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Abstrac t 

NTD-Soar  i s a  mode l  o f  th e perceptual ,  cognitive ,  an d mo-
to r  action s performe d b y th e N A S A Tes t  Directo r  a s h e uti -
lize s th e material s i n hi s surrounding s an d communicate s wit h 
other s t o prepar e fo r  a  Spac e Shuttl e Launch .  Th e model , 
buil t  withi n th e framewor k o f  a  seria l  symboli c architecture ,  i s 
base d o n a  numbe r  o f  independentl y designe d genera l  cogni -
tiv e capabilitie s a s wel l  a s a  cognitiv e analysi s o f  a  particula r 
task .  Thi s pape r  present s a  detaile d descriptio n o f  th e mode l 
and a n assessmen t  o f  it s performanc e whe n compare d t o hu -
man data .  NTD-Soar' s abilit y  t o displa y human-lik e real-tim e 
performanc e demonstrate s tha t  symboli c model s wit h a  seria l 
bottlenec k ca n accoun t  fo r  comple x behavior s whic h appea r 
t o happe n i n parallel ,  simpl y b y opportunisticall y interleavin g 
smal l  element s o f  th e differen t  subtasks . 

Introduction 

Our  goa l  i n thi s researc h i s t o creat e a n integrate d cogni -
tiv e mode l  b y combinin g severa l  independentl y develope d 
in-dept h model s o f  particula r  capabilitie s int o a  singl e agent . 
Specifically ,  w e ar e modelin g th e behavio r  o f  th e N A S A Tes t 
Directo r  (NTD) .  Th e N T D i s  responsibl e fo r  coordinatin g 
many facet s o f  th e testin g an d preparatio n o f  th e Spac e Shuttl e 
befor e i t  i s launched .  H e mus t  complet e a  checklis t  o f  launc h 
procedure s that ,  i n it s curren t  form ,  consist s o f  300 0 page s o f 
looselea f  manual s (th e Operation s an d Maintenanc e Instruc -
tions ,  o r  O M I ) ,  a s wel l  a s graphica l  timetable s describin g th e 
critica l  timin g o f  particula r  launc h events .  T o accomplis h 
this ,  th e N T D talk s extensivel y wit h othe r  member s o f  th e 
launc h tea m ove r  a  two-wa y radi o ne t  calle d th e Operationa l 
Intercommunication s Syste m (OIS) .  I n additio n t o maintain -
in g a  goo d understandin g o f  th e statu s o f  th e entir e launch , 
th e N T D i s responsibl e fo r  coordinatin g troubleshootin g at -
tempt s b y managin g th e communicatio n betwee n member s o f 
th e launc h tea m w h o hav e th e necessar y expertise . 

The complet e mode l  i s mad e u p o f  man y capabilitie s whic h 
interac t  wit h a  simulate d physica l  world ,  includin g a  simulate d 
O MI  an d simulate d OI S communications .  Figur e 1  show s a n 
exampl e o f  a n O M I  pag e alon g wit h a  graphica l  representatio n 
of  th e model' s ey e movement s durin g visua l  scanning .  Ou r 
languag e mode l  derive s fro m NL-Soar' s system s fo r  compre -
hensio n (Lewis ,  1993 ;  Lehma n e t  al. ,  1991 )  an d generatio n 
(Rubinof f  an d Lehman ,  1994) .  Decisio n makin g an d proble m 
solvin g knowledg e i n NTD-Soa r  cam e fro m a n earlie r  N T D 
agen t  tha t  provide d a  functiona l  accoun t  o f  behavio r  i n th e 
domai n (Joh n e t  al. ,  1991) .  Th e visua l  processin g capabil -
it y  wa s draw n fro m a  numbe r  o f  sources ,  includin g th e wor k 

of  N O V A (Wiesmeyer ,  1992) .  Eac h o f  thes e earlie r  model s 
was buil t  withi n th e c o m m o n Soa r  framework ,  whic h mad e 
i t  possibl e t o impor t  a  grea t  dea l  o f  thi s prio r  wor k directly . 
The genera l  Soa r  architecture ,  whic h i s independen t  o f  thes e 
models ,  i s  a  classical ,  symboli c framewor k tha t  allow s limite d 
parallelis m i n perceptua l  an d moto r  processin g bu t  impose s 
a seria l  decision-makin g bottlenec k i n cognitio n (Lair d e t  al. , 
1987) .  Whil e seria l  model s hav e bee n successfu l  i n area s suc h 
as plannin g an d proble m solving ,  ther e ha s bee n speculatio n 
tha t  thei r  seria l  natur e make s the m inadequat e fo r  real-tim e 
performanc e i n othe r  domains ,  includin g visio n an d language . 
I n particular ,  Fodo r  (1983 )  claim s tha t  suc h system s wil l  no t 
be capabl e o f  handlin g real-tim e speec h inpu t  o r  o f  simultane -
ousl y processin g multipl e senses .  I n counter-evidenc e t o suc h 
claims ,  w e presen t  a n implemente d seria l  symboli c mode l  tha t 
succeed s a t  thes e traditionall y paralle l  task s withou t  violatin g 
th e constraint s o f  real-tim e processing . 

