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Constraint s o n th e Desig n o f  a  Higti-Leve l  M o d e l  o f  Cognitio n 

Randolph M. Jones (rjones@eecs.umich.edu) 
Joh n E .  Lair d (laird@eecs.umich.edu ) 

Artificia l  Intelligenc e Laborator y 
Universit y o f  Michiga n 

1101 Bea l  Avenu e 
A n n Arbor ,  M I  48109-211 0 

Abstrac t 

The TacAir-Soar system is a computer program that gener-
ate s human-lik e behavio r  flying  simulate d aircraf t  i n tactica l  ai r 
combat  trainin g scenarios .  Th e desig n o f  th e syste m ha s bee n 
drive n b y functiona l  concerns ,  allowin g th e syste m t o generat e 
a wid e rang e o f  appropriat e behavior s i n severel y time-limite d 
situations .  Th e combinatio n o f  constraint s fro m th e complex -
it y an d dynamic s o f  th e domai n wit h th e overal l  goa l  o f  human -
lik e behavio r  le d t o a  syste m tha t  ca n b e viewe d a s a  mode l  o f 
cognitio n fo r  high-level ,  comple x tasks .  Thi s pape r  analyze s 
th e syste m i n suc h a  light ,  an d describe s ho w th e functiona l  de -
sig n constraint s ma p o n t o cognitivel y plausibl e representation s 
and mechanisms ,  sometime s i n surprisin g ways . 

I n t r o d u c t i o n 

For  th e pas t  fe w years ,  w e hav e bee n developin g a  compute r 
system ,  calle d TacAir-Soar ,  tha t  "flies "  aircraf t  i n tactica l  ai r 
combat  simulation s (Tamb e e t  al. ,  1995) .  Th e overal l  goa l  o f 
thi s wor k i s fo r  th e syste m t o generat e behavio r  tha t  look s lik e 
i t  i s  bein g generate d b y a n expert-leve l  human .  Th e evalua -
tio n o f  ou r  syste m take s plac e a t  a  ver y hig h leve l  o f  behav -
ior .  T o tes t  TacAir-Soar ,  w e plac e i t  i n a  variet y o f  differen t 
situations ,  flying  differen t  type s o f  comba t  aircraft ,  wit h dif -
feren t  type s o f  mission s an d differen t  comba t  situations .  W e 
the n le t  th e simulatio n ru n whil e militar y expert s observ e th e 
behavior s exhibite d b y th e system' s aircraft .  A t  thi s leve l  o f 
observation ,  th e expert s d o no t  hav e acces s t o th e step-by-ste p 
reasonin g o f  th e system .  Rather ,  th e expert s observ e aircraf t 
maneuver s (suc h a s change s i n altitude ,  heading ,  an d speed) , 
employmen t  o f  weapons ,  an d communicatio n betwee n dif -
feren t  agent s i n semi-natura l  language .  Th e expert s interpre t 
thes e observabl e operation s i n term s o f  h o w the y fit  int o eve n 
higher-leve l  behaviors ,  suc h a s specifi c  weapons-employmen t 
tactic s o r  progres s towar d achievin g missio n goals .  I f  th e be -
havior s fit  a  plausibl e overal l  pla n tha t  a  huma n exper t  woul d 
execute ,  the y ar e judge d t o b e correct . 

I n thi s paper ,  w e explor e th e way s i n whic h TacAir-Soa r 
ca n b e considere d a  psychologica l  model .  Give n th e hig h 
leve l  o f  observabl e behavior ,  i t  coul d b e argue d tha t  TacAir -
Soar  i s a t  bes t  a  knowledge-leve l  mode l  o f  cognitio n (Newell , 
1982) .  Jus t  becaus e th e syste m exhibit s appropriat e behavio r 
at  a  gros s leve l  o f  observation ,  doe s no t  necessaril y  indicat e 
tha t  th e processin g withi n th e syste m i s anythin g lik e wha t  a 
h u m an doe s o n th e sam e task .  Thus ,  i t  ca n b e argue d tha t  gen -

eratin g appropriat e high-leve l  behavior s i s a  ver y wea k con -
strain t  o n th e desig n o f  th e cognitiv e model . 

However ,  th e desig n o f  TacAir-Soa r  embodie s a t  leas t  tw o 
othe r  type s o f  constraints ,  involvin g th e characteristic s o f 
th e ai r  comba t  tas k an d th e characteristic s o f  th e system' s 
perceptual-moto r  components .  W e argu e tha t  thes e con -
straint s hav e bee n sufficien t  t o forc e th e desig n o f  TacAir-Soa r 
toward s a n accurat e symbol-leve l  mode l  o f  huma n exper t  be -
havio r  i n ai r  combat .  Additionally ,  ther e i s a  thir d constrain t 
on th e desig n o f  TacAir-Soa r  tha t  ha s littl e t o d o wit h psycho -
logica l  concerns .  Th e TacAir-Soa r  syste m wil l  b e use d i n a 
militar y exercis e simulation ,  calle d S T O W,  i n lat e 1997 .  Cur -
ren t  plan s ar e fo r  th e TacAir-Soa r  mode l  t o contro l  ove r  20 0 
differen t  aircraf t  a t  th e sam e time .  Thus ,  a  practica l  constrain t 
on th e syste m desig n i s fo r  i t  t o b e a s efficien t  a s possible ,  s o 
tha t  fewe r  computer s wil l  b e necessar y an d th e exercis e wil l 
be a s chea p a s possible .  Ou r  initia l  expectation s wer e tha t  w e 
woul d hav e t o compromis e ou r  desir e t o simulat e huma n be -
havio r  faithfull y i n orde r  t o mee t  th e efficienc y requirements . 
However ,  w e hav e bee n surprise d t o discove r  tha t  ever y tim e 
we mak e a  desig n chang e fo r  efficiency ,  i t  appear s t o increas e 
th e psychologica l  plausibilit y  o f  th e mode l  a s well .  Thi s pa -
per  describe s thes e constraints ,  a s wel l  a s som e specifi c  detail s 
of  h o w the y influence d th e desig n o f  th e TacAir-Soa r  system . 
We argu e tha t  becaus e TacAir-Soa r  include s thes e constraint s 
i n it s  design ,  th e syste m ca n b e use d t o mak e claim s abou t  h o w 
human pilot s mus t  b e reasoning . 

