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Abstrac t 

Meeting scheduling takes place when a group of people in-
ten d t o mee t  wit h eac h other .  Sinc e eac h perso n ha s individua l 
availabilit y  constraint s an d preferences ,  meetin g schedulin g i s 
naturall y distribute d an d ther e i s  a  nee d t o schedul e th e meetin g 
i n suc h a  wa y a s t o conside r  th e preference s o f  th e se t  o f  meet -
in g participants .  I n addition ,  individua l  meetin g constraint s an d 
preference s ma y chang e bot h a s a  resul t  o f  a n agent' s situatio n 
or  a s a  resul t  o f  othe r  agents '  schedulin g decisions .  Therefore , 
ther e i s a  nee d fo r  distribute d reactiv e schedul e revisio n i n re -
spons e t o changin g requirement s an d constraints .  W e presen t 
an approac h t o distribute d meetin g schedulin g base d o n model -
in g an d communicatio n o f  constraint s an d preference s amon g 
th e agents .  Whe n a  feasibl e globa l  schedul e canno t  b e found , 
agent s ente r  a  negotiatio n an d rela x thei r  constraints .  Th e ap -
proac h enable s th e agent s t o find  an d reac h agreemen t  o n th e 
schedul e wit h th e highes t  join t  utilit y  an d t o reactivel y revis e 
th e schedul e i n respons e t o ne w information . 

Introduction 

Advance s i n compute r  an d networkin g technolog y hav e fos -
tere d th e developmen t  o f  th e neede d infrastructur e t o provid e 
automate d suppor t  fo r  grou p decisio n makin g i n organiza -
tions .  A I  technique s ca n introduc e "intelligen t  agents "  int o 
organizationa l  computin g system s tha t  ac t  i n th e interest s o f 
thei r  huma n client s t o perfor m routin e organizationa l  tasks , 
suc h a s screening ,  directin g o r  respondin g t o informatio n (Le e 
& Malone ,  1988 ;  Sycar a &  R o b o a m ,  1991) .  Schedulin g 
meeting s i s on e o f  th e mos t  frequentl y performe d task s i n a n 
organization .  I t  i s  ofte n tedious ,  iterativ e an d tim e consumin g 
fo r  people .  I n addition ,  becaus e o f  communicatio n delay s 
(eithe r  i n electroni c mai l  o r  phone) ,  th e tas k ca n b e frustratin g 
and produc e unsatisfactor y solutions .  Therefore ,  automatin g 
meetin g schedulin g ca n lea d t o mor e satisfyin g an d efficien t 
solution s an d t o change s o f  h o w informatio n i s exchange d 
withi n organization s (Feldman ,  1987) .  Pas t  researc h effort s 
(e.g. ,  (Greif ,  1982 ;  Le e &  Malone ,  1988) )  hav e me t  wit h lim -
ite d success .  D A I  wor k i n meetin g schedulin g (Se n &  Durfee , 
1993 )  focuse d o n variou s searc h biase s t o produc e alternativ e 
densit y profile s i n agents '  calendars .  I n thei r  model ,  a  fixed 
meeting' s hos t  communicate s wit h al l  othe r  agent s an d coor -
dinate s th e searc h fo r  a  feasibl e schedul e withou t  takin g int o 
consideratio n individua l  preference s o r  dynami c constrain t 
changes .  Commerciall y availabl e product s (e.g .  Schedul e 
Plus )  ar e simpl e checker s o f  availabilit y  o f  tim e interval s an d 
ar e incapabl e o f  takin g int o accoun t  th e preference s an d pri -
oritie s o f  people ,  o r  reactivel y revisin g a  schedul e i n respons e 
t o ne w information . 

Meetin g schedulin g take s plac e w h e n a  grou p o f  peopl e 
inten d t o meet .  Sinc e eac h perso n ha s individua l  availabilit y 
constraint s an d preferences ,  meetin g schedulin g i s naturall y 
distribute d an d mus t  conside r  th e preference s o f  th e se t  o f 
attendees .  Distribute d schedulin g i s a  proces s carrie d ou t  b y 
a grou p o f  agent s eac h o f  whic h ha s (a )  limite d knowledg e o f 
th e constraint s o f  othe r  agent s an d (b )  limite d knowledg e o f 
th e preferenc e o f  othe r  agents .  Globa l  syste m solution s ar e 
arrive d a t  b y interleavin g loca l  computation s an d informatio n 
exchang e a m o n g th e agents .  Ther e i s n o singl e agen t  wit h a 
globa l  syste m vie w throug h th e entir e schedulin g process .  I n 
suc h a n environment ,  schedule s ar e constructe d b y a  proces s 
of  reachin g consensus .  Agent s m a k e loca l  decision s abou t  as -
signment s o f  particula r  tim e interval s t o particula r  activitie s 
and a  complet e schedul e i s forme d b y incrementa l  agreement . 
Th e syste m goa l  i s  t o find  schedule s tha t  ar e no t  simpl y fea -
sibl e bu t  attemp t  t o creat e hig h qualit y schedul e accordin g t o 
th e group' s collectiv e preferences .  Another ,  equall y desirabl e 
requiremen t  i s schedul e revision .  I n mos t  realisti c environ -
ment s unanticipate d event s occu r  (e.g .  a  meetin g migh t  las t 
longe r  tha n expected ,  o r  a  meetin g participan t  migh t  no t  sho w 
up )  tha t  necessitat e schedul e revision .  Ou r  approac h endeav -
or s t o addres s concern s o f  schedul e qualit y an d efficienc y o f 
schedul e generation ,  an d schedul e revision . 

Our work views meeting scheduling as a distributed task 
wher e a  separat e calenda r  managemen t  softwar e agen t  tha t 
know s it s owner' s preferenc e i s associate d wit h eac h per -
so n an d act s o n behal f  o f  it s  user .  Givin g eac h perso n hi s 
or  he r  o w n calenda r  managemen t  agen t  enhance s privac y 
and permit s persona l  tailorin g o f  preferenc e parameter s fo r 
schedulin g meeting s (Den t  e t  al. ,  1992) .  Individua l  meetin g 
constraint s an d preference s m a y chang e bot h a s a  resul t  o f  a n 
agent' s situatio n an d als o a s a  resul t  o f  othe r  agents '  schedul -
in g decision s (Sycar a e t  al. ,  1991) .  Optimizatio n criteri a 
ar e expresse d i n term s o f  preferences/utilitie s fo r  particula r 
schedulin g decision s (e.g. ,  prefe r  earlie r  star t  time s fo r  ac -
tivities) .  A  feasibl e schedul e i s on e tha t  satisfie s al l  give n 
constraints .  Th e agent s exchang e schedulin g constraint s an d 
preference s i n a  join t  searc h fo r  th e bes t  schedule . 

