
Tas k Environmen t  Centere d Desig n o f  Organization s 

Keit h Decke r  (ni:rKER@ciS.UDEL.EDU ) 
Dept .  o f  Compute r  an d Informatio n Science s 

Universit y o f  Delaware ,  Newark ,  D E 1971 6 U S A 

Abstrac t 

The central idea, which is not new for those who study human 
organization s bu t  whic h i s sometime s forgotte n b y compute r 
agent  researchers ,  i s  tha t  th e desig n o f  coordinatio n mecha -
nism s canno t  rel y o n th e principle d constructio n o f  th e agent s 
alone ,  bu t  mus t  rel y o n th e structur e an d othe r  characteris -
tic s o f  th e tas k environment .  Suc h dependencie s includ e th e 
structur e o f  th e environmen t  (th e particula r  kind s an d pattern s 
of  interrelationship s tha t  occu r  betwee n tasks )  an d th e uncer -
taint y i n th e environmen t  (bot h i n th e a  prior i  structur e o f 
any episod e withi n a n environmen t  an d i n th e outcome s o f  a n 
agent' s  actions) .  I n thi s talk ,  I  wil l  briefl y describ e a  mod -
elin g framework ,  T^tMS ,  fo r  representin g abstrac t  tas k envi -
ronments .  T,€M S ha s bee n use d bot h fo r  environmen t  model -
ing/simulatio n an d a s a n interna l  representatio n fo r  compute r 
agent s t o plan ,  schedule ,  an d coordinat e thie r  activitie s wit h 
othe r  agent s (huma n o r  computer) .  I'l l  describ e example s o f 
bot h o f  thes e uses .  Thi s writte n summar y provide s a  back -
groun d bibliography ,  an d pointer s t o th e wor k discusse d i n th e 
talk . I n t r o d u c t i o n 

The desig n o f  organization s o r  othe r  coordinatio n mecha -
nism s fo r  group s o f  agent s depend s i n m a n y way s o n th e 
agent' s tas k environment .  Jus t  tw o o f  thes e dependencie s ar e 
on th e structur e o f  th e task s an d o n th e uncertaint y i n th e tas k 
structures .  Th e tas k structur e include s th e scop e o f  th e prob -
lem s facin g th e agents ,  th e complexit y o f  th e choice s facin g 
th e agents ,  an d th e th e particula r  kind s an d pattern s o f  in -
terrelationship s tha t  occu r  betwee n tasks .  A  fe w example s 
of  environmenta l  uncertaint y includ e uncertaint y i n th e a  pri -
or i  structur e o f  an y particula r  problem-solvin g episode ,  i n th e 
action s o f  othe r  agents ,  an d i n th e outcome s o f  a n agent' s 
o wn actions .  Thes e dependencie s hol d regardles s o f  whethe r 
th e syste m comprise s jus t  people ,  jus t  computationa l  agents , 
or  a  mixtur e o f  th e two .  Fo r  example ,  th e presenc e o f  bot h 
uncertaint y an d hig h varianc e i n a  tas k structur e ca n lea d 
a syste m o f  agent s t o perfor m bette r  b y usin g coordinatio n 
algorithm s tha t  adap t  dynamicall y t o eac h problem-solvin g 
episod e (Decke r  &  Lesser ,  1993) .  Designin g organizationa l 
coordinatio n mechanism s als o depend s o n non-tas k charac -
teristic s o f  th e environmen t  suc h a s communicatio n costs ,  an d 
propertie s o f  th e agent s themselves .  Representin g an d reason -
in g abou t  th e tas k environmen t  mus t  b e par t  o f  an y computa -
tiona l  theor y o f  coordination . 

T;CMS (Tas k Analysis ,  Environmen t  Modeling ,  an d Simu -
lation )  wa s develope d a s a  framewor k wit h whic h t o mode l 

and simulat e complex ,  computationall y intensiv e tas k envi -
ronment s a t  multipl e level s o f  abstractio n an d fro m multipl e 
viewpoints .  I t  i s a  too l  fo r  buildin g an d testin g computationa l 
theorie s o f  coordination .  T/EM S i s compatibl e wit h bot h 
forma l  computationa l  agent-centere d approache s an d exper -
imenta l  approaches .  T h e framewor k allow s u s t o bot h math -
ematicall y analyz e (whe n possible )  an d quantitativel y simu -
lat e th e behavio r  o f  multi-agen t  system s wit h respec t  t o inter -
estin g characteristic s o f  th e computationa l  tas k environment s 
of  whic h the y ar e part .  W e believ e tha t  i t  provide s th e cor -
rec t  leve l  o f  abstractio n fo r  meaningfull y evaluatin g central -
ized ,  parallel ,  an d distribute d contro l  algorithms ,  negotiatio n 
strategies ,  an d organizationa l  designs . 