The Architecture of the Model 

Th e simulatio n o f  h u m a n pilo t  behavio r  consist s o f  fou r  majo r 
components : 

1. The external environment. In this domain the environment 
i s a  distribute d simulatio n syste m tha t  implement s realisti c 
model s o f  variou s aircraft ,  weapons ,  an d sensors . 

2. The input system. This is an interface that describes (a por-
tio n of )  th e curren t  stat e o f  th e environmen t  a t  som e leve l 
of  representation . 

3. The agent. The agent is a human or simulation model (in 
our  case ,  TacAir-Soar) ,  whic h receive s informatio n abou t 
th e environmen t  fro m th e inpu t  system ,  an d use s som e rea -
soning  proces s t o generat e expert-leve l  externa l  behaviors . 
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4.  Th e outpu t  system .  Thi s i s th e interfac e throug h whic h th e 
agen t  ca n tak e actio n i n th e environment .  Al l  agen t  deci -
sion s mus t  ultimatel y lea d t o output-syste m command s i f 
th e agen t  i s goin g t o hav e an y influenc e o n th e environmci K 
As wit h th e inpu t  system ,  ther e ar e man y possibl e level s o f 
representatio n fo r  th e outpu t  system . 

Given this structure, we can now more clearly define the 
tas k o f  thi s research .  Ou r  goa l  i s  t o understan d h o w huma n 
combat  pilot s reaso n an d perfor m thei r  tasks .  T o thi s end ,  th e 
model  tha t  implement s th e agen t  ca n b e viewe d a s a  dependen t 
variable .  Th e externa l  environment ,  inpu t  system ,  an d out -
put  syste m ar e th e independen t  variables .  Th e characteristic s 
of  eac h o f  thes e system s impos e constraint s o n th e desig n o f 
th e agen t  model .  I f  w e "clamp "  th e desig n o f  thes e thre e sys -
tems t o simulat e actua l  ai r  comba t  a s closel y a s possible ,  an d 
i f  th e agen t  mode l  i s abl e t o generat e human-lik e high-leve l 
behavior ,  the n th e reasonin g processe s i n th e agen t  provid e a 
hypothetica l  mode l  o f  th e reasonin g processe s o f  a  huma n pi -
lot .  W e ca n us e th e agen t  mode l  t o mak e prediction s abou t 
human pilo t  behavior .  I n addition ,  w e ca n examin e change s 
t o th e inpu t  an d outpu t  system s tha t  lea d t o improve d behav -
io r  i n th e model ,  an d us e thes e t o propos e potentiall y  bene -
ficial  change s i n th e interface s use d b y huma n pilots .  A s w e 
hav e mentione d above ,  man y o f  th e change s w e hav e consid -
ere d an d implemente d aris e fro m th e additiona l  consU-ain t  o f 
buildin g a s efficien t  a  simulatio n syste m a s possible .  W e dis -
covere d tha t  change s tha t  improv e th e efficienc y o f  th e overal l 
simulatio n architectur e generall y als o improve d th e simplicit y 
and qualit y o f  th e agen t  model . 

Constraints on Cognition 

We ar e no w i n a  positio n t o examin e th e constraint s o n cogni -
tio n i n th e tactica l  ai r  comba t  domain .  A s suggeste d above , 
we ca n divid e thi s discussio n int o thre e components .  Afte r 
we hav e determine d h o w t o mak e th e environment ,  inpu t  sys -
tem,  an d outpu t  syste m a s realisti c a s possible ,  w e ca n analyz e 
thei r  influenc e o n th e agen t  model .  W e wil l  als o analyz e th e 
impac t  o f  intermediat e version s o f  th e agen t  mode l  o n subse -
quen t  version s o f  th e environmen t  simulation ,  inpu t  system , 
and outpu t  system . 

Environmental Constraints 

The constraint s arisin g fro m th e simulatio n environmen t  con -
sis t  o f  characteristic s o f  th e tas k domai n togethe r  wit h th e 
characteristic s o f  th e underlyin g simulatio n o f  th e environ -
ment .  A s w e hav e discussed ,  th e tas k domai n i s tactica l  ai r 
combat ,  wit h th e genera l  goa l  o f  flying  mission s i n th e sam e 
way tha t  exper t  human s do .  Successfull y flying  ai r  comba t 
mission s require s a  fai r  amoun t  o f  knowledg e an d expertise , 
and ther e ar e a  numbe r  o f  comple x concept s an d tradeoff s tha t 
must  b e take n int o consideratio n a t  an y give n poin t  durin g a 
mission .  Thi s implie s tha t  th e agen t  mode l  mus t  a t  leas t  con -
tai n a  larg e amoun t  o f  knowledge ,  althoug h i t  doe s no t  neces -
saril y  specif y a  particula r  representatio n fo r  tha t  knowledge . 
As a n indicatio n o f  th e amoun t  o f  knowledg e required ,  th e 

curren t  versio n o f  TacAir-Soa r  consist s o f  ove r  450 0 produc -
tio n rules ,  implementin g mor e tha n 40 0 operators . 

Additionally ,  th e primar y source s o f  informatio n w e con -
sul t  i n buildin g TacAir-Soa r  c o m e fro m th e Unite d State s mil -
itary .  Thes e source s (expert s an d documents )  represen t  doc -
trine ,  missions ,  an d tactic s i n term s o f  hierarchica l  goals .  Be -
caus e w e ar e tryin g t o generat e behavio r  simila r  t o th e mili -
tary ,  thi s implie s a  constrain t  o n th e actua l  representatio n o f 
knowledg e within g th e agen t  model .  Thi s i s especiall y tru e i f 
th e agen t  mode l  i s  goin g t o interac t  wit h rea l  human s (suc h a s 
flying  mission s i n groups) . 