The Origins of the Model 

The N T D mode l  i s shape d b y man y forces :  dat a gathere d 
throug h psychologica l  experiments ,  knowledg e acquisitio n 
session s wit h NTDs ,  NASA' s standar d audi o recording s o f 
launc h communications ,  th e physica l  artifact s i n th e NTD' s 
environment ,  earlie r  model s o f  individua l  capabilities ,  an d th e 
Soar  architectur e itself . 

Much o f  th e planning ,  proble m solving ,  an d othe r  cogni -
tiv e behavio r  wa s take n fro m a  preliminary ,  purel y functiona l 
model  ofth e N T D (Joh n etal. ,  1991) .  Th e cognitiv e processe s 
i n th e preliminar y N T D mode l  wer e base d o n interviews ,  field 
observation ,  an d analysi s o f  th e task ,  th e artifacts ,  an d th e dis -
course .  A s a  functiona l  model ,  i t  mad e n o attemp t  t o accoun t 
fo r  timin g data .  I n addition ,  thi s earl y mode l  di d no t  includ e 
th e detail s o f  natura l  languag e comprehension ,  generation ,  o r 
visua l  search . 

The languag e comprehensio n capabilit y o f  th e curren t 
model ,  NL-Soar ,  wa s develope d a s par t  o f  separate ,  ongoin g 
researc h o n natura l  languag e i n Soa r  (Lewis ,  1993 ;  Lehma n 
et  al. ,  1991 ;  Rubinof f  an d Lehman ,  1994) .  Th e develop -
ment  ofth e comprehensio n capabilit y  wa s guide d i n par t  b y a 
wid e rang e o f  psycholinguisti c phenomen a suc h a s embedde d 
constructions ,  non-problemati c ambiguities ,  an d garden-pat h 
sentences ,  directl y comparin g empirica l  result s o n th e tim e 
cours e an d succes s rat e o f  comprehensio n fo r  thes e differen t 
type s o f  utterance s wit h th e N L model' s predictions .  A  com -
patibl e mode l  o f  languag e generatio n i s bein g buil t  withi n th e 
establishe d NL-Soa r  framework ,  an d i s use d i n NTD-Soa r  a s 
well . 
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Th e organizatio n o f  perceptual ,  cognitive ,  an d moto r  ac -
tion s o f  th e N T D - S o a r  mode l  take s i t  inspiratio n fro m th e 
Model  H u m a n Processo r  (Car d e t  al. ,  1983) ,  tha t  is ,  perceptio n 
and moto r  action s procee d i n paralle l  wit h seria l  cognition . 
Model s describin g paralle l  activitie s usin g thi s organizatio n 
hav e bee n highl y successfu l  a t  predictin g h u m a n behavio r  i n 
a variet y o f  H u m a n Compute r  Interactio n task s (John ,  1988 ; 
Gra y e t  al. ,  1993 ;  Chua h e t  al. ,  1994) .  Timin g estimate s fo r 
moto r  behavior s wer e base d o n h u m a n performanc e dat a o n 
individua l  movements ,  includin g pag e turn s (Egan ,  D .  E. ,  per -
sona l  communication ,  Marc h 19 ,  1991 )  an d saccade s (West -
heimer ,  1954;Fuchs ,  1976 ;  Car d etal. ,  1983) .  Th e perceptua l 
and cognitiv e aspect s o f  visua l  attentio n wer e take n i n par t 
fro m th e N O V A mode l  (Wiesmeyer ,  1992) ,  whic h itsel f  pre -
dict s th e respons e time s i n a  larg e se t  o f  classi c psychologica l 
experiments . 

