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Abstract. SharedPlans is a general theory of collab orativ e planning

that accommo dates m ulti-lev el action decomp osition hierarc hies and ex-

plicates the pro cess of expanding partial plans in to full plans [5 , 6]. This

pap er presen ts a reform ulation of SharedPlans that simpli�es the Shared-

Plans de�nitions without sacri�cing their expressiv eness, and enables the

sp eci�cation of conditions under whic h a set of imp ortan t theorems ab out

agen ts and their SharedPlans ma y b e pro v en to hold. A represen tativ e

set of suc h theorems is presen ted.

1 In tro duction

\Collab oration m ust b e designed in to systems from the start; it cannot

b e patc hed on." [4 ]

\Simply �tting individual agen ts with precomputed co ordination plans

will not do, for their in
exibilit y can cause sev ere failures in team w ork."[12 ]

When a group of agen ts get together to w ork on some complex group action,

whether it b e a group of helicopter agen ts em barking on a scouting mission [12 ]

or a group of p eople making dinner [5 ], collab oration do es not just happ en. It

requires the existence or formation of m utual b eliefs ab out the capabilities and

commitmen ts of the agen ts in v olv ed, the adoption b y individual agen ts of v ari-

ous in ten tions (not only intentions-to do v arious actions, but also intentions-that

certain prop ositions hold), and a v ariet y of group decision-making and planning

pro cesses. Grosz and Kraus's SharedPlans [5 , 6 ] is a general theory of collab-

orativ e planning that requires no notion of irreducible join t in ten tions, accom-

mo dates m ulti-lev el action decomp osition hierarc hies, mo dels the collab orativ e

supp ort pro vided b y group mem b ers to those agen ts or subgroups resp onsible

for doing constituen t actions, sp eci�es what it means for a group of agen ts to

ha v e a p artial plan, and explicates the pro cess of elab orating a partial plan in to

a full plan. Recen t implemen tations of SharedPlans include a collab orativ e in-

terface agen t for an air tra v el application [10 ] and a collab orativ e m ulti-agen t
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system for electronic commerce [7 ]. In addition, to test, ev aluate and impro v e

the theory , the author is curren tly dev eloping an agen t arc hitecture that follo ws

the SharedPlans sp eci�cations.

In SharedPlans, the plans of individual agen ts and groups of agen ts are mo d-

elled b y meta-pr e dic ates |that is, abbreviations for complex logical expressions

in v olving predicates and the follo wing mo dal op erators.

Op erator Instan tiation In terpretation

B el B el ( G; � ) Agen t G b eliev es prop osition � .

I nt:T o I nt:T o ( G; A ) Agen t G in tends to do action A .

I nt:T h I nt:T h ( G; � ) Agen t G in tends that prop osition � hold.

M B M B ( GR ; � ) Group GR m utually b eliev e prop osition � .

In the original form ulation, henceforth called V

1

(for V ersion 1 ), the meta-

predicate de�nitions use existen tial quan ti�cation to refer to v arious agen ts,

subgroups and actions in v olv ed in a plan, thereb y making it di�cult to reason

ab out suc h things as the conditions under whic h a group's m utual b elief that

they ha v e a SharedPlan en tails that they do in fact ha v e suc h a plan.

2

This pa-

p er presen ts a reform ulation of SharedPlans, henceforth called V

2

, that simpli�es

and reorganizes the meta-predicate de�nitions without sacri�cing their expres-

siv eness, and enables the sp eci�cation of kno wledge conditions under whic h a

set of imp ortan t theorems ab out agen ts and their SharedPlans ma y b e pro v en.

3

This pap er th us represen ts a step in the direction of making SharedPlans more

practical to implemen t and reason ab out, not only for the agen ts themselv es,

but also for theorists studying the agen ts.

V

1

is review ed in Section 2; V

2

is presen ted in Section 3; sample theorems

and their pro ofs are giv en in Section 4; related w ork is discussed in Section 5;

and concluding remarks are giv en in Section 6.

2 The Original F orm ulation of SharedPlans: V

1

2.1 Actions and Recip es in V

1

In V

1

, actions are either b asic or c omplex . A basic action is a single-agen t action

that is treated as atomic and, under certain conditions, is assumed to b e exe-

cutable at will. A complex action ma y b e a single-agen t or m ulti-agen t action and

is treated as decomp osable. A r e cip e for a complex action, A , is a set of actions,

f A

1

; : : : ; A

n

g , and constrain ts, f �

1

; : : : ; �

m

g , suc h that the doing of those actions

under those constrain ts constitutes the doing of A . A p artial recip e is a set of ac-

tions and constrain ts that can b e expanded in to a complete recip e. Multi-agen t

complex actions are assumed to b e ultimately decomp osable in to single-agen t

2

A t ypical di�cult y stems from the fact that B el ( G; ( 9 x ) P ( x )) do es not, in general,

en tail ( 9 x ) B el ( G; P ( x )).

3

T o simplify the presen tation, the case of \con tracting out" actions to other agen ts is

ignored, as are parameters not cen tral to the discussion, suc h as constrain ts, time,

and in ten tional con text.



actions (basic or complex); single-agen t complex actions are assumed to b e ul-

timately decomp osable in to basic actions. Recursiv e decomp osition giv es rise to

an action de c omp osition hier ar chy . An action decomp osition hierarc h y is called

complete if (1) the decomp osition of eac h action in the hierarc h y corresp onds to

a complete recip e, and (2) all leaf actions are basic actions.

2.2 In ten tion-T o and Individual Plans in V

1

The mo dal op erator I nt:T o mo dels the in ten tion of an agen t G to do a single-

agen t action A . If A is basic, then G in tending to do A requires that G b eliev e

it is able to execute A and that G b e committed to doing so:

B asic ( A ) ^ I nt:T o ( G; A ) ) B el ( G; E xec ( G; A )) ^ C ommit ( G; A ).

If A is complex, then G in tending to do A requires either that G ha v e a F ul l

Individual Plan (mo delled b y the F I P meta-predicate) for doing A or that G

ha v e a Partial Individual Plan ( P I P ) for doing A accompanied b y an asso ciate

plan for elab orating its partial plan in to a full plan:

4

C ompl ex ( A ) ^ I nt:T o ( G; A ) ) F I P 
 ( P I P ^ F I P

E lab

).

5

An agen t G has a F ull Individual Plan for doing A if: (1) G has a complete

recip e for doing A , (2) G in tends to do eac h action in that recip e, and (3) G has

a sub ordinate F I P to do eac h complex action in that recip e. The requiremen ts

for a P artial Individual Plan are m uc h w eak er. G 's recip e for doing A ma y b e

partial or ev en empt y|as long as G has an asso ciate plan for extending the

partial recip e in to a complete recip e. In addition, G need not y et ha v e formed

in ten tions to do the actions comprising its partial recip e; G need only b eliev e

that it is able to do those actions. The abilit y of an agen t to do a single-agen t

action is mo delled b y the Can-Bring-A b out ( C B A ) meta-predicate whic h, lik e

I nt:T o , is de�ned in t w o parts to handle b oth basic and complex actions.

In the con text of an individual plan, an action in the decomp osition hierarc h y

is called r esolve d if the agen t in tends to do that action. F urthermore, a complex

action resolv ed b y a F I P is called ful ly r esolve d. Using this terminology , a full

plan is c haracterized b y a complete action decomp osition hierarc h y , eac h action

of whic h has b een resolv ed, the complex actions fully resolv ed. On the other hand,

a partial plan is c haracterized b y a p ossibly incomplete action decomp osition

hierarc h y , some or all actions of whic h ma y b e unresolv ed.

