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Abstrac t 

Agents can rely on the patterns in the world to make their 
proble m solvin g mor e efficient .  W h e n workin g wit h oth -
ers ,  agent s ca n als o rel y o n pattern s -  pattern s fo r  com -
municatio n an d grou p behavior .  W e discus s ho w thes e 
pattern s ma y b e capture d i n schemas .  W e presen t  tw o 
type s o f  schemas :  procedura l  schema s whic h sugges t  a 
cours e o f  actio n fo r  a  specifi c  situation ,  an d contextua l 
schemas whic h contai n knowledg e abou t  specifi c  kind s o f 
proble m solving .  Bot h o f  thes e type s o f  schema s affec t  a n 
agent' s abilit y t o solv e problem s an d communicate .  Bot h 
type s o f  schema s als o guid e th e coordinatio n o f  th e group s 
workin g togethe r  t o solv e problems .  I n thi s paper ,  w e 
focu s particularl y o n th e way s i n whic h a  schema-base d 
approac h ca n hel p agent s t o wor k togethe r  b y integratin g 
thei r  individua l  proble m solvin g wit h th e constraint s o f 
coordinate d behavior . 

Cooperative distributed problem solving (CDPS) (Dur-
fe e e t  al. ,  1989 )  allow s artificia l  intelligenc e system s t o 
rea p th e benefit s o f  teamwork .  C D P S system s ca n tackl e 
problem s no t  readil y solvabl e b y singl e agents ,  suc h ei s 
simultaneou s monitorin g o f  environmenta l  condition s i n 
a larg e are a o r  contro l  o f  multipl e autonomou s agent s 
movin g throug h a n are a an d carryin g ou t  tasks .  Fro m 
th e standpoin t  o f  cognitiv e science ,  C D P S researc h shed s 
ligh t  o n communicatio n an d cooperatio n betwee n intelli -
gent  agents . 

For  a n agen t  t o wor k wel l  a s a  collaborator ,  i t  mus t  b e 
a competen t  individua l  proble m solve r  a s wel l  a s a  help -
fu l  colleague .  A s a n individual ,  th e agen t  mus t  b e abl e 
t o achiev e goal s (som e it s own ,  som e relate d t o it s share d 
task )  efficientl y i n a  complex ,  changin g world .  Thi s mean s 
th e agen t  mus t  b e abl e t o pla n quickl y an d flexibly,  tailor -
in g it s behavio r  t o fit  it s  situation .  A s a  collaborator ,  i t 
must  communicat e effectivel y wit h other s an d understan d 
it s rol e i n th e organizatio n o f  th e C D P S system .  It s inter -
action s wit h other s mus t  b e guide d b y conventio n s o tha t 
al l  agents '  action s ca n b e easil y understoo d b y others . 

I n thi s paper ,  w e discus s th e rol e o f  schema s i n a  de -
sig n fo r  integratin g proble m solving ,  communication ,  an d 
cooperation .  Onl y part s o f  thi s desig n hav e bee n imple -
mente d a t  thi s time .  W e adop t  a  schema-baae d approac h 
t o cooperativ e distribute d proble m solving ,  base d o n ou r 
prio r  wor k (Turner ,  1990 ;  Turne r  &  Cullingford ,  1989b ; 
Turner ,  1989a ;  Turner ,  1989c) ,  whic h addresse s bot h o f 
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Figur e 1 :  A U V wit h goa l  t o pic k u p a n object . 

thes e needs .  Procedura l  schemas ,  muc h lik e compile d 
plans ,  allo w reus e o f  previou s plannin g effort ,  eithe r  th e 
agent' s ow n o r  anothe r  agent' s (e.g. ,  a  human's) .  Coniez -
iua l  schema s provid e knowledg e abou t  kind s o f  problem -
solvin g situations ,  whic h allow s a n agen t  t o automaticall y 
behav e appropriatel y i n it s  curren t  context .  Procedura l 
an d contextua l  schema s guid e a n individual' s autonomou s 
behavio r  a s wel l  a s it s behavio r  withi n a  group . 

An Example of Schema-based 

Cooperativ e Behavio r 

We have chosen the domain of autonomous underwater 
vehicle s (AUVs )  fo r  thi s research .  Ultimately ,  A U V s wil l 
replac e human s fo r  dangerou s o r  expensiv e tasks .  Man y 
of  thes e task s eithe r  benefi t  fro m o r  requir e mor e tha n on e 
A U V,  fo r  example :  underwate r  photography ,  i n whic h a 
lon g baselin e i s  neede d betwee n camer a an d ligh t  (Jaffe , 
1988) ;  an d large-scal e environmenta l  monitoring ,  whic h 
benefit s fro m m a n y agent s eac h monitorin g a  smal l  area . 
Eventually ,  ou r  idea s wil l  b e teste d aboar d th e Universit y 
of  N e w Hampshir e Marin e System s Engineerin g Labora -
tory' s E A V E A U V s (Blidber g k  Chappell ,  1986) .  Th e 
example s i n thi s sectio n ar e fro m th e A U V domain . 

