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Abstract. Teams arise in a number of important multiagent applications. Several theories of intentions for teams have been proposed.
By and large, these theories tend to model team intentions exclusively on the basis of mental concepts, and fail to acknowledge the
internal structure of teams.
We present a formal theory of intentions for teams that considers the structure of teams explicitly. In this context, we distinguish
between exodeictic and endodeictic intentions, which are conceptualized as pointing outward or inward from a team. These concepts
are formalized in a framework that models the structure of teams
in terms of their members’ commitments and coordination requirements. In this way, our approach combines mental and social concepts in a principled manner. We describe some postulates concerning intentions and structure, and give technical results establishing or
falsifying these postulates with different definitions.

1

Introduction

Intentions have drawn much attention in multiagent systems research. With few exceptions, previous theoretical work has generally
considered only the usual mental primitives of traditional AI. However, multiagent systems are inherently social entities. We restrict
attention to teams, which are multiagent systems that are viewed as
having different members playing specific roles and usually cooperating to achieve some higher end. Although mental concepts such
as intentions apply on teams, they must be properly related to social
concepts. To do so is the main objective of this paper.
This exercise is of theoretical and practical importance, because
not only is this issue of centrality to DAI, but implemented systems
involving the intentions of teams now exist, e.g., STEAM [19] and
ARCHON [12]. Because of the limitations of the present theories,
existing systems were forced to invent additional representations to
effectively capture the social dimension. By including this in our theory, we can hope to offer a more accurate and implementable theory,
which will facilitate the designer’s task while providing rigor and
flexibility. We motivate a set of definitions of intentions of teams that
combine aspects of previous work on intentions, coordination, social
commitments, and structure.
Social Stance. Two powerful and well-known ways of looking at
agency are the intentional stance [6, 14], and the knowledge level
[15]. These approaches legitimize the ascription of intentions to complex physical systems. We implicitly adopt these approaches in defining the intentions of teams.
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Traditionally, the intentional stance supervenes of the design
stance, and the knowledge level on the symbol level. However, in the
case of teams, this hierarchy is less clear. Although a team may be
viewed as a single agent, the members of a team exist independently
and are themselves intentional. Intuitively, when a team is opened
up with the design stance, we find not mere mechanisms, but other
agents, some of which may be teams. For this reason, we introduce
the social stance or level, which plays a central role in our approach.
Just as the intentional stance justifies mental constructs, the social
stance enables social ones, such as social commitments. For simplicity, we take the social stance as including organizational aspects [2].
We take the notion of individual agents as given, and present a
recursive definition of teams, which are also treated as agents..
Mutual Beliefs. Traditional theories, such as [13, 11], involve the
notion of mutual belief (essentially the same as common knowledge
for our purposes). Roughly, a set of agents mutually believe  iff
each of them believes  , and each of them believes that each of them
believes  , and so on, ad infinitum [9]. Traditional approaches require mutual beliefs among the team members essentially to achieve
the effect that can be more simply attained through social commitments. In fact, it is known that in settings with asynchronous, unreliable or unboundedly delayable communication, mutual beliefs cannot be created. They exist only if present from the start [4]. Thus,
mutual beliefs are used primarily to establish impossibility results
for distributed computing protocols. It is puzzling that the basis for
impossibility results would form a cornerstone of theories that seek
application in real environments!
Exodeixis and Endodeixis. The presence of structure in teams
causes a systematic variation in meaning, which has led to much
confusion in some previous work. In one sense, the intentions of a
team apply outside of the team. These are the intentions of the team
as viewed by others, who effectively view the team as a single monolithic autonomous entity. This is the sense that is suggested in statements such as “North Korea intends to invade South Korea.” In another sense, the intentions of a team apply within the team. These are
the intentions of the team as viewed by the team itself or by others
with an interest in the team’s composition. Here the team is thought
of as having structure. Further, the members of the team are committed to the intentions of the team and may cooperate according to their
roles. This is the sense that is suggested in statements such as “The
North Koreans intend to invade South Korea.”
We introduce the term exodeixis (from exo- “outward” and deixis
pointing) for the first phenomenon, and endodeixis (from endo- “inward”) for the second. The corresponding intentions are called exodeictic and endodeictic, respectively.

Organization. Section 2 introduces some background material.
Section 3 formalizes team structure. Section 4 presents a formalization of intentions as motivated above. Section 5 presents several postulates concerning team intentions and structure, and show which of
our formal definitions support which postulates. Section 6 concludes
with a discussion.