2.3 SharedPlans in V

1

V

1

pro vides analogous de�nitions for the plans of groups of two or more agen ts.

A group of agen ts GR ha v e a SharedPlan ( S P ) to do some m ulti-agen t action,

A , either b y ha ving a F ull SharedPlan ( F S P ) to do A or b y ha ving a P artial

SharedPlan ( P S P ) to do A accompanied b y an asso ciate plan to elab orate the

partial plan in to a full plan: S P ) F S P 
 ( P S P ^ F S P

E lab

).

4

Suc h asso ciate plans are required to b e F I P s to a v oid problems of in�nite recursion.

5

The argumen ts of F I P and P I P ha v e b een omitted to simplify the presen tation.



Unlik e I nt:T o , the S P meta-predicate is not a mo dal op erator. A SharedPlan

is reducible to the individual plans, b eliefs and in ten tions of the v arious group

mem b ers; it do es not corresp ond to an y sort of irreducible join t in ten tion.

In the con text of a SharedPlan, a single-agen t action A

i

in the decomp osition

hierarc h y is called resolv ed if: (1) an agen t G

i

has b een selected to do A

i

, (2) G

i

in tends to do A

i

, and (3) the other mem b ers of the group ha v e a set of supp ortiv e

m utual b eliefs and in ten tions-that G

i

succeed.

6

Similarly , a m ulti-agen t action

A

j

is called resolv ed if: (1) a subgroup GR

j

has b een selected to do A

j

, (2)

GR

j

has a SharedPlan to do A

j

, and (3) the other mem b ers of the group ha v e

a set of supp ortiv e m utual b eliefs and in ten tions-that GR

j

succeed. As with

Individual Plans, a complex action resolv ed b y a full plan (whether a F I P or

a F S P ) is called fully resolv ed. Th us, a F ull SharedPlan is c haracterized b y a

complete action decomp osition hierarc h y , eac h action of whic h has b een fully

resolv ed, while a P artial SharedPlan is c haracterized b y a p ossibly incomplete

action decomp osition hierarc h y , some or all actions of whic h ma y b e unresolv ed.

(Inciden tally , if a complex action in a partial plan is itself resolv ed b y a mere

partial plan, the recip e asso ciated with that action ma y b e only partial or ev en

empt y .) T o elab orate a partial plan in to a full plan, for eac h complex action

in the decomp osition hierarc h y , the agen t or group selected to w ork on that

action m ust select (p erhaps incremen tally) a recip e for doing that action and,

for eac h action in that recip e, m ust select an agen t or subgroup that is able

to do it. The abilit y of a group to do a m ulti-agen t action is mo delled b y the

Can-Bring-A b out-Gr oup ( C B AG ) meta-predicate.

The follo wing c hart illustrates the co v erage of the V

1

meta-predicates and

the I nt:T o mo dal op erator.

Basic Actions --- ---

V

1

Single-Agen t Complex Actions

I nt:T o

F I P P I P

C B A

Multi-Agen t Actions ( � 2 agen ts) S P F S P P S P C B AG

3 The Reform ulation of SharedPlans: V

2

3.1 Actions and Plans in V

2

In V

2

, for complex actions, the distinction b et w een single-agen t and m ulti-

agen t actions is deemphasized. Instead, single-agen t groups are allo w ed and

an Individual Plan is simply a SharedPlan of a single-agen t group. In addi-

tion, the V

2

de�nitions of S P , F S P , P S P and C B AG are made more concise

than their V

1

coun terparts through the selectiv e use of a new meta-predicate,

Basic-Can-Bring-A b out ( B :C B A ), and a new mo dal op erator, Basic-Intention-

T o ( B :I nt:T o ), de�ned b y those p ortions of the V

1

de�nitions of C B A and I nt:T o

that deal with basic actions. The follo wing c hart illustrates the co v erage of the

V

2

meta-predicates and the B :I nt:T o mo dal op erator.

Basic Actions B :I nt:T o --- --- B :C B A

V

2

Complex Actions ( � 1 agen ts) S P F S P P S P C B AG

6

The prop erties of intentions-that are discussed in detail b y Grosz & Kraus [6].



3.2 Plan T rees in V

2

In the pro cess of constructing a SharedPlan, v arious agen ts and subgroups ma y

mak e n umerous planning decisions (e.g., selecting recip es and assigning agen ts

to actions) in a distributed fashion and at ev ery lev el of the ev olving action

decomp osition hierarc h y . In V

1

, ev en decisions that ha v e already b een made,

suc h as those concerning the elemen ts of a full plan, are mo delled implicitly using

existen tial quan ti�cation. In V

2

, SharedPlan T rees (SPTs) are used to explicitly

represen t the c hoices already made b y a group w orking on some SharedPlan.

Eac h no de of an SPT corresp onds to an action in the incremen tally-selected and

p ossibly incomplete action decomp osition hierarc h y and is explicitly classi�ed

according to whether that action is basic or complex, and resolv ed or unresolv ed

( vis �a vis the plan). Th us, there are four t yp es of no des, as summarized b elo w:

No de No de Action

T yp e Represen tation Characteristics

� h I

�

; G

�

; A

�

i basic resolv ed

� h I

�

; GR

�

; A

�

i complex resolv ed

� h I

�

; A

�

i basic unresolv ed

� h I

�

; A

�

i complex unresolv ed

where I

�

; I

�

; I

�

and I

�

are unique iden ti�ers; A

�

; A

�

; A

�

and A

�

are actions; G

�

is an agen t (nominally the agen t selected to do the action, A

�

); and GR

�

is

a group of agen ts (nominally the subgroup selected to do the action, A

�

). All

iden ti�ers, agen t names and action names are assumed to b e rigid designators.

In a SharedPlan T ree, only � no des ma y ha v e c hild no des|but these c hild

no des ma y b e of an y of the four t yp es. The set of � c hild no des of a giv en no de

are termed its � set . Similarly , the sets of � , � and � c hild no des of a giv en no de

are termed its �set , its �set , and its �set , resp ectiv ely .

Because all actions in v olv ed in a full plan are, b y de�nition, resolv ed, a F ull

Plan T ree (FPT) has only � and � no des. P artial plans, ho w ev er, ma y ha v e

unresolv ed actions and hence a P artial Plan T ree (PPT) ma y ha v e no des of

an y of the four t yp es. In addition, partial plans t ypically ha v e a v ariet y of asso-

ciate plans corresp onding to complex planning actions, suc h as selecting a recip e

( S el R ec ), elab orating a partial plan in to a full plan ( E l ab ), or selecting an agen t

or subgroup to do some action ( S el Ag t or S el S g r ). Th us, eac h no de in a P ar-

tial Plan T ree ma y ha v e one or more additional plan trees asso ciated with it as

summarized b elo w.

No de T yp e of F unctional Notation for Abbreviation

T yp e Asso ciate Plan Corresp onding Plan T ree for Plan T ree

Elab orate E l abP T ( h I

�

; GR

�

; A

�

i )

P T

E lab

�

�

Select Recip e S el R ecP T ( h I

�

; GR

�

; A

�

i )

P T

S elRec

�

� Select Agen t S el Ag tP T ( h I

�

; A

�

i )

P T

S elAg t

�

� Select Subgroup S el S g r P T ( h I

�

; A

�

i )

P T

S elS g r

�



De�nition. Giv en some � no de, N = h I ; GR ; A i , the SharedPlan T ree (or

subtree) ro oted at N is a 7-tuple:

h N ; � set; �set; �set; �set; E l abP T ; S el R ecP T i ,

where � set , �set , �set and �set are sets of � , � , � and � no des, resp ectiv ely , suc h

that for eac h h I

�

; GR

�

; A

�

i in �set , the ob ject giv en b y P l anT r ee ( h I

�

; GR

�

; A

�

i ),

abbreviated as P T

�

, is itself a SharedPlan T ree. In a F ull Plan T ree , E l abP T

and S el R ecP T are NIL , �set and �set are empt y , and eac h P T

�

is itself a F ull

Plan T ree. In a P artial Plan T ree , E l abP T is a F ull Plan T ree (and hence not

NIL ) and S el R ecP T is either NIL or a F ull Plan T ree.