Suppos e tha t  a n A U V i s a t  positio n A  i n Figur e 1  an d 
receive s a  ne w goa l  t o mov e th e roc k a t  positio n R .  Th e 
A UV coul d simpl y g o t o positio n R  an d pic k u p th e rock . 
Her e th e A U V woul d us e a  procedura l  schem a tha t  tell s i t 
ho w t o mov e t o th e ne w location .  Par t  o f  thi s procedura l 
schema woul d b e t o cal l  it s  path-planne r  whic h woul d 
guid e th e A U V fro m A  t o R . 

Unfortunately ,  goin g fro m plac e t o plac e underwate r  i s 
not  alway s "smoot h sailing" .  Figur e 2  show s a  kel p be d 
betwee n th e A U V an d th e rock .  Th e kel p be d i s a n ex -
ampl e o f  a  natura l  boundar y i n th e A U V domain .  Natura l 
boundaries ,  suc h a s vegetation ,  hig h rocks ,  outcrop s an d 
stron g currents ,  ar e especiall y difficul t  o r  dangerou s fo r 
A U Vs t o cross .  Th e environmen t  ca n b e partitione d int o 
space s tha t  ar e surrounde d b y natura l  boundarie s (Fisher , 
1991) .  Procedura l  schema s tha t  minimiz e th e numbe r  o f 
natura l  boundar y crossing s exis t  fo r  trave l  amon g often -
visite d set s o f  areas .  Thes e schemas '  prediction s hel p t o 
decid e whe n an d wher e ne w goal s m a y bes t  b e achieved . 
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Figur e 2 :  A U V wit h goa l  t o pic k u p a n objec t  whe n ther e 
i s a  natura l  boundar y present . 

R 

Figur e 3 :  Tw o AUVs ,  on e wit h goa l  t o pic k u p a n object , 
when ther e i s a  natura l  boundar y present . 

I f  th e ne w goa l  ca n b e satisfie d i n a n are a tha t  wil l  b e 
visite d a s par t  o f  th e schema ,  whethe r  becaus e th e are a 
contain s anothe r  activ e locatio n o r  becaus e i t  i s  o n th e 
best  pat h betwee n tw o areas ,  th e goa l  wil l  b e satisfie d 
at  tha t  locatio n an d ca n b e delaye d unti l  th e locatio n i s 
reached . 

I f  th e A U V i s no t  workin g alone ,  a s show n i n Figur e 3 , 
th e contex t  o f  workin g i n a  grou p give s th e A U V anothe r 
option .  I n thi s case ,  th e A U V i s bein g guide d b y a  con -
textua l  schem a representin g "workin g wit h others" ,  whic h 
allow s agent s t o as k fo r  help .  Informatio n abou t  th e or -
ganizationa l  contex t  ha s priorit y ove r  informatio n abou t 
th e agent' s individua l  context ,  s o th e agen t  commit s t o 
achievin g th e goa l  b y askin g anothe r  agen t  an d th e goal' s 
priorit y i s lef t  th e same .  A  procedura l  schem a fo r  commu-
nicatio n tell s  th e agen t  ho w t o sen d a  messag e t o reques t 
th e other' s help . 

Communicatio n ca n b e furthe r  affecte d b y th e orga -
nizatio n o f  th e agents .  Thi s i s mediate d b y contextua l 
schemas fo r  differen t  kind s o f  organizations .  On e kin d o f 
organizatio n i s a  hierarchy .  Suppos e i n thi s contex t  tha t 
th e A U V nea r  A  send s a  messag e t o th e A U V nea r  R  re -
questin g tha t  th e receive r  adop t  th e goa l  o f  movin g th e 
rock .  I f  th e sende r  ha s authorit y ove r  th e receiver ,  the n 
th e receive r  wil l  rais e th e priorit y o f  thi s goa l  ove r  it s ow n 
goals '  priorities .  I f  th e receive r  ha s authorit y ove r  th e 
sender ,  the n i t  wil l  decid e wha t  th e goal' s priorit y shoul d 
be. 

