fai l  — i.e .  whe n neede d 

perceptua l  suppor t  i s  absent .  W e illustrat e h o w ou r  mode l 

simulate s suc h a n erro r  i n a  hypothetica l  ai r  traffi c  contro l 

scenario .  Greate r  detai l  abou t  th e implementatio n o f  th e 

model  i s  give n i n [Freed98b] . 

Example air traffic control scenario 

At a Terminal Radar Control center, one controller will 

ofte n b e assigne d t o th e tas k o f  guidin g plane s throug h a 

regio n o f  airspac e calle d a n "approac h sector "  [Stein93] . 

Thi s tas k involve s contactin g plane s a t  variou s secto r  entr y 

point s an d gettin g the m line d u p a t  a  saf e distanc e fro m 

one anothe r  o n landin g approac h t o a  particula r  airport . 

Some airport s hav e tw o paralle l  runways .  I n suc h cases , 

th e controlle r  wil l  for m plane s u p int o tw o lines . 

Occasionally ,  a  controlle r  wil l  b e tol d tha t  on e o f  th e tw o 

runway s i s close d an d tha t  al l  plane s o n approac h t o lan d 

must  b e directe d t o th e remainin g ope n runway .  A 

controller' s abilit y  t o direc t  plane s exclusivel y t o th e ope n 

runwa y depend s o n rememberin g tha t  th e othe r  runwa y i s 

closed .  H o w doe s th e controlle r  remembe r  thi s importan t 

fact ? Normally ,  th e diversio n o f  al l  inboun d plane s t o th e 

ope n runwa y produce s a n easil y perceive d reminder .  I n 

particular ,  th e controlle r  wil l  detec t  onl y a  singl e lin e o f 

plane s o n approac h t o th e airport ,  eve n thoug h tw o line s 

(on e t o eac h runway )  woul d normall y b e expected . 

However ,  problem s ca n aris e i n condition s o f  lo w 

workload .  Wit h fe w plane s around ,  ther e i s n o visuall y 

distinc t  lin e o f  plane s t o eithe r  runway .  Thus ,  th e usua l 

situatio n i n whic h bot h runway s ar e availabl e i s 

perceptuall y indistinguishabl e fro m th e cas e o f  a  singl e 

close d runway .  Th e lac k o f  perceptua l  suppor t  woul d the n 

forc e th e controlle r  t o rel y o n memory-drive n retrieva l  an d 

thu s increas e th e chanc e o f  error . 

S i m u l a t i o n a n d I m p l e m e n t a t i o n 

In our air traffic controller simulation model, the arrival of 

a plan e a t  a  certai n positio n i n airspac e (a s observe d o n th e 

rada r  display )  cause s th e simulate d controlle r  t o begu i  th e 

tas k o f  selectin g a  destinatio n runwa y fo r  th e targe t  plane . 

We assum e tha t  fo r  highl y routin e decision s suc h a s 

runwa y selection ,  huma n controller s ca n b e expecte d t o 

kno w whic h factor s t o conside r  i n makin g th e decisio n an d 

h o w t o appropriatel y weigh t  eac h factor .  Thi s knowledg e 

i s incorporate d int o th e followin g decisio n procedure : 

Procedure! 7: select runway for ?plane 
1)  determin e whic h runwa y ha s fewe r  plane s o n approac h 

= > ?factor l 
2)  del .  whic h approac h woul d b e faste r  = > 7factor ! 
3)  det .  whic h approac h easie r  fo r  m e = > ?factor 3 
4)  det .  whic h runwa y safes t  fo r  ?plan e = > ?factor 4 
5)  det .  lef t  runwa y open ? = > ?factor 5 
6)  det .  righ t  runwa y open ? = > ?factor 6 
7)  compute-decisio n (facto r  1  factor!,.. ) 

Generally, a decision procedure consists of n 

steps .  Th e first  (n-1 )  prescrib e informatio n acquisitio n 

task s t o evaluat e potentiall y  decision-relevan t  factors .  Th e 

nt h ste p run s a  simpl e rul e tha t  select s fro m a  fixed  se t  o f 

decisio n alternative s (left-runwa y o r  right-runwa y i n thi s 

case )  base d o n facto r  values . 

Facto r  evaluatio n step s ca n typicall y b e 

accomplishe d b y an y o f  severa l  methods .  I n thi s example , 

th e controlle r  coul d determin e th e statu s o f  th e lef t  runwa y 

by retrievin g informatio n fro m memory ,  askin g anothe r 

controller ,  o r  b y assumin g th e mos t  likel y conditio n -  i.e . 

tha t  th e runwa y i s open .  Sinc e runway s closure s ar e rar e 

and m e m o r y retrieva l  i s  expensive ,  w e assum e tha t  a 

typica l  controlle r  wil l  rel y o n th e defaul t  unles s transien t 

bia s promote s a  mor e effortfu l  alternative . 

I n th e describe d scenario ,  th e simulate d controlle r  hear s 

tha t  th e lef t  runwa y i s closed .  Interpretatio n mechanism s 

caus e a  propositiona l  representatio n o f  thi s fac t  t o b e 
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encode d i n memory .  Th e encodin g even t  generate s bia s 

accordin g t o th e followin g rule : 

IF (closed ?runway) is encoded in memory 
T H EN biasprocedure-27 ,  stepS .  (expir e i n lOmin ) 

Consequently, procedure execution mechanisms 

wil l  b e biase d agains t  relyin g o n th e defaul t  valu e whe n 

carryin g ou t  step 5 o f  procedure2 7 fo r  th e nex t  te n minute s 

— i.e .  th e availabilit y  o f  th e lef t  runwa y wil l  b e verifie d 

rathe r  tha n assume d w h e n selectin g a  runwa y fo r  a n 

approachin g plane . 