3.3 V

2

De�nitions

V

2

de�nitions of B :C B A , B :I nt:T o , C B AG , S P , F S P and P S P are giv en in

Figs. 1 and 2. The de�nitions of B :C B A and B :I nt:T o are simply those p ortions

of the V

1

de�nitions of C B A and I nt:T o that deal with basic actions. The

V

2

de�nitions of C B AG , S P , F S P and P S P are generalizations of their V

1

coun terparts in that they allo w for single-agen t groups. Th us, in V

2

there is no

need for a separate set of meta-predicates to handle single-agen t plans. The V

2

de�nitions of C B AG , F S P , P S P and S P also di�er from their V

1

coun terparts

in that eac h tak es an explicit plan tree,

P T

�

=




h I

�

; GR

�

; A

�

i ; � set

�

; �set

�

; �set

�

; �set

�

; P T

E lab

�

; P T

S elRec

�

�

,

as its only argumen t. F or brevit y , the sym b ol P T

�

is used instead of the 7-

tuple; but it should b e k ept in mind that the 7-tuple is the actual argumen t. F or

example, F S P ( P T

�

) represen ts that the group GR

�

has a F ull SharedPlan to

do the action A

�

using the plan tree P T

�

.

7

The V

2

de�nitions of F S P and P S P are giv en in terms of subsidiary meta-

predicates to distinguish the top-lev el and recursiv e p ortions of the de�nitions.

Making this distinction re
ects a fundamen tal tenet of SharedPlans, namely , that

while the en tire group needs to b e directly in v olv ed in the topmost lev el of a plan,

only the agen ts selected to do a giv en subaction need to b e directly in v olv ed in the

corresp onding subplan. Making this distinction also enables precise sp eci�cation

of the kno wledge conditions and m utual b eliefs needed for the theorems presen ted

in Section 4.

F S P :T op and P S P :T op mo del the top-lev el (or non-recursiv e p ortion) of a

SharedPlan. As suc h, their sp eci�cations are restricted to the top lev el of the plan

tree (i.e., the ro ot no de and its immediate c hildren). F or example, they sp ecify

v arious in ten tions and m utual b eliefs p ertaining to the immediate c hildren of the

ro ot no de; but they do not sp ecify , directly or indirectly , an ything p ertaining to

no des further do wn in the tree. F S P :R ec and P S P :R ec , on the other hand,

encapsulate the recursiv e p ortions of the F S P and P S P de�nitions. As suc h,

7

In cases where it is desirable to explicitly indicate the group and p ossibly the action

in v olv ed, they are included as parameters of the plan tree sym b ol, as in the fragmen ts,

F S P ( P T

�

( GR

�

)) and ( 9 P T ) F S P ( P T ( GR

�

; A

�

)), from the F S P de�nition.



(Basic) Can-Bring-Ab out

B :C B A ( G; A ) �

B asic ( A )

^

E xec ( G; A )

(Basic) In ten tion-T o

B :I nt:T o ( G; A ) �

B el ( G; B :C B A ( G; A ))

^

C ommit ( G; A )

SharedPlan

S P ( P T

�

) �

F S P ( P T

�

) 
 P S P ( P T

�

)

Can-Bring-Ab out (Group)

C B AG ( P T

�

) �

P T

E lab

�

= P T

S elRec

�

= NIL

^

�set

�

= �set

�

= ;

^

T op ( P T

�

) 2 R ecipes ( A

�

)

^

( 8h I

�

; G

�

; A

�

i 2 � set

�

)

G

�

2 GR

�

^

B :C B A ( G

�

; A

�

)

^

( 8h I

�

; GR

�

; A

�

i 2 �set

�

)

GR

�

� GR

�

^

C B AG ( P T

�

( GR

�

))

F ull SharedPlan

F S P ( P T

�

) � F S P :T op ( P T

�

) ^ F S P :R ec ( P T

�

),

where

F ull SharedPlan: T op-Lev el P ortion

F S P :T op ( P T

�

) � F

1

^ F

2

^ F

3

^ F

4

^ F

5

^ F

6

^ F

�

^ F

�

where

F

1

� ( P T

E lab

�

= NIL )

F

2

� ( P T

S elRec

�

= NIL )

F

3

� ( �set

�

= ; )

F

4

� ( �set

�

= ; )

F

5

� M B

�

(( 8 G 2 GR

�

) I nt:T h ( G; D o ( GR

�

; A

�

)))

F

6

� M B

�

( T op ( P T

�

) 2 R ecipes ( A

�

))

F

�

� ( 8 h I

�

; G

�

; A

�

i 2 � set

�

) F

�

0

^ F

�

1

^ F

�

2

^ F

�

3

F

�

� ( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) F

�

0

^ F

�

2

^ F

�

3

where

F

�

0

� G

�

2 GR

�

F

�

1

� B :I nt:T o ( G

�

; A

�

)

F

�

2

� M B

�

( B :I nt:T o ( G

�

; A

�

) ^ B :C B A ( G

�

; A

�

))

F

�

3

� M B

�

(( 8 G 2 GR

�

; G 6= G

�

) I nt:T h ( G; B :C B A ( G

�

; A

�

)))

and

F

�

0

� GR

�

� GR

�

F

�

2

� M B

�

(( 9 P T ) F S P ( P T ( GR

�

; A

�

)) ^ C B AG ( P T ( GR

�

; A

�

)))

F

�

3

� M B

�

(( 8 G 2 GR

�

; G 62 GR

�

)

I nt:T h ( G; ( 9 P T ) C B AG ( P T ( GR

�

; A

�

))))

F ull SharedPlan: Recursiv e P ortion

F S P :R ec ( P T

�

) � ( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) F S P ( P T

�

( GR

�

))

Fig. 1. V

2

de�nitions of B :C B A; B :I nt:T o; C B AG; S P and F S P



P artial SharedPlan

P S P ( P T

�

) � P S P :T op ( P T

�

) ^ P S P :R ec ( P T

�

),

where

P artial SharedPlan: T op-Lev el P ortion

P S P :T op ( P T

�

) � P

1

^ P

2

^ P

3

^ P

4

^ P

5

^ P

�

^ P

�

^ P

�

^ P

�

where

P

1

� ( P T

E lab

�

6= NIL )

P

2

� F S P ( GR

�

; E l ab ( GR

�

; A

�

; T op ( P T

�

)) ; P T

E lab

�

)

P

3

� ( P T

S elRec

�

= NIL ) ) M B

�

( T op ( P T

�

) 2 R ecipes ( A

�

))

P

4

� ( P T

S elRec

�

6= NIL ) )

8

>

>

>

<

>

>

>

:

M B

�

(( 9 P T )(( T op ( P T

�

) � T op ( P T ))

^ C B AG ( P T ( GR

�

; A

�

))))

^

F S P ( GR

�

; S el R ec ( GR

�

; A

�

; T op ( P T

�

)) ;

P T

S elRec

�

)

P

5

� M B

�

(( 8 G 2 GR

�

) I nt:T h ( G; D o ( GR

�

; A

�

)))