T h e Relat ionshi p b e t w e e n P r o b l e m 

Solving ,  C o m m u n i c a t i o n a n d C o o p e r a t i o n 

Cooperation, communication, and problem solving are 
al l  related .  Goal s relate d t o communicatin g wit h anothe r 
agent  ca n b e achieve d vi a proble m solvin g (e.g. ,  (Searle , 
1969) )  an d goal s relate d t o proble m solvin g ca n ofte n b e 
achieve d vi a communicatio n (e.g. ,  (Appelt ,  1985)) .  Coor -
dinatio n betwee n agents '  proble m solvin g i s als o achieve d 
vi a communication ,  fo r  example ,  b y communicatin g par -
tia l  plan s (Durfe e e t  al. ,  1987) .  Cooperation ,  communi -
cation ,  an d proble m solvin g ar e als o mor e deepl y relate d 
by th e wa y i n whic h the y rel y o n pattern s i n th e world . 

Cooperation ,  communication ,  an d proble m solvin g al l 
benefi t  fro m th e abilit y  t o mak e prediction s abou t  futur e 
actions .  Whe n a n agen t  commit s t o a  pla n o f  action , 
it s  pla n ca n b e see n a s prediction s tha t  allo w i t  t o selec t 
an orde r  i n whic h t o achiev e it s goals .  Thi s allow s goal s 
t o b e groupe d togethe r  appropriatel y instea d o f  simpl y 
relyin g o n th e priorit y o f  th e goal s t o provid e a n order -
ing .  Fo r  example ,  i n communication ,  goal s relate d t o th e 
same "topic "  shoul d appea r  togethe r  i n th e conversatio n 
(Turne r  &  Cullingford ,  1989a) ;  i n proble m solving ,  goal s 
tha t  ca n b e achieve d nea r  eac h othe r  shoul d b e groupe d 
togethe r  (Fisher ,  1991) . 

Commitment s t o futur e action s als o allo w agent s t o co -
ordinat e thei r  behavio r  wit h others '  an d wit h th e externa l 
worl d i n a  wa y tha t  canno t  b e don e b y simpl y reactin g t o 
immediately-perceivabl e externa l  condition s (cf .  (Agr e k 
Chapman,  1987 ;  Brooks ,  1986)) .  Fo r  example ,  th e agen t 
can commi t  t o bein g a t  som e locatio n a t  a  particula r  tim e 
(e.g. ,  fo r  a  rendezvous )  o r  t o communicatin g wit h anothe r 
agent  a t  a  futur e time . 

Cooperatio n i s facilitate d b y a n agent' s abilit y  t o pre -
dic t  othe r  agents '  behavior .  Thes e prediction s no t  onl y 
make another' s behavio r  eas y t o understand ,  bu t  als o 
allo w a n agen t  t o coordinat e it s behavio r  wit h anothe r 
agent's .  Th e mos t  obviou s exampl e o f  thi s kin d o f  co -
ordinatio n i s th e us e o f  share d conventio n i n communi -
cation .  Languag e user s shar e knowledg e o f  synta x an d 
wor d meanin g a s wel l  a s knowledg e o f  ho w conversation s 
ar e conducted .  Whe n languag e user s hea r  a  question ,  the y 
not  onl y understan d wha t  the y ar e bein g asked ,  bu t  als o 
tha t  the y shoul d answer .  W e believ e tha t  sharin g pat -
tern s o r  convention s fo r  proble m solvin g wil l  facilitat e co -
operatio n b y makin g i t  easie r  fo r  agent s t o recogniz e an d 
participat e i n eac h others '  plans . 

S c h e m as fo r  P l a n n i n g a n d Conversat io n 
I n ou r  approach ,  a n agen t  organize s a s muc h o f  it s  knowl -
edge a s possibl e i n schema s whic h reflec t  th e underlyin g 
pattern s presen t  i n th e agent' s environment ,  it s  behav -
ior ,  an d it s relationship s t o othe r  agents .  Thi s ha s th e 
effec t  o f  reducin g th e siz e o f  th e spac e i n whic h th e agen t 
must  searc h fo r  applicabl e knowledg e b y clusterin g knowl -
edge int o schemas .  I t  als o reduce s th e siz e o f  th e searc h 
spac e involve d i n planning ,  sinc e eac h "operator "  (plan -
nin g schema )  span s mor e o f  tha t  searc h spac e tha n a  singl e 
primitiv e operato r  woul d (e.g. ,  (Fike s e t  al. ,  1972)) . 

T wo type s o f  schema s ar e use d t o represen t  a n agent' s 
knowledge :  procedura l  schema s an d contextua l  schemas . 
Procedura l  schemas ,  o r  p-schemas ,  contro l  th e action s a n 
agent  take s t o achiev e goals .  The y ar e base d o n pro -
cedura l  schema s (Turner ,  1989b )  develope d i n ou r  ear -
lie r  wor k o n reactiv e plannin g an d o n conversatio n M O Ps 
(Turne r  k  Cullingford ,  1989c )  fro m ou r  wor k o n conver -
sation .  Th e procedura l  schema s presente d her e ar e ver y 
simila r  i n structur e an d functio n t o conversatio n M O Ps 
(C-MOPs) .  Contextua l  schemas ,  o r  c-schemas ,  represen t 
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th e agent' s problem-solvin g contex t  an d provid e a  back -
groun d agains t  whic h th e agent' s behavio r  take s place . 
They ar e base d o n th e contextua l  schema s i n ou r  earlie r 
wor k o n reactiv e plannin g (Turner ,  1989c) . 