Asid e fro m th e complexit y an d representatio n o f  knowl -
edge ,  a  ke y characteristi c o f  ai r  comba t  i s tha t  th e situatio n 
i s alway s changing ,  an d usuall y quit e rapidly .  Dependin g o n 
th e situation ,  huma n pilot s mus t  m a k e decision s unde r  sever e 
tim e constraints .  Naturally ,  ther e i s ofte n a n invers e relation -
shi p betwee n th e tim e availabl e t o m a k e a  decisio n an d th e 
qualit y o f  generate d behavior .  However ,  i t  i s  conceivabl e tha t 
certai n type s o f  decision s tha t  human s ar e slo w t o mak e ca n b e 
compute d quickl y b y compute r  simulations .  Thus ,  a s par t  o f 
our  goa l  o f  mimickin g huma n behavior ,  w e shoul d watc h fo r 
th e possibilit y  o f  th e agen t  mode l  bein g "to o good "  i n som e 
situations .  Thi s i s a  furthe r  constrain t  impose d b y th e domain , 
althoug h i t  i s  tempere d somewha t  b y th e "meta-constraint "  o f 
designin g a s efficien t  a  simulatio n syste m a s possible . 

Additiona l  constraint s o n reasonin g com e fro m th e simula -
tio n o f  th e ai r  comba t  arena .  I f  th e simulatio n o f  th e world , 
aircraft ,  weapons ,  etc .  i s  no t  realistic ,  i t  i s  unlikel y tha t  be -
havior s tha t  woul d b e appropriat e i n th e rea l  worl d woul d 
als o b e appropriat e i n th e simulate d world .  Thus ,  i f  w e wan t 
t o b e "forced "  t o desig n a n accurat e agen t  model ,  th e sim -
ulatio n platfor m mus t  provid e a  realisti c environment .  Th e 
TacAir-Soa r  syste m ha s bee n designe d t o ru n wit h th e M o d -
SAF(Calderetal. ,  1993 )  distribute d simulatio n system .  M o d -
S AP provide s ai r  frame s wit h realisti c flight  dynamics ,  an d 
many o f  th e senso r  an d weapo n simulation s ar e base d o n mod -
el s o f  rea l  system s tha t  hav e bee n validate d b y th e Unite d 
State s military .  Ther e i s roo m fo r  improvemen t  i n som e o f  th e 
systems ,  bu t  overal l  th e M o d S A F simulato r  provide s a  quit e 
realisti c simulatio n o f  th e ai r  comba t  environment . 

Input System Constraints 

As mentione d i n th e previou s section ,  i f  w e hop e t o en d 
up wit h a  realisti c agen t  model ,  i t  mus t  receiv e it s informa -
tio n fro m accurat e simulation s o f  differen t  sensors .  Th e sen -
sor  simulatio n determine s whe n informatio n shoul d b e m a d e 
availabl e t o th e agen t  an d wha t  th e conten t  o f  th e informatio n 
shoul d be .  However ,  i t  doe s no t  necessaril y  dictat e a  particu -
la r  representatio n fo r  senso r  information ,  whic h wil l  als o hav e 
a significan t  impac t  o n th e agen t  model .  Representatio n deci -
sion s ar e par t  o f  th e desig n o f  th e inpu t  system , 

The choic e o f  inpu t  representation s relie s a  grea t  dea l  o n th e 
leve l  o f  cognitio n w e wan t  th e agen t  mode l  t o simulate .  Fo r 
example ,  a  complet e mode l  o f  cognitio n woul d probabl y in -
corporat e a  realisti c visio n system ,  an d th e representatio n o f 
inpu t  woul d b e ver y low-leve l  visua l  primitives .  Eve n with -
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out  a  high-fidelit y visio n model ,  i t  migh t  b e desirabl e t o mode l 
th e trackin g o f  ey e movement s an d focu s o f  attention .  Fo r  th e 
initia l  desig n o f  TacAir-Soar ,  however ,  w e mad e th e decisio n 
t o represen t  inpu t  a t  a  relativel y hig h leve l  o f  symboli c con -
cepts .  TacAir-Soa r  i s suppose d t o mode l  expert-leve l  behav -
ior ,  an d w e fel t  saf e i n assumin g tha t  exper t  pilot s hav e wel l 
rehearse d th e routine s fo r  parsin g visua l  cues ,  understandin g 
rada r  symbology ,  etc .  Thus ,  th e agen t  mode l  doe s no t  focu s 
on behavio r  a t  tha t  lo w a  level .  I t  shoul d als o b e mad e explici t 
tha t  choosin g a  relativel y hig h leve l  o f  representatio n allowe d 
us t o buil d a  mor e computationall y efficien t  system . 

I t  i s  wort h goin g ove r  TacAir-Soar' s inpu t  syste m i n som e 
detail ,  t o provid e concret e example s o f  th e inpu t  syste m rep -
resentation .  I n th e tactica l  ai r  comba t  domain ,  ther e ar e thre e 
genera l  source s o f  informatio n fro m th e environment : 

1. Communicated information coming in over the radio. 

2. Various types of information from cockpit displays and 
gauges ,  suc h a s altimete r  readings ,  an d rada r  contac t  infor -
mation . 

3. Visual contacts acquired by looking out the cockpit canopy. 

The first of these has the most simple representation in 
TacAir-Soar' s inpu t  system .  Radi o message s consis t  o f  a  lis t 
of  symbol s representin g th e word s i n th e message ,  togethe r 
wit h a  symbo l  representin g whic h radi o th e messag e cam e i n 
on (ther e ar e typicall y tw o radio s i n a  fighter  aircraft) .  Suc h 
a representatio n require s th e agen t  mode l  t o pars e string s o f 
word s i n semi-natura l  language ,  bu t  no t  t o worr y abou t  gar -
ble d message s o r  fault y radios ,  etc . 