The rest of the paper is organized as follows: section 2 
present s th e distribute d meetin g schedulin g model ,  coordina -
tio n mechanis m a s wel l  a s communicatio n protoco l  fo r  multi -
agen t  meetin g scheduling ;  sectio n 3  describe s a n exampl e o f 
meetin g schedulin g scenario ;  sectio n 4  present s discussion ; 
an d sectio n 5  present s conclusions . 
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T h e D is t r i bu te d M e e t i n g S c h e d u l i n g M o d e l 

Each human meeting attendee is supported by a software agent 
tha t  manage s it s owner' s calendar .  A  meetin g ha s a  dat e an d 
location .  A  meetin g schedul e i s feasible ,  i f  i t  i s  agree d upo n 
by al l  agent s representin g th e attendees. '  Th e grou p com -
m on goa l  i s  t o generat e a  feasibl e schedul e tha t  i s th e mos t 
preferre d b y th e participants .  Ou r  mode l  als o allow s fo r  repre -
sentin g an d enforcin g tim e dependencie s betwee n meetings . 
For  example ,  th e use r  ca n specif y tha t  meetin g A  shoul d 
be schedule d afte r  meetin g B .  W e distinguis h betwee n tw o 
type s o f  constraints :  tas k precedenc e constraint s expressin g 
sequencin g relation s betwee n meeting s an d resourc e capacit y 
constraint s tha t  expres s tim e availabilit y  o f  meetin g attendees . 
Tas k precedenc e constraint s ar e no t  relaxable .  Th e resourc e 
capacit y constraint s o f  a  meetin g attende e restrict s th e date s 
on whic h s/h e i s available .  I n ou r  model ,  resourc e capacit y 
constraint s ca n b e relaxe d a s a  resul t  o f  negotiation . 

Wit h eac h task ,  w e associat e utilit y  function s tha t  m a p 
eac h possibl e dat e ont o a  preference .  Thes e utilitie s reflec t 
an attendee' s meetin g dat e preference s an d ca n chang e dy -
namicall y dependin g o n othe r  schedule d meeting s o r  othe r 
externa l  circumstances .  I n th e cooperativ e settin g assume d 
i n thi s paper ,  th e s u m o f  thes e preference s ove r  al l  th e agent s 
i n th e syste m an d ove r  al l  th e task s t o b e schedule d b y eac h 
of  thes e agent s define s th e join t  grou p utility. ^  Agent s wil l 
prefe r  a  solutio n tha t  give s highe r  join t  utilit y  t o a  solutio n o f 
lowe r  join t  utility . 

Th e grou p o f  agent s wor k togethe r  t o generat e a  schedul e 
tha t  i s  feasible ,  agreeabl e t o al l  an d ha s th e highes t  possibl e 
join t  utility .  Eac h agen t  searche s it s individua l  searc h spac e t o 
find  a  solutio n tha t  reflect s it s  owner' s preferences .  Th e agent s 
communicat e wit h eac h othe r  t o direc t  eac h other' s search . 
Searc h focusin g heuristic s inspire d b y experimenta l  studie s o f 
h o w human s handl e schedulin g (Kelle y &  Chapanis ,  1982) , 
suc h a s constrain t  tightness ,  ar e utilized .  Th e grou p ha s n o 

•  quarante e tha t  a  schedul e tha t  attain s th e highes t  valu e o f 
join t  utilit y  wil l  b e foun d bu t  th e mode l  give s eac h on e o f 
th e participant s th e flexibility  t o objec t  i f  a  propose d schedul e 
has lo w utilit y  fo r  th e attendee .  Th e mode l  als o give s th e 
paricipant s a  metri c (i.e. ,  th e grou p utility )  b y whic h t o gaug e 
th e globa l  grou p preference . 

Coordination Mechanism 

In a multi-agent distributed scheduling setting, coordination 
betwee n agent s i s essentia l  fo r  effectivel y generatin g a  feasi -
bl e an d hig h utilit y  schedule .  I n ou r  approach ,  globa l  searc h 
i s directe d b y a  coordinatio n mechanis m whic h dynamicall y 
passe s searc h contro l  t o differen t  agent s accordin g t o policie s 
tha t  ar e mutuall y accepte d an d adhere d t o b y th e agents .  ̂  

Th e coordinatio n policie s are : 

'Naturally ,  th e agent s interac t  wit h thei r  huma n owner s t o ge t 
neede d approvals .  W e d o no t  addres s HC I  concem s here . 

^For  simplicit y o f  exposition ,  w e sa y "a n agent' s preference "  a s 
a shor t  han d fo r  "th e preferenc e o f  a n agent' s huma n owner " 

'Cammarat a &  Steeb' s wor k o n distribute d coordinatio n i n th e 
ai r  trafh c domai n (Cammarat a &  Steeb ,  1983 )  ha s experimente d wit h 
differen t  type s o f  criteri a fo r  tas k coordinato r  assignment .  I n tha t 
work ,  however ,  onc e assigned ,  th e coordinato r  rol e wa s staticall y 
associate d wit h a n agent . 

1.  I n eac h roun d o f  constructin g an d modifyin g a  solution ,  a 
tas k coordinato r  i s  selecte d fo r  eac h tas k w h o propose s a n 
assignmen t  fo r  th e tas k an d receive s replies . 

2.  A  tas k coordinato r  broadcast s it s coordinatin g rol e t o al l 
othe r  concerne d agents . 

3.  A  tas k coordinato r  send s othe r  tas k coordinator s proposal s 
fo r  solvin g th e task . 

4.  Initially ,  agent s wit h th e tightes t  resourc e capacit y con -
straint s fo r  eac h tas k ar e th e tas k coordinators . 

5.  Th e rol e o f  nex t  tas k coordinato r  fo r  eac h tas k i s assigne d 
by th e curren t  tas k coordinato r  t o th e agen t  w h o oppose s 
th e curren t  proposal .  I f  ther e ar e mor e tha n on e opposin g 
agents ,  th e agen t  wit h th e tightes t  constraint s i s selected . 