Th e us e o f  TiCM S t o mode l  externa l  environment s ha s le d 
t o it s us e b y compute r  agent s a s a n internal ,  subjectiv e mode l 
of  th e externa l  environment .  A s par t  o f  a n agent' s interna l 
representatio n o f  it s environment ,  a  T/CM S mode l  allow s a n 
agen t  t o reaso n abou t  h o w multiple ,  interactin g decisio n cri -
teri a chang e i n respons e t o actua l  an d possibl e loca l  an d non -
loca l  agen t  actions .  T h e mos t  significan t  internal-agen t  wor k 
usin g T / C M S — w h i c h I  wil l  no t  discuss—ha s bee n th e devel -
opment  o f  a n agen t  loca l  activit y schedule r  (Garve y &  Lesser , 
1993 ;  Garvey ,  Humphrey ,  &  Lesser ,  1993 ;  Wagner ,  Garvey , 
& Lesser ,  1997) . 

Background 

Artificial Intelligence, growing as it has from the goal of mod-
elin g individua l  intelligence ,  o r  a t  leas t  replicatin g o r  aug -
mentin g it ,  ha s focuse d primaril y o n representation s o f  indi -
vidua l  choic e an d action .  A  larg e effor t  ha s gon e int o describ -
in g th e principle d constructio n o f  agent s tha t  ac t  rationall y 
and predictabl y base d o n thei r  beliefs ,  desires ,  intentions ,  an d 
goal s (Wooldridg e &  Jennings ,  1995) .  Fairl y recently ,  re -
searcher s concerne d wit h real-worl d performanc e hav e als o 
realize d tha t  Simon' s criticism s an d suggestion s abou t  eco -
nomic s (Marc h &  Simon ,  1958 )  als o hol d fo r  m a n y realis -
ticall y situate d individua l  agents—perfec t  rationalit y i s no t 
possibl e wit h bounde d computatio n (e.g. ,  (Bodd y &  Dean , 
1989)) .  Distribute d A J ha s to o ofte n kep t  th e individualis -
ti c  characte r  o f  it s roots ,  an d focuse d o n th e principle d con -
structio n o f  individua l  agents .  I t  hasn' t  even ,  s o far ,  reall y 
concerne d itsel f  wit h th e question s o f  bounde d rationalit y i n 
real-tim e proble m solvin g w h e n i t  come s t o th e principle d 
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constructio n o f  individua l  agents' .  Wors t  o f  all ,  i t  ha s faile d 
yet  t o brin g th e environmen t  t o cente r  stag e i n buildin g an d 
analyzin g distribute d proble m solvin g systems . 

I n contrast ,  th e organizationa l  scienc e communit y ha s 
sinc e th e 60' s (e.g .  (Lawrenc e &  Lorsch ,  1967) )  regarde d th e 
tas k environmen t  a s a  crucial ,  centra l  variabl e i n explainin g 
comple x systems ,  an d a  whol e branc h o f  researc h ha s grow n 
up aroun d i t  (contingenc y theory) .  Representation s i n thi s 
communit y ar e rarel y mathematicall y forma l  i n natur e bu t 
rathe r  tr y t o presen t  ver y ric h description s usin g term s suc h 
as uncertainty ,  decomposability ,  stability ,  etc . 