Again ,  th e desig n o f  th e inpu t  representatio n depend s o n th e 
leve l  o f  behavio r  w e car e t o model .  Th e versio n o f  TacAir -
Soar  w e discus s her e doe s no t  flexibly  understan d o r  generat e 
natura l  language ,  usin g a  larg e se t  o f  semi-natura l  template s 
instead .  However ,  a  grou p a t  Carnegi e Mello n Universit y i s 
developin g a  realisti c natura l  languag e processo r  t o integrat e 
int o th e syste m (Lehman ,  Va n Dyke ,  &  Rubinoff ,  1995) . 

I t  i s  interestin g t o not e tha t  th e miUtar y use s template-lik e 
" c o m m brevity "  code s i n trainin g thei r  pilots ,  bu t  n o huma n 
eve r  stick s t o th e rule s durin g a  rea l  comba t  situation .  Thus , 
th e curren t  agen t  mode l  i s adequat e fo r  agent-to-agen t  simu -
late d communication ,  bu t  i t  break s d o w n whe n communicat -
in g wit h a  human . 

Th e representatio n o f  inpu t  fro m mos t  o f  th e cockpi t  dis -
play s i s als o relativel y straightforward .  Fo r  example ,  a n al -
timete r  i n a  rea l  aircraf t  woul d consis t  o f  tw o hand s pointin g 
at  numeral s o n a  dial .  TacAir-Soar' s inpu t  syste m simpl y rep -
resent s thi s informatio n wit h a  numeral .  Example s o f  othe r 
quantitie s represente d wit h simpl e symbol s includ e th e air -
craft' s  speed ,  heading ,  an d roll ,  a s wel l  a s th e typ e o f  th e cur -
rentl y selecte d weapo n (whic h appear s i n th e heads-u p displa y 
of  a  rea l  aircraft) . 

Visua l  contact s acquire d throug h th e cockpi t  canop y an d 
rada r  contact s appearin g as  blip s o n a  rada r  displa y hav e simi -
lar ,  an d somewha t  mor e complex ,  representation s fo r  Ta c Air -

Soar .  Eac h contac t  i s  represente d b y a  symbol ,  an d thi s sym -

bol  i n tur n ha s a  se t  o f  associate d symbol s describin g th e con -
tact .  Th e associate d symbol s ca n includ e thing s lik e th e con -
tact' s altitude ,  heading ,  an d range ,  an d th e contact' s aircraf t 

type .  Th e initia l  implementatio n o f  th e inpu t  syste m reporte d 
a smal l  numbe r  o f  quantitie s fo r  ever y existin g contac t  (i.e. , 
ever y entit y tha t  coul d b e see n ou t  th e canop y o r  tha t  appeare d 
on th e rada r  scope) .  However ,  a s w e develope d TacAir-Soar' s 
agen t  model ,  ther e wer e som e interestin g interaction s betwee n 
desig n decision s fo r  th e agen t  an d th e inpu t  system .  W e wil l 
discus s som e o f  thes e later . 

Output System Constraints 

As wit h th e inpu t  system ,  th e initia l  desig n o f  th e outpu t  sys -
te m reflect s a s m u c h a s possibl e th e type s o f  device s rea l  hu -
mans us e t o fly  ai r  comba t  missions .  Thi s include s control s 
fo r  flying  th e aircraft ,  button s an d switche s fo r  controllin g th e 
weapon s systems ,  an d button s t o contro l  th e rada r  display . 

Als o simila r  t o th e inpu t  syste m desig n i s ou r  choic e t o rep -
resen t  outpu t  action s a t  a  leve l  consisten t  wit h th e leve l  o f  be -
havio r  w e ar e intereste d i n modeling .  Onc e again ,  becaus e w e 
ar e modelin g exper t  humans ,  w e ca n assum e tha t  mos t  contro l 
action s ar e wel l  rehearsed ,  s o w e d o no t  hav e t o mode l  out -
put  a t  th e leve l  o f  muscl e contro l  o r  physica l  movements .  Th e 
outpu t  syste m desig n assumes ,  fo r  example ,  tha t  al l  i t  take s t o 
pres s th e fire  butto n i s th e explici t  intentio n t o pres s th e button , 
as determine d b y th e agen t  mode l  fo r  behavior . 

Likewise ,  ou r  initia l  desig n assume d tha t  th e agen t  mode l 
coul d contro l  th e maneuver s o f  th e aircraf t  a t  a  fairl y  hig h 
level .  Th e outpu t  syste m accept s command s fro m th e agen t 
t o se t  a  desire d speed ,  heading ,  an d altitude .  Th e actua l  com -
binatio n o f  aileron ,  elevator ,  an d thrus t  parameter s require d t o 
satisf y th e desire d maneuve r  ar e compute d b y th e underlyin g 
simulatio n platfor m fo r  th e aircraft .  Th e desig n o f  th e outpu t 
syste m evolve d quit e a  bi t  firo m it s initia l  conceptio n t o th e 
present .  A s w e wil l  discus s later ,  certai n weaknesse s i n th e 
earl y agen t  mode l  require d u s t o ad d extr a level s o f  functional -
it y t o th e outpu t  system .  Thes e enhancement s i n tur n impose d 
ne w constraint s o n th e agen t  model ,  focusin g i t  mor e closel y 
t o a n accurat e mode l  o f  huma n behavior . 

The Agent Model 

Wit h al l  o f  th e abov e desig n decisions ,  w e wer e abl e t o spec -
if y th e tas k constraints ,  th e detail s o f  th e environmenta l  sim -
ulation ,  an d th e specific s o f  th e inpu t  an d outpu t  systems .  A t 
thi s poin t  w e wer e read y t o desig n th e agen t  model .  A t  th e 
knowledg e level ,  al l  th e agen t  mode l  need s t o d o i s m a p in -
formatio n ft-om  th e inpu t  syste m t o conunand s issue d t o th e 
outpu t  syste m i n orde r  t o generat e appropriat e high-leve l  be -
haviors .  However ,  a s w e hav e suggested ,  al l  o f  th e constraint s 
discusse d abov e combin e t o specif y i n mor e detai l  wha t  prop -
ertie s th e agen t  mode l  mus t  have . 