Procedural Schemas 

Procedural schemas can be compared to hierarchical 
plans .  Lik e suc h plans ,  the y describ e ho w a  goa l  ca n b e 
accomplishe d b y a  (partially-ordered )  se t  o f  steps ,  calle d 
scenes. '  A  scen e i n a  p-schem a ca n b e eithe r  a  goal ,  an -
othe r  p-schem a (sub-schema) ,  o r  a  primitiv e actio n tha t 
th e agen t  ca n directl y carr y out .  Unlik e hierarchica l  plans , 
th e orde r  i n whic h scene s ar e worke d o n durin g schem a ap -
plicatio n depend s onl y partiall y  o n th e orde r  specifie d b y 
th e p-schema .  Th e specifie d orde r  represent s th e conven -
tiona l  wa y tha t  th e p-schem a i s applied .  However ,  th e 
executio n o f  p-schema s i s flexible  enoug h t o allo w thes e 
convention s t o b e modifie d b y th e agent' s curren t  inten -
tions ,  reflecte d i n it s  goa l  prioritie s (Turne r  &  Cullingford , 
1989c) .  Th e scene s an d thei r  orderin g provid e th e predic -
tion s tha t  allo w a n agen t  t o organiz e it s goal s effectivel y 
(cf .  (Georgef f  &  Lansky ,  1987 ;  Firby ,  1987)) . 

P-schema s ar e organize d i n a  dynami c memor y 
(Schank ,  1982 )  wher e the y ar e indexe d b y feature s o f  th e 
environment .  Th e mos t  importan t  featur e fo r  retrievin g 
]>schema s i s th e goa l  tha t  th e p-schem a ca n achieve .  Onc e 
retrieved ,  a  p-schem a i s instantiate d t o for m a  pla n (a s de -
scribe d i n detai l  i n (Turner ,  1990)) .  Briefly ,  th e schema' s 
scene s ar e specialize d base d o n th e curren t  situatio n us -
in g th e memory ,  an d attentio n i s focuse d o n a  particula r 
scen e t o execut e base d o n a n activatio n metapho r  whic h 
take s int o accoun t  bot h commitmen t  t o intentio n a s en -
code d i n th e schem a ("MOP-base d activation" )  an d th e 
agent' s curren t  intention s a s encode d i n th e prioritie s o f 
it s  goal s ("goal-bcise d activation") .  A s attentio n i s fo -
cused ,  scene s ma y b e re-specialize d t o reflec t  th e evolvin g 
problem-solvin g situation . 

Contextual Schemas 

Contextual schemas hold knowledge about kinds of 
problem-solvin g situations ;  the y ca n b e though t  o f  a s gen -
eralize d case s o f  proble m solvin g (e.g. ,  (Kolodne r  e t  al . 
1985)) .  Th e informatio n i n c-schema s i s use d t o contr o 
th e overal l  characte r  o f  th e agent' s behavio r  s o tha t  i t  i s 
appropriat e fo r  th e situatio n th e agen t  i s in . 

C-schema s impac t  severa l  area s o f  a n agent' s behavio r 
(Turner ,  1989c) .  The y provid e suggestion s o f  goal s th e 
agen t  shoul d satisf y i n a  particula r  situatio n an d sugges -
tion s o f  ho w behaviora l  parameter s shoul d b e set .  Fo r 
example ,  a  c-schem a representin g th e contex t  o f  bein g i n 
a harbo r  woul d se t  bound s o n bot h a n AUV' s dept h (e.g. , 
don' t  g o to o nea r  th e surfac e no r  nea r  th e bottom )  an d it s 
spee d (e.g. ,  don' t  g o to o fast ,  sinc e ther e ar e likel y t o b e 
othe r  vessel s an d obstacle s present) .  C-schema s als o pro -
vid e informatio n abou t  ho w unanticipate d event s shoul d 
be handle d i n a  context-specifi c  way ,  generall y b y creat -
in g a  ne w goa l  i n response .  The y als o provid e informa -
tio n abou t  th e relativ e importanc e o f  kind s o f  goal s i n th e 
situation ,  whic h aid s th e agent' s attention-focusin g pro -
cess .  C-schemci s provid e informatio n abou t  th e appropri -
at e way s t o achiev e goal s i n a  give n contex t  b y suggestin g 
whic h p-schema s shoul d b e use d t o achiev e th e goals .  Fi -
nally ,  c-schema s impac t  th e manne r  i n whic h p-schema s 
ar e applie d b y changin g parameter s aff'ectin g schem a ap -

'  Sinc e p-schema s gre w ou t  o f  th e wor k o n C-MOPs ,  th e 
terminolog y o f  M O Ps (Schank ,  1982 )  i s retained . 

plication ,  suc h a s th e relativ e wort h o f  goal-base d versu s 
MOP-based activation . 

