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Abs t rac t 
As problem s increas e i n complexit y i t  become s impos -

sibl e fo r  an y on e perso n l o kno w al l  th e thing s necessar y t o 
make goo d decisions .  A  grou p o f  specialists ,  eve n i f  ihe y 
posses s th e requisit e knowledge ,  remai n a  collectio n o f  in -
dividual s unti l  thei r  expertis e ca n b e jointl y brough t  t o bear . 
The proble m o f  fusin g expertis e wher e individual s hav e ver y 
detaile d knowledg e i n thei r  ow n area s an d muc h weake r 
understandin g o f  other s i s  tha t  n o on e know s wha t  anyon e 
els e need s t o know .  Thi s impass e canno t  b e broke n unti l 
share d menta l  model s ar e develope d t o provid e th e commo n 
perceptio n neede d t o focu s th e activit y o f  th e group .  Thi s 
p^)e r  present s characteristic s o f  share d menia l  model s an d a 
model  o f  th e effect ,  nature ,  an d proces s o f  th e formatio n o f 
share d menia l  model s i n cooperativ e proble m solvin g b y a 
teamo f  sf)ecialists. ' 

Introduction 

Decisio n makin g i n a  variet y o f  comple x task s require s 

th e cooperatio n o f  m a n y decisio n makers .  Ver y often ,  an d 

w h en th e tas k i s esp)eciall y  complex ,  eac h decisio n make r  i s 

als o a  specialis t  i n a  particula r  area .  A t  th e sam e tim e 

decisio n makin g i n a  tea m o f  specialist s i s  frough t  wit h 

difficulties .  A  majo r  difficult y i s  tha t  differen t  specialist s 

lac k (1 )  a  share d languag e fo r  communicatio n an d (2 ) 

share d perception s o f  th e task .  Evidenc e supportin g thi s 

assumptio n come s fro m a  variet y o f  sources .  Cas e studie s 

of  decisio n makin g i n organization s (e.g. .  Bond' s [Bon d 

89 ]  Lockhee d stud y o f  aircraf t  design )  hav e foun d tha t 

specialist s d o no t  understan d th e detail s o f  eac h other' s 

model s an d language ,  bu t  throug h cooperatio n an d inter -

actio n ar e s o m e h o w abl e t o produc e design s o f  ver y com -

ple x artifacts ,  suc h a s aircraft .  Researc h i n grou p decisio n 

makin g ha s foun d tha t  th e variabilit y o f  approache s t o deci -

sio n makin g acros s group s appear s t o b e eve n greate r  tha n 

acros s individual s [DeSancti s 87] .  T h e onl y consistentl y 

reporte d differenc e betwee n successfu l  an d unsuccessfu l 

problem-solvin g group s ha s bee n tha t  successfu l  group s 

'Thi s  research  hi s bee n supporte d b y DARPA an d AFOSR unde r  conirac i  numbe r 
F49620-90-C-0003 . 

devot e adequat e tim e t o proble m formulatio n an d plannin g 

of  meetin g strategy ,  wherea s unsuccessfu l  group s im -

mediately  begi n l o searc h fo r  alternativ e solution s 

[Hirokaw a 83 ,  Hackman.Kapla n 74] .  I n othe r  words ,  suc -

cessfu l  group s spen d adequat e tim e t o buil d share d 

vocabular y an d menta l  model s o f  th e natur e o f  th e decisio n 

problem ,  strategics ,  significanc e o f  information ,  an d par -

ticipants '  roles .  Share d menia l  model s hav e als o bee n 

hypothesize d b y [Athan s 82 ]  an d [Fischhof f  86] .  Th e im -

portanc e o f  th e formatio n o f  share d menta l  model s ha s als o 

bee n experimentall y observe d i n tim e critica l  high-su-es s 

decision s suc h a s th e ai r  cre w emergencie s studie d b y 

[Orasanu90] . 

Althoug h th e evidenc e exist s tha t  th e formatio n o f  share d 

menta l  model s i s a  majo r  facto r  i n successfu l  grou p deci -

sio n makin g b y humans ,  littl e ha s bee n don e l o characteriz e 

what  "share d menta l  models "  m a y be ,  th e processe s b y 

whic h the y ar e formed ,  o r  thei r  rol e i n grou p decisio n 

making . 