The TacAir-Soa r  mode l  i s implemente d withi n Soar ,  a 
computationa l  architectur e fo r  simulatin g cognitio n (Newell , 
1990) ,  s o al l  knowledg e i s specifie d i n th e for m o f  condition -
actio n rules .  Th e rule s matc h agains t  symbol s fro m th e inpu t 
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syste m a s wel l  a s internall y create d symbols ,  an d fire  t o cre -
at e ne w interna !  symbol s (suc h a s subgoal s o r  conceptua l  in -
terpretation s o f  th e environment )  o r  t o sen d c o m m a n d s t o th e 
outpu t  syste m i n orde r  t o generat e externa l  behavior . 

The design of the rule base was immediately influenced by 
al l  o f  th e constraint s mentione d above .  T o begi n with ,  th e 
rule s mus t  interfac e wit h inpu t  an d outpu t  system s tha t  matc h 
rea l  cockpi t  interface s ver y closely .  I n addition ,  outpu t  com -
mands contro l  system s tha t  ar e simulate d t o behav e a s real -
isticall y a s possible .  Thi s mean s tha t  th e rule s mus t  no t  onl y 
generat e th e righ t  behavio r  i n th e righ t  situation s (i.e. ,  func -
tio n a t  th e knowledg e level) ,  the y mus t  m a p inpu t  symbol s tha t 
correspon d roughl y t o a n exper t  pilot' s  high-leve l  perceptio n 
t o symbol s tha t  correspon d roughl y t o a n exper t  pilot' s  high -
leve l  action .  Thus ,  th e realisti c desig n o f  th e inpu t  an d outpu t 
system s take s a  larg e ste p i n constrainin g th e agen t  mode l  t o 
be a  symbol-leve l  mode l  o f  exper t  pilo t  behavior . 

Furthermore ,  th e constraint s o f  th e tas k ha d a  grea t  influ -
enc e o n th e representatio n o f  knowledg e i n th e agen t  model . 
As discusse d previously ,  th e tactica l  ai r  comba t  domai n re -
quire s th e flexible  an d ofte n rapi d generatio n o f  appropriat e 
behavio r  i n a  comple x environment ,  a s wel l  a s a  genera l  hi -
erarchica l  representatio n o f  concepts .  Thi s le d u s t o repre -
sent  knowledg e a s a  combinatio n o f  a  bottom-u p hierarch y o f 
interrupt-drive n rule s togethe r  wit h a  top-dow n goa l  hierarch y 
tha t  focuse s th e contex t  o f  interrup t  processing . 

Thi s i s perhap s bes t  illustrate d wit h a  simplifie d example . 
Suppos e th e agen t  ha s decide d t o intercep t  an d shoo t  d o w n 
a targe t  denote d b y a  rada r  bli p o n th e agent' s screen .  Th e 
agen t  migh t  hav e activ e hierarchica l  goal s o f  destroyin g th e 
target ,  employin g weapon s agains t  th e target ,  an d shootin g a 
sidewinde r  missil e a t  th e target .  N o w suppos e th e rada r  in -
dicate s a  chang e i n headin g b y th e target .  A  bottom-u p rul e 
migh t  calculat e a  ne w attac k headin g fo r  employin g th e mis -
sile .  Anothe r  rul e woul d combin e thi s resul t  wit h th e goa l  o f 
usin g a  sidewinder ,  t o determin e tha t  th e ne w geometr y i s  out -
sid e th e rang e o f  a  sidewinde r  missile .  Thi s migh t  lea d anothe r 
rul e t o propos e usin g a  longe r  rang e sparro w missil e instead . 

The combinatio n o f  top-dow n an d bottom-u p hierarchie s 
directl y addresse s th e dua l  constraint s o f  rapi d behavio r  gen -
eratio n i n a  knowledge-ric h domain .  A s n e w informatio n 
comes fro m th e inpu t  system ,  i t  lead s t o change s i n th e 
bottom-u p hierarchy ,  bu t  th e hierarch y i s designe d s o tha t 
change s onl y occu r  a t  th e mos t  operationa l  leve l  a s define d b y 
th e goa l  hierarchy .  I n th e previou s example ,  i f  th e targe t  rada r 
bli p onl y change d headin g b y a  littl e bit ,  i t  woul d no t  neces -
saril y  deman d a  ne w computatio n o f  attac k heading .  Alterna -
tively ,  a  ne w attac k headin g migh t  b e necessary ,  bu t  th e tar -
get  geometr y wil l  stil l  allo w a  sidewinde r  missil e shot .  I f  th e 
targe t  change d headin g enoug h t o assum e a  highl y defensiv e 
posture ,  a  large r  portio n o f  th e bottom-u p hierarch y migh t  b e 
recomputed ,  leadin g t o a  chang e i n higher-leve l  goals .  Fo r  ex -
ample ,  th e agen t  m a y decid e t o emplo y som e ne w tacti c tha t 
take s advantag e o f  th e target' s defensiv e posture . 

Test in g a n d L e a r n i n g f r o m th e A g e n t  M o d e l 

Once th e agen t  mode l  wa s designe d an d implemented ,  w e 
wer e i n a  positio n t o d o tw o things .  First ,  w e neede d t o tes t  th e 
model  b y puttin g i t  int o variou s comba t  situation s an d gettin g 
feedbac k fro m exper t  militar y observers .  Second ,  w e wer e 
abl e t o profil e th e executio n o f  th e agen t  mode l  i n orde r  t o de -
termin e whic h type s o f  reasonin g wer e leadin g t o overwhelm -
in g amount s o f  processing ,  suggestin g area s tha t  w e migh t  im -
prov e th e efficienc y o f  th e simulation .  W e use d feedbac k fro m 
bot h o f  thes e processe s t o refin e th e agen t  model ,  bringin g i t 
close r  t o ou r  idea l  mode l  o f  exper t  behavior . 

Perhap s mor e importantly ,  ou r  experience s i n testin g th e 
agen t  mode l  le d t o quit e a  fe w change s i n ou r  desig n fo r  th e in -
put  an d outpu t  systems .  Th e followin g section s describ e an d 
justif y som e o f  th e desig n change s w e hav e m a d e a s w e hav e 
continue d developmen t  an d testin g o f  th e system . 