6.  I f  a  ne w tas k coordinato r  ca n no t  find a  feasibl e solution , 
i t  shoul d rela x it s constraint s unti l  i t  ca n propos e a  feasibl e 
solution . 

Communication Protocol 

Th e agent s communicat e asynchronousl y vi a messag e pass -
ing .  I n man y problems ,  a  serie s o f  meeting s mus t  b e sched -
uled .  Th e proces s o f  reachin g a  consensu s o n a  schedul e fo r 
a sequenc e o f  task s (meetings )  i s  realize d b y communicatio n 
and negotiation .  Th e negotiatio n proceed s b y relaxatio n o f 
loca l  agen t  constraint s (Sycara ,  1990) .  Th e multi-agen t  meet -
in g schedulin g communicatio n an d negotiatio n protoco l  i s  a s 
follows : 

I .  Th e agent s exchang e thei r  resourc e capacit y constraints , 
i.e .  th e tim e interval s o n whic h the y ar e available . 

2.  Agent s wit h th e tightes t  constraint s fo r  eac h tas k (i.e .  th e 
agent s wit h th e fewes t  availabl e intervals )  becom e th e tas k 
coordinator s an d propos e a  schedul e fo r  th e tas k b y sendin g 
a messag e t o th e othe r  relate d agents . 

3.  Dependin g o n it s loca l  constraints ,  a n agen t  receivin g a 
proposa l  eithe r  accept s o r  reject s i t  b y sendin g a  messag e 
bac k t o th e proposin g agent .  I f  a n agen t  accept s a  proposal , 
a utilit y  representin g th e agent' s preferenc e measur e o n th e 
proposa l  i s  associate d wit h th e replyin g message . 

4.  Th e tas k coordinator s wai t  t o receiv e al l  replyin g messages . 

•  I f  a  proposa l  i s  accepte d b y all ,  a  tas k coordinato r  sum s 
up th e utilitie s include d i n th e replie s a s wel l  a s it s ow n 
utilit y  t o ge t  th e globa l  preferenc e measur e fo r  th e pro -
posal ,  an d notifie s th e relate d agent s abou t  th e c o m m o n 
approva l  o f  th e proposa l  an d it s globa l  utility . 

•  I f  a  proposa l  i s  rejecte d b y a t  leas t  on e agent ,  a  tas k 
coordinato r  select s th e nex t  tas k coordinato r  accordin g 
t o th e define d polic y an d delegate s th e rol e b y sendin g a 
messag e t o tha t  agent . 

5.  N e w tas k coordinator s rela x thei r  loca l  constraints ,  whe n 
necessary ,  provid e ne w proposal s an d repea t  th e proces s o f 
coordinatin g th e grou p decision-making . 

6.  A  feasibl e schedul e i s generate d whe n al l  task s hav e bee n 
schedule d an d approve d b y al l  relevan t  agents .  Eac h feasi -
bl e schedul e tha t  include s al l  th e task s ha s a  globa l  prefer -
enc e measur e whic h i s th e s u m o f  th e preferenc e measure s 
of  th e schedul e fo r  eac h task . 

7.  D u e t o loca l  reasons ,  a n agen t  ca n contes t  th e curren t  fea -
sibl e schedul e an d as k fo r  furthe r  negotiation .  I f  al l  agent s 
agre e t o furthe r  negotiate ,  agent s w h o conteste d th e curren t 
feasibl e schedul e becom e th e tas k coordinators . 
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8.  W h e n a n agen t  ha s loca l  constrain t  changes ,  i t  assume s th e 
rol e o f  tas k coordinato r  t o furthe r  improv e th e schedul e 
when additiona l  date s ar e availabl e o r  t o fin d anothe r  feasi -
bl e schedul e whe n th e schedule d date s ar e n o w unavailable . 

9.  Th e curren t  activ e schedul e i s a  feasibl e schedul e wit h th e 
highes t  globa l  preference . 

We hav e identifie d 1 4 messag e type s tha t  ar e sufficien t  t o 
cove r  ai l  possibl e agen t  exchange s unde r  th e protocol .  The y 
are : 

1.  Availability-Coiistraint(c/afes )  -  notifyin g receivin g 
agen t  abou t  th e availabl e date s o f  th e sendin g agent . 

2.  Task-Coordinator(<asiti )  -  notifyin g receivin g agen t  tha t 
th e sendin g agen t  i s  th e tas k coordinato r  fo r  (taski) . 

3.  Proposal (  meetingi ,  datej )  -  notifyin g receivin g agen t  abou t 
th e curren t  propose d solution ,  datCj ,  fo r  meeting, . 

4.  XccepUmeetingi ,  datej ,  preferencek )  notifyin g receiv -
in g agen t  tha t  th e curren t  propose d solution ,  date^ , 
fo r  meeting; ,  i s  accepte d b y th e sendin g agen t  wit h 
preference*: . 

5.  ReiecUmeetingi ,  datej) -  notifyin g receivin g agen t  tha t  th e 
curren t  propose d solution ,  datCj ,  fo r  meetingj ,  i s  rejecte d 
by th e sendin g agent . 

6.  Delegate(meetingi )  -  notifyin g receivin g agen t  tha t  i t  ha s 
been delegate d a s th e tas k coordinato r  fo r  meeting, . 

7.  \ppro\ed(meetingi .  datej ,  preferencek} -  notifyin g receiv -
in g agen t  tha t  th e curren t  propose d solution ,  datCj ,  fo r 
meeting; ,  ha s bee n approve d b y al l  relate d agent s wit h 
globa l  preference ,  preference^ . 

8.  knnounceimeetingi ,  locatiorij )  -  announcin g t o receivin g 
agen t  tha t  meeting i  wil l  b e hel d a t  location ^  base d o n com -
mon agreement . 

9.  MianAonimeetingi )  -  notifyin g receivin g agen t  tha t  th e 
effor t  t o find  a n optima l  schedul e fo r  meeting i  i s  abandoned . 

10.  Negotiate?(̂ 5c/ie£/M/ei )  -  contestin g schedule ,  an d askin g 
receivin g agen t  whethe r  i t  agree s t o furthe r  negotiat e fo r 
possibl e schedules . 