Similarly ,  Distribute d A I  researc h shed s littl e ligh t  o n 

thi s problem .  Mos t  wor k i n D A I  an d tea m decisio n makin g 

has focuse d o n homogeneou s agent s [Durfe e 

87,Cammarat a 83 ,  Rosenschei n 85 ,  Sulliva n 89] .  I n suc h 

situations ,  th e agent s alread y shar e a  c o m m o n perceptio n o f 

th e tas k an d base d o n thi s understandin g the y hav e t o coor -

dinat e thei r  actions .  I f  the y communicat e a t  all ,  com -

municatio n o f  hig h leve l  agen t  plan s [Durfe e 87] ,  base d o n 

whic h agent s for m expectation s o f  othe r  agents '  behavior , 

ensur e coordination .  I n th e tea m o f  specialist s situation , 

th e agent s ar e b y definitio n heterogeneous ,  the y d o no t 

shar e a  c o m m o n perceptio n o f  th e problem ,  o r  eac h others ' 

expertise .  Ye t  the y hav e t o m a k e highl y interdependen t 

decision s wit h uncertai n outcomes .  A  prerequisit e t o coor -

dinatin g thei r  action s i s l o coordinat e thei r  thought s throug h 

th e formatio n o f  share d menta l  models . 

I n particular ,  w e presen t  th e followin g characteristic s o f 

share d models : 

•  Share d model s ac t  a s a  basi s fo r  inferrin g oppor -
tunitie s fo r  cooperatio n 
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•  Share d model s for m th e basi s fo r  identifyin g 
another' s need s resuUin g i n helpfu l  intcrvcniio n 

•  Share d model s ac t  a s a  basi s fo r  inferrin g anothe r 
agent' s capabilitie s (resultin g i n th e agen t  askin g fo r 
help )  an d limitation s an d takin g the m int o considera -
tio n i n communicatin g wit h othe r  agent s 

•  Share d model s serv e a s a  basi s fo r  knowin g wha t  t o 
communicat e (i.e .  wha t  wil l  b e understood ) 

•  Share d model s ac t  a s basi s fo r  conflic t  resolutio n 
•  Share d model s ac t  a s basi s fo r  optima l  solutio n in -

tegratio n 

The formatio n o f  share d menta l  model s i s a n incrementa l 

proces s consistin g primaril y o f  informatio n communicatio n 

and successiv e updatin g an d refinemen t  o f  a  sketch y under -

standin g o f  th e ramification s o f  th e proble m tha t  th e tea m i s 

solving .  I n thi s paper ,  w e presen t  a  mode l  o f  agen t  model s 

tha t  ar e activ e durin g grou p decisio n makin g an d thei r  in -

teraction s t o formin g share d menta l  model s i n proble m 

solvin g b y a  tea m o f  specialists .  Th e domai n o f  ou r  stud y i s 

concurren t  engineerin g desig n [Sycar a 89a] .  Th e mode l  i s 

currentl y bein g implemente d i n C A D E T ,  a  desig n proble m 

solvin g syste m [Sycar a 90] . 

Cooperative Problem Solving 

b y a  T e a m o f  Specialist s 

The presen t  mode l  o f  decisio n makin g b y a  tea m o f 

specialist s extend s earlie r  wor k [Sycar a 89b ,  Sycar a 

90]  characterizin g grou p decisio n makin g a s a  negotiatio n 

process .  A  tea m o f  specialist s i s considere d t o b e a  grou p 

of  individual s wit h c o m m o n goals ,  eac h wit h highl y spe -

cialize d knowledg e i n a  particula r  are a bu t  wit h les s precis e 

knowledg e o f  othe r  areas .  A  normativ e grou p decision , 

therefore ,  i s  on e whic h integrate s th e relevan t  portion s o f 
thi s specialize d knowledg e withi n a  c o m m o n model .  Th e 

ke y t o thi s definitio n lie s i n th e determinatio n o f  relevance . 

We presum e tha t  i n a  grou p decisio n proces s o f  thi s sort ,  i t 

i s  neithe r  feasibl e no r  desirabl e t o for m a  c o m m o n mode l 

incorporatin g al l  o f  th e group' s expertise .  Thi s woul d re -

quir e makin g M.D.' s o f  physicist s an d engineer s o f  accoun -

tants .  Instead ,  a  normativ e grou p decisio n i s on e generate d 

by a  negotiatio n proces s whic h efficientl y elicit s som e 

smal l  subse t  o f  th e group' s expertis e whic h determine s a 

decisio n a s goo d o r  bette r  tha n othe r  possibl e negotiation s 

of  comparabl e length . 