Contextua l  schema s ar e als o organize d i n th e agent' s 
dynami c memory ,  indexe d b y feature s describin g th e 
kmds o f  situation s the y represent .  Whe n found ,  a  c -
schema cause s th e agen t  t o automaticall y adjus t  it s  be -
havio r  t o th e context .  T w o o r  mor e c-schema s ma y b e 
retrieve d fro m memor y fo r  th e sam e situation ;  thes e i n 
essenc e correspon d t o diff"crcn t  way s t o vie w th e situation . 
When thi s happens ,  th e informatio n fro m th e c-schema s 
i s merge d t o giv e a  representatio n o f  th e overal l  context . 

Organizational Schemas for Cooperation 

Just as problem solving and communication at the level of 
th e individua l  agen t  follow s patterns ,  grou p behavio r  als o 
follow s patterns .  Whe n a n agen t  participate s i n a  group , 
it s behavio r  wil l  b e modifie d b y it s rol e i n tha t  grou p a s 
wel l  a s b y th e curren t  phas e o f  th e grou p problem-solvin g 
effort .  Grou p behavio r  i s  capture d b y bot h p-schema s an d 
c-schemas . 

Pattern s i n grou p behavio r  ca n aflFec t  th e behavio r  o f 
an individua l  i n severa l  ways .  On e wa y i s b y impactin g 
th e selectio n o f  p-schema s use d b y th e agent .  Coordi -
nate d behavio r  ha s pattern s tha t  ca n b e capture d i n p -
schemas .  Th e characteristic s o f  th e overal l  C D P S syste m 
can provid e indice s int o memor y tha t  hel p t o specializ e 
p-schema s chose n b y individual s fo r  achievin g thei r  goals . 
Thi s tailor s th e agent' s pla n t o th e constraint s o f  grou p 
behavior .  Anothe r  wa y grou p behavio r  impact s a n indi -
vidua l  i s  b y affectin g th e characte r  o f  th e proble m solving , 
consequentl y affectin g whic h contextua l  schema s ar e use d 
by th e agent .  Som e contextua l  schema s wil l  represen t 
pattern s i n grou p behavio r  tha t  ca n b e though t  o f  a s th e 
"globa l  context" ;  thi s i s i n contras t  t o th e "loca l  context " 
provide d b y th e contextua l  schema s a n agen t  woul d us e 
when actin g alone .  A t  an y give n time ,  du e t o feature s 
of  th e grou p problem-solvin g situation ,  c-schema s repre -
sentin g bot h globa l  an d loca l  contex t  ma y b e i n us e b y 
an agent .  I n ou r  approach ,  informatio n abou t  th e globa l 
grou p effor t  ha s precedenc e ove r  informatio n abou t  th e 
loca l  activit y o f  a n individual ;  consequently ,  c-schema s 
relate d t o grou p activit y tak e precedenc e ove r  c-schema s 
relate d t o loca l  activity .  Althoug h powerfu l  individual s 
may achiev e thei r  loca l  goal s befor e th e goal s give n t o 
the m b y th e group ,  thei r  abilit y  t o d o thi s i s derive d fro m 
thei r  powe r  i n th e group—no t  fro m simpl y ignorin g th e 
group . 

I n th e remainde r  o f  thi s section ,  w e discus s tw o type s o f 
observe d pattern s i n coordinate d behavio r  an d ho w the y 
can b e fit  int o ou r  schema-base d approach . 

Exampl e 1 :  Phase s o f  coordinate d proble m solv -
ing .  Grou p proble m solvin g progresse s i n phase s a s th e 
agent s mov e fro m gettin g t o kno w eac h othe r  an d un -
derstandin g th e tas k t o dividin g th e tas k an d actuall y 
performin g i t  (Bale s &  Strodtbeck ,  1951 ;  Mabry ,  1975) . 
Thes e phase s ca n b e use d t o guid e th e behavio r  o f  th e 
agent  an d predic t  th e behavio r  o f  others .  Consequently , 
th e phase s ar e represente d i n a  p-schem a wit h th e scenes : 
information-gathering ,  task-division ,  an d goal-attainment . 