A final  contributio n t o th e mode l  come s fro m th e Soa r  archi -
tectur e itself ,  throug h it s incorporatio n o f  m a n y theoreticall y 
motivate d assumption s abou t  cognition .  O n e assumptio n tha t 
i s o f  particula r  importanc e fo r  modelin g th e tim e cours e o f 
behavio r  i s th e duratio n o f  a  Soa r  cognitiv e operator ,  th e 
smalles t  uni t  o f  seria l  cognitiv e behavio r  i n Soar .  Soa r  op -
erator s ar e considere d withi n th e Soa r  theor y t o correspon d 
t o a  fixed  duratio n o f  roughl y 5 0 millisecond s o f  rea l  tim e 
(John ,  1988 ;  Wiesmeyer ,  1992 ;  Lewis ,  1993) .  Thi s assump -
tio n provide s th e basi s fo r  al l  o f  th e prediction s o f  cognitiv e 
duration s mad e b y th e system .  Newel l  (1990 )  discusse s th e 
origi n o f  thi s number ,  an d it s potentia l  fo r  variation .  W e 
believ e tha t  th e bes t  wa y t o evaluat e thi s assumptio n i s fo r 
numerou s researcher s t o utiliz e th e sam e valu e i n widel y dis -
parat e domains ,  an d hav e therefor e chose n wha t  w e believ e 
t o b e th e mos t  c o m m o n l y use d figure. 

The focu s o f  thi s researc h ha s bee n th e integratio n o f  cogni -
tiv e capabilitie s independentl y constructe d i n Soar .  Relevan t 
wor k outsid e o f  th e Soa r  framewor k include s searchin g fo r  in -
formatio n i n structure d text s (Carpente r  an d Alterman ,  1994 ; 
Lohse ,  1993) ,  an d real-tim e languag e processin g fo r  special -
ize d domain s (Torrance ,  i n press ;  Horswill ,  i n press ;  Trau m 
etal. ,  i n press) . 

The Integrated Model 

I n a  Soa r  model ,  differen t  type s o f  knowledg e ar e organize d 
int o proble m spaces .  Eac h proble m spac e contain s a  se t  o f 
operator s tha t  modif y o r  chang e states .  Th e operator s ar e 
th e smalles t  unit s o f  deliberat e actio n an d mus t  b e performe d 
sequentially .  State s collec t  informatio n tha t  ma y com e fro m 
th e physica l  worl d throug h perceptio n o r  fro m cognition ,  an d 
may b e though t  o f  a s th e system' s workin g memory .  A t 
any point ,  th e knowledg e require d t o unequivocall y selec t 
or  perfor m a n operato r  ma y b e unavailabl e i n th e curren t 
proble m space ;  i n thi s case ,  a n impass e arises ,  an d a  subgoa l 
i s  create d t o searc h fo r  th e knowledg e i n othe r  proble m spaces . 
When knowledg e tha t  i s abl e t o resolv e th e impass e ha s bee n 
found ,  th e subgoa l  i s  accomplished ,  an d a  generalizatio n o f 
th e proble m solvin g i n th e subgoa l  i s  learned .  Thi s chun k 
integrate s knowledg e fro m on e o r  mor e proble m space s an d 
makes i t  directl y availabl e i n th e proble m spac e whic h gav e 
ris e t o th e subgoal ;  thu s i n simila r  futur e situations ,  th e syste m 
behave s recognitionally ,  i.e. ,  withou t  impasse . 

NTD-Soa r  ha s m a n y differen t  proble m space s tha t  reflec t 
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Figur e 1 :  A  sampl e pag e o f  th e O M I  showin g modelin g o f 
ey e fixations  (boxes )  an d attentio n shift s  (cross-hairs) ,  durin g 
th e N T D ' s searc h fo r  hi s nex t  participation .  T h e focu s o f 
attentio n i s o n th e tw o column s whic h provid e informatio n 
abou t  th e ste p participants . 

th e origin s o f  it s knowledge .  Languag e comprehensio n an d 
generatio n proble m space s c a m e fro m NL-Soar ;  tas k perfor -
mance an d selectio n space s c a m e fro m th e earlie r  N T D work ; 
and visua l  scannin g space s derive ,  i n part ,  fro m N O V A .  Apar t 
fro m thes e proble m spaces ,  a  modes t  amoun t  o f  additiona l 
contro l  knowledg e i s neede d t o complet e th e model .  Thi s 
additiona l  knowledg e i s necessar y t o mediat e a m o n g capabil -
itie s contendin g fo r  contro l  o f  th e centra l  cognitiv e resource . 
Thi s contentio n a m o n g capabilitie s di d no t  aris e i n an y o f  th e 
prio r  models ,  becaus e eac h on e modele d onl y on e capability . 
I n orde r  t o achiev e thi s integration ,  th e knowledg e i n s o m e o f 
th e prio r  systems ,  particularl y i n th e earlie r  N T D work ,  ha d 
t o b e re-organize d i n a  manne r  capabl e o f  supportin g thi s sor t 
of  mediatio n an d resourc e sharing . 