Automated Spatial Perception 

I n ou r  initia l  inpu t  syste m design ,  rada r  blip s an d visua l  con -
tact s wer e describe d wit h jus t  a  fe w attributes ,  indicatin g al -
titude ,  heading ,  speed ,  an d range .  Thi s desig n corresponde d 
t o ou r  impressio n o f  wha t  informatio n wa s immediatel y avail -
abl e t o a  huma n o n th e rada r  screen .  However ,  whe n imple -
mentin g high-leve l  tactics ,  suc h a s th e intercep t  o f  a  target ,  th e 
agen t  mus t  hav e acces s t o variou s higher-leve l  type s o f  spatia l 
and geometri c information ,  suc h a s th e collisio n cours e t o th e 
target ,  th e amoun t  o f  angl e th e targe t  i s  facin g awa y fro m th e 
agent ,  th e separatio n betwee n th e agen t  an d th e target' s flight 
path ,  an d man y others .  Eac h o f  thes e quantitie s ar e use d fo r 
some par t  o f  tactica l  decisio n making . 

Becaus e thi s leve l  o f  informatio n i s necessar y fo r  eac h con -
tact ,  th e agen t  ha d t o comput e i t  fro m th e informatio n pro -
vide d b y th e inpu t  system .  Thi s wa s a  time-consumin g pro -
ces s tha t  require d littl e "intelligence" .  Becaus e thi s seeme d 
lik e a  behavio r  tha t  coul d b e easil y automated ,  an d becaus e 
of  ou r  goa l  o f  havin g a  ver y efficien t  simulation ,  w e move d 
th e computatio n o f  thes e higher-leve l  attribute s fro m th e agen t 
model  int o th e inpu t  system . 

Th e inpu t  syste m i s writte n i n th e C  programmin g lan -
guage ,  an d i s ver y efficien t  a t  thes e compulation s becaus e 
the y merel y involv e variou s arithmeti c operation s an d func -
tio n calls .  Computin g th e quantitie s i n th e agen t  mode l  in -
curre d significan t  overhea d fro m matchin g rule s agains t  th e 
inpu t  syste m an d the n creatin g ne w m e m o r y element s whe n 
th e rule s fire.  Thi s re-desig n o f  th e inpu t  syste m le d t o larg e 
improvement s i n performance .  Th e fac t  tha t  thes e enhance -
ment s reduc e th e cognitiv e loa d o f  th e agen t  mode l  predic t 
tha t  simila r  enhancement s t o rea l  rada r  interface s coul d prov e 
quit e beneficia l  t o huma n pilots .  I n fact ,  afte r  redesignin g th e 
simulation ,  w e discovere d tha t  som e o f  thes e capabilitie s d o 
exis t  i n a  fe w ver y moder n rada r  systems .  Thi s furthe r  vali -
date s th e re-desig n o f  th e inpu t  syste m an d agen t  model . 

Focus of Attention 

Eve n afte r  movin g computatio n fro m th e agen t  mode l  int o th e 
inpu t  system ,  ther e wer e stil l  time s whe n th e agent s coul d ge t 
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bogge d d o w n processin g inpu t  information .  Anothe r  proble m 

we encountere d wa s tha t  th e syste m woul d slo w d o w n a s th e 
number  o f  contact s a n agen t  coul d se e increase .  Thi s occurre d 
becaus e th e inpu t  syste m wa s computin g al l  th e inpu t  value s 
fo r  ever y contact ,  regardles s o f  whethe r  th e informatio n wa s 
actuall y useful .  Th e desig n basicall y followe d th e principle , 
"mor e informatio n i s better, "  withou t  regar d t o th e cos t  o f  ac -
quirin g tha t  information . 

Ther e ar e m a n y differen t  type s o f  contact s i n tactica l  ai r 
combat ,  an d on e o f  th e hardes t  task s i n th e domai n i s sort -
in g thes e type s out .  S o m e contact s represen t  friendl y force s 
coordinatin g wit h th e agent .  Other s ar e friendl y force s fly-
in g unrelate d missions .  S o m e contact s ar e hostil e aircraf t  tha t 
must  b e intercepte d b y th e agent ,  an d som e ar e hostil e aircraf t 
tha t  someon e els e wil l  tak e car e of .  Finally ,  mos t  contact s ar e 
initiall y  o f  a n unknow n nature ,  unti l  the y ca n b e identifie d a s 
friendl y o r  hostil e somehow . 

Contact s o f  eac h typ e requir e differen t  type s o f  processing . 
For  example ,  a n agen t  nee d no t  concer n itsel f  wit h detaile d 
positio n informatio n o f  mos t  othe r  friendl y forces .  Onl y mod -
erat e attentio n mus t  b e pai d t o hostil e force s tha t  ar e fa r  awa y 
or  assigne d t o someon e else .  O n th e othe r  hand ,  ver y care -
fu l  attentio n mus t  b e focuse d o n a  targe t  contact .  I t  shoul d 
be clea r  tha t  thes e differen t  type s o f  contact s provid e a n addi -
tiona l  opportunit y fo r  improvin g th e efficienc y o f  th e system . 

We buil t  knowledg e int o th e agen t  mode l  t o classif y con -
tact s int o thre e broa d categories ,  demandin g low ,  medium , 
and hig h level s o f  attention .  W e the n buil t  n e w command s int o 
th e outpu t  system ,  allowin g th e agen t  t o designat e a n attentio n 
leve l  fo r  an y rada r  o r  visua l  contact .  Finally ,  w e change d th e 
inpu t  syste m s o tha t  i t  woul d onl y comput e a s m u c h geometri c 
informatio n fo r  eac h contac t  a s wa s require d b y th e specifie d 
attentio n level . 