However ,  suc h a  p-schem a doe s mor e tha n simpl y orga -
niz e relate d action s int o scenes .  Eac h o f  th e p-schema' s 
scene s als o influence s ho w proble m solvin g an d communi -
catio n i s conducte d durin g tha t  scene .  Consequently ,  th e 
curren t  phas e o f  proble m solving ,  represente d b y th e scen e 
i n th e organizatio n p-schem a tha t  th e grou p i s currentl y 
executing ,  provide s a  kin d o f  contex t  fo r  proble m solvin g 
and communication ,  an d woul d figure  int o th e indice s th e 
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agen t  use s t o selec t  c-schema s t o represen t  it s curren t  sit -
uation .  Thi s woul d lea d t o a  c-schem a bein g foun d repre -
senting ,  fo r  example ,  "bein g i n th e information-gatherin g 
phas e o f  grou p proble m solving" .  Thi s c-schcm a woul d 
recommen d o r  facilitat e th e selectio n o f  action s relatin g 
t o providin g informatio n tha t  ha s no t  ye t  bee n requeste d 
by anothe r  agent .  I t  woul d affec t  proble m solvin g b y in -
creasin g th e priorit y o f  goal s associate d wit h creatin g th e 
overal l  pla n a s oppose d t o satisfyin g som e particula r  sub -
goal .  W h e n proble m solvin g move s t o th e goal-assignmen t 
phase ,  a  c-schem a representin g tha t  phas e woul d b e foun d 
and used .  Unde r  th e directio n o f  thi s c-schema ,  prioritie s 
woul d b e lowere d fo r  goal s t o communicat e unrequeste d 
information .  Thi s woul d preven t  othe r  agent s fro m bein g 
distracte d fro m thei r  assigne d tas k t o proces s incomin g 
messages .  Th e c-schem a migh t  als o caus e agent s t o lowe r 
th e prioritie s o f  goal s no t  directl y relate d t o thei r  individ -
ual  tasks . 

The us e o f  p-schema s t o provid e indice s fo r  c-schem a 
selectio n i s new .  W e believ e tha t  th e nee d fo r  thi s mostl y 
arise s i n cooperativ e behavior ,  sinc e thi s behavio r  i s gov -
erne d b y organizatio n p-schema s whic h spa n larg e peri -
ods o f  tim e an d m a n y action s b y m a n y differen t  kind s o f 
agents .  Thi s mean s tha t  th e scene s o f  suc h a  p-schem a 
ar e ver y genera l  i n nature ,  an d tha t  suc h scene s them -
selve s ar e importan t  indicator s o f  th e agent' s context , 
unlik e scene s o f  p-schema s relate d t o individua l  proble m 
solving. ^ 

Example 2: Chain of command of the agents. A 
grea t  dea l  o f  attentio n i n C D P S ha s bee n devote d t o th e 
way tha t  agent s ca n relat e t o eac h other .  Thi s i s ofte n 
calle d th e organizatio n o f  th e agent s an d refer s t o th e 
power  structur e betwee n th e agent s (lik e th e organiza -
tio n o f  a  company )  instea d o f  t o th e physica l  connection s 
betwee n agents .  M a n y organization s hav e bee n suggeste d 
rangin g fro m a  collective ,  o r  flat  structur e wher e al l  agent s 
ar e equal ,  t o master-slav e relationship s wher e on e agen t 
has powe r  ove r  another ,  t o hierarchica l  structure s wher e 
agent s ca n hav e on e o f  severa l  level s o f  powe r  (e.g. ,  (Mal -
one,  1987)) .  I n hierarchica l  organizations ,  agent s m a y b e 
equa l  t o som e agents ,  i n a  positio n o f  powe r  ove r  other s 
and subordinat e t o stil l  others .  Anothe r  wa y t o organiz e 
agent s i s t o allo w the m t o choos e th e organizationa l  struc -
tur e whic h bes t  fits  thei r  curren t  situatio n (Gasse r  e t  al. , 
1989 )  s o tha t  thei r  relationshi p wit h other s i s dynamic . 

The relationshi p o f  on e agen t  i n a  hierarch y t o other s 
affect s th e nature ,  method ,  an d timin g o f  problem-solvin g 
action s an d communication .  Th e relationshi p ca n bes t  b e 
represente d b y contextua l  schemas ,  whic h w e ca n thin k 
of  a s organizatio n c-schemas .  Althoug h typ e o f  organiza -
tio n an d a n agent' s positio n i n i t  ca n b e use d a s indice s 
t o th e appropriat e contextua l  schema ,  i t  i s  unnecessar y 
t o hav e a  separat e contextua l  schem a fo r  eac h possibl e 
combinatio n o f  position s i n eac h organization .  Instead , 
al l  o f  th e implication s o f  th e organizationa l  structur e fo r 
th e agent' s behavio r  ca n b e capture d b y usin g a  combi -
natio n o f  c-schemas :  on e representin g th e kin d o f  orga -
nizatio n an d others ,  draw n fro m c-schema s representin g 
generi c relationship s {equality ,  authority ,  an d subordina -
tion) ,  capturin g th e relationship s betwee n th e agen t  an d 
other s i n th e organization. ^  Eac h o f  thes e context s af -

'However, in the AUV domain, missions of long duration 
may als o b e represente d b y p-schema s wit h som e o f  th e sam e 
character ,  possibl y leadin g t o thei r  scene s contributin g t o th e 
selectio n o f  c-schema s (e.g. ,  fo r  th e missio n phase s o f  goin g t o 
th e wor k site ,  working ,  an d returnin g home) . 