P

�

� ( 8 h I

�

; G

�

; A

�

i 2 � set

�

) F

�

0

^ F

�

1

^ P

�

2 : 1

^ P

�

2 : 2

^ F

�

3

P

�

� ( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) F

�

0

^ P

�

2 : 1

^ P

�

2 : 2

^ F

�

3

P

�

� ( 8 h I

�

; A

�

i 2 �set

�

) P

�

1

^ P

�

2

P

�

� ( 8 h I

�

; A

�

i 2 �set

�

) P

�

1

^ P

�

2

where

F

�

0

; F

�

1

; F

�

3

; F

�

0

and F

�

3

are as in the F S P de�nition

and

P

�

2 : 1

� M B

�

( B :I nt:T o ( G

�

; A

�

))

P

�

2 : 2

� ( 8 G 2 GR

�

) I nt:T h ( G; M B

�

( B :C B A ( G

�

; A

�

)))

P

�

2 : 1

� M B

�

(( 9 P T ) S P ( P T ( GR

�

; A

�

)))

P

�

2 : 2

� ( 8 G 2 GR

�

) I nt:T h ( G; M B

�

(( 9 P T ) C B AG ( P T ( GR

�

; A

�

))))

P

�

1

� M B

�

(( 9 G 2 GR

�

) B :C B A ( G; A

�

))

P

�

2

� F S P ( GR

�

; S el Ag t ( GR

�

; A

�

) ; P T

S elAg t

�

)

P

�

1

� M B

�

(( 9 GR � GR

�

; P T ) C B AG ( P T ( GR ; A

�

)))

P

�

2

� F S P ( GR

�

; S el S g r ( GR

�

; A

�

) ; P T

S elS g r

�

)

P artial SharedPlan: Recursiv e P ortion

P S P :R ec ( P T

�

) � ( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) S P ( P T

�

( GR

�

))

Fig. 2. V

2

de�nition of P S P

their sp eci�cations refer to the plan subtrees ro oted at the � c hildren of the

ro ot no de. F or example, F S P :R ec requires that the subgroup selected to do the

action corresp onding to a � c hild of the ro ot no de ha v e a F ull SharedPlan using

the plan subtree ro oted at that no de.

In the V

2

de�nitions, clauses of the form M B ( GR

�

; � ) app ear so frequen tly

that they are abbreviated as M B

�

( � ). In addition, the C B AG , F S P and P S P

de�nitions refer to T op ( P T

�

) whic h denotes the set of actions in the top-lev el

decomp osition of P T

�

. F or example, T op ( P T

�

) 2 R ecipes ( A

�

) represen ts that

the top-lev el decomp osition of A

�

in the plan tree P T

�

is a (complete) recip e

for doing A

�

. Finally , the V

1

requiremen t that a P S P b e accompanied b y an

E l ab F S P has b een folded in to the V

2

de�nition of P S P in clause P

2

.



4 Theorems ab out Agen ts and Their SharedPlans

Under what kno wledge conditions do es an agen t's b elief that it has, sa y , a

F ull Individual Plan ( F I P ) en tail that it do es in fact ha v e suc h a plan? In

other w ords, what conditions w ould ensure that B el ( G; F I P ( G; �; R

�

)) en tails

F I P ( G; �; R

�

), for some agen t G , some action � , and some recip e R

�

? The

existen tial quan ti�cation in the V

1

meta-predicate de�nitions mak es questions

suc h as these di�cult to answ er. F or example, in the ab o v e case, kno wledge

conditions migh t b e sough t suc h that the follo wing holds:

B el ( G; ( 9 R

�

) F I P ( G; � ; R

�

)) j = ( 9 R

�

) B el ( G; F I P ( G; � ; R

�

)),

where � is an action in the recip e R

�

. But existen tial quan ti�ers ma y not, in

general, b e extracted from the scop e of mo dal b elief op erators.

In V

2

, the use of explicit plan trees as argumen ts in the v arious meta-predicate

de�nitions eliminates suc h problems and allo ws a n um b er of imp ortan t theorems

ab out agen ts and their SharedPlans to b e form ulated and pro v en. The theorems

sp ecify sets of kno wledge conditions and sets of m utual b eliefs suc h that under

those kno wledge conditions the agen ts ha v e a SharedPlan if (or only if ) they

hold the sp eci�ed m utual b eliefs. F or eac h action, A , in the decomp osition hi-

erarc h y , the kno wledge conditions stipulate that only those agen ts selected to

w ork on A need kno w the top-lev el con ten ts of the plan subtree asso ciated with

A . Similarly , only those agen ts selected to w ork on A need participate in the

m utual b eliefs ab out whether or not they satisfy the top-lev el requiremen ts of

a SharedPlan. F or the theorems p ertaining to full plans, the sets of kno wledge

conditions and m utual b eliefs are completely sp eci�ed and detailed pro ofs are

giv en. F or the theorems p ertaining to partial plans and SharedPlans in general,

space limitations preclude suc h a full treatmen t. Th us, these theorems are simply

stated along with brief sk etc hes of the issues in v olv ed in their pro ofs.

Before presen ting the theorems, some bac kground assumptions ab out the

b elief and m utual b elief mo dal op erators are giv en that lead to preliminary

results used throughout the rest of this section. In addition, some assumptions

ab out actions, commitmen ts and in ten tions-that are made. In all that follo ws,

all free v ariables are implicitly univ ersally quan ti�ed and plan trees are assumed

to ha v e �nite depth.

4.1 Bac kground Assumptions and Preliminary Results

B el , the mo dal b elief op erator, is assumed to satisfy the standard K D 45 and

necessitation axioms [3 ]. M B , the mo dal op erator for m utual b elief, is assumed to

co v er arbitrary nestings of B el . Consequen tly , the follo wing preliminary results

are v alid for arbitrary prop ositions � and  .

(P1) B el ( G; � ^  ) , B el ( G; � ) ^ B el ( G;  )

(P2) B el ( G; B el ( G; � )) , B el ( G; � )

(P3) M B ( GR ; � ^  ) , M B ( GR ; � ) ^ M B ( GR ;  )

(P4) M B ( GR ; M B ( GR ; � )) , M B ( GR ; � )



Next, it is assumed that the univ erse of no des is �xed. As a result, when the

v ariable of quan ti�cation ranges o v er no des, b oth the Barcan form ula (B2) and

its con v erse (B1), giv en b elo w, are v alid [3].

(B1) B el ( G; ( 8 x ) P ( x )) ) ( 8 x ) B el ( G; P ( x ))

(B2) ( 8 x ) B el ( G; P ( x )) ) B el ( G; ( 8 x ) P ( x ))

By pro viding appropriate kno wledge conditions, these form ulas ma y b e extended

to co v er the case of the relativized univ ersal quan ti�er: ( 8 x 2 X ).

8

F or example,

P5 b elo w extends form ula B1 using the kno wledge condition K

1

. K

1

requires

that whenev er x is in X , the agen t G b elieves x is in X (i.e., G 's b eliefs ab out

x b eing in X are c omplete ). Similarly , P6 b elo w extends form ula B2 using the

kno wledge condition K

2

. K

2

requires that G b eliev e x is in X only when x

actually is in X (i.e., G 's b eliefs ab out x b eing in X are c orr e ct ).

(P5) B el ( G; ( 8 x 2 X ) P ( x )) ^ K

1

j = ( 8 x 2 X ) B el ( G; P ( x )),

where K

1

� ( 8 x 2 X ) B el ( G; x 2 X ).

(P6) ( 8 x 2 X ) B el ( G; P ( x )) ^ K

2

j = B el ( G; ( 8 x 2 X ) P ( x )),

where K

2

� ( 8 x )( B el ( G; x 2 X ) ) ( x 2 X )).

F urthermore, these results ha v e m utual b elief analogues, as follo ws.