2

Operations on Commitments. These include:
O1. Create instantiates a commitment; it is typically performed as a

O2.

Interaction-Oriented Programming

O3.

The present approach fits naturally in our ongoing research program
of interaction-oriented programming (IOP). IOP is about abstractions and techniques for programming interactions among agents. It
has three layers, from lower to upper:





O4.

coordination, which enables the agents to operate in a shared environment
commitment, which reflects the social stance, capturing the agents’
obligations, social structure, and norms
collaboration, which combines the intentional and the social
stances.

O5.

O6.

Some informal concepts, such as competition, may be classified into
different layers: bidding in an auction requires no more than coordination among bidders and fairly rigid commitments between the
bidders and the auctioneer, whereas commerce involves flexible commitments, and negotiation involves sophisticated protocols. Team intentions reside in the collaboration layer and build on top of coordination and commitment.

Through a minor abuse of notation, we write the above operations
also as propositions, indicating their successful execution.
Social Policies. These are conditional expressions involving commitments and operations on commitments. Policies are useful, because they lead to a decoupling of the decision-making among the
agents. These are essentially like operating procedures in general organizations. Each party can act without having to confirm every decision with others, unless the policies call for explicit confirmation.
Agents can commit to social policies themselves, resulting in metacommitments. Social policies are the basis for the commitments, including the commitments that are instantiated when a team is created.
Ultimately, these policies must be rooted in the society from which
the agents are drawn to compose a team.

2.1 Coordination
Recognizing that the agents will be designed by different parties and
will behave autonomously, we require that only limited knowledge
of the agent’s construction be used in coordination. This knowledge
is the form of a compact skeleton for each agent, which includes
its publicly visible events along with constraints on whether they
can be reordered, triggered, or prevented. Coordination requirements
are formulae expressing relationships among events. The formal language is simple, but can be processed automatically to ensure the
occurrence or mutual ordering of events to satisfy the stated requirements.
Our specification language is propositional logic augmented with
the before (  ) temporal operator. Before is essentially a dual of the
more conventional “until” operator. R3 suggests an enabling condition or a data flow from  to  . Table 1 presents some common
examples. Relationships may involve multiple events. R8 captures
requirements such as that if an agent does something (  ), but another agent does not match it with something else (  ), then a third
agent can perform  . This is a typical pattern of coordination where
an agent handles contingencies resulting from the other agents’ actions. Additional details of semantics and processing are available
elsewhere [17].

3 Team Structure
One of the most important aspects of teams is their structure. Teams
typically have several distinct roles. Both the exodeictic and endodeictic intentions of a team are constrained by its structure. This obvious point is worth emphasizing, because it has been ignored by previous approaches. Our approach admits two aspects of team structure,
in terms of commitment and coordination, respectively. Both are represented via the interactions among team-members.
Committed Interactions. Certain high-level interactions among
team-members occur at the level of their social commitments to each
other. These interactions involve the operations on commitments as
described in section 2.2. Most operations on commitments are carried
out through illocutionary acts between agents [1]. These operations
occur in a context where the agents’ prior commitments include the
applicable social policies.

2.2 Commitments
Agents can commit to each other. The debtor commits to the creditor
to bring about the discharge condition. Commitments are formed in
a context, which is typically the enclosing team:

Coordinating Interactions. Another subclass of interactions involves the establishment of various conditions in the world by some
members that other members rely on. These could be because of
constraints of the physical environment or because the members are
falling into various habits that have not yet been raised to the level of
explicit social commitments [20].

Definition 1 The formula
 denotes a commitment,
where is the debtor,  the creditor,  the context, and  the discharge condition.
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consequence of an agent adopting a role or by exercising a social
policy (explained below).
Discharge satisfies the commitment; it is performed by the
debtor concurrently with the (possibly physical) actions that
lead to the given condition being satisfied.
Cancel revokes the commitment. It can be performed by the
debtor.
Release essentially eliminates the commitment. This is distinguished from both discharge and cancel, because release does
not mean success or failure of the given commitment, although
it lets the debtor off the hook. The release action may be performed by the context or the creditor of the given commitment.
Delegate shifts the role of debtor to another agent within the
same context, and can be performed by the new debtor or the
context.
Assign transfers a commitment to another creditor within the
same context, and can be performed by the present creditor (if
authorized) or the context.
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Table 1. Example Coordination Relationships

4.1 Formal Framework

Teams Formalized. The following definition formalizes the intuition that the structure of a team is reflected in the constraints on the
interactions of its members.