T/EMS,  a s a  framewor k t o represen t  coordinatio n problem s 
i n a  formal ,  domain-independen t  way ,  i s unlik e an y existin g 
computationa l  representatio n tha t  i s  focusse d o n coordina -
tio n issues .  Th e for m o f  th e framewor k i s mor e detaile d i n 
structur e tha n man y organizational-theoreti c model s o f  or -
ganizationa l  environments ,  suc h a s Thompson' s notion s o f 
pooled ,  sequential ,  an d reciproca l  processe s (1967) ,  Burto n 
and Obel' s linea r  program s (1984) ,  o r  Malone' s queuein g 
model s (1987) ,  bu t  i s  influence d b y them ,  an d b y th e im -
portanc e o f  environmenta l  uncertaint y an d dependenc y tha t 
appea r  i n contingency-theoreti c an d ope n system s view s o f 
organization s (Lawrenc e &  Lorsch ,  1967 ;  Galbraith ,  1977 ; 
Stinchcombe ,  1990 ;  Scott ,  1987) .  A s a  proble m representa -
tio n fo r  computationa l  tasks ,  i t  i s  riche r  an d mor e expressiv e 
tha n g a m e theor y representation s (Rosenschei n &  Zlotkin , 
1994) .  Fo r  example ,  a  typica l  gam e o r  tea m theor y prob -
le m statemen t  i s concerne d wit h a  singl e decision ;  a  typica l 
T/EMS objectiv e proble m solvin g episod e represent s th e pos -
sibl e outcome s o f  man y sequence s o f  choice s tha t  ar e inter -
relate d wit h on e anothe r  (e.g. ,  "schedules") .  Ti€M S ca n rep -
resen t  a  g a m e theoreti c problem ,  an d w e coul d boi l  dow n a 
singl e decisio n m a d e b y a n agen t  face d wit h a  T/EM S tas k 
structur e int o a  g a m e theoreti c problem. ^  Becaus e T/CM S i s 
mor e expressive ,  w e ca n us e i t  t o operationaliz e som e o f  th e 
ric h bu t  informa l  concept s o f  organizationa l  science ,  espe -
ciall y thos e tha t  focu s o n variou s dependencie s an d uncer -
taintie s tha t  ar e th e basi s o f  (fo r  example )  bot h contingenc y 
theoreti c an d transactio n cos t  economi c (Williamson ,  1975 ; 
M o e,  1984 )  view s o f  organizations .  A n exampl e o f  thi s i s  ou r 
recreatio n o f  Burto n an d Obel' s experiment s o n decompos -
abilit y  (Burto n &  Obel ,  1984 ;  Decker ,  1997) . 

As a  too l  fo r  buildin g an d testin g computationa l  theorie s 
of  coordination ,  th e T/EM S framewor k can ,  fo r  example ,  sup -
por t  th e constructio n o f  A C T S theor y instance s (Carle y &  Pri -
etula ,  1994) .  I n A C T S theor y organization s ar e viewe d a s col -
lection s o f  intelligen t  agent s w h o ar e cognitivel y restricted , 
tas k oriented ,  an d sociall y situated .  T ^ M S provide s way s 
t o thin k abou t  an d represen t  environmenta l  constraint s (tas k 
characteristic s an d socia l  characteristic s involvin g communi -
catio n link s an d wha t  informatio n an d wha t  possibl e action s 

'O n th e othe r  hand ,  wor k o n (mostl y standalone )  roboti c agent s 
has wrestle d wit h thes e questions ,  e.g. ,  (Simmon s a t  al ,  1997 ) 

^TjEM S doe s no t  sa y ho w agent s mak e thei r  decisions .  I t  i s  per -
fectl y reasonabl e fo r  a n (computer )  agen t  t o us e game-theoreti c rea -
sonin g processes . 

ar e availabl e t o wha t  agents) .  Whil e simpl e model s ca n som e 
time s b e solve d analyticall y (Decke r  &  Lesser ,  1993) ,  man y 
comple x model s requir e simulatio n techniques .  Compare d t o 
othe r  organizationa l  simulation s suc h a s (Li n &  Carley ,  1993 ) 
or  (Levit t  e t  al. ,  1994) ,  T/tM S provide s a  muc h mor e detaile d 
model  o f  tas k structures ,  an d doe s no t  provid e an y fixed  agen t 
model . 

Th e contingenc y theor y observatio n tha t  n o singl e organi -
zatio n o r  coordinatio n mechanis m i s 'th e best '  acros s envi -
ronments ,  problem-solvin g instances ,  o r  eve n particula r  sit -
uation s i s als o c o m m o n i n th e stud y o f  multi-agen t  coopera -
tiv e distribute d proble m solvin g (Fox ,  1981 ;  Durfee ,  Lesser , 
& Corkill ,  1987 ;  Durfe e &  Montgomery ,  1991 ;  Decke r  & 
Lesser ,  1993) .  Ke y feature s o f  tas k environment s demon -
strate d i n bot h thes e thread s o f  wor k tha t  lea d t o differen t  co -
ordinatio n mechanism s includ e thos e relate d t o th e structur e 
of  th e environmen t  (wha t  w e wil l  cal l  tas k interrelationships ) 
and environmenta l  uncertainty . 