Grou p decisio n makin g b y cooperatin g specialist s ca n b e 

viewe d a s a  multi-agen t  plannin g tas k wher e eac h agen t  ha s 

(a )  incomplet e knowledg e o f  th e environment ,  (b )  limite d 

knowledg e o f  th e constraint s an d intention s o f  othe r  agents , 

and (c )  limite d numbe r  an d amoun t  o f  resource s tha t  ar e 

require d t o produc e a  syste m solution .  W h e n specialist s 

cooperate ,  the y brin g togethe r  multipl e viewpoint s an d 

divers e knowledg e o n a  singl e problem .  Bringin g togethe r 

divers e knowledg e i s a  sourc e o f  robustnes s an d balance . 

The tea m ca n solv e problem s tha t  ar e beyon d th e scop e o f 

any o f  th e individua l  members .  Furthermore ,  th e solution s 

ar c generate d fro m a  ric h an d varie d bod y o f  knowledg e 

whic h provide s potentially ,  a  bigge r  se t  o f  goo d solution s t o 

choos e fro m an d th e potentia l  fo r  creativity .  O n th e othe r 

hand ,  ther e ar e difficultie s wit h resolvin g th e conflict s tha t 

aris e whe n tryin g t o merg e multipl e goals ,  priorities ,  an d 

evaluatio n criteri a tha t  ar e th e result s o f  individua l  exper -

tise .  Thus ,  eac h agen t  ha s a  limite d an d egocentri c vie w o f 

th e problem .  Thi s m a y resul t  i n misunderstandings ,  goa l 

confiict s an d solutio n suboptimalities .  Becaus e o f  th e lac k 

of  appropriat e expertis e i n al l  area s neede d t o solv e th e 

problem ,  an d becaus e o f  th e presenc e o f  conflictin g con -

straints ,  goal s an d possibl y evaluatio n criteria ,  i t  i s  impos -

sibl e fo r  eac h agent/expert/specialist ^  t o reac h a n optima l 

solutio n usin g onl y loca l  information .  Typicall y th e deci -

sion s o f  on e agen t  impac t  th e decision s o f  anothe r  an d vic e 

versa .  Thus ,  w e canno t  simpl y mode l  eac h agent .  Rathe r  w e 

must  augmen t  a n agent' s proble m solvin g proces s b y in -

cludin g ye t  anothe r  model ,  th e "share d model "  tha t  capture s 
hi s interaction s an d decision-coordinatio n wit h th e othe r 

agents . 

Decisio n makin g b y a  tea m o f  specialist s ha s th e follow -

in g characteristics : 

•  Th e globa l  syste m goa l  i s  t o produc e a  decisio n tha t 
i s synthesize d fro m contribution s o f  differen t  exper -
tise ,  concern s an d constraints . 

•  Durin g th e process ,  conflict s i n th e for m o f  constrain t 
and goa l  violation s coul d arise . 

•  Disparat e evaluation s o f  a  situatio n coul d surfac e a s a 
resul t  o f  differen t  criteri a use d t o evaluat e th e situa -
tio n fro m differen t  perspectives .  Typically ,  thes e 
criteri a canno t  b e simultaneousl y an d optimall y 
satisfied . 

•  Anothe r  kin d o f  conflic t  i s  ove r  approache s use d t o 
achiev e a  goal . 

•  Th e syste m goa l  i s  achieve d b y makin g th e bes t 
tradeoff s o n conflictin g goal s an d constraints . 

As a  resul t  o f  thes e characteristics ,  ther e mus t  b e a 

proces s tha t  help s incrementall y incorporat e i n th e final 

decisio n th e variou s type s o f  availabl e expertise ,  an d th e 

bes t  tradeoff s tha t  coul d b e mad e i n a  give n situation . 