Despit e th e relativ e separabilit y  o f  knowledg e implie d b y 
th e problem-spac e organization ,  th e N T D ' s behavio r  consist s 
of  perceptual ,  motor ,  linguistic ,  an d othe r  cognitiv e task s tha t 
ar e thoroughl y intertwined .  Ofte n i t  i s necessar y tha t  th e task s 
be performe d i n parallel ,  o r  a t  th e ver y leas t  giv e thi s appear -
ance .  Fodo r  (1983 )  argue s tha t  suc h behavio r  ca n b e modele d 
onl y b y th e actio n o f  interconnecte d cognitiv e module s work -
in g i n parallel .  Other s hav e focuse d o n achievin g parallelis m 
by finding  fixed  way s t o combin e multipl e paralle l  action s int o 
a singl e large r  actio n (e.g .  Covrigaru ,  1992) .  O u r  approach , 
however ,  i s  t o explai n th e apparen t  parallelis m a s a n abilit y 
t o switc h fluidly  an d opportunisticall y a m o n g tasks .  Thus , 
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NTD-Soar  achieve s th e appearanc e o f  doin g severa l  thing s 
i n paralle l  b y interleavin g tasks ,  performin g smal l  element s 
of  on e tas k betM-ee n element s o f  othe r  tasks .  Interleavin g 
successfull y substitute s fo r  parallelis m becaus e th e syste m a s 
a whol e i s abl e t o kee p u p wit h th e variou s demand s o f  th e 
externa l  environment . 

The rea l  N T D i s a n exper t  a t  hi s task .  Fo r  thi s reason ,  muc h 
of  th e languag e an d tas k behavio r  i n th e mode l  shoul d occu r 
i n Soar' s To p proble m space ,  whic h interact s wit h th e outsid e 
worl d an d wher e rapid ,  exper t  behavior s occu r  vi a knowledg e 
tha t  i s  availabl e recognitionally .  Recal l  tha t  recognitiona l 
knowledg e consist s o f  association s i n long-ter m memor y tha t 
ar e immediatel y availabl e becaus e o f  th e curren t  content s o f 
workin g memory ,  rathe r  tha n thos e tha t  mus t  b e foun d an d in -
tegrate d throug h deliberat e searc h i n subgoals .  Soar' s learn -
in g mechanis m automaticall y build s thi s recognitiona l  knowl -
edg e i n it s chunks ,  allowin g novic e model s t o develo p int o 
exper t  models .  Sinc e w e wis h t o mode l  exper t  behavior ,  ou r 
evaluation s examin e behavio r  afte r  chunkin g ha s occurred . 

I n NTD-Soar ,  w e hav e foun d i t  usefu l  t o categoriz e th e 
Top-spac e operator s i n muc h th e sam e wa y Newel l  di d i n 
hi s discussio n o f  immediat e behavio r  i n Soa r  (Newell ,  1990) . 
Thes e categorie s reflec t  th e type s o f  basi c cognitiv e activitie s 
th e N T D performs : 

Attention  operators direct the perceptual mechanism to pro-
vid e additiona l  informatio n abou t  particula r  element s i n th e 
sensor y input . 

Comprehensio n operator s interpre t  an d elaborat e th e per -
ceptua l  input s i n conceptua l  terms ,  o r  perfor m furthe r  in -
ference s o n th e conceptua l  representation . 

Tasi i  operator s selec t  th e nex t  tas k t o b e performed ,  thereb y 
biasin g th e selectio n o f  othe r  operators . 

Inten d operator s initiat e physica l  response s fro m th e system , 
suc h a s simulate d speec h o r  han d movements . 

All tasks are performed by collections of these types of op-
erators ,  plu s th e perceptua l  an d moto r  operator s tha t  interac t 
wit h th e physica l  world .  Naturally ,  languag e comprehensio n 
i s performe d b y perceptua l  an d comprehensio n operators ,  an d 
languag e generatio n lead s t o intentio n an d moto r  operators . 
As Lewi s discusse s (1993) ,  comprehensio n ma y tak e tw o t o 
five  cognitiv e operator s p>e r  wor d i n handlin g syntacti c pro -
cessing ,  semanti c processing ,  an d referenc e resolution .  Gen -
eratio n involve s a  simila r  numbe r  o f  operator s (roughl y three ) 
wit h discourse-leve l  processin g replacin g referenc e resolu -
tion . 