Short Overview of T^MS 

Th e principl e purpos e o f  a  TyEM S mode l  i s t o analyze ,  ex -
plain ,  o r  predic t  th e performanc e o f  a  syste m o r  som e com -
ponent .  Whil e T/EM S doe s no t  establis h a  particula r  perfor -
mance criteria ,  i t  focuse s o n providin g multi-criteri a perfor -
mance informatio n suc h a s th e tempora l  interval s o f  tas k exe -
cutions ,  an d th e qualit y o f  th e executio n o r  it s  result .  Qualit y 
i s  a n intentionall y vaguely-define d ter m tha t  mus t  b e instanti -
ate d fo r  a  particula r  environmen t  an d performanc e criteria — 
ther e coul d b e a  whol e vecto r  o f  result/stat e attributes ,  ove r 
whic h a n agen t  woul d presumabl y expres s it s preferences . 
Example s o f  qualit y vecto r  attribute s includ e th e precision , 
belief ,  o r  completenes s o f  a  tas k result .  T/EM S model s de -
scrib e h o w severa l  quantities—th e qualit y vecto r  produce d 
by executin g a  task ,  th e tim e take n t o perfor m tha t  task ,  th e 
tim e whe n a  tas k ca n b e started ,  it s  deadline ,  an d whethe r  th e 
tas k i s necessar y a t  all—ar e affecte d b y th e executio n o f  othe r 
tasks . 

A T/EM S mode l  o f  environmenta l  an d tas k characteristic s 
has thre e levels :  generative ,  objective ,  an d subjective .  Th e 
generativ e leve l  describe s th e statistica l  characteristic s o f  ob -
jectiv e proble m instance s (calle d episodes )  i n a  domain .  A 
generativ e leve l  mode l  consist s o f  a  descriptio n o f  th e gener -
ativ e processe s o r  distribution s fro m whic h th e rang e o f  alter -
nativ e proble m instance s ca n b e derived ,  an d i s use d t o stud y 
performanc e ove r  a  rang e o f  problem s i n a n environment .  Th e 
objectiv e leve l  describe s th e essential ,  "real '  tas k structur e o f 
a particula r  problem-solvin g situatio n o r  instanc e ove r  time . 
Typicall y n o agen t  eve r  ha s acces s t o thi s complet e an d tota l 
informatio n i n th e mode l  o r  simulation .  Finally ,  th e subjec -
tiv e leve l  describe s th e agents '  vie w o f  th e situation .  A  sub -
jectiv e leve l  mode l  i s  essentia l  fo r  evaluatin g coordinatio n al -
gorithms ,  becaus e whil e individua l  behavio r  an d syste m per -
formanc e ca n b e measure d objectively ,  agent s mus t  mak e de -
cision s wit h onl y subjectiv e information. '  Obviously ,  whe n 

Î n organizationa l  theoreti c terms ,  subjectiv e perceptio n ca n b e 
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TyCMS i s use d a s a n interna l  agen t  representatio n languag e i n 
th e real ,  non-simulate d world ,  onl y th e subjectiv e informatio n 
actuall y exists ! 

A proble m instanc e (calle d a n episode )  i s define d a s a  se t 
of  tas k groups ,  eac h wit h a  deadline .  Th e tas k group s ma y ar -
riv e a t  differen t  times .  A  tas k grou p consist s o f  a  se t  o f  task s 
relate d t o on e anothe r  b y a  subtas k relationshi p tha t  form s 
an acycli c grap h (usuall y a  tree) .  Th e circle s highe r  u p i n 
th e tre e represen t  variou s subtask s involve d i n th e tas k group , 
and indicat e precisel y ho w qualit y wil l  accru e dependin g o n 
what  lea f  task s ar e execute d an d when .  Task s a t  th e leave s 
of  th e tre e (withou t  subtasks )  represen t  basi c action s o r  exe -
cutabl e methods ,  whic h ar e th e actua l  computation s o r  action s 
th e agen t  wil l  actuall y execut e (i n th e figure,  thes e ar e show n 
as boxes) .  Th e arrow s betwee n task s and/o r  method s indi -
cat e othe r  tas k interrelationship s wher e th e executio n o f  som e 
metho d wil l  hav e a  positiv e o r  negativ e effec t  o n th e qualit y 
or  duratio n component s o f  anothe r  method .  Thi s notatio n an d 
associate d semantic s ar e formall y define d i n (Decker ,  1995) . 