II .  Negotiation_OK('jc/iedM/e, j  notifyin g receivin g agen t 
tha t  th e sendin g agen t  agree s t o negotiat e o n schedule, . 

12.  Negotiation-Deniedfsc/i f  Ju/e; )  -  notifyin g receivin g agen t 
tha t  th e sendin g agen t  doe s no t  wan t  t o negotiat e o n 
schedule, . 

13.  Preference-Changesfmeer/ngj ,  datej ,  preferencek )  -  noti -
fyin g receivin g agen t  tha t  th e preferenc e measur e fo r  th e 
accepte d proposa l  i s  change d t o preference^ . 

14.  ConstT2Ant-C\ian%es(increase/decrease ,  dates )  -  notifyin g 
receivin g agen t  tha t  constraint s o f  th e sendin g agen t  ar e 
change d wit h a n increase/decreas e o f  availabilit y  o n som e 
particula r  dates . 

Thes e 1 4 messag e type s relat e t o differen t  aspect s o f  th e 
multi-agen t  meetin g schedulin g communicatio n an d negotia -
tio n protocol .  Availability-Constrain t  i s  use d b y agent s t o 
communicat e loca l  constraints .  Task.Coordinato r  an d Dele -
gat e facilitat e dynami c searc h control .  Agent s us e Proposal , 
Accept ,  an d Rejec t  t o negotiat e a  feasibl e solution ,  an d us e 
Abando n t o terminat e a  negotiatio n process .  Approve d an d 
Announc e allo w agent s t o communicat e curren t  feasibl e so -
lutio n an d auxiliar y informatio n regardin g curren t  feasibl e 

solution ,  respectively .  Negotiation? ,  Negotiation.OK ,  an d 
Negotiation-Denie d ar e use d b y agent s t o reac h a  consen -
sus befor e enterin g a  ne w negotiatio n stag e tha t  woul d po -
tentiall y  chang e th e curren t  feasibl e solution .  Finally ,  Pref -
erence.Change s an d Constraint.Change s allo w agent s t o 
expres s changin g preference s an d constraints ,  an d therefore , 
reactivel y revis e th e solutio n i n respons e t o n e w information . 

Characteristics of the Approach 

Our  approac h ha s severa l  characteristic s tha t  m a k e i t  attrac -
tive .  First ,  globa l  plannin g i s distribute d t o eac h agent ,  whil e 
th e contro l  i s  dynamicall y passe d t o differen t  agent s accord -
in g t o th e coordinatio n policie s an d th e changin g interactio n 
context .  Havin g a  tas k coordinato r  ha s th e advantag e o f  min -
imizin g communicatio n overhea d compare d wit h completel y 
distribute d coordinatio n (e.g. .  Partia l  Globa l  Plannin g (Dur -
fee ,  1988)) ,  a t  th e sam e time ,  allowin g flexibility  (sinc e th e 
tas k coordinato r  rol e i s dynamicall y passe d a m o n g differen t 
agents )  a s compare d wit h centralize d coordination .  Second , 
onl y loca l  constraint s ar e exchange d an d n o agen t  ha s in -
formatio n o n loca l  preference s o f  othe r  agents .  Moreover , 
constraint s tha t  ar e no t  directl y relevan t  t o a  tas k ar e no t  ex -
changed .  Fo r  example ,  agent s tha t  participat e i n th e sam e 
meetin g exchang e thei r  availabl e date s fo r  tha t  meetin g only . 
Th e constrain t  communicatio n mechanis m aim s a t  minimiz -
in g communicatio n an d maximizin g agen t  privacy .  Third , 
sinc e schedulin g i s a n NP-complet e proble m (Gare y &John -
son ,  1979) ,  i n general ,  i t  take s exponentia l  tim e t o find  a n op -
tima l  solution .  Th e assumptio n an d coordinatio n mechanis m 
of  th e mode l  enabl e th e attendee s t o reac h meetin g agreement s 
wit h acceptabl y hig h individua l  utilit y  a s wel l  a s hig h join t 
utilit y  Coordinatio n policie s defin e th e focu s o f  th e searc h 
wit h th e notio n o f  tightes t  constraint s directin g th e searc h a 
fo r  feasibl e solutio n an d th e discontente d agent(s )  directin g 
th e searc h fo r  solution s o f  highe r  utility .  Thes e ar e strategie s 
ofte n observe d i n huma n negotiatio n (Kelle y &  Chapanis , 
1982) .  Fourth ,  th e approac h ca n reactivel y adap t  th e schedul e 
i n respons e t o opportunitie s an d harmfu l  events .  W h e n oppor -
tunitie s occur ,  e.g. ,  additiona l  date s becom e available ,  agent s 
see k t o improv e th e qualit y o f  th e solution .  W h e n harm -
fu l  event s occur ,  e.g. ,  schedule d date s becom e unavailable , 
agent s see k othe r  feasibl e schedule s throug h negotiation . 

An Example - The Secretaries' Nightmare 

We illustrat e th e approac h throug h a n exampl e tha t  i s par t 
of  dail y lif e i n organizations.' '  Axel ,  Brigitt ,  Carl ,  an d Dir k 
wis h t o pla n tw o all-da y meetings .  Th e meeting s mus t  b e 
schedule d o n weekday s durin g Apri l  1994 .  Axel ,  Brigitt ,  an d 
Dir k shoul d atten d th e first  meeting .  Axel ,  Brigitt ,  an d Car l 
shoul d atten d th e secon d meeting .  I f  possible ,  schedulin g tw o 
day s i n a  ro w i s preferable .  I f  th e meeting s ar e no t  schedule d 
back-to-back ,  Car l  an d Dir k prefe r  t o hav e a  meetin g befor e 
th e secon d meetin g s o tha t  Dir k ca n brie f  Car l  abou t  th e result s 
of  th e first  meeting .  Th e faste r  th e meetin g ca n tak e plac e th e 
better .  Th e meetin g ca n b e i n eithe r  Austi n o r  Lo s Angeles ,  bu t 
i t  i s  preferabl e fo r  th e secon d meetin g t o b e i n Lo s Angeles .  I f 
th e meeting s ar e back-to-bac k i n th e sam e city ,  Lo s Angele s 
i s preferable .  Axe l  i s  availabl e i n Apri l  th e wee k o f  th e 4th , 
th e 18t h an d 19th ,  an d th e 25t h an d 26th .  Brigit t  i s  availabl e 

*Thi s exampl e wa s suggeste d b y Charle s Petrie . 
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th e 7th ,  8th ,  19th ,  an d th e wee k o f  th e 25th .  Car l  i s  availabl e 
on th e 7th ,  19th ,  an d 26th .  Dir k i s availabl e o n th e 7th ,  8th , 
18th ,  an d 25th . 