Th e dilemm a confrontin g a  tea m o f  expert s i s tha t  th e 

subse t  o f  individuall y hel d expertis e tha t  i s  relevan t  t o solv -

in g th e proble m a t  han d canno t  b e know n i n advance .  Eac h 

exper t  ha s detaile d knowledg e o f  som e aspec t  o f  th e tas k 

and beliefs ,  base d i n par t  o n inexper t  understandin g o f 

othe r  aspects ,  abou t  h o w thi s expertis e m a y b e relate d t o 

th e group s goals .  Becaus e n o m e m b er  know s precisel y 

^ We us e th e word s "agenl" ,  "expert "  an d "specialist "  interchangeabl y 
fo r  th e purpose s o f  thi s paper . 
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what  an y othe r  knows ,  non e ca n determin e th e relevanc e o f 

thei r  o w n expertise ,  i f  tha t  relevanc e depend s o n thing s 

k n o w n onl y b y others .  Th e situatio n i s simila r  t o tha t  o f  a 

grou p attemptin g t o assembl e a  comple x puz/.lc .  Eac h 

m e m b er  ha s som e piece s mixe d i n wit h piece s fro m a  grea t 

m a ny othe r  puzzles .  Player s ca n onl y vie w ihci r  o w n 

piece s an d ther e ar e cost s associate d wit h makin g piece s 

publi c b y placin g the m o n th e table .  I f  player s hol d piece s 

withou t  prominen t  identifier s suc h a s matchin g backgroun d 

color ,  th e relevanc e o f  thes e piece s ca n onl y b e establishe d 

throug h a n iterativ e proces s o f  advancin g an d rcu-actin g 

piece s unti l  a  contex t  i s  develope d allowin g th e player s t o 

"see "  whic h one s fit 

I n th e desig n domai n fo r  example ,  a  tricycl e designe r 

know s (fro m hi s exper t  knowledge )  tha t  usin g coiic r  pin s 

an d cap s t o hol d th e rea r  wheel s an d pedal s o f  a  uicycl e 

togethe r  result s i n m u c h highe r  performanc e (leadin g t o 

highe r  quality )  tha n usin g press-o n caps .  Becaus e o f  hi s 

ignoranc e o f  costs ,  an d hi s approximat e knowledg e tha t 

qualit y i s linea r  wit h costs ,  th e designe r  assign s a  highe r 

cos t  t o a  desig n tha t  use s cotter-pin s tha n t o on e tha t  use s 

press-ons ,  thu s makin g hi m indifferen t  t o th e choice . 

Similarly ,  th e manufacturin g enginee r  know s (fro m hi s ex -

per t  knowledge )  tha t  drillin g roun d stoc k t o mak e th e hol e 

fo r  th e cotte r  pin s i s a  mor e expensiv e proces s tha n fittin g 

th e press-o n caps ,  s o (havin g th e inaccurat e genera l 

knowledg e tha t  qualit y linea r  wit h cost) ,  h e i s als o indif -

feren t  t o th e choice .  Th e unio n o f  thei r  expertise ,  however , 

m ay strongl y favo r  on e o r  anothe r  o f  thes e alternatives . 

For  instance ,  i f  th e designe r  rate d th e cotte r  pi n desig n a s 

fou r  time s mor e desirabl e tha n th e pres s o n cap s an d th e 

manufacturin g enginee r  rate d th e cos t  a t  les s tha n double , 

th e cotte r  pi n desig n i s favored .  Thi s representatio n o f  th e 

compartmentalizatio n o f  expertis e capture s th e feature s w e 

believ e ar e essentia l  t o describin g th e poolin g o f  expertise . 

Eac h exper t  ha s specialize d knowledg e abou t  hi s par t  o f  th e 

proble m bu t  misconception s abou t  othe r  agents '  parts .  A s a 

consequence ,  n o exper t  know s whic h part s o f  hi s expertis e 

ar e reall y neede d b y othe r  member s o f  th e group . 

We clai m tha t  exper t  tea m decisio n makin g solve s thi s 

proble m throug h iterativel y updatin g thes e naiv e model s 

vi a th e communicatio n o f  th e grou p members '  expertis e 

resultin g i n th e developmen t  o f  "share d models" . 

Models of Agents 

Th e mode l  w e ar e proposin g operationalize s privat e an d 

share d knowledg e i n th e for m o f  exper t  domai n knowledge , 

utilit y  function s an d constraint s an d th e formatio n o f  share d 

model s a s a  negotiatio n [Sycara.aor ,  Sycara.eurjor90 ] 

modifyin g thes e structures .  Th e mode l  i s quit e genera l  an d 

independen t  o f  decisio n protocols ,  describin g wit h equa l 

eas e consensus ,  voting ,  o r  advisor y regimes .  Th e mode l 

provide s normativ e reference s fo r  grou p decision s b y as -

sessin g produc t  an d proces s simultaneously .  A  grou p deci -

sio n ca n b e judge d eithe r  wit h respec t  t o th e publicall y 

availabl e mode l  a t  th e tim e o f  decisio n o f  th e disu-ibutio n o f 

normativ e decision s fo r  possibl e model s resultin g fro m 

negotiation s o f  equivalen t  o r  shorte r  length .  Th e assump -

tio n tha t  grou p decisio n makin g i s a  satisficin g proces s 

U-adin g of f  tim e an d effor t  fo r  decisio n "quality "  i s  a  centra l 

tene t  o f  thi s approach . 