(P7) M B ( GR ; ( 8 x 2 X ) P ( x )) ^ K

3

j = ( 8 x 2 X ) M B ( GR ; P ( x )),

where K

3

� ( 8 x 2 X ) M B ( GR ; x 2 X ).

(P8) ( 8 x 2 X ) M B ( GR ; P ( x )) ^ K

4

j = M B ( GR ; ( 8 x 2 X ) P ( x )),

where K

4

� ( 8 x )( M B ( GR ; x 2 X ) ) ( x 2 X )).

Finally , agen ts are assumed to ha v e correct and complete b eliefs ab out whether

actions are basic or complex, and ab out their individual commitmen ts to do ac-

tions and their individual in ten tions-that prop ositions hold.

9

(A1) B el ( G; B asic ( A )) , B asic ( A )

(A2) B el ( G; C ompl ex ( A )) , C ompl ex ( A )

(A3) B el ( G; C ommit ( G; A )) , C ommit ( G; A )

(A4) B el ( G; I nt:T h ( G; � )) , I nt:T h ( G; � )

4.2 Theorems

Theorem 1 states that an agen t G has an in ten tion to do some basic action A

if and only if G b elieves it has suc h an in ten tion. Note that an analogous result

do es not hold for B :C B A , since an agen t ma y b e mistak en ab out its abilit y to

do some basic action.

Theorem 1. B :I nt:T o ( G; A ) , B el ( G; B :I nt:T o ( G; A ))

8

( 8 x 2 X )  ( x ) is an abbreviation for ( 8 x )(( x 2 X ) )  ( x )).

9

Assumptions A1 and A2 are made b y Grosz & Kraus, assumption A3 ( ) ) follo ws

from Axiom 2 in V

1

, and assumption A4 ( ) ) is Axiom 3 in V

1

[5 ].



Pr o of of The or em 1. Theorem 1 follo ws directly from the de�nition of B :I nt:T o ,

preliminary results P1 and P2, and assumption A3. If A3 is w eak ened to only a

single direction of implication, then Theorem 1 m ust b e similarly w eak ened. 2

The rest of the theorems in this section sp ecify the kno wledge conditions suf-

�cien t to ensure that a group of agen ts hold a SharedPlan if (or only if ) they

hold a sp eci�ed set of m utual b eliefs. F or example, Theorem 2 states that under

the kno wledge conditions giv en b y Gr K now F P T , if a group of agen ts hold the

set of m utual b eliefs giv en b y R M B :F S P , then they necessarily ha v e a F ull

SharedPlan. Gr K now F P T and R M B :F S P are de�ned in Fig. 3.

Theorem 2. R M B :F S P ( P T

�

) ^ Gr K now F P T ( P T

�

) j = F S P ( P T

�

)

Gr K now F P T ( P T

�

) represen ts that the group of agen ts GR

�

kno w the struc-

ture and con ten ts of the plan tree P T

�

with the ca v eat that for the action asso-

ciated with an y giv en � no de, only the group of agen ts GR

�

selected to w ork on

that action are required to kno w an ything ab out the structure and con ten ts of

the plan subtree P T

�

b eing used to do that action. Similarly , R M B :F S P ( P T

�

)

represen ts that the group GR

�

m utually b eliev e that they ha v e a F ull Shared-

Plan using P T

�

with the ca v eat that for the action asso ciated with an y giv en �

(Group) Kno w F ull Plan T ree

Gr K now F P T ( P T

�

) � Gr K now F P T :T op ( P T

�

) ^ Gr K now F P T :R ec ( P T

�

),

where

(Group) Kno w-F ull-Plan-T ree: T op-Lev el P ortion

Gr K now F P T :T op ( P T

�

) � K

1

^ K

2

^ K

3

^ K

4

^ K

�

^ K

�

where

K

1

� M B

�

( P T

E lab

�

= NIL ) ) P T

E lab

�

= NIL

K

2

� M B

�

( P T

S elRec

�

= NIL ) ) P T

S elRec

�

= NIL

K

3

� M B

�

( �set

�

= ; ) ) �set

�

= ;

K

4

� M B

�

( �set

�

= ; ) ) �set

�

= ;

K

�

�

(

( 8 h I

�

; G

�

; A

�

i 2 � set

�

) M B

�

( h I

�

; G

�

; A

�

i 2 � set

�

)

^

( 8 h I

�

; G

�

; A

�

i 2 � set

�

)( M B

�

( G

�

2 GR

�

) ) ( G

�

2 GR

�

))

K

�

�

(

( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) M B

�

( h I

�

; GR

�

; A

�

i 2 �set

�

)

^

( 8 h I

�

; GR

�

; A

�

i 2 �set

�

)( M B

�

( GR

�

� GR

�

) ) ( GR

�

� GR

�

))

(Group) Kno w-F ull-Plan-T ree: Recursiv e P ortion

Gr K now F P T :R ec ( P T

�

) � ( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) Gr K now F P T ( P T

�

( GR

�

))

Restricted Mutual Belief in a F ull SharedPlan

R M B :F S P ( P T

�

) �

(

M B

�

( F S P :T op ( P T

�

))

^

( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) R M B :F S P ( P T

�

( GR

�

))

Fig. 3. De�nitions of Gr K now F P T and R M B :F S P



no de, only the agen ts selected to w ork on that action are required to participate

in the m utual b eliefs p ertaining to the subplan for that action. More formally ,

the �rst part of the R M B :F S P de�nition requires that the paren t group GR

�

m utually b eliev e that the top lev el of their plan satis�es the top-lev el require-

men ts of an F S P , while the second part recursiv ely requires, for eac h � no de

c hild of the ro ot no de, that the selected subgroup GR

�

holds the m utual b eliefs

sp eci�ed b y R M B :F S P with resp ect to the plan subtree P T

�

.

If, instead of satisfying the comparativ ely w eak requiremen ts of Gr K now F P T

and R M B :F S P , the agen ts in GR

�

had kno wledge of the structure and con-

ten ts of the entir e plan tree P T

�

and, furthermore, they m utually b eliev ed that

their plan satis�ed the requiremen ts of an F S P at every level of the action

de c omp osition hier ar chy (i.e., M B

�

( F S P ( P T

�

))), then the follo wing w ould b e

en tailed:

10

M B

�

( F S P :T op ( P T

�

))

^

( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) M B

�

( F S P ( P T

�

( GR

�

)))

The top-lev el p ortion of the ab o v e expression is iden tical to the top-lev el p ortion

of the R M B :F S P de�nition; but the recursiv e p ortion of the ab o v e expression

is m uc h stronger than its R M B :F S P coun terpart. In particular, for eac h � no de

c hild of the ro ot no de, it requires that the entir e group GR

�

m utually b eliev e

that the selected subgroup GR

�

has a F ull SharedPlan using the sp eci�ed plan

subtree P T

�

, whereas the recursiv e p ortion of R M B :F S P only requires that the

sub gr oup GR

�

participate in m utual b eliefs p ertaining to that subplan.

Pr o of of The or em 2. Giv en the de�nitions of R M B :F S P , Gr K now F P T and

F S P , it su�ces to sho w the follo wing:

(2a) M B

�

( F S P :T op ( P T

�

)) ^ Gr K now F P T :T op ( P T

�

) j = F S P :T op ( P T

�

)

(2b) ( 8 h I

�

; GR

�

; A

�

i 2 �set

�

)( R M B :F S P ( P T

�

( GR

�

))

^ Gr K now F P T ( P T

�

( GR

�

))) j = F S P :R ec ( P T

�

)

First, consider (2a), whic h in v olv es only the top lev el of the plan tree P T

�

. Since

F S P :T op ( P T

�

) is the conjunction of sev eral clauses, preliminary result P3 giv es

that it is su�cien t to �nd, for eac h conjunct C , the kno wledge condition, K ,

suc h that M B

�

( C ) ^ K j = C . The conjunction of these kno wledge conditions

de�nes Gr K now F P T :T op ( P T

�

) in Fig. 3.