Thi s scenari o ha s thre e task s (meetings) :  tw o mandatory , 
Meeting- 1 an d Meeting- 2 an d on e optiona l  Meeting- 3 be -
twee n Car l  an d Dir k i f  Meeting- 1 an d Meeting- 2 ar e no t 
schedule d bac k t o back .  I n ou r  model ,  w e assum e tha t  agent s 
k n o w whic h meetin g the y mus t  atten d an d th e sequencin g 
meetin g constraints ,  i.e .  Meeting- 1 mus t  b e schedule d be -
for e Meeting-2 .  I n addition ,  th e grou p share s th e preferenc e 
fo r  meeting s a s earl y a s possibl e a s wel l  a s th e preferenc e fo r 
meetin g locations .  A t  first ,  al l  agent s participatin g i n th e sam e 
meetin g exchang e thei r  availabl e dates. '  Fo r  example .  Dir k 
send s Availability.Constraint(7,8,18,25 )  t o Axel ,  Brigitt , 
and Carl ,  Car l  send s AvaiIability_Constralnt(7,19,26 )  t o 
Axel ,  Brigitt ,  an d Dirk ,  an d s o on .  Afte r  receivin g th e 
exchange d constraints ,  eac h agen t  know s w h o i s th e agen t 
wit h th e tightes t  constraints ,  i.e .  th e fewes t  availabl e dates , 
among th e attendee s o f  a  particula r  meeting .  I n th e sce -
nario .  Dir k i s th e agen t  wit h th e tightes t  constraint s amon g 
th e attendee s o f  Meeting-1 ,  an d Car l  i s  th e on e fo r  Meeting-2 . 
Therefore ,  Dir k send s Task-CoordinAtor(Meeting-l)toAxe l 
and Brigitt ,  announcin g hi s coordinato r  rol e fo r  Meeting-1 . 
Car l  doe s th e sam e t o Axe l  an d Brigit t  wit h th e messag e 
Task_Coordinator(yV/ee/mg-2) . 

Meeting ! 

Attendee s 

Axel 
Brigi u 
Dir k 

Availabl e Date s 
4 5  6  7  8  1 8 1 9 2 5 2 6 

7 8  1 9 2 5 2 6 2 7 2 8 2 9 
7 8  1 8 2 5 

Meeting- 2 

Attendee s 
Axel 
Brigi u 
Car l 

Availabl e Date s 

4 5  6 7  8  1 8 1 9 2 5 2 6 
7 8  1 9 2 5 2 6 2 7 2 8 2 9 
7 1 9 2 6 

Figure  1 :  Availabilityo f  meetin g attendee s 
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'  Preferenc e Measur e o f  Axe l 
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4 5 6 7 8 1 8 1 9 2 5 2 6 Possibl e Date s 

Preference Mea.sure of Carl 

7 1 9 2 6 Possibl e Date s 

Figure 2: Utility functions of preferences 

Carl, Dirk, Axel and Brigitt prefer that the meetings be held 

'Fo r  clarity ,  w e refe r  t o a  human' s softwar e agen t  b y it s owner' s 
name. 

as earl y a s possible .  W e assume d tha t  eac h agen t  ha s a  pref -
erenc e measur e fo r  eac h availabl e dat e o n a n arbitrar y scal e 
of  0  t o 1 0 ( 0 th e lowes t  an d 1 0 th e highest) .  Th e grou p pref -
erenc e o f  havin g a  meetin g a s earl y a s possibl e i s expresse d 
fo r  eac h agen t  b y givin g a  1 0 t o th e agent' s firs t  availabl e dat e 
and decreasin g th e valu e incrementall y fo r  his/he r  subsequen t 
availabl e dates .  Fo r  example .  Axe l  woul d hav e a  preferenc e 
measur e o f  1 0 fo r  th e 4th ,  9  fo r  5t h 2  fo r  th e 26th .  Car l 
woul d hav e a  preferenc e measur e o f  1 0 fo r  th e 7th ,  9  fo r  th e 
19th ,  an d 8  fo r  th e 26th .  Fo r  simplicity ,  w e hav e give n al l 
agent s th e sam e highes t  utilit y  fo r  th e firs t  availabl e dat e an d 
decrease d th e utilit y  b y th e sam e amoun t  fo r  eac h subsequen t 
date . 

Dirk ,  knowin g th e constraint s o f  Axe l  an d Brigit t  (an d 
th e grou p preferenc e fo r  earl y meetings) ,  decide s tha t  th e 
bes t  solutio n fo r  Meeting- 1 i s o n th e 7th .  Dir k send s 
Proposa l  Meeting-] ,  7 )  t o Axel ,  Brigitt ,  a s wel l  a s Car l  (sinc e 
Dir k an d Car l  mus t  als o coordinat e t o decid e o n optiona l 
Meeting-3) .  I n th e mea n time ,  Carl ,  knowin g tha t  Meeting -
2 shoul d b e hel d afte r  Meeting-1 ,  await s th e decisio n o n 
Meeting-1 .  Afte r  receivin g Dirk' s proposa l  o n Meeting-1 , 
Car l  decide s tha t  th e bes t  dat e fo r  Meeting- 2 i s o n th e 19th . 
He,  then ,  send s ProposaIfMeefm^-2,19 )  t o Axe l  an d Brigitt . 
Axel ,  whil e receivin g proposa l  message s fro m Dir k an d Carl , 
check s hi s loca l  calendar .  Sinc e th e propose d date s ar e stil l 
available .  Axe l  send s Accept(Meeting-l .  7 ,  7 )  t o Dir k an d 
\ccept(Meeting-2 ,  19 ,  4 )  t o Carl .  7  an d 4  ar e Axel' s pref -
erenc e measure s fo r  propose d meetin g date s fo r  Meeting- 1 
and Meeting-2 ,  respectively .  Brigit t  als o send s Accep t  mes -
sage s t o Dir k an d Car l  wit h preferenc e measure s o f  1 0 an d 8 , 
respectively . 