I n comple x domains ,  suc h a s design ,  attribute s o f  con -

cer n (e.g. ,  desig n atu-ibute s suc h a s materia l  ou t  o f  whic h 

an artifac t  i s  made )  interac t  i n comple x non-linea r  way s 

wit h th e objectiv e t o b e maximized ,  profits .  Thi s interactio n 

happen s throug h mediating  variables ,  suc h a s functionality , 

durability ,  aestheti c atu-activenes s etc .  Th e questio n tha t 

arise s is ,  wha t  i s suitabl e informatio n aggregatio n fo r  inclu -

sio n i n th e "share d models" ? H o w doe s a  "share d model " 

interac t  wit h individua l  specialize d knowledge ? Wha t  i s a 

suitabl e representatio n o f  individua l  expertis e an d "share d 

models" ? W h a t  ar e th e variable s use d fo r  communicatio n 

among grou p members ? 

Our  hypothesi s i s tha t  eac h agent : 

•  Ha s a  mode l  o f  hi s individua l  uniqu e expertise , 
calle d th e "exper t  model" ,  characterize d b y detaile d 
knowledg e abou t  som e particula r  aspec t  o f  th e task . 

•  Ha s a  naiv e understandin g o f  aspect s o f  th e proble m 
outsid e o f  hi s are a o f  expertise ,  calle d th e "naiv e 
model" .  Th e naiv e mode l  characterize s wea k com -
monl y hel d belief s suc h as ,  "th e mor e expensiv e a 
materia l  is ,  th e mor e durabl e i t  wil l  be. " 

•  Develop s throug h interactio n wit h othe r  specialist s a 
mor e comprehensiv e mode l  o f  th e proble m a t  hand , 
calle d th e "share d model" ,  whic h incorporate s ele -
ment s o f  others '  expertise .  Th e "share d model "  be -
twee n tw o agent s als o define s th e commo n 
vocabular y tha t  th e tw o agent s ca n us e t o communi -
cat e i n a n intelligibl e way . 

I n general ,  "share d models "  migh t  no t  b e th e sam e acros s 

al l  agents .  Fo r  th e grou p t o mak e a  c o m m o n decision ,  th e 

potentiall y  different"share d models "  tha t  hav e bee n forme d 

throug h interaction s o f  subset s o f  agent s mus t  converg e t o a 

c o m m on vie w o f  th e globa l  proble m whic h capture s th e 

importan t  variable s an d decision s tha t  mus t  b e coordinated . 

Th e part s o f  differen t  agents '  "share d models "  tha t  ar e com -

m on acros s th e grou p compris e th e "commo n (group ) 

model" . 
Durin g decisio n making ,  agen t  model s appropriat e fo r 

th e tas k ar e compose d b y substitutin g th e correspondin g 

part s o f  a n exper t  mode l  fo r  th e naiv e model .  Th e utilit y  a n 

agen t  associate s wit h a  particula r  alternative ,  therefore , 

reflect s bot h components .  A s grou p proble m solvin g 

progresses ,  agen t  model s ar e modifie d t o incorporat e exper -

tis e imparte d b y othe r  agents .  Thes e modification s lea d t o 

th e incrementa l  buildin g o f  share d model s amon g set s o f 
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agents . 