Hospital Patient Scheduling Example 

Let's look at a brief example of a T^CMS task structure model 
i n term s o f  it s  abilit y  t o reaso n abou t  organizationa l  decisio n 
making .  Th e followin g descriptio n i s from  a n actua l  cas e 
stud y (Ow ,  Prietula ,  &  Hsu ,  1989) : 

Patients in General Hospital reside in units that are or-
ganize d b y branche s o f  medicine ,  suc h a s orthopedic s o r 
neurosurgery .  Eac h day ,  physician s reques t  certai n test s 
and/o r  therap y t o b e performe d a s a  par t  o f  th e diagno -
si s an d treatmen t  o f  a  patient .  {... J  Test s ar e performe d 
by separate ,  independent ,  an d distall y locate d ancillar y 
department s i n th e hospital .  Th e radiolog y department , 
fo r  example ,  provide s X-ra y service s an d ma y receiv e 
request s fro m a  numbe r  o f  differen t  unit s i n th e hospital . 

Furthermore,  each test may interact with other tests in re-
lationship s suc h a s enables ,  requires-dela y (mus t  b e per -
forme d after) ,  an d inhibit s (tes t  A' s performanc e invalidate s 
tes t  B' s resul t  i f  A  i s performe d durin g specifie d tim e pe -
riod  relativ e t o B ) .  Not e tha t  th e uni t  secretarie s (a s schedul -
in g agents )  tr y t o minimiz e th e patients '  stay s i n th e hospi -
tal ,  whil e th e ancillar y secretarie s (a s schedulin g agents )  tr y 
t o maximiz e equipmen t  us e (throughput )  an d minimiz e setu p 
times . 

Figur e 1  show s a n subjectiv e T-CM S tas k structur e cor -
respondin g t o a n episod e i n thi s domain ,  an d th e subjec -
tiv e view s o f  th e uni t  an d ancillar y schedulin g agent s afte r 
fou r  test s hav e bee n ordered .  Not e tha t  quit e a  bi t  o f  de -
tai l  ca n b e capture d i n jus t  th e 'computational '  aspect s o f  th e 
environment—i n thi s case ,  th e task s us e peoples '  time ,  no t  a 
computer's .  However ,  T/EM S ca n mode l  i n mor e detai l  th e 

used t o predic t  agen t  action s o r  outputs ,  whil e unperceived ,  objec -
tiv e environmenta l  characteristic s affec t  performanc e (o r  outcomes ) 
(Scott ,  1987) . 

physica l  resource s an d jo b sho p characteristic s o f  th e ancil -
larie s i f  necessar y (Decker ,  1995) .  Suc h detai l  i s  no t  neces -
sar y fo r  u s t o analyz e th e protocol s develope d b y ( O w e t  al. , 
1989) ,  w h o propos e a  primary  unit-ancillar y protoco l  an d a 
secondar y ancillary-ancillar y protocol . 

We us e mi n ( A N D )  t o represen t  qualit y accrua l  becaus e i n 
genera l  neithe r  th e nursin g unit s no r  ancillarie s ca n chang e 
th e doctor' s orders—al l  test s mus t  b e don e a s prescribed .  W e 
hav e adde d tw o ne w non-loca l  effects :  requires-dela y an d 
inhibits .  Th e first  effec t  say s tha t  a  certai n amoun t  S  o f  tim e 
must  pas s afte r  executin g on e metho d befor e th e secon d i s 
enabled .  Th e secon d relationship ,  A  inhibit s B ,  mean s tha t  B 
wil l  no t  produc e an y qualit y  i f  execute d i n a  certai n windo w 
of  tim e relativ e t o th e executio n o f  A ,  an d ca n b e define d i n a 
simila r  manner . 