Receivin g positiv e replie s fro m bot h Axe l  an d Brigitt ,  Dir k 
send s \ppro\ed(Meeting-] ,  7 ,  27 )  t o Axel ,  Brigitt ,  an d Carl , 
whil e Car l  send s \ppT0\ed(Meeting-2 ,  ]9 ,  21 )  t o Axel , 
Brigitt ,  an d Dirk .  I n th e firs t  approva l  message ,  2 7 i s th e 
tota l  preferenc e measure s o f  Axel ,  Brigitt ,  an d Dir k fo r  hav -
in g Meeting- 1 o n th e 7t h (Dirk' s preferenc e fo r  th e 7t h i s  10) . 
Similarly ,  21 ,  i n th e secon d approva l  message ,  i s th e tota l  pref -
erenc e measure s o f  Axel ,  Brigitt ,  an d Car l  fo r  havin g Meeting -
2 o n th e 19th .  Havin g receive d approva l  messag e fro m eac h 
other ,  bot h tas k coordinators .  Dir k an d Carl ,  kno w tha t  th e 
meeting s wil l  no t  b e hel d back-to-bac k an d respectivel y sen d 
o\x\.\tmounct (  Meeting-] ,  Austin )  an d Anno\mce (  Meeting-2 , 
Lx) s Angeles )  t o others .  N o w al l  agent s understan d tha t  the y 
hav e a  meetin g schedul e i n whic h Meeting- 1 i s t o b e hel d a t 
th e 7t h i n Austi n an d Meeting- 2 i s t o b e hel d a t  th e 19t h i n Lo s 
Angeles .  Thi s globa l  schedule ,  labele d Flan-1 ,  ha s a  globa l 
preferenc e measur e o f  4 8 (th e su m o f  th e preference s o f  th e 
tw o meetin g schedules) . 

Under  Plan-1 ,  Dir k an d Car l  recogniz e tha t  the y woul d nee d 
an optiona l  meeting ,  Meeting-3 ,  betwee n them .  Sinc e Car l  ha s 
tighte r  constraint s tha n Dirk ,  Car l  assume s th e rol e o f  coordi -
nato r  fo r  Meeting- 3 an d send s TaskXoordinator(Mefan^ -
3)  t o Dirk .  Car l  find s ou t  tha t  h e doe s no t  hav e an y dat e 
availabl e betwee n th e 7t h an d th e 19th ,  an d h e woul d no t 
rela x hi s constraint s fo r  th e optiona l  meeting .  H e send s 
AbandonfA/ee/m^-i )  t o Dirk .  Then ,  the y bot h contes t  th e 
curren t  feasibl e schedule .  Plan-1 ,  b y lowerin g thei r  preferenc e 
measure s suc h tha t  th e tota l  preferenc e measur e fo r  Meeting- 1 
becomes 2 2 an d tha t  fo r  Meeting- 2 become s 16 .  The y individ -
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uall y sen d Prefennce.Changes(Meeting-1 ,  7 ,  22 )  an d Pref -
eTence-Changes(Meeting-2 ,  19 ,  76 )  t o others .  N o w Plan- 1 
has a  globa l  preferenc e measur e o f  38 .  Bot h Dir k an d Car l 
sen d Negotiate?CP/an-y;t o Axe l  an d Brigitt .  Axe l  an d Brigit t 
agre e t o negotiat e b y replyin g wit h Negotiate-OK(^P/an-/J . 

of  40 ,  whic h i s  highe r  tha n tha t  o f  Plan- 1 (whic h w a s 38) ,  i t 
become s th e curren t  activ e plan . 

Meeting- 1 

Attendee s 
Axel 

Brigit t 
Dir k 

Possibl e Date s 

4 5  6  7  8  1 8 1 9 2 5 2 6 

7 8  1 9 2 5 2 6 2 7 2 8 2 9 
5 6  7  8  1 8 2 5 

Meeting- 2 

Attendee s 
Axel 
Brigit t 
Car l 

Possibl e Date s 
4 5  6  7 8  1 8 1 9 2 5 2 6 

7 8  1 9 2 5 2 6 2 7 2 8 2 9 
5 6  7  1 9 2 6 

Figur e 3 :  Update d availabilit y  o f  meetin g attendee s 

Since Carl and Dirk contested the current meeting plan, 
the y eac h assum e th e coordinato r  rol e fo r  th e meeting s agai n 
and respectivel y sen d ou t  Task-Coordinator(Meeting-1 )  an d 
Task.CoordinatorfMeer/n^-2 )  t o others .  Dir k propose s th e 
25t h fo r  Meeting- 1 an d notifie s Axel ,  Brigitt ,  an d Carl .  Then , 
Car l  propose s th e 26t h fo r  Meeting- 2 an d notifie s Axel , 
Brigitt ,  an d Dirk .  Axe l  an d Brigit t  accep t  bot h proposal s wit h 
lo w preferenc e measures .  Dir k an d Car l  notif y othe r  agent s 
about  th e approva l  o f  thei r  proposal s an d the n announc e tha t 
th e meetin g locatio n i s Lo s Angele s sinc e th e propose d meet -
ing s ar e back-to-back .  N o w the y hav e anothe r  plan ,  Plan-2 . 
However ,  Plan- 2 ha s a  globa l  preferenc e measur e o f  onl y 33 , 
whic h i s lowe r  tha n tha t  o f  Plan-1 .  Al l  agent s understan d 
tha t  Plan-1 ,  wit h th e highes t  preferenc e measure ,  i s  th e activ e 
curren t  pla n fo r  thei r  meetings .  Car l  an d Dir k reques t  furthe r 
negotiatio n an d Axe l  an d Brigit t  agree . 

Again ,  Dir k an d Car l  assum e th e coordinato r  rol e fo r 
Meeting- 1 an d Meeting-2 ,  respectively .  Eac h o f  the m decide s 
t o rela x hi s constraint s an d make s th e 5t h an d 6t h available . 
They bot h notif y other s abou t  thei r  constrain t  changes ,  e.g. , 
Constraint-Changesfmcrea^e ,  5,6) .  Then ,  Dir k propose s th e 
5t h fo r  Meeting- 1 an d Car l  propose s th e 6t h fo r  Meeting-2 . 
Axel  accept s bot h proposal s wit h hig h preferenc e measures . 
However ,  Brigitt ,  fo r  he r  o w n reasons ,  decide s tha t  sh e ca n 
not  mak e bot h date s available ,  an d reject s bot h proposals . 
Sinc e Brigit t  i s  th e onl y on e rejectin g eac h proposal .  Dir k an d 
Carl  bot h delegat e th e role s o f  tas k coordinato r  fo r  Meeting- 1 
and Meeting- 2 t o Brigit t  b y sendin g herDelegateiMeeting-1) , 
Delegate (  Meeting-2) . 