Eventually ,  th e initia l  bia s expires .  T o selec t  a 

runwa y fo r  a  newl y arrive d plane ,  th e controlle r  wil l  onc e 

agai n conside r  onl y th e defaul t  assumption .  Othe r  factor s 

the n determin e whic h runwa y i s selected .  Fo r  example ,  th e 

controlle r  m a y choos e t o direc t  a  heav y plan e t o th e longe r 

lef t  runwa y which ,  i n norma l  circumstances ,  woul d allo w 

th e plan e a n easie r  an d safe r  landing .  Wit h th e lef t  runwa y 

closed ,  action s followin g fi-om  thi s decisio n resul t  i n error . 

Avoidin g erro r  require s maintainin g appropriat e 

bias .  I n a  variatio n o f  th e describe d scenari o i n whic h n o 

erro r  occurs ,  visuall y perceive d reminder s o f  th e runwa y 

closur e caus e bia s t o b e periodicall y renewed .  I n particular , 

wheneve r  visua l  attentio n mechanism s atten d t o plan e 

icon s o n a n approac h pat h t o th e airport ,  interpretatio n 

mechanism s not e th e absenc e o f  a  lin e o f  plane s t o th e lef t 

runwa y an d signa l  a n expectatio n failur e o n th e basi s o f  th e 

followin g rule : 

I F I  a m visuall y attendin g t o lef t  approac h path ,  an d 
visua l  grou p o f  plan e icon s no t  detecte d 

T H EN signal-anomaly :  (absen t  plane-grou p left ) 

In general, whenever an expectation failure 

occurs ,  a  tas k t o explai n th e observe d anomal y i s initiated . 

Th e firs t  ste p i n suc h a  tas k i s t o tr y t o matc h th e anomal y 

t o a  knowr n explanation-patter n (XP )  [Schank86] .  A  matc h 

result s i n a  tas k t o verif y th e explanator y hypothesi s 

provide d b y th e X P . 

Explanation-pattern 
Anomaly :  (absentplane-grou p ?left-or-right ) 
Candidat e Explanation :  (close d runwa y ?runway ) 
To verify :  retriev e from  memor y (close d runwa y ?runway ) 

In principle, verifying a hypothesis could involve 

menta l  an d physica l  action s o f  an y kind .  I n thi s case ,  th e 

content s o f  workin g m e m o r y ar e sufficien t  t o prov e o r 

disprov e th e explanation ;  th e anomalou s absenc e o f  plane s 

o n approac h t o th e lef t  runwa y i s explaine d a s a  resul t  o f 

th e lef t  runway' s closure . 

Bia s renewa l  occur s wheneve r  th e workin g 

m e m o ry ite m tha t  originall y produce d th e bia s i s 

reencode d o r  retrieved .  Thus ,  retrievin g (close d runwa y 

left )  trigger s th e bia s generatio n rul e jus t  a s i f  th e 

propositio n ha d bee n encode d fo r  th e first  time .  Thus ,  th e 

unusua l  arrangemen t  o f  plane s o n th e rada r  scop e act s a s a 

constan t  reminder ,  preventin g th e controlle r  fro m revertin g 

t o th e us e o f  it s  defaul t  assumptio n an d thereb y preventin g 

error . 

Aiding user interface design 

By helping to simulate such scenarios, the model can direct 

an interfac e designer' s attentio n t o potentia l  design -

facilitate d error s tha t  migh t  otherwis e b e overlooked . 

Moreover ,  th e model' s abilit y  t o m a k e explici t  h o w suc h 

error s migh t  occu r  ca n hel p indicat e th e bes t  w a y t o refm e 

an interface .  Fo r  example ,  on e o f  th e difficultie s i n 

designin g a  rada r  displa y i s balancin g th e nee d t o presen t  a 

larg e volum e o f  informatio n agains t  th e nee d t o kee p th e 

displa y uncluttered .  I n thi s case ,  b y showin g h o w th e erro r 

result s fi-om  lo w traffi c  conditions ,  th e simulatio n indicate s 

a cleve r  fi x  fo r  th e problem :  us e a n ico n t o explicitl y 

represen t  runwa y closures ,  bu t  onl y displa y th e ico n i n lo w 

plane-loa d condition s whe n i t  i s  mos t  neede d an d produce s 

th e leas t  clutte r 

Conclusion 

We have presented a GOMS-MHP style approach to the 

proble m o f  predictin g h u m a n habi t  captur e error s i n th e 

domai n o f  ai r  traffi c  control .  Ou r  mode l  assume s tha t 

peopl e manag e limite d m e m o r y retrieva l  resource s b y 

takin g advantag e o f  perceptua l  indicator s tha t  a  retrieva l 

i s  warranted ,  an d b y incorporatin g knowledg e abou t  whe n 

retrieval s shoul d occu r  int o routin e procedures .  Habi t 

capture s occu r  whe n decisio n mechanism s fai l  t o retriev e 

intention s o r  knowledg e o f  unusua l  conditions ;  lackin g 

th e unretrieve d information ,  decisio n mechanism s ac t  i n 

accordanc e wit h implici t  defaul t  assumption s resuhin g i n 

error .  Th e mode l  help s t o identif y situation s i n whic h 

suc h error s ar e especiall y likely .  Interfac e designer s ca n 

the n us e thi s informatio n t o reduc e th e likelihoo d o f  error . 
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