F or C of the form, M B

�

( � ), for some � , no kno wledge condition is necessary ,

since M B

�

( M B

�

( � )) j = M B

�

( � ) b y preliminary result P4. F or C a statemen t

that P T

E lab

�

or P T

S elRec

�

is NIL , or that �set

�

or �set

�

is empt y , K is giv en b y:

M B

�

( C ) ) C . (See clauses K

1

through K

4

in the Gr K now F P T :T op de�nition.)

F or C of the form, ( 8 x 2 X ) P ( x ), as in the F

�

and F

�

clauses in the F S P

de�nition (where X , a set of no des, is either � set

�

or �set

�

), it is su�cien t to

sho w that M B

�

(( 8 x 2 X ) P ( x )) j = ( 8 x 2 X ) M B

�

( P ( x )) j = ( 8 x 2 X ) P ( x ).

10

F rom the de�nition of F S P and preliminary results P3 and P7.



The �rst en tailmen t follo ws from preliminary result P7, giv en the kno wledge

condition, K

0

� ( 8 x 2 X ) M B

�

( x 2 X ). (See the �rst conjuncts in the K

�

and

K

�

clauses in the Gr K now F P T :T op de�nition.) T o get the second en tailmen t,

note that P ( x ) is itself a conjunction: P ( x ) � P

1

( x ) ^ : : : ^ P

n

( x ). Th us, b y pre-

liminary result P3, it is su�cien t to �nd, for eac h conjunct P

i

( x ), the kno wledge

condition K

i

( x ) suc h that ( 8 x 2 X )( M B

�

( P

i

( x )) ^ K

i

( x )) j = ( 8 x 2 X ) P

i

( x ).

The kno wledge condition for the second en tailmen t is the conjunction of the

individual K

i

( x ). F or P

i

( x ) b eing either ( G

�

2 GR

�

) or ( GR

�

� GR

�

), K

i

( x )

is M B

�

( P

i

( x )) ) P

i

( x ). (See the second conjuncts in the K

�

and K

�

clauses of

Gr K now F P T :T op .) F or P

i

( x ) b eing B :I nt:T o ( G

�

; A

�

) or M B

�

( : : : ), no kno wl-

edge conditions are required, giv en Theorem 1 and preliminary result P4, re-

sp ectiv ely . This exhausts the cases for (2a). Hence, (2a) holds for an y P T

�

.

Next, (2b) is pro v ed b y induction on the depth of P T

�

. In the base case,

P T

�

has depth 0 (i.e., the ro ot no de is the only no de in the tree). In particular,

�set

�

is empt y and (2b) is v acuously true. F or the recursiv e case, assume that

(2b) holds for all plan trees with depth at most k and supp ose that P T

�

is some

plan tree with depth k + 1. F or eac h � c hild of the ro ot no de of P T

�

, the plan

subtree P T

�

ro oted at that no de is of depth at most k . Hence, (2b) holds for

eac h suc h P T

�

. But (2a) also holds for eac h suc h P T

�

. Hence, Theorem 2 holds

for eac h suc h P T

�

, whic h, giv en the de�nition of F S P :R ec , is equiv alen t to (2b)

holding for P T

�

. 2

Theorem 3. R M B :P S P ( P T

�

) ^ Gr K now P P T ( P T

�

) j = P S P ( P T

�

)

Theorem 4. R M B :S P ( P T

�

) ^ Gr K now P T ( P T

�

) j = S P ( P T

�

)

Theorems 3 and 4 are the P S P and S P analogues of Theorem 2. Their pro ofs

(omitted due to space limitations) are in tert wined b y the presence of the clause,

( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) S P ( P T

�

( GR

�

)), in the de�nition of P S P :T op . (Recall

that S P � F S P 
 P S P .) F urthermore, the presence of asso ciate plan trees com-

plicates the de�nitions of Gr K now P P T and R M B :P S P (de�nitions omitted).

Nonetheless, the pro of of Theorem 3 is similar to that of Theorem 2. (Since the

asso ciate plans m ust b e full plans, they are handled b y app eals to Theorem 2.)

F or Theorem 4, the group's kno wledge of whether the E l ab plan tree asso ciated

with the ro ot no de is NIL or not is used to distinguish the F S P and P S P cases,

follo w ed b y app eals to Theorems 2 and 3.

Theorems 2, 3 and 4 sp ecify kno wledge conditions su�cien t to ensure that if a

group of agen ts hold a sp eci�ed set of m utual b eliefs, then they necessarily ha v e

a SharedPlan. By altering the kno wledge conditions, it is fairly straigh tforw ard

to come up with theorems that are, in spirit, the con v erses of Theorems 2, 3 and

4.

11

F or example, giv en sligh tly di�eren t kno wledge conditions, ha ving an F S P

en tails restricted m utual b elief in that F S P (i.e., R M B :F S P ).

11

The di�eren t kno wledge conditions are due in part to the pro ofs of these quasi-

c onverses using preliminary result P8 where Theorems 2, 3 and 4 use P7.



The theorems presen ted so far in v olv e the R M B meta-predicates that capture

the in tuitiv ely app ealing idea that only the agen ts w orking on an y giv en action

need participate in the m utual b eliefs p ertaining to ho w that action is b eing done.

Next, some theorems are presen ted that restrict atten tion to m utual b eliefs held

b y the en tire group. The meta-predicates in these theorems are not recursiv e,

dealing only with the top lev el of the plan tree. The consequen ts of suc h theo-

rems are necessarily w eak er, stipulating m utual b elief in the mere existenc e of

a SharedPlan rather than m utual b elief in a SharedPlan using a p articular plan

tree. F or example, Theorem 5 states that if the top lev el of a group's plan meets

the requiremen ts of F S P :T op (see Fig. 1), then, giv en the kno wledge conditions

mo delled b y Gr K now F P T :T op

2

, they necessarily m utually b eliev e that they

ha v e some F ull SharedPlan, as mo delled b y the E xistsF S P meta-predicate.

12

Theorem 5. F S P :T op ( P T

�

) ^ Gr K now F P T :T op

2

( P T

�

) j = M B

�

( E xistsF S P ( P T

�

))

Gr K now F P T :T op

2

and E xistsF S P are de�ned in Fig. 4. E xistsF S P rep-

resen ts that the top-lev el of the group's plan meets the requiremen ts of F S P :T op

and, in addition, for eac h � c hild of the ro ot no de, the selected subgroup has an

F S P to do the corresp onding action using some (existen tially quan ti�ed) plan

tree. Aside from the existen tially quan ti�ed plan trees in the recursiv e clause,

the de�nition of E xistsF S P is iden tical to that of F S P (in Fig. 1).