Brigitt ,  afte r  announcin g he r  role s o f  tas k coordinato r  fo r 
bot h meetings ,  finds  tha t  sh e woul d nee d t o rela x he r  con -
straint s i n orde r  t o propos e a  feasibl e schedule .  Sh e make s 
th e 18t h availabl e an d notifie s th e othe r  agent s abou t  th e con -
strain t  changes .  Then ,  sh e propose s th e 18t h fo r  Meeting- 1 
and th e 19t h fo r  Meeting-2 .  T h e proposal s ar e accepte d b y 
al l  othe r  agents .  Brigitt ,  then ,  announce s th e curren t  globa l 
schedule ,  Plan-3 ,  i n whic h Meeting- 1 i s t o b e hel d o n th e 18t h 
i n Lo s Angele s an d Meeting- 2 i s t o b e hel d o n th e 19t h i n 
Los Angeles .  Sinc e Plan- 3 ha s a  globa l  preferenc e measur e 

Meeting- 1 

Attendee s 
Axel 

Brigit t 

Dir k 

Possibl e Date s 
4 5  6  7 8  1 8 1 9 2 5 2 6 

7 8  1 8 1 9 2 5 2 6 2 7 2 8 2 9 

5 6  7  8  1 8 2 5 

Meeting- 2 

Attendee s 

Axel 

Brigit t 
Car i 

Possibl e Date s 
4 5  6  7  8  1 8 1 9 2 5 2 6 

7 8  1 8 1 9 2 5 2 6 2 7 2 8 2 9 
5 6  7  1 9 2 6 

Figur e 4 :  Anothe r  update d availabilit y  o f  meetin g attendee s 

Then, Carl's constraints change and the 8th becomes avail-
able .  H e notifie s other s abou t  th e constrain t  chang e an d 
re-propose s Meeting- 3 o n th e 8t h t o Dirk .  Th e proposa l  i s 
accepte d b y Dirk ,  an d bot h Car l  an d Dir k chang e thei r  pref -
erenc e measure s o f  Plan-1 .  N o w Plan- 1 regain s it s origina l 
preferenc e measur e o f  4 8 an d become s th e curren t  activ e plan . 
Car l  observe s tha t  ther e i s a n opportunit y t o furthe r  improv e 
th e curren t  schedul e becaus e o f  hi s ne w availability .  Car l  ask s 
fo r  negotiatio n o n curren t  pla n an d al l  othe r  agent s agree .  A t 
thi s point ,  Carl ,  stil l  havin g th e tightes t  constraint ,  announce s 
hi s rol e o f  tas k coordinato r  fo r  Meeting- 2 an d propose s th e 
8t h fo r  it .  Bot h Axe l  an d Brigit t  accept s th e proposal .  Bu t 
Axel  give s a  lo w preferenc e becaus e o f  othe r  persona l  ar -
rangements .  Th e pla n doe s no t  hav e highe r  preferenc e tha n 
th e curren t  activ e plan ,  Plan-1 .  A t  thi s point ,  n o agen t  ha s 
any othe r  intentio n t o chang e th e plan .  Therefore ,  Plan- 1 be -
comes thei r  final  plan ,  i n whic h Meeting- 1 i s t o b e hel d o n 
th e 7t h i n Austin ,  Meeting- 2 i s t o b e hel d o n th e 19t h i n Lo s 
Angeles ,  an d a n additiona l  Meeting- 3 betwee n Dir k an d Car l 
i s schedule d o n th e 8t h i n Austin . 

Meeting- 1 

Attendee s 
Axel 
Brigit t 
Dir k 

Possibl e Date s 
4 5  6  7  8  1 8 1 9 2 5 2 6 

7 8  1 8 1 9 2 5 2 6 2 7 2 8 2 9 
5 6  7  8  1 8 2 5 

Meeting- 2 

Attendee s 
Axel 
Brigit t 
Car i 

Possibl e Date s 
4 5  6  7  8  1 8 1 9 2 5 2 6 

7 8  1 8 1 9 2 5 2 6 2 7 2 8 2 9 
5 6  7  8  1 9 2 6 

Figur e 5 :  Fina l  update d availabilit y  o f  meetin g attendee s 

Discuss io n 

Dail y lif e grou p decisio n makin g o n schedulin g meeting s i s 
typicall y ful l  o f  negotiation s an d dynami c revisions ,  a s de -
scribe d i n th e scenario .  Th e runnin g exampl e show s h o w ou r 
approac h ca n provid e automate d suppor t  fo r  th e ofte n tedious . 
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iterative ,  an d time-consumin g task .  Th e approac h assume s a 
cooperativ e setting ,  mutua l  acceptanc e an d adherenc e t o th e 
coordinatio n policie s b y th e agents ,  an d a n agreemen t  o n 
meetin g precedenc e constraint s an d locatio n constraints .  Th e 
agent s communicat e th e subse t  o f  thei r  constraint s tha t  the y 
want  t o mak e public .  Base d o n th e exchang e o f  thes e publi c 
constraints ,  the y al l  kno w wh o th e mos t  constraine d agen t  is . 
At  th e beginnin g o f  a  negotiatio n proces s b y common policy , 
th e mos t  constraine d agen t  assume s th e rol e o f  tas k coordina -
tor .  Durin g th e negotiatio n process ,  a  ne w tas k coordinato r  i s 
designate d solel y b y th e previou s tas k coordinator .  Thi s coor -
dinatio n mechanis m allow s agent s t o effectivel y searc h fo r  a 
feasibl e schedul e i f  i t  i s  possible .  Th e searc h fo r  solution s o f 
highe r  utilit y  i s  directe d b y th e discontente d agent(s) .  We ar e 
awar e o f  th e theoretica l  modellin g issu e o f  utilitie s bein g non -
commensurat e acros s grou p members .  However ,  i n thi s work , 
th e utilitie s ar e use d fo r  rankin g alternativ e solution s rathe r 
tha n fo r  exac t  modelling .  We als o mak e tw o assumption s o n 
agents '  negotiatio n proces s tha t  ar e i n accordanc e wit h th e 
behavio r  o f  huma n negotiator s (Raiffa ,  1982) .  First ,  agent s 
prefe r  t o rela x thei r  loca l  constraint s rathe r  tha n fai l  t o find 
a feasibl e solution .  Second ,  agent s woul d accep t  a  feasibl e 
solutio n wit h lo w individua l  utilit y  i f  th e reques t  fo r  furthe r 
negotiatio n i s denie d b y others .  Therefore ,  th e negotiatio n 
proces s wil l  b e terminate d whe n n o agent s expres s disconten t 
wit h th e curren t  solutio n o r  a t  leas t  on e agen t  denie s furthe r 
negotiation . 