Processin g o f  th e visua l  pag e i s als o performe d throug h sim -
ila r  operator s -  intentio n operator s produc e ey e movements , 
and perceptual ,  attention ,  an d comprehensio n operator s searc h 
fo r  informatio n an d perfor m th e visua l  patter n matchin g tha t 
allow s NTD-Soa r  t o determin e whethe r  i t  ha s foun d th e in -
formatio n i t  i s  seeking .  Th e mode l  predict s a  serie s o f  ey e 
movements ,  an d withi n eac h ey e fixation  on e o r  mor e shift s 
of  attention ,  givin g pattern s suc h a s th e on e show n i n Fig -
ur e 1 .  Th e amoun t  o f  wor k tha t  ma y b e don e b y on e attentio n 
operato r  i s fairl y  wel l  constraine d b y psychologica l  data ,  a s 
describe d b y Wiesmeye r  (1992) .  Visua l  scannin g differ s fro m 
readin g becaus e th e "comprehension "  proces s ofte n doe s no t 
need t o conside r  eithe r  synta x o r  meaning ;  i t  i s  frequentl y 

possibl e t o find  th e desire d informatio n simpl y b y matchin g 
th e patter n i n visua l  attentio n t o a  targe t  pattern . 

The seria l  natur e o f  th e cognitiv e behavio r  an d th e tim e 
associate d wit h th e operator s make s i t  possibl e t o perfor m 
ver y direc t  comparison s betwee n th e mode l  an d huma n data . 
Further ,  th e shor t  duratio n o f  th e operator s (5 0 m s each )  allow s 
th e prediction s w e mak e t o hav e a  ver y fine  resolution ,  i n man y 
case s finer  tha n th e dat a w e ar e modeling .  I n th e remainde r  o f 
thi s pape r  w e explor e th e fit  o f  th e mode l  t o dat a w e have ,  an d 
discus s furthe r  prediction s fo r  whic h w e hav e no t  ye t  collecte d 
th e dat a neede d t o evaluat e th e model . 

Performance of the Model 

Communicatio n i n th e launc h roo m i s don e i n a  stylized ,  re -
stricte d for m o f  English ,  somewha t  aki n t o Seaspeak ,  th e in -
ternationa l  languag e use d aboar d ship s an d aircraft ,  familia r  i n 
suc h term s a s "Roger, "  "Copy, "  an d "Niner "  (Crystal ,  1987) . 
The performanc e dat a w e hav e availabl e fro m N A S A contai n 
onl y thes e communications ,  includin g th e word s spoke n b y 
th e N T D himself .  W e hav e als o collecte d ey e movemen t  dat a 
fro m well-practice d non-NT D participant s scannin g th e O MI 
fo r  launc h information . 

Segment s o f  th e N A S A dialog s hav e bee n transcribe d wit h 
detaile d timin g information ,  allowin g u s t o evaluat e ho w wel l 
we mode l  th e respons e time s o f  a n N T D t o question s an d 
othe r  linguisti c input .  A s a  sid e effect ,  w e ca n als o loo k a t 
th e qualit y o f  ou r  mode l  wit h respec t  t o othe r  durations ,  suc h 
as th e tim e i t  take s th e N T D t o find  an d perfor m hi s nex t  ste p 
on th e O MI  checklist ,  b y lookin g a t  th e length s o f  pause s 
betwee n dialogs . 

Tabl e 1 :  Sampl e N T D Dialog s 

Tim e (ms )  Speake r  Utteranc e 
14735 7 
14968 6 
15081 4 
15210 2 
15262 0 
15396 9 

15606 3 

CVFS 
NTD 
CVFS 
NTD 
NTD 
NTD 

FLT 

NTD,  CVFS. 
Go ahead ,  CVFS. 
Ready fo r  BF S uplink . 
I  copy . 
Housto n Flight ,  N IU . 
Perfor m BF S prefligh t 
uplin k loading . 
I n work . 