A Summary of T/EMS-related work 

Analysi s i n T / E M S :  Th e methodolog y w e hav e bee n build -
in g use s th e T/EM S framework  an d othe r  D A I  formalism s 
t o buil d an d chai n togethe r  statistica l  model s o f  coordina -
tio n behavio r  tha t  focu s o n th e source s o f  uncertaint y o r 
varianc e i n th e environmen t  an d agents ,  an d thei r  effec t  o n 
th e (potentiall y  multi-criteria )  performanc e o f  th e agents . 
For  example ,  w e hav e use d thi s methodolog y t o develo p 
expression s fo r  th e expecte d valu e of ,  an d confidenc e in -
terval s on ,  th e tim e o f  terminatio n o f  a  se t  o f  agent s i n 
any arbitrar y simpl e distribute d senso r  networ k environ -
ment  tha t  ha s a  stati c organizationa l  structur e an d coordi -
natio n algorith m (Decke r  &  Lesser ,  1993) .  W e hav e als o 
use d thi s mode l  t o analyz e a  dynamic ,  one-sho t  reorganiza -
tio n algorith m (an d hav e show n whe n th e extr a overhea d i s 
worthwhil e versu s th e stati c algorithm )  (Decker ,  1995) .  I n 
eac h cas e w e ca n predic t  th e effect s o f  addin g mor e agents , 
changin g th e relativ e cos t  o f  communicatio n an d compu -
tation ,  an d changin g ho w th e agent s ar e organize d (i n thi s 
case ,  b y changin g th e rang e an d overla p o f  thei r  capabili -
ties) .  Thes e result s wer e achieve d b y direc t  mathematica l 
analysi s o f  th e mode l  an d verifie d throug h simulatio n i n 
T/EMS. 

Agent Internal Architectures: We have used T.EMS as a 
cor e elemen t  i n th e desig n o f  computationa l  agen t  architec -
ture s ( D E C A F (Decke r  e t  al. ,  1995 )  an d R E T S I N A (Sycar a 
et  al. ,  1996 ;  Decke r  e t  al. ,  1997a) .  Thes e compute r  agent s 
may wor k onl y wit h othe r  compute r  agents ,  o r  wit h peo -
pl e (se e th e example s below) .  A  complet e agen t  com -
prise s seve n part s (som e o f  whic h ca n b e omitte d i n certai n 
tas k environments) .  Th e centra l  componen t  i s th e belie f 
knowledg e base ,  whic h store s a  representatio n o f  th e cur -
ren t  agen t  objectives ,  th e structur e o f  th e propose d task s 
t o achiev e thos e objectives ,  an d annotation s o n thes e task s 
suc h a s loca l  an d non-loca l  commitments ,  usin g T^CMS 
or  a  TyEMS-lik e language .  Th e othe r  component s ar e a n 
agen t  communicatio n componen t  (usin g K Q M L ,  a  stan -
dar d agen t  communicatio n language) ,  a  decision-makin g 
componen t  (tha t  use s decisio n theor y t o choos e wha t  ob -
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same objectiv e entit y a s th e uni t  tas k i t  i s  linke d t o i n th e diagram . 

jective s t o achieve) ,  a  plannin g componen t  (tha t  build s 
or  retrieve s tas k structure s t o achiev e objectives) ,  a  loca l 
schedulin g componen t  (tha t  order s an d locate s i n tim e ba -
si c executabl e tasks) ,  a n executio n monitorin g componen t 
(tha t  ca n chec k tas k execution s fo r  progres s and/o r  misse d 
deadlines) ,  an d a  coordinatio n componen t  name d G P G P 
(tha t  help s agent s t o coordinat e thei r  action s b y communi -
catin g tas k structure s an d commitment s t o certai n tasks) . 

Generalized Partial Global Planning: The important thing 
t o remembe r  i s tha t  n o on e agen t  ha s a  globa l  pictur e o f 
what  ever y othe r  agen t  coul d do/i s doing .  Th e complet e 
tas k structur e i s broke n u p acros s potentiall y  man y agents . 
S o me migh t  hav e th e bi g picture ,  bu t  n o details ;  other s 
migh t  hav e al l  th e detail s bu t  onl y fo r  som e smal l  portio n 
of  th e problem .  Th e ke y observatio n i s tha t  wheneve r  a  co -
ordinatio n relationshi p (subtask ,  enables ,  facilitates ,  etc. ) 
extend s betwee n th e par t  o f  a  tas k structur e know n b y on e 
agen t  an d tha t  know n b y anothe r  agent ,  tha t  ther e exist s a n 
opportunit y (o r  perhap s a  requirement )  fo r  coordinatio n o f 
th e activitie s o f  th e tw o agents .  Th e G P G P famil y o f  co -
ordinatio n mechanism s include s agen t  communicatio n be -
havior s t o teas e ou t  thes e spannin g coordinatio n relation -
ships ,  an d provide s individua l  mechanism s t o reac t  an d re -
spon d t o eac h possibl e coordinatio n relationship .  Differen t 
environment s wil l  requir e differen t  subset s o f  coordinatio n 
mechanism s fo r  goo d performance .  Severa l  o f  ou r  paper s 
hav e deal t  wit h specifyin g an d analyzin g thes e coordina -
tion  mechanisms ,  an d learnin g th e situation s an d environ -
ment s i n whic h the y ar e useful . 