Model Characteristics 

Model s o f  agent s ar e hierarchicall y organize d i n ih c for m 

of  increasingl y refine d domai n concepts ,  constraint s an d 

utilit y  functions .  Th e comple x representatio n a t  th e botto m 

of  thi s hierarch y correspond s t o th e ful l  expertis e o f  th e 

agen t  whic h m a y o r  m a y no t  b e neede d b y th e grou p fo r  a 

particula r  decision .  A t  th e to p o f  th e hierarch y ther e i s 

sketch y knowledge ,  th e naiv e model s share d b y th e m e m-

ber s o f  th e group .  T h e naiv e model s ar e require d t o b e 

accurat e i n aggregatin g acros s situation s bu t  m a y b e im -

precis e i n capturin g distinction s a m o n g situation s m a d e b y 

th e exper t  model .  I n othe r  words ,  usin g onl y hi s specialize d 

knowledg e an d th e naiv e model ,  eac h specialis t  woul d b e 

le d t o erroneou s decisions .  Naiv e mode l  imprecision s m a y 

aris e throug h naiv e approximatio n o f  th e values ,  relation s 

and constraint s a m o n g th e attribute s o f  th e proble m vari -

ables . 

Th e menta l  model s w e ar e investigatin g hav e a  variet y o f 

characteristics .  A t  th e beginnin g o f  proble m solving ,  a n 

agent' s menta l  mode l  consist s o f  hi s expertis e an d a  naiv e 

understandin g o f  othe r  specialtie s whic h i s refine d i n th e 

cours e o f  th e consultatio n developin g int o a  (se t  o O share d 

models .  Th e naiv e mode l  contain s aggregat e variable s tha t 

constitut e th e vocabular y throug h whic h enable s th e dif -

feren t  specialist s t o begi n th e proble m solvin g interaction . 

An agent' s expertis e consist s o f  facts ,  consffaints ,  thei r 

relation s an d utilitie s tha t  li e i n hi s specialty .  Fo r  example , 

a designer' s expertis e contain s th e constraint s amon g 

desig n attribute s suc h a s artifac t  components ,  componen t 

materials ,  type s o f  allowabl e structura l  connection s amon g 

components ,  an d artifac t  dimensions .  Utilitie s ar e as -

sociate d wit h particula r  value s o f  thes e artifact-descriptiv e 

variable s tha t  operat e i n th e desig n space .  Utilitie s ar e i n 

th e rang e o f  [0 ,  1] .  Fo r  example ,  th e utilit y  o f  makin g a 

U^cycl e ou t  o f  ligh t  stee l  m a y b e .8 ,  makin g i t  ou t  o f  heav y 

stee l  .6 ,  makin g i t  ou t  o f  w o o d 0  an d s o on . 

The naiv e mode l  consist s o f  a  se t  o f  relation s amon g 

aggregat e variables .  I n design ,  thes e relation s relat e th e 

quantitie s profits ,  desig n quality ,  cost ,  pric e an d saleability . 

Thes e relation s ar e a t  a n aggregat e leve l  an d ar e therefor e 

onl y approximatel y accurate .  Fo r  example ,  th e naiv e 

model  m a y sa y tha t  productio n qualit y i s proportiona l  t o 

productio n costs ,  uni t  sale s inversel y proportiona l  t o price , 

and willingnes s t o pa y (saleability )  (fo r  th e decreasin g 

number  w h o could )  proportiona l  t o quality .  A s a  result ,  th e 

naiv e mode l  predict s tha t  saleabilit y  wil l  b e independen t  o f 

desig n decision s balancin g cos t  an d quality .  (Th e group' s 

profi t  margi n ca n b e maximize d b y choosin g th e desig n 

whic h minimize s th e cos t  whil e maximizin g th e quality) .  I n 

othe r  word s th e naiv e mode l  i s indifferen t  a m o n g desig n 

options .  Thi s evaluatio n m a d e b y th e naiv e mode l  i s no t 

accurat e sinc e i t  doe s no t  tak e int o consideratio n precis e 

relation s betwee n variable s o f  th e problem .  Th e naiv e 

model  constitute s a  c o m m o n an d unbiase d basi s whic h i s 

u-ansforme d an d refine d throug h th e grou p interaction . 