One o f  th e dialog s w e hav e explore d i s  a  communicatio n be -
twee n th e N T D an d th e C V F S (anothe r  launc h tea m member) , 
whic h proceed s a s show n i n Tabl e 1 .  Th e time s associate d 
wit h eac h lin e ar e measure d i n millisecond s fro m th e star t  o f 
th e transcrip t  tw o minute s earlier .  Th e first  utterance ,  "NTD , 
CVFS, "  i s a  reques t  t o initiat e a  dialo g wit h a  specifi c  part y 
(name d first),  mad e b y th e speake r  (name d second) .  Th e 
N TD replie s with ,  "G o ahead ,  CVFS, "  t o acknowledg e tha t 
he i s listening .  Th e C V F S the n provide s th e conten t  o f  hi s 
communication :  tha t  th e compute r  i s  read y t o receiv e a  radi o 
transmissio n (uplink )  o f  backu p flight  softwar e (BFS) .  Th e 
N TD acknowledge s thi s with ,  " I  copy. "  Th e tabl e continue s 
wit h th e nex t  dialog ,  i n whic h th e N T D summon s Housto n 
Fligh t  (FLT )  t o direc t  hi m t o perfor m th e uplink . 

I n orde r  t o mode l  th e timecours e o f  behavior ,  w e simulate d 
th e passag e o f  time ,  usin g th e seria l  natur e o f  th e operator s an d 
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thei r  estimate d duratio n t o provid e a  measur e o f  accumulate d 
time .  W e us e thi s "clock "  initiall y  t o determin e th e time s a t 
whic h th e mode l  hear s th e othe r  speakers ,  an d thereafte r  t o 
measur e whe n th e syste m responds .  W e measure d th e duratio n 
of  specifi c  utterance s fro m th e audi o tape s an d use d thes e a s 
auditor y inpu t  t o th e model .  Th e sam e measure d duration s 
serve d a s estimate s o f  th e duratio n o f  speec h output s fro m th e 
model . 

The audi o dat a fro m th e dialo g i n Tabl e 1  an d NTTD-Soar' s 
behavio r  ar e depicte d graphicall y i n Figur e 2 .  Th e dotte d 
boxe s i n th e figure  indicat e th e time s o f  th e observe d speec h 
i n th e huma n data ,  wit h th e dotte d line s connectin g the m t o 
th e model' s perceptua l  inpu t  (blac k boxes )  an d it s moto r  out -
put  (whit e boxes )  fo r  th e correspondin g events .  Cognitiv e 
activitie s ar e show n i n grey ,  an d th e discontinuitie s wher e on e 
aspec t  o f  cognitio n (comprehension ,  generation ,  o r  pag e scan -
ning )  pause s briefl y whil e anothe r  proceed s giv e a  graphica l 
depictio n o f  th e interleavin g tha t  i s  occurring .  Eac h gre y rect -
angl e withi n th e longe r  boxe s represent s a  distinc t  cognitiv e 
operator ,  fallin g int o on e o f  th e fou r  categorie s o f  attention , 
comprehension ,  intention ,  o r  tasking .  Preliminar y analysi s 
of  ey e movemen t  dat a w e hav e collecte d suggest s tha t  th e 
model  predict s th e numbe r  an d spatia l  distributio n o f  ey e fix-
ation s well ,  bu t  i t  i s impossibl e t o displa y a  one-to-on e matc h 
betwee n th e mode l  an d rea l  N T D behavior . 

Whil e n o tw o cognitiv e event s overlap ,  an d moto r  activi -
tie s usin g th e sam e physica l  syste m (e.g .  eyes ,  mouth )  mus t 
be serial ,  ther e is ,  nevertheless ,  som e parallelis m exploite d 
among cognition ,  perception ,  an d moto r  activity .  I t  i s  possi -
bl e fo r  th e mode l  t o spea k an d m o v e it s eye s simultaneously , 
but  thes e action s mus t  b e initiate d sequentiall y  b y cognitio n 
i n thi s model .  A  grea t  dea l  o f  thi s interleavin g goe s o n durin g 
th e first  dialog ,  whil e th e N T D i s tryin g t o locat e th e nex t  ste p 
i n whic h h e participates .  Onc e h e initiate s th e secon d dialog , 
th e visua l  searc h tas k i s n o longe r  necessary ,  s o h e spend s hi s 
cognitiv e tim e exclusivel y o n communication . 