Th e G P G P algorith m famil y specifie s thre e basi c area s 
of  th e agent' s coordinatio n behavior :  h o w an d whe n t o 
communicat e an d construc t  non-local ,  partia l  tas k struc -

tur e view s o f  th e curren t  proble m solvin g situation ;  ho w 
and whe n t o exchang e th e partia l  result s o f  domai n prob -
le m solving ;  h o w an d whe n t o mak e an d brea k commit -
ment s t o othe r  agent s abou t  wha t  result s wil l  b e availabl e 
and when .  W e hav e experimente d wit h 7  differen t  coordi -
natio n mechanisms ,  includin g a  se t  mean t  t o emulat e th e 
orgina l  P G P algoritii m (Decke r  &  Lesser ,  1995) ,  discover y 
of  th e nee d fo r  "sucessor-side "  coordinatio n mechanism s 
i n th e distribute d dat a processin g domai n (Prasad ,  Decker , 
Garvey ,  &  Lesser ,  1996) ,  an d ongoin g analysi s an d eval -
uatio n o f  mechanism s fo r  th e hospita l  patien t  schedulin g 
proble m presente d earlier . 

WARREN: A multi-agent financial portfolio management 
organizatio n (Sycar a e t  al. ,  1996 ;  Decke r  e t  al. ,  1997a) . 
M a ny computationa l  agent s wor k togethe r  i n a  dynami -
call y organize d tea m i n orde r  t o efficientl y an d robusti y 
retriev e changin g stoc k prices ,  news ,  an d fundamenta l  dat a 
fro m variou s location s o n th e Internet ,  an d t o analyz e tha t 
dat a i n variou s context s i n orde r  t o provid e a n up-to-dat e 
financial  picture .  Th e W A R R EN syste m i s open ,  mean -
in g agent s ca n c o m e an d g o a t  an y time .  A  W A R R EN or -
ganizatio n consist s o f  a  portfoli o interfac e agen t  fo r  eac h 
user ,  tw o tas k agent s fo r  fundementa l  stoc k analysi s an d 
price-new s graphing ,  a  new s informatio n agen t  fo r  D o w -
Jone s an d Clarine t  news ,  severa l  differen t  stoc k ticker  in -
formatio n agents ,  an d tw o E D G A R informatio n agent s as -
signe d t o th e SEC' s electi-oni c archive s fo r  quarterl y an d 
annua l  reports .  Organizationa l  informatio n agent s includ e 
a "matchmaker "  o r  yellow-page s agen t  tha t  help s a n in -
formatio n requesto r  find  th e appropriat e informatio n serve r 
i n th e dynamic ,  ope n system .  Othe r  organizationa l  agent s 
includ e "brokers "  o r  middle-manager s tha t  ca n hel p bal -
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anc e workload s i n som e subsystems .  O n e importan t  re -
quiremen t  wa s robustness ,  s o tha t  whe n an y W A R R EN 
agen t  leave s th e syste m (o r  crashes )  th e remainin g agent s 
reorganiz e s o a s t o carr y o n a s effectivel y a s possible . 
We hav e analyze d an d experimentall y verifie d som e sim -
pl e model s o f  th e performanc e o f  thes e simpl e alternat e 
organizationa l  form s with e respec t  t o characteristic s suc h 
as efficiency ,  adaptability ,  robustness ,  an d privacy/securit y 
(Decker ,  Sycara ,  &  Williamson ,  1997b) . 