*  Thes e context s coul d affec t  th e behavio r  i n differen t  de -

fec t  behavio r  differently ,  bu t  th e s u m m e d contribution s 
fro m th e c-schema s produc e behavio r  appropriat e fo r  th e 
agent' s rol e i n th e organization . 

Th e mos t  obviou s exampl e o f  ho w thes e context s ca n 
affec t  behavio r  i s wha t  happen s whe n on e agen t  need s 
hel p i n achievin g a  goal .  W h e n a n agen t  make s a  reques t 
of  anothe r  agent ,  i t  i s  askin g tha t  agen t  t o cooperativel y 
assume som e goal .  Fo r  example ,  i f  a n agen t  ask s anothe r 
t o m o v e a  roc k (lik e th e too-distan t  roc k i n th e exam -
pl e whic h open s thi s paper) ,  th e agen t  want s th e othe r 
t o assum e th e goa l  o f  m o v m g th e rock .  Onc e w e vie w 
thi s reques t  a s a  ne w goa l  fo r  th e othe r  agent ,  i t  i s  eas y 
t o se e ho w th e contex t  wil l  affec t  th e proble m solvin g o f 
th e agen t  tha t  ha s assume d th e goal .  I f  th e receivin g 
agent' s relationshi p t o th e othe r  i s capture d b y th e c -
schema representin g equality ,  th e agen t  m a y no t  chang e 
th e priorit y o f  th e goa l  a t  all .  I f  th e agen t  i s subordinat e 
t o th e other ,  th e priorit y o f  th e assume d goa l  wil l  b e in -
creased ,  t o reflec t  th e fac t  tha t  th e authority' s goal s ar e 
mor e importan t  t o th e overal l  proble m solvin g tha n th e 
subordinate' s goals .  I f  th e agen t  ha s authorit y ove r  th e 
agen t  makin g th e request ,  th e assume d goa l  m a y hav e it s 
jriorit y lowere d t o reflec t  tha t  th e goal s o f  th e authorit y 
lav e a  highe r  relativ e priorit y t o th e goal s o f  th e subor -

dinate .  B y changin g th e prioritie s base d o n th e contex t 
of  relativ e power ,  th e agent s ca n automaticall y determin e 
ho w the y shoul d respon d t o request s fro m othe r  agents . 

Th e relationshi p betwee n th e requestin g agen t  an d th e 
agen t  whic h wil l  provid e ai d ca n als o affec t  th e procedu -
ra l  schem a chose n b y th e requestin g agen t  t o effec t  th e 
request .  I f  th e requestin g agen t  i s i n contro l  o f  th e other , 
i t  select s a  p-schem a tha t  simpl y make s th e request ;  i n 
thi s case ,  th e agen t  assume s tha t  th e reques t  wi l  b e car -
rie d ou t  unles s i t  i s  informe d otherwise .  O n th e othe r 
hand ,  i f  th e agen t  i s i n a  positio n o f  subordination ,  i t  i s 
i n a  situatio n simila r  t o tha t  o f  reasonin g unde r  uncer -
tainty .  I n thi s case ,  th e p-schem a selecte d shoul d mak e 
th e request ,  the n chec k it s environmen t  t o se e i f  th e goa l 
has actuall y bee n achieve d (i.e. ,  th e reques t  honored )  b y 
th e othe r  agent . 

Th e contex t  determine d b y th e organizatio n an d a n 
agent' s positio n i n i t  als o affect s th e p-schema s th e agen t 
choose s t o satisf y it s  goals .  So ,  i n ou r  exampl e o f  needin g 
t o reques t  hel p fro m others ,  w e ca n expec t  tha t  eac h agen t 
wil l  hav e severa l  specialization s fo r  th e genera l  p-schem a 
fo r  gettin g hel p fro m others .  A n agen t  needin g hel p might , 
fo r  example ,  us e a  p-schem a whic h simpl y request s hel p 
withou t  givin g an y rational e o r  a  p-schem a whic h make s 
th e request ,  bu t  i n additio n give s reason s w h y th e hel p i s 
requeste d o r  argument s fo r  wh y th e hel p shoul d b e given . 
Th e organizatio n contex t  o f  th e agent ,  represente d b y a 
c-schem a o r  se t  o f  c-schemas ,  shoul d provid e suggestion s 
abou t  whic h specializatio n i s appropriate .  I f  th e agen t  i s 
i n a  positio n o f  authority ,  i t  ca n simpl y sen d th e messag e 
tha t  request s help .  I f  i t  i s  a  subordinat e o r  a n equal ,  i t 
wil l  choos e th e p-schem a whic h supplie s reason s wh y th e 
othe r  shoul d assum e it s goa l  an d provid e th e help . 