Th e naiv e mode l  an d a n agent' s expertis e ar e connecte d 

throug h a  se t  o f  relation s tha t  m a p variable s i n th e exper t 

spac e t o th e variable s i n th e naiv e space .  Th e mapping s 

contai n bot h accurat e an d approximat e knowledge .  T h e ac -

curat e knowledg e i s th e se t  o f  relationship s tha t  m a p vari -

able s i n th e exper t  spac e t o mediatin g aggregat e variable s 

tha t  ar e withi n th e are a o f  agen t  expertise .  Fo r  example ,  th e 

designer' s exper t  spac e variables ,  suc h a s th e artifact -

specifi c  attributes ,  thei r  constraints ,  utilitie s an d inter -

relationship s ar e mappe d int o th e inexper t  spac e tha t  con -

tain s th e variable s profits ,  cost ,  pric e an d qualit y throug h 

mediatin g variables ,  suc h a s durability ,  structura l  sound -

nes s etc .  Fo r  th e designer ,  thes e intermediat e variable s m a p 

t o desig n qualit y throug h a  se t  o f  relationships .  Desig n 

qualit y i s a n aggregat e variabl e i n th e domai n o f  expertis e 

of  th e designe r  tha t  i s  als o presen t  i n th e naiv e model .  Th e 

set  o f  intermediat e relationship s tha t  m a p th e variable s 

withi n a n expert' s  specialt y t o th e naiv e mode l  i s availabl e 

onl y t o th e particula r  exper t  an d i s no t  use d fo r  intra-grou p 

communication .  O n th e othe r  hand ,  relation s betwee n ag -

gregat e variables ,  withi n an d outsid e th e domai n o f  exper -

tis e o f  a  specialis t  ar e incompletel y k n o w n t o him .  Fo r 

exampl e th e relatio n betwee n qualit y (a n aggregat e variabl e 

withi n th e domai n o f  a  designer' s expertise )  an d cos t  i s 

onl y approximatel y k n o w n t o th e designer ,  sinc e cos t  i s no t 

on e o f  th e aggregat e variable s i n hi s domai n o f  expertise . 

Thi s interactio n o f  accurat e an d inaccurat e knowledg e m a y 

lea d th e exper t  t o incorrec t  inferences .  Exper t  tea m deci -

sio n makin g solve s thi s proble m throug h iterativel y updat -

in g th e naiv e model s vi a th e communicatio n o f  th e grou p 

members '  expertis e resultin g i n th e developmen t  o f  a 

share d model . 

An Example 
Conside r  th e decisio n situatio n fo r  a  tea m o f  specialist s 

i n a  manufacturin g enterpris e taske d wit h concurrentl y en -

gineerin g th e desig n o f  a  tricycle .  Th e tea m objectiv e i s t o 

optimiz e tficycle  design .  A  desig n wil l  b e optima l  i f  i t 

maximize s profits ,  unde r  certai n assumption s relatin g 

desig n attribute s t o cost ,  price ,  an d eas e o f  sellin g th e 

tricycle . 
Th e desig n attribute s hav e associate d utilitie s tha t  ex -

pres s th e desirabilit y  o f  particula r  atu-ibut e value s wit h 

respec t  t o differen t  evaluatio n criteria .  Fo r  example ,  i n 

term s o f  tricycl e durability ,  hig h grad e plasti c ha s utilit y  .8 , 

wherea s lo w grad e plasti c  .4 .  I n term s o f  cost ,  hig h grad e 

plasti c ha s utilit y  . 6 wherea s lo w grad e . 8 (hig h grad e plas -

ti c i s mor e expensiv e tha n lo w grade) .  Eac h tea m m e m b e r 

has expertis e i n term s o f  optimizin g onl y par t  o f  th e desig n 
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(e.g. ,  cos t  o f  material ,  eas e o f  manufacturing ,  reliability) . 

Becaus e o f  th e inheren t  tradeoff s o f  attribut e value s wit h 

respec t  t o differen t  criteri a no t  al l  part s o f  th e desig n ca n b e 

simultaneousl y optimized .  Furthermore ,  th e overal l  evalua -

tio n functio n tha t  incorporate s cos t  tradeoff s i s no t 

precisel y known .  I n a  grou p decisio n makin g situation , 

eac h exper t  know s th e relation  amon g attribute s i n hi s 

domai n o f  expertis e an d th e payof f  associate d wit h eac h 

attribut e valu e alternative ,  bu t  h e i s unawar e o f  (a )  th e rela -

tion s amon g attribute s i n someon e else' s domai n o f  exper -

tise ,  o r  (b )  h o w th e attribute s i n hi s domai n o f  expertis e 

impac t  th e overal l  cos t  function .  Fo r  example ,  th e designe r 

know s tha t  i n term s o f  strengt h o f  th e tricycl e frame ,  brace d 

and welde d fram e ha s th e highes t  payoff ,  bolte d th e nex t 

highest ,  an d integra l  th e lowes t  I n term s o f  weight ,  hig h 

grad e plasti c ha s th e highes t  payoff ,  wit h heav y stee l  tubin g 

th e lowest . 