MADEsmart: A project for coordinating mixed human- and 
computational-agen t  system s i n concurren t  engineerin g de -
sig n (Obrs t  e t  al. ,  1997) .  Th e initia l  domai n proble m i s th e 
desig n o f  helicopte r  bod y panel s usin g composit e materi -
als .  M A D E s m a r t  seek s t o partiall y  automat e th e integrate d 
produc t  team s use d t o organiz e desig n engineer s throug h 
th e us e o f  multi-agen t  approaches .  Fo r  example ,  associate d 
wit h eac h huma n enginee r  i n a n integrate d produc t  tea m i s 
a use r  assistan t  agen t  tha t  ca n interac t  wit h tha t  engineer . 
Othe r  agent s wra p aroun d existin g computationall y inten -
siv e resource s suc h a s composit e fiber  placemen t  simula -
tion s an d th e C O S T A DE desig n cos t  analysi s tool ,  whic h 
uses a n existin g FORTRAN-base d model . 

We pla n t o eventuall y appl y ou r  schedulin g technologie s 
t o intelligen t  use r  interfaces .  Th e use r  assisstan t  agen t  wil l 
hel p a  use r  t o schedul e hi s o r  he r  activitie s a t  th e worksta -
tio n an d displa y tha t  schedul e i n a  meaningfu l  an d expres -
siv e for m tha t  ca n b e querie d an d explained .  O f  course , 
user s wil l  hav e significan t  freedo m i n th e orderin g o f  thei r 
activities—th e purpos e o f  th e Loca l  Schedul e Displa y i s t o 
make sur e tha t  task s ar e no t  forgotten ,  tha t  tim e critica l  o r 
critica l  enablin g task s ar e identifie d t o th e user ,  an d tha t 
facilitatin g o r  othe r  soft-relate d task s ar e als o identified . 

Future Directions 

TiCMS i s a  framewor k fo r  describin g comple x tas k environ -
ments .  W h e n combine d wit h traditiona l  D A I  tool s fo r  de -
scribin g coordinatio n algorithm s an d agents ,  i t  provide s a  ba -
si s fo r  analysi s and/o r  simulatio n i n an y standar d C o m m on 
Lis p environment .  W h e n analyzin g a n existin g o r  propose d 
organizationa l  desig n o r  coordinatio n algorithm ,  w e advocat e 
an approac h tha t  focuse s first  o n behavio r  du e t o coordina -
tio n relationship s i n certai n situation s an d the n expandin g 
thi s mode l  t o incorporat e th e source s o f  uncertaint y tha t  ar e 
present .  Suc h a  proces s ma y iterativel y refin e th e organiza -
tio n o r  algorithm—wit h a  parameterize d algorith m on e migh t 
approac h thi s a s a  pur e paramete r  optimizatio n problem .  O n 
th e othe r  hand ,  whe n tryin g t o desig n a n organizatio n o r  coor -
dinatio n algorith m fo r  a  give n environment ,  on e ca n als o star t 
wit h bot h th e coordinatio n relationship s an d th e uncertaintie s 
present ,  an d ad d feature s t o dea l  wit h eac h explicitl y  (ou r  im -
plementatio n o f  th e G P G P algorithm ,  whic h feature s severa l 
independen t  'plug-in '  module s t o dea l  wit h differen t  classe s 
of  interrelationships ,  i s a  cas e i n point) . 

T/£M S i s als o a  languag e tha t  ca n b e use d internall y 
by agent s t o represen t  an d reaso n abou t  thie r  subjectiv e 

view s o f  th e curren t  problem-solvin g situation .  Significan t 
wor k ha s bee n don e o n schedulin g agen t  activitie s efficientl y 
when agen t  meta-knowledg e an d preference s ar e dynami -
call y changin g durin g th e problem-solvin g process .  H o w -

ever ,  muc h wor k remain s t o b e don e i n linkin g traditiona l 
(o r  non-traditional )  plannin g wor k t o suc h architecture s an d 
dynami c environments .  Finally ,  w e nee d t o build ,  model , 
analyze ,  an d thu s bette r  understan d larger ,  mor e comple x 
multi-agen t  organizations—goin g beyon d simpl e mdynami -
call y atchmad e team s an d simpl e brokere d hierarchies .  Thi s 
wor k wil l  progres s bot h i n th e stud y o f  totall y artificia l 
agen t  organization s (e.g .  w a r r e n )  an d mixe d human -  an d 
computational-agen t  organization s (e.g .  M A D E s m a r t ) . 

M a ny o f  thes e paper s ar e availabl e fro m th e author' s we b 
site ,  h t t p : / / w w w . c i s . u d e l  .edu/~deck;er / ,  whic h 
als o contain s pointer s t o th e U M a s s an d C M U agent s we b 
sites . 
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