Th e us e o f  c-schema s t o represen t  organizationa l  infor -
matio n ha s anothe r  importan t  advantag e fo r  cooperativ e 
proble m solving .  I t  allow s th e agents '  behavior ,  bot h in -
dividuall y an d collectively ,  t o adap t  t o situation s i n whic h 
th e organizatio n o f  th e agent s need s t o b e dynamic .  Th e 
simples t  wa y tha t  ou r  approac h support s dynami c organi -
zatio n i s tha t  agent s ca n chang e thei r  vie w o f  th e organi -

grees ,  i f  necessary .  Fo r  example ,  extrem e authorit y (lik e th e 
presiden t  o f  a  compan y talkin g t o th e mai l  clerk )  ma y hav e a 
more extrem e effec t  o n th e context-base d decisions . 

931 



zationa l  contex t  a s easil y a s the y ca n respon d t o change s 
i n thei r  environmen t  (Turner ,  1989c) ;  i n bot h cases ,  fea -
ture s o f  th e change d situatio n provid e indice s whic h allo w 
th e retrieva l  o f  c-schema s representin g th e ne w situation . 
I n addition ,  change s ma y caus e th e agen t  t o notice ,  base d 
on informatio n containe d i n it s contextua l  schemas ,  tha t 
an organizationa l  chang e i s needed .  I n thi s situation ,  th e 
schema-base d approac h ca n allo w dynamicall y adjustin g 
th e organizatio n o f  th e proble m solver s a s wel l  a s thei r 
individua l  problem-solvin g behavio r  b y changin g whic h 
schemas ar e i n use . 

Conclusion 

I n thi s paper ,  w e hav e sketche d a  schema-base d approac h 
t o cooperativ e distribute d proble m solving .  Schema s ar e 
used t o represen t  a n agent' s knowledg e o f  ho w t o solv e 
problems ,  communicate ,  an d interac t  wit h othe r  agent s 
i n th e C D P S system .  Procedura l  schema s contai n knowl -
edge abou t  sequence s o f  actions .  The y ar e use d t o achiev e 
problem-solvin g goals ,  t o communicate ,  an d t o coordinat e 
an agent' s action s wit h thos e o f  other s b y providin g a n ex -
plici t  structur e fo r  globa l  proble m solvin g behavior .  Con -
textua l  schema s contai n knowledg e abou t  problem-solvin g 
and organizationa l  contexts .  The y ar e use d t o adjus t  th e 
characte r  o f  a n agent' s behavio r  t o fi t  th e situatio n i t 
i s  in .  Contextua l  schema s impac t  th e us e o f  procedu -
ra l  schemas ,  bot h b y helpin g t o selec t  the m a s wel l  a s 
by modifying ,  i n a  context-specifi c  manner ,  ho w the y ar e 
applied .  Procedura l  schemas ,  especiall y thos e a t  th e or -
ganizationa l  level ,  impac t  th e us e o f  contextua l  schema s 
by providin g indice s tha t  hel p th e agen t  selec t  c-schema s 
t o represen t  th e contex t  i t  i s  in . 

One advantag e o f  ou r  approac h i s tha t  knowledg e i s or -
ganize d s o a s t o capitaliz e o n pattern s i n th e world ;  thi s 
facilitate s efficientl y bringin g th e righ t  knowledg e t o bea r 
at  th e righ t  time .  Anothe r  advantag e i s tha t  schema s al -
lo w prediction s t o b e mad e abou t  ho w onesel f  an d other s 
wil l  behav e i n th e future .  Thes e prediction s enabl e agent s 
t o mor e easil y coordinat e thei r  action s wit h thos e o f  oth -
ers .  I n addition ,  a  schema-base d approac h t o representin g 
and usin g organizationa l  knowledg e potentiall y  allow s a 
C D PS system' s organizationa l  structur e t o chang e a s th e 
situatio n demands . 

Thi s wor k i s stil l  i n th e earl y stage s o f  development .  A s 
our  wor k progresses ,  w e wil l  refin e an d evaluat e ou r  idea s 
i n th e domai n o f  multi-AU V systems ,  bot h i n simulatio n 
and durin g in-wate r  test s aboar d AUVs . 
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