As show n i n Figur e 2 ,  th e timecours e o f  behavio r  simu -
late d b y th e model' s speec h outpu t  follow s th e performanc e 
dat a availabl e fro m N A S A quit e nicely .  Thi s figure  furthe r 
illustrate s ho w NTD-Soa r  manage s it s resource s t o kee p u p 
wit h externa l  event s ove r  whic h i t  ha s n o control .  I t  receive s 
auditor y inpu t  fro m th e externa l  worl d a t  time s an d wit h du -
ration s specifie d b y th e observe d data .  T o accomplis h al l  th e 
necessar y task s i n th e availabl e tim e befor e mor e inpu t  begins , 
NTD-Soar  interleave s scannin g th e pag e t o find  th e nex t  rel -
evan t  step ,  comprehendin g th e auditor y input ,  an d generatin g 
an appropriat e response .  Th e tota l  tim e take n b y th e mode l 
fro m th e whe n th e C V F S hail s th e N T D unti l  NTD-Soa r  in -
form s Housto n tha t  the y ca n perfor m th e B F S uplin k loadin g 
i s 839 2 msec ,  onl y 1 1 % longe r  tha n th e observe d 757 4 msec . 

Althoug h thi s predictio n i s quit e goo d fo r  a  mode l  o f  thi s 
type ,  accuratel y predictin g th e timecours e o f  behavio r  o f  thi s 
particula r  N T D durin g thi s particula r  launc h i s no t  th e poin t 
of  ou r  modelin g effort .  Th e poin t  her e i s t o demonstrat e 
a human-lik e mode l  tha t  keep s pac e wit h th e real-tim e con -
straint s o f  a  comple x tas k despit e bein g buil t  withi n a  symboli c 
architectur e wit h a  seria l  bottlenec k i n cognition .  B y "human -
lik e behavior "  w e mea n tha t  bot h th e conten t  an d timecours e 
of  behavio r  displaye d b y th e mode l  ar e withi n th e expecte d 
rang e fo r  N T D s .  I n th e stylize d communication s o f  th e launc h 

procedure ,  th e conten t  o f  th e N T D ' s speec h i s ofte n a  iden -
tica l  t o th e word s i n th e O M I ,  s o th e conten t  o f  NTD-Soar' s 
utterance s i s reasonabl e whe n i t  utter s word s fro m th e O M I 
as w e hav e implemente d i t  t o do .  A s fo r  th e timecourse ,  th e 
pause s observe d wit h th e rea l  N T D (afte r  bein g haile d b y th e 
C V FS an d afte r  hearin g "Read y fo r  B F S uplink" )  ar e abou t 
20 0 mse c i n length .  I n contrast ,  NTD-Soa r  pause s fo r  45 0 
msec a t  th e sam e places .  However ,  empirica l  dat a sho w a 
rang e o f  mea n pause s fro m abou t  40 0 mse c fo r  telephon e 
conversation s (Norwin e an d Murphy ,  1938 )  t o 70 0 mse c fo r 
face-to-fac e conversation s (Jaff e an d Feldstein ,  1970) .  Thu s 
th e pause s tha t  NTD-Soa r  display s ar e wel l  withi n th e rang e 
of  acceptabilit y  fo r  huma n conversation . 

I t  i s importan t  t o not e tha t  thi s particula r  implementatio n o f 
NTD-Soa r  i s conservativ e i n severa l  ways ,  tha t  is ,  i t  produce s 
slowe r  behavio r  tha n othe r  reasonabl e implementation s woul d 
produce .  Fo r  instance ,  thi s implementatio n ha s a  preferenc e 
fo r  listenin g t o th e entir e s u m m o n s ("NTD ,  C V F S " )  befor e 
generatin g an y o f  th e structur e require d fo r  articulatin g th e ac -
knowledgemen t  ("G o ahea d C V F S " ) .  A  reasonabl e alternativ e 
strateg y woul d b e fo r  NTD-Soa r  t o generat e th e structur e fo r 
" G o ahead "  immediatel y afte r  hearin g " N T D , "  an d generat e 
th e structur e fo r  " C V F S "  afte r  hearin g thos e cal l  letter s (i.e. , 
interleavin g th e comprehensio n an d generatio n tasks )  an d the n 
sequentiall y  articulatin g th e generate d surfac e form s t o out -
put  th e entir e sentence .  Thi s strateg y woul d produc e a  shorte r 
paus e betwee n summon s an d acknowledgement ,  close r  t o th e 
behavio r  o f  thi s particula r  rea l  N T D .  Anothe r  strateg y choic e 
i n thi s implementatio n tha t  produce s longe r  respons e time s i s 
tha t  thi s NTD-Soa r  wait s unti l  a n entir e wor d (o r  acronym )  i s 
inpu t  befor e startin g t o comprehen d tha t  word .  Thus ,  i t  wait s 
unti l  al l  fou r  syllable s o f  " C V F S "  hav e bee n hear d befor e 
beginnin g t o comprehen d w h o i s speaking .  Thi s lead s t o a 
conservativ e estimat e i n tha t  th e speake r  i s uniquel y identifie d 
by th e first  tw o o r  thre e cal l  letter s an d m a y eve n b e identifiabl e 
fro m voic e alon e wit h th e first  cal l  letter .  Furthermore ,  w e 
ar e currentl y usin g a  preliminar y mode l  o f  speec h generatio n 
tha t  w e believ e wil l  requir e fewe r  operator s pe r  wor d a s i t  i s 
refined .  Fo r  al l  thes e reasons ,  w e find  th e curren t  demonstra -
tio n o f  human-lik e real-tim e behavio r  extremel y encouraging , 
sinc e th e respons e rat e wil l  onl y ge t  bette r  wit h refinemen t  o f 
thi s model . 