Th e group' s goa l  i s  t o maximiz e profi t  an d m a y b e ex -

presse d as : 

profi t  =  unit_sale s x  (unit_pric e -  unit_cost ) 

A negotiatio n ove r  thi s decisio n migh t  procee d as : 

Manirfacturin g Agent :  D o w e wan t  t o us e press-o n cap s 

or  cotter s fo r  th e wheel s an d pedal s Th e dril l  pres s opera -

tion s wil l  ad d anothe r  3 % t o manufacturin g costs .  (Thi s i s 

an informationa l  exchange .  Th e manufacturin g agen t  i s 

indifferen t  t o thi s decisio n becaus e i t  doe s no t  affec t  th e 

group' s goa l  a s predicte d b y hi s agen t  model. ) 

Desig n Agent :  I n tha t  case ,  I  thin k w e shoul d us e cot -

ters .  Th e press-o n cap s ar e likel y t o star t  fallin g of f  afte r  6 

months- !  yea r  whil e th e cotte r  pin s wil l  hol d th e wheel s o n 

indefinitely .  (Th e reliabilit y  o f  th e artifac t  whic h support s 

th e fiilfillemen t  o f  th e publi c attribut e o f  qualit y i s in -

crease d b y 5 0 0 % a t  a  manufacturin g cos t  o f  onl y 3 % .  there -

for e b y th e naiv e portion s o f  th e designer' s mode l  relatin g 

qualit y t o profit s throug h uni t  sale s thi s alternativ e shoul d 

mor e tha n doubl e profit s furtherin g th e group' s goal. ) 

Sale s Agent :  I  don' t  thin k w e shoul d d o it .  A  buye r 

can' t  se e tha t  ther e i s a  cotte r  unde r  th e ca p an d therefor e i t 

has n o effec t  o n perceive d quality .  (Perceive d qualit y i s  th e 

sale' s expert s privat e versio n o f  th e publi c attribut e qualit y 

and i s th e attribut e i n th e group' s exper t  mode l  whic h re -

late s qualit y t o uni t  sales .  I t  therefor e take s precedence. ) 

Al l  thre e agent s n o w agre e becaus e wit h thi s modifica -

tion ,  thei r  share d mode l  predict s tha t  th e increase d produc -

tio n cos t  associate d wit h cotter s wil l  b e detrimenta l  t o th e 

goa l  o f  increasin g profit s becaus e ther e i s n o offsettin g in -

fluenc e o f  thi s for m o f  qualit y o n uni t  sales . 

C o n c l u d i n g R e m a r k s 

The mode l  propose d i n thi s pape r  i s intende d a s a 

researc h too l  fo r  th e stud y o f  grou p decisio n makin g b y 

peopl e an d machines .  Th e mode l  provide s th e firs t  nor -

mativ e treatmen t  o f  grou p decision s whic h incorporate s th e 

ver y feature s motivatin g thi s for m o f  decisio n making .  Th e 

importanc e o f  share d menta l  model s ha s bee n recognize d i n 

th e cognitiv e decisio n makin g literatur e [Athan s 

82 ,  Fischhof f  86 ]  bu t  n o investigatio n a s t o th e proces s o f 

formin g share d menta l  model s ha s bee n propose d t o date . 

We hav e propose d th e existenc e o f  a  variet y o f  menta l 

model s (th e exper t  model ,  th e naiv e model ,  share d model s 

and a  px)tentiall y  c o m m o n model )  durin g grou p decisio n 

makin g an d presente d thei r  interaction s durin g th e proble m 

solvin g process .  I n addition ,  w e hav e presente d a  concret e 

approac h t o describin g thos e model s an d th e proces s b y 

whic h the y ar e formed .  Th e share d menta l  model s dis -

cusse d i n thi s pape r  defin e th e natur e an d minima l  leve l  o f 

aggregatio n o f  th e informatio n necessar y t o b e commo n 

knowledg e t o agent s s o tha t  suitabl y coordinate d decision s 

ca n b e made .  I t  i s  ou r  hop e tha t  thi s mode l  ca n provid e a 

too l  fo r  th e stud y o f  bia s i n grou p decisio n makin g whic h 

may prov e a s fruitfu l  a s normativ e model s hav e bee n i n th e 

stud y o f  individua l  decisions . 
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