Our formal framework is the usual formal language and model involving branching time and actions. We only have space to cover
this informally; for a detailed exposition, please consult [18]. Briefly,
the model, N , consists of moments arranged according to temporal precedence in a branching structure. Each moment represents a
possible state of the world (and has associated intentions and commitments of each agent). Each branch or path (rooted at a moment)
represents a possible execution of the multiagent system and its environment. The propositional operators are standard. For simplicity, we
do not highlight the temporal operators of the language and assume
they are included as needed in the propositions.
We define modal accessibility relations for intentions O and commitments P . The former follows the development of [18]; the latter
generalizes the construction in [8] to allow an explicit social context.
OQ- :<R. gives the paths that are “intentional-alternatives” for agent
: at moment R . This is assumed to be defined only for individuals.
P)- :<S<4T<RU. gives the “commitment-alternative” paths that reflect
the commitments of : for S in context 4 .
We stipulate that the notions of exodeictic and endodeictic intentions coincide for individuals. An individual intends V (:W V ) iff V occurs on all paths that are intentional-alternatives for him at the given
moment. An agent is committed to another agent in a given context
for V iff V holds on all commitment-alternative paths for the given
creditor, context, and moment.

Definition 2 A team 465 798%:;=< > > >*<:@?@AB<DCE<FHG , where :I are agents,
C is a set of social commitments among : I , and F is the set of coordination relationships among :I .

The :@I are the members of 4 (notated, :IKJ4@L ). To be more precise,
we would define abstract teams in terms of their roles, and instantiate
the roles with agents in order to create concrete teams. Here we go
directly to concrete teams for expository ease, and to save space.
Many of the commitments are realized through coordination actions,
but coordination relationships can exist that are not explicitly part
of the commitments. The implicit coordination relationships can be
lifted into proper commitments when the team matures. Since the
coordination component is used within the commitment component,
F can be empty even in nontrivial cases, but C is empty only in trivial
teams.
Example 1 A soccer team is a team with 11 players (in different
roles). The players are committed to each other and the team, e.g.,

M
M

the goal-keeper will obstruct any attempts at putting the ball
in the goal he defends

M

the center-left will obey the center-forward’s signal to advance, i.e., the signal causes the creation of a commitment
to advance
each player will rush back to defend if the opposing team has
a corner kick, i.e., the corner causes the creation of a commitment to return and a release from any prior commitment
to advance.

S EM -1.
S EM -2.

NYX Z\[:W V iff -^]_a`b_cJ'OQ- :<R. deNYX ZHf@g [hV0.
N X Z\[jiK- :k<S<4/<V0. iff -^]_l`m_lJnP)- :<oS<4/<R.1d
NYX ZHfhg [TV0.

We assume that the semantics for sets of commitments, and sets of
coordination relationships is given.

There are coordination requirements underlying the commitments,
e.g., the center-left will stay to the left and back of the center-forward
while obeying his signal. Some requirements may not be explicitly
committed to, e.g., the center-left rushes to assist the center-forward
if the latter is surrounded, but that’s just on his own accord.

the set of paths on which the coordination
Definition 3 p F6q 5
relationships in F are satisfied.

5

More complex teams, e.g., in business organizations, would use the
other operations on commitments as well.

Definition 4 p Cq
C are satisfied.

4

4.2 Intentions Formalized

Team Intentions

We motivated the distinction between endodeictic and exodeictic intentions of teams in section 1. We now give formal definitions for
these concepts, and compare them with regard to some technical
properties that involve them and the structure of teams.
Distributed AI and Multiagent Systems

the set of paths on which the commitments in

So that we can make logical claims uniformly at all levels of a nested
team, we seek to preserve the basic nature of Sem-1. Another reason for preserving symmetry is that often the change from viewing a
system as an individual to viewing it as a team is a necessary step in
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designing or analyzing the given system. We surely would not want
all of our claims about the intentions of the system to be automatically invalidated when that happens, although (as we described in
section 1) some adjustment may be necessary to accommodate the
structure of a team.
Consequently, to check whether a team r intends condition s , we
carry out the same basic