Currently ,  w e ca n evaluat e ou r  mode l  onl y b y matchin g i t 
t o th e dat a availabl e fro m N A S A ,  th e audi o tap e o f  a  launch , 
or  b y comparin g i t  t o ou r  ey e movemen t  data .  However ,  thi s 
model  make s othe r  testabl e prediction s fo r  whic h w e hop e 
t o collec t  dat a i n th e future .  Othe r  observabl e action s no t 
discusse d her e ar e als o incorporate d i n th e ful l  model ,  e.g. , 
turnin g page s an d checkin g of f  steps .  Collectin g thes e dat a 
and comparin g the m t o th e prediction s o f  th e mode l  remain s 
fo r  futur e work . 

Conclusions 

We hav e describe d a  serial ,  symboli c mode l  o f  th e N A S A Tes t 
Directo r  tha t  display s human-like ,  real-tim e performanc e b y 
interleavin g task s i n reactio n t o a  simulate d physica l  world . 
I t  make s testabl e prediction s abou t  th e timecours e o f  behav -
io r  an d fits  reasonabl y wel l  t o th e availabl e verba l  behavio r 
observe d i n a  rea l  Spac e Shuttl e launch .  W e believ e tha t  N T D -
Soar  demonstrate s th e plausibilit y  o f  a  symboli c architectur e 

661 



I  r H o  1 0 t j  - H c  0 1 ; 

;  3  a ^ H c  j < 

;  a  V)  (u*j^- H tji x  -u l 

I  a *  0 )  V4 ̂  o  ̂  B  I 
'. . ... ...••• 

j  [I .  ̂  H  Dl  j :  - u 

! X O 3 « u o c 

; u o a >i 

3 a-- !  - H c  j« : 

•  b :  «i  o- o > i 

;  U  >  U.  0 5 

;  <  £  Q)  10T 3 ; 
:ti3i:::::::::::::r.::'-"-'-••••'" 

1 = 1 

12 E 

i n t 3 

•c 

. ^  o 

C 
'S 

c 
§'bo 

>n o 
^  c 

E 

m 

>o 

00 

o 

c 

3 
< 

c 
o 

c 
<u 

s : 
g 
o 

U 

c 
o 

c 
u 

o 

3 

3 
o 
O 
u 

on 

60 
c 

'c 
c 
CO 
o 

C/3 
u 
60 

c 
u 
E 
o 

u 

.s 
> C3 
JD (/ I 
'i 3 
o CO 
Q 
H 
Z 
C 
C3 « 

• o 
O 
3 ca 
o 
§ 
Vi 
i 
a. 
E 
o 
u 

Ic 

u u 
><- S 
2 ^ 
^ ^ U i s 
t o ( 0 

ffl  CO .  J = 
t/ i  * ^ 
U i n 
§ 2 
CO 2 

(« w ^ s 
.s i 
SI 

1^ . 
w)  « r 
£ S 
•^  e^ 
> k . 

i ^ 
! > 
•£ ' s 

3 

5S> 

E Sa 

(0 c 
u e o 

•!| 

i! 

Q o 

662 



wit h a  seria l  bottlenec k i n cognitio n fo r  modelin g huma n be -
havio r  i n a  rapidl y changin g world .  A t  th e ver y least ,  suc h 
architecture s canno t  b e dismisse d b y th e clai m tha t  the y can -
not  kee p u p wit h externa l  event s withou t  som e parallelis m i n 
cognition . 
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