Conclusions 

We hav e presente d a  mode l  o f  distribute d negotiatio n fo r 
schedulin g meeting s carrie d ou t  b y intelligen t  softwar e agent s 
on behal f  o f  thei r  users .  We believ e tha t  suc h a n approac h 
i s bette r  tha n schedulin g vi a electroni c mai l  sinc e user s onl y 
need t o giv e thei r  constraint s an d preference s t o th e syste m 
withou t  bein g boun d t o th e tediou s communicatio n an d nego -
tiatio n processes .  User s ca n giv e ful l  o r  limite d authorit y t o 
thei r  agent s regardin g constrain t  relaxation .  I n cas e o f  limite d 
authority ,  user s woul d nee d t o interac t  wit h thei r  agent s whe n 
necessary .  W e hav e presente d th e communicatio n protoco l 
and type s o f  message s exchanged .  Schedul e evaluatio n an d 
decisio n t o rela x constraint s ar e distributed ;  schedul e proposa l 
(determinatio n o f  intersectio n o f  availabl e dates )  an d compu -
tatio n o f  schedul e utilit y  (fo r  eac h task )  i s don e b y a  coor -
dinator .  Th e rol e o f  coordinato r  i s  no t  determine d staticall y 
at  syste m desig n tim e bu t  i s passe d dynamicall y t o differ -
ent  agent s durin g proble m solving ,  thu s avoidin g wel l  know n 
problem s o f  reliabilit y  an d congestio n o f  centralize d decisio n 
making .  Th e approac h i s currentl y bein g implemented .  We 
inten d t o experimentall y analyz e th e effectivenes s o f  th e ap -
proac h compare d wit h others ,  suc h a s schedulin g meeting s 
vi a electroni c mail . 

I n Proceeding s ofAAAI-9 2 (pp .  96-103) . 

Durfee ,  E.H .  &  Lesser ,  V.R .  (1991) .  Partia l  Globa l  Plan -
ning :  A  Coordinatio n Framewor k fo r  Distribute d Hypoth -
esi s Formation .  IEE E Transaction s o n Systems ,  Man ,  an d 
Cybernetics,2\(5),\\61-llS3 . 

Cammarata ,  S. ,  McArthur ,  D .  an d Steeb ,  R .  (1983) .  Strate -
gie s o f  Cooperatio n i n Distribute d Proble m Solving .  I n 
Proceeding s o f  th e UCAl-8 3 (pp .  767-770) . 

Feldman ,  M .  (1987) .  Electroni c mai l  an d wea k tie s i n orga -
nizations .  Offic e Technolog y an d People,̂ . 

Garey ,  M.R .  &  Johnson ,  D.S .  (1979) .  Computer s an d In -
tractability :  A  Guid e t o th e Theor y o f  NP-Completeness . 
Freeman an d Co . 

Greif ,  I .  (1982) .  PCAL :  A  persona l  calendar .  (Tech .  Rep . 
TR-213) .  MI T Laborator y fo r  Compute r  Science . 

Kelley ,  J.F .  &  Chapanis ,  A .  (1982) .  Ho w professiona l  per -
sons kee p thei r  calendars :  Implicatio n fo r  computerization . 
Journa l  o f  Occupationa l  Psychology,55,14 1 -156 . 

Lee,  J .  &  Malone ,  T.W .  (1988) .  Ho w ca n group s communicat e 
when the y us e differen t  languages ? I n Proceeding s o f  th e 
Conferenc e o f  Offic e Informatio n Systems .  Pal o Alto ,  CA . 

Raiffa ,  H .  (1982) .  Th e Ar t  an d Scienc e o f  Negotiation .  Har -
var d Universit y Press ,  Cambridge ,  Mass . 

Sen,  S .  &  Durfee ,  E.H .  (1993) .  Th e Effect s o f  Searc h Bia s 
on Flexibilit y  i n Distribute d Scheduling .  I n Proceeding s o f 
th e J2t h Internationa l  Worksho p o n Distribute d Artificia l 
Intelligence . 

Sycara ,  K .  (1990) .  Negotiatio n Planning :  A n A I  Approach . 
Europea n Journa l  o f  Operationa l  Research.46,2\6-234 . 

Sycara ,  K .  &  Roboam ,  M .  (1991) .  Intelligen t  Informatio n 
Infrastructur e fo r  Grou p Decisio n an d Negotiatio n Sup -
por t  o f  Concurren t  Engineering .  I n Proceeding s o f  th e 
24t h Hawai i  Internationa l  Conferenc e o n Syste m Sciences . 
Kailua-Kona ,  Hawaii . 

Sycara ,  K. ,  Roth ,  S. ,  Sadeh ,  N. ,  an d Fox ,  M .  (1991) .  Dis -
tribute d Constrain t  Heuristi c Search .  IEE E Transaction s 
on System ,  Man ,  an d Cybernetics. !  1  (6) ,  1446-1461 . 

Acknowledgement s 

Thi s researc h i s partiall y  supporte d b y th e Defens e Advanc e 
Researc h Project s Agenc y unde r  contrac t  #F306O2-88-C -
0001 . 

Reference s 

L. ,  Boticario ,  J. ,  McDermott ,  J ,  Mitchell ,  T ,  an d 
A Persona l  Learnin g Apprentice . 

Dent , 
Zabowski ,  D .  (1992) . 

588 


	cogsci_1994_583-588