(Group) Kno w-F ull-Plan-T ree: T op-Lev el P ortion (V ersion 2)

Gr K now F P T :T op

2

( P T

�

) � K

1

^ K

2

^ K

3

^ K

4

^ K

�

^ K

�

, where

K

1

� ( P T

E lab

�

= NIL ) ) M B

�

( P T

E lab

�

= NIL )

K

2

� ( P T

S elRec

�

= NIL ) ) M B

�

( P T

S elRec

�

= NIL )

K

3

� ( �set

�

= ; ) ) M B

�

( �set

�

= ; )

K

4

� ( �set

�

= ; ) ) M B

�

( �set

�

= ; )

K

�

�

(

( 8 h I

�

; G

�

; A

�

i )( M B

�

( h I

�

; G

�

; A

�

i 2 � set

�

) ) ( h I

�

; G

�

; A

�

i 2 � set

�

))

^

( 8 h I

�

; G

�

; A

�

i 2 � set

�

)( G

�

2 GR

�

) ) M B

�

( G

�

2 GR

�

)

K

�

�

8

>

<

>

:

( 8 h I

�

; GR

�

; A

�

i )

( M B

�

( h I

�

; GR

�

; A

�

i 2 �set

�

) ) ( h I

�

; GR

�

; A

�

i 2 �set

�

))

^

( 8 h I

�

; GR

�

; A

�

i 2 �set

�

)( GR

�

� GR

�

) ) M B

�

( GR

�

� GR

�

)

There Exists a F ull SharedPlan

E xistsF S P ( P T

�

) �

(

F S P :T op ( P T

�

)

^

( 8 h I

�

; GR

�

; A

�

i 2 �set

�

)( 9 P T ) F S P ( P T ( GR

�

; A

�

))

Fig. 4. De�nitions of Gr K now F P T :T op

2

and E xistsF S P

12

E xistsF S P is used instead of ( 9 P T ) F S P ( P T ( GR

�

; A

�

)) b ecause the latter in v olv es

second-order problems of existen tial quan ti�cation o v er an ob ject partially de�ned

using functions.



Pr o of of The or em 5. As in the pro of of Theorem 2, it is su�cien t to deal with eac h

conjunct, C , of F S P :T op individually . F or eac h suc h conjunct, the corresp onding

kno wledge condition, K , giv es that C ^ K j = M B

�

( C ).

F or C stating that P T

E lab

�

or P T

S elRec

�

is NIL , or that �set

�

or �set

�

is

empt y , K is of the form, C ) M B

�

( C ). (See clauses K

1

through K

4

in the

de�nition of Gr K now F P T :T op

2

.) F or C of the form, M B

�

( � ) for some � , no

kno wledge conditions are required, b y preliminary result P4.

F or C of the form, ( 8 x 2 X ) P ( x ), as in the F

�

and F

�

clauses of the F S P :T op

de�nition, it is su�cien t to sho w that

( 8 x 2 X ) P ( x ) j = ( 8 x 2 X ) M B

�

( P ( x )) j = M B

�

(( 8 x 2 X ) P ( x )).

F or the �rst en tailmen t, since P ( x ) is a conjunction of clauses, P

i

( x ), it is su�-

cien t to giv e a conjunction of kno wledge conditions, K

i

( x ), suc h that for eac h i ,

( 8 x 2 X )( P

i

( x ) ^ K

i

( x )) j = ( 8 x 2 X ) M B

�

( P

i

( x )). F or P

i

( x ) of the form,

M B

�

( : : : ) or B :I nt:T o ( G

�

; A

�

), no kno wledge conditions are required, b y pre-

liminary result P4 and Theorem 1, resp ectiv ely . F or P

i

( x ) � ( G

�

2 GR

�

),

K

i

( x ) � ( G

�

2 GR

�

) ) M B

�

( G

�

2 GR

�

). F or P

i

( x ) � ( GR

�

� GR

�

),

K

i

( x ) � ( GR

�

� GR

�

) ) M B

�

( GR

�

� GR

�

).

The second en tailmen t follo ws from preliminary result P8, giv en the kno wl-

edge condition, K

0

� ( 8 x )( M B

�

( x 2 X ) ) x 2 X ).

Th us, F S P :T op ( P T

�

) ^ Gr K now F P T :T op

2

( P T

�

) j = M B

�

( F S P :T op ( P T

�

)).

T o conclude the pro of, observ e that F S P :T op con tains the clause,

C � ( 8 h I

�

; GR

�

; A

�

i 2 �set

�

) M B

�

(( 9 P T ) F S P ( P T ( GR

�

; A

�

))).

But using K

0

ab o v e, under appropriate substitutions, P8 giv es the follo wing:

C ^ K

0

j = M B

�

(( 8 h I

�

; GR

�

; A

�

i 2 �set

�

)( 9 P T ) F S P ( P T ( GR

�

; A

�

))). 2

Theorem 6. P S P :T op ( P T

�

) ^ Gr K now P P T :T op

2

( P T

�

) j = M B

�

( E xistsP S P ( P T

�

))

Theorem 7. S P :T op ( P T

�

) ^ Gr K now P T :T op

2

( P T

�

) j = M B

�

( E xistsS P ( P T

�

))

Theorems 6 and 7 are the P S P and S P analogues of Theorem 5. The meta-

predicate Gr K now P P T :T op

2

(de�nition omitted), is more complex than its

F S P coun terpart. F or example, it requires that the group kno w the \tops" of

the asso ciate plan trees, P T

E lab

�

and P T

S elRec

�

. Th us, the pro of of Theorem 6,

while similar to that of Theorem 5, is more complicated, including app eals to

Theorem 5 to get that E xistsF S P holds for the E l ab and S el R ec plan trees.

In addition, b ecause the P S P clauses, P

�

2 : 2 p

and P

�

2 : 2 p

, are not em b edded in

m utual b elief con texts, Theorem 6 requires an additional (strong) condition,

namely , that the group's m utual b eliefs ab out the in ten tions-that sp eci�ed in

these clauses m ust b e c orr e ct . F or Theorem 7, Gr K now P T :T op

2

(de�nition also

omitted) only requires that the group b e able to distinguish the F S P and P S P

cases. The pro of then app eals to Theorems 5 and 6, as appropriate.



The Case of Single-Agen t Groups. As noted in the previous section, an

Individual Plan in V

2

is simply a SharedPlan of a single-agen t group. Ho w ev er,

a single-agen t group is sp ecial b ecause that single agen t m ust b e the resp onsible

agen t for eac h action in the hierarc h y . Consequen tly , the theorems presen ted

ab o v e b ecome simpler in the case of a single-agen t group. F or example, since

B el ( G; F S P ( P T

�

( f G g ))) ^ Gr K now F P T ( P T

�

( f G g ))

j = R M B :F S P ( P T

�

( f G g )),

the single-agen t v ersion of Theorem 2 ma y b e stated as

B el ( G; F S P ( P T

�

( f G g ))) ^ Gr K now F P T ( P T

�

( f G g )) j = F S P ( P T

�

( f G g )),

where M B ( f G g ; � ) � B el ( G; � ) b y preliminary result P2. Similarly , the single-

agen t v ersion of the quasi-con v erse of Theorem 2 ma y b e stated as

F S P ( P T

�

( f G g )) ^ Gr K now F P T

2

( P T

�

( f G g )) j = B el ( G; F S P ( P T

�

( f G g ))),

where Gr K now F P T

2

(de�nition omitted) represen ts sligh tly di�eren t kno wledge

conditions than Gr K now F P T . This result ob viates the need for a single-agen t

v ersion of Theorem 5, the whole p oin t of whic h w as that some agen ts in the

group w ere lik ely to b e una w are of what others w ere doing. Similar remarks

apply to the single-agen t v ersions of Theorems 3, 4, 6 and 7.

5 Related W ork

Man y researc hers are activ ely in v estigating framew orks for reasoning ab out col-

lab orativ e activit y in m ulti-agen t systems. Although they address similar issues,

their di�eren t framew orks and p ersp ectiv es lead to consideration of di�eren t

tec hnical problems.