Thes e change s incurre d a  smal l  overhea d i n processin g i n 
th e agen t  model ,  bu t  thi s wa s mor e tha n compensate d b y im -
provement s i n th e efficienc y o f  th e inpu t  system .  Wha t  pleas -
antl y surprise d u s abou t  thes e change s wa s tha t  the y improv e 
th e human-lik e qualitie s o f  th e agen t  model ,  eve n thoug h the y 
wer e drive n mostl y b y th e nee d fo r  computationa l  efficiency . 
I t  i s  clea r  tha t  human s us e som e kin d o f  mechanis m fo r  focus -
in g attention ,  althoug h i t  probabl y ha s significan t  difference s 
from  TacAir-Soar' s focusin g mechanism .  However ,  thi s pro -
vide s a  soli d computationa l  argumen t  fo r  w h y focu s o f  atten -
tio n i s s o importan t  t o a n intelligen t  system . 

Wider Range of Aircraft Control 

For  mos t  o f  th e mission s tha t  TacAir-Soa r  flies,  w e foun d th e 
initia l  mode l  fo r  aircraf t  contro l  sufficient .  Recal l  tha t  thi s in -
volve s issuin g c o m m a n d s t o th e outpu t  syste m t o se t  th e de -
sire d heading ,  speed ,  an d altitud e o f  th e aircraft .  Th e initia l 
desig n o f  th e outpu t  syste m als o allowe d th e agen t  t o se t  a  tur n 
rat e fo r  change s i n heading .  W e di d find,  however ,  tha t  som e 
tactica l  behavior s requir e a  finer  leve l  o f  control . 

For  example ,  th e initia l  contro l  interfac e make s i t  eas y t o 
lin e u p missil e shot s i n tw o dimensions .  Th e agen t  simpl y 
compute s a n appropriat e attac k heading ,  issue s a  c o m m a n d 

fo r  th e aircraf t  t o com e t o tha t  heading ,  wait s fo r  th e desire d 
headin g t o b e achieved ,  the n fires  th e missile .  However ,  ai r 
combat  take s plac e i n thre e dimensions .  Especiall y fo r  close -
rang e shots ,  th e agen t  mus t  tak e altitud e difference s int o ac -
coun t  b y settin g a n appropriat e pitc h fo r  th e aircraft . 

Anothe r  cas e arise s fo r  aircraf t  deliverin g bomb s t o a 
groun d target .  O n e tacti c fo r  deliverin g bomb s i s t o fly  towar d 
th e targe t  a t  lo w altitude ,  the n "po p up "  t o acquir e th e targe t 
visually ,  an d the n dro p th e bombs .  Improve d aircraf t  conU-o l 
aid s thi s tacti c i n a  numbe r  o f  ways .  First ,  whe n th e agen t  ini -
tiate s th e pop-u p maneuver ,  i t  mus t  d o s o b y specifyin g a  par -
ticula r  pitc h fo r  th e aircraft .  Next ,  th e agen t  ca n onl y acquir e 
visua l  target s throug h th e simulate d canopy ,  whic h i s o n th e 
to p o f  th e aircraft .  Thi s require s th e agen t  t o rol l  th e aircraf t 
18 0 degrees .  Finally ,  whe n droppin g bombs ,  a n aircraf t  wil l 
hav e muc h greate r  accurac y i f  i t  i s  divin g towar d th e targe t 
tha n i f  i t  i s flying  straigh t  an d level .  Thi s agai n require s con -
tro l  ove r  th e pitc h o f  th e aircraft . 

None o f  thes e specia l  maneuver s ca n b e execute d b y th e 
simple ,  initia l  contro l  syste m provide d b y th e M o d S A F flight 
simulato r  Thus ,  w e neede d no t  onl y t o improv e th e outpu t 
system ,  bu t  th e underlyin g simulatio n a s well ,  t o allo w thes e 
maneuver s t o b e executed .  Thi s i s a n instanc e wher e certai n 
behavior s i n th e domai n require d u s t o mak e th e environmen -
ta l  simulatio n eve n mor e faithfu l  t o th e rea l  world .  However , 
from  th e cognitiv e perspective ,  ou r  succes s wit h th e simpl e 
outpu t  syste m fo r  man y tactic s suggest s th e advantage s o f  in -
troducin g ne w simplifie d interface s t o th e contro l  o f  rea l  air -
craft .  A s i t  turn s out ,  m a n y m o d e m commercia l  aircraf t  d o 
hav e suc h simplified ,  high-leve l  interfaces .  I t  i s  a n empirica l 
questio n whethe r  suc h interface s woul d als o benefi t  fighter  pi -
lots ,  o r  whethe r  th e low-leve l  interface s hel p the m t o sta y aler t 
and t o fee l  "i n control" . 

Automated Memory Aid 

Th e final  enhancemen t  w e wil l  discus s arise s onc e agai n from 
our  concer n fo r  efficienc y i n th e overal l  simulation .  Th e initia l 
agen t  mode l  ha d on e othe r  tas k tha t  woul d sometime s over -
whe l m th e cognitiv e processing .  W h e n th e agen t  acquire s a 
ne w visua l  o r  rada r  contact ,  i t  create s a n interna l  representa -
tio n o f  tha t  contact .  Then ,  i f  contac t  i s  lost ,  th e agen t  wil l  a t 
leas t  remembe r  tha t  someon e wa s ou t  there ,  an d th e agen t  ca n 
attemp t  t o reacquir e contac t  o r  tak e appropriat e action .  H o w -
ever ,  th e los t  contac t  i s  certainl y stil l  moving ,  an d i n addi -
tio n th e agen t  m a y nee d t o kee p trac k o f  higher-leve l  attribute s 
(collision-course ,  targe t  aspect ,  etc. )  fo r  th e contact .  Th e ear -
lie r  agen t  mode l  compute d al l  o f  thi s "projected "  informatio n 
itself ,  becaus e i t  coul d no t  b e provide d b y th e inpu t  syste m 
when th e contac t  disappeared . 