Kinn y et al. [8 ] presen t a framew ork in whic h a joint plan sp eci�es (1) a recip e

for a group action, and (2) an abstract team structure on to whic h the group

doing the action m ust b e mapp ed. While their join t plan represen tation implic-

itly allo ws abstract plans to b e only partially sp eci�ed, their de�nition of a joint

intention requires a fully sp eci�ed plan and a hierarc h y of sub ordinate in ten tions

analogous to a F ull SharedPlan. Kinn y et al. do not formally mo del the group's

commitmen t to elab orate a partial plan in to a full plan; but they do pro vide

algorithms for team formation and role assignmen t that enable agen ts to sim ul-

taneously adopt a fully instan tiated plan. The represen tation allo ws agen ts to

reason in adv ance ab out whether or not a giv en unstructured group of agen ts

\has the skills to execute" some abstract join t plan, but the question of pre-

cisely whic h kno wledge conditions and m utual b eliefs are su�cien t to ensure

that a team actually has a join t in ten tion to do some action is not addressed.

More recen tly , some of the same authors (Rao et al. [9]) ha v e presen ted an

axiomatization of team kno wledge in whic h teams are treated as �rst class en-

tities to whic h team kno wledge is directly ascrib ed. They claim that this te am-

oriente d appr o ach , whic h emplo ys a separate team kno wledge mo dal op erator

for eac h team, migh t enable the designer of a m ulti-agen t system to fo cus on



kno wledge relationships b et w een teams without necessarily ha ving to consider

in detail the kno wledge of individual agen ts. They plan to \extend the team-

orien ted mo del to include the men tal attitudes of m utual b elief, join t goals, and

join t in ten tions."

Ca v edon and Sonen b erg [2 ] fo cus on r oles to whic h the goals \required of a

so cially committed agen t" ma y b e attac hed. Esc hewing \the commitmen t to join t

in ten tion, [they instead] see participation in a team-plan as so cially committing

[an] agen t to the role it adopts in that plan as w ell as to the other agen ts in v olv ed

in the plan." They see roles as pro viding a w a y \to sp ecify ho w the agen t should

balance comp eting obligations." In future w ork, they plan to tie these concepts

\more completely to team plans and the pro cess of their selection and execution."

T am b e [13 ] presen ts STEAM, an implemen ted mo del of team w ork based pri-

marily on Cohen et al.'s theory of Join t In ten tions, but informed b y k ey concepts

from SharedPlans. F ollo wing Cohen et al., a team initially adopts \a join t in-

ten tion for a high-lev el team goal" that includes commitmen ts to main tain the

goal un til it is deemed already ac hiev ed, unac hiev able or irrelev an t. The agen ts

then construct a hierarc h y of individual and join t in ten tions \analogous to par-

tial SharedPlans." T am b e notes that as the hierarc h y ev olv es, \if a step in v olv es

only a subteam then that subteam m ust form a join t in ten tion to p erform that

step", and the remaining team mem b ers need only tr ack the subteam's join t in-

ten tion, requiring that they b e able to infer whether or not the subteam in tends

to, or is able to, execute that step. Th us, T am b e informally addresses some of

the cen tral issues in this pap er.

Stone and V eloso [11] use lo cker r o om agr e ements (i.e., pre-determined sets

of �xed proto cols and 
exible te amwork structur es ) to allo w teams of agen ts

op erating in dynamic domains (e.g., rob otic so ccer) to a v oid m uc h of the nego-

tiation and comm unication that migh t otherwise b e required to establish and

main tain the net w ork of in ten tions and m utual b eliefs that are essen tial for the

collab oration. Rather than hierarc hically decomp osing the task space in terms

of actions , the team w ork structures hierarc hically decomp ose the task space in

terms of formations, sub-formations and r oles , where eac h role has an asso ciated

set of b eha viors. Lo c k er ro om agreemen ts ma y stipulate that certain ev en ts shall

trigger the adoption of new formations and ma y sp ecify e�cien t proto cols to

allo w subsets of agen ts to 
exibly switc h roles within a formation. The primary

concern is to a v oid p erio ds of unco ordinated activit y arising from inconsisten t

b eliefs ab out whic h formation the team is using and whic h agen ts are �lling

whic h roles. The theorems in this pap er apply directly to suc h concerns.

6 Conclusions

A reform ulation of the theory of SharedPlans has b een presen ted that mak es the

theory more concise and that enables a set of imp ortan t theorems ab out agen ts

and their SharedPlans to b e form ulated and pro v en. The theorems sp ecify kno wl-

edge conditions su�cien t to ensure that a group of agen ts ha v e a SharedPlan



if (or only if ) they hold a sp eci�ed set of m utual b eliefs. Th us, the theorems

ma y b e used to guide the designer of a m ulti-agen t system b y clearly sp ecifying

the m utual b eliefs agen ts need to establish and the kno wledge conditions they

need to satisfy as they construct their SharedPlans. The theorems also indicate

the p oten tial cost of w eak ening an y of the underlying assumptions. SharedPlan

T rees w ere in tro duced to mak e the meta-predicate de�nitions from the original

form ulation more concise and to enable precise sp eci�cation of the kno wledge

conditions and m utual b eliefs app earing in the theorems.

References

1. Thir d International Confer enc e on Multi-A gent Systems (ICMAS-98) . IEEE Com-

puter So ciet y , 1998.

2. La wrence Ca v edon and Elizab eth Sonen b erg. On so cial commitmen t, roles and

preferred goals. [1], pages 80{87.

3. D.M. Gabba y , C.J. Hogger, and J.A. Robinson, editors. Handb o ok of L o gic in

A rti�cial Intel ligenc e and L o gic Pr o gr amming . Clarendon Press, Oxford, 1993.

4. Barbara J. Grosz. AAAI-94 Presiden tial Address: Collab orativ e systems. AI Mag-

azine , pages 67{85, Summer 1996.

5. Barbara J. Grosz and Sarit Kraus. Collab orativ e plans for complex group action.

A rti�cial Intel ligenc e , 86:269{357, 1996.

6. Barbara J. Grosz and Sarit Kraus. The ev olution of SharedPlans. In A.S. Rao and

M. W o oldridge, editors, F oundations and The ories of R ational A gencies . 1997. T o

app ear.

7. Mera v Hadad. Using SharedPlan mo del in electronic commerce en vironmen t. Mas-

ter's thesis, Bar Ilan Univ ersit y , Ramat-Gan, Israel, 1997.

8. D. Kinn y , M. Ljungb erg, A.S. Rao, E. Sonen b erg, G. Tidhar, and E. W erner.

Planned team activit y . In C. Castelfranc hi and E. W erner, editors, A rti�cial So-

cial Systems , Lecture Notes in Arti�cial In telligence. Springer V erlag, Amsterdam,

1994. V olume 830.

9. A.S. Rao, E. Sonen b erg, and G. Tidhar. On team kno wledge and common kno wl-

edge. [1 ], pages 301{308.

10. Charles Ric h and Candace L. Sidner. Collagen: When agen ts collab orate with

p eople. In First International Confer enc e on A utonomous A gents . Marina del

Ra y , CA, F eb. 1997.

11. P . Stone and M. V eloso. T ask decomp osition and dynamic role assignmen t for

real-time strategic team w ork. In J. P . M • uller, M. P . Singh, and A. S. Rao, editors,

Intel ligent A gents V | Pr o c e e dings of the Fifth International Workshop on A gent

The ories, A r chite ctur es, and L anguages (A T AL-98) , Lecture Notes in Arti�cial

In telligence. Springer-V erlag, Heidelb erg, 1999. In this v olume.

12. Milind T am b e. Agen t arc hitectures for 
exible, practical team w ork. In Pr o c e e dings

of the F ourte enth National Confer enc e on A rti�cial Intel ligenc e . 1997.

13. Milind T am b e. T o w ards 
exible team w ork. Journal of A rti�cial Intel ligenc e R e-

se ar ch , 7:83{124, 1997.

This article w as pro cessed using the L

A

T

E

X macro pac k age with LLNCS st yle