Thes e computation s becam e significan t  especiall y whe n a 
number  o f  curren t  contact s woul d disappea r  a t  th e sam e time , 
fo r  example ,  i f  th e agen t  too k it s aircraf t  int o a  defensiv e ma -
neuver .  Th e agent' s processin g woul d suddenl y grin d dow n 
whil e i t  update d geometri c positio n informatio n fo r  eac h o f 
th e missin g contacts .  Th e informatio n compute d b y th e agen t 
was exactl y th e sam e informatio n tha t  woul d b e provide d b y 
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th e inpu t  system' s rada r  model ,  i f  th e rada r  contac t  wer e ac -
tive .  Thus ,  w e decide d onc e agai n t o mov e thi s processin g 
from  th e agen t  mode l  int o th e inpu t  system . 

We accomplishe d thi s b y introducin g a  ne w comman d i n 
th e outpu t  system .  Thi s comman d allow s th e agen t  l o cre -
at e a  "fake "  rada r  bli p wit h a n initia l  speed ,  heading ,  alti -
tude,bearin g an d range .  Th e ne w inpu t  syste m the n processe s 
thi s bli p b y updatin g it s positio n periodicall y an d the n com -
putin g th e sam e attribute s (a t  th e appropriat e attentio n level ) 
i t  woul d comput e fo r  a  norma l  rada r  contact .  Thi s abilit y 
lead s t o vas t  improvement s i n efficienc y i n certai n situations . 
Once again ,  ou r  succes s wit h buildin g thi s capabilit y  int o th e 
TacAir-Soa r  syste m suggest s possibl e enhancement s t o th e 
rada r  interfac e o f  rea l  comba t  aircraft . 

Learning from the Agent Model 

There were also times when the agent model exposed gaps in 
our  knowledg e o f  th e domain ,  an d helpe d direc t  knowledg e 
acquisitio n efforts .  A n exampl e concern s th e developmen t  o f 
behavior s fo r  deliverin g bomb s t o a  groun d target .  Ou r  ini -
tia l  desig n use d visua l  contac t  informatio n fo r  th e groun d tar -
get ,  wit h th e agen t  mode l  computin g possibl e bom b trajec -
torie s i n a n effor t  t o decid e whe n bomb s shoul d be  dropped . 
Thi s wa s a  ver y expensiv e reasonin g process ,  muc h lik e th e 
computation s th e agen t  mode l  initiall y  performe d fo r  airborn e 
contacts .  Thus ,  w e naturall y pursue d th e cours e o f  movin g 
thes e computation s int o th e inpu t  system . 

Afte r  strugglin g fo r  a  fe w day s wit h a  desig n fo r  th e ne w 
inpu t  system ,  w e discusse d th e matte r  wit h militar y experts . 
They informe d u s tha t  comba t  aircraf t  alread y hav e suc h a n 
interfac e buil t  in .  Th e interfac e i s calle d a  Compute r  Con -
trolle d Impac t  Poin t  (CCIP) ,  an d i t  perform s exactl y th e func -
tio n w e wer e tryin g t o buil d int o ou r  ow n inpu t  system .  Thus , 
we wer e abl e t o solv e thi s proble m b y buildin g ou r  ow n ver -
sio n o f  th e CCIP ,  base d o n th e interfac e i n existin g comba t  air -
craft .  Thi s episod e ha d som e frustratin g aspects ,  bu t  i t  wa s 
reassurin g tha t  th e constraint s o n th e agen t  mode l  guide d ou r 
knowledg e acquisitio n effort s i n a  productiv e direction . 

Discussion 

We have presented a system designed to exhibit high-level 
human-lik e behavior s i n a  comple x domain .  O n th e surface , 
thi s seem s lik e a  knowledge-leve l  task ,  bu t  w e hav e presente d 
a numbe r  o f  feature s o f  th e particula r  simulatio n domai n tha t 
tightl y constrai n th e behavio r  model .  W e argu e tha t  thes e con -
sU-aint s ar e sufficien t  t o vie w TacAir-Soa r  a s a  symbol-level , 
cognitiv e mode l  o f  high-leve l  huma n behavio r  fo r  th e tactica l 
ai r  comba t  domain .  Mos t  o f  th e constraint s hav e t o d o wit h 
makin g th e agen t  model' s environmen t  a s realisti c a s possi -
ble .  However ,  w e wer e surprise d t o discove r  tha t  th e addi -
tiona l  "engineering "  constrain t  o f  buildin g a  highl y efficien t 
simulatio n syste m le d directl y  t o improvement s i n th e qualit y 
and accurac y o f  th e cognitiv e model . 

As furthe r  evidenc e tha t  th e TacAir-Soa r  agen t  provide s a 
good mode l  o f  huma n cognition ,  w e hav e discusse d a  numbe r 

of  enhancement s t o th e overal l  simulatio n desig n a s develop -
ment  o f  th e mode l  progressed .  Eac h enhancemen t  map s quit e 
plausibl y ont o th e rea l  domai n o f  ai r  combat ,  an d th e mode l 
thu s make s reasonabl e prediction s abou t  huma n behavio r  an d 
th e effect s o f  modification s t o som e aircraf t  interfaces . 

Futur e wor k wit h TacAir-Soa r  wil l  expan d an d improv e th e 
behavior s generate d b y th e system ,  a s wel l  a s continuin g ou r 
searc h fo r  a  mor e efficien t  simulatio n system .  W e expec t  tha t 
furthe r  efficienc y enhancement s wil l  mak e eve n mor e sug -
gestion s abou t  potentia l  modification s t o comba t  aircraf t  in -
terfaces .  I n addition ,  w e hop e t o us e th e mode l  t o explor e 
ho w exper t  pilot s thin k an d reaso n abou t  thei r  domain ,  wit h 
th e hope s o f  identifyin g bette r  representation s an d reasonin g 
processes .  Furthe r  dow n th e road ,  w e pla n t o us e th e exist -
in g exper t  mode l  o f  behavio r  a s a  targe t  fo r  a  syste m tha t  ac -
quire s expertis e automatically .  Th e learnin g mode l  wil l  b e 
eve n mor e constraine d b y huma n behavior ,  an d wil l  hopefull y 
tel l  u s mor e abou t  ho w human s learn ,  reason ,  an d interac t  wit h 
th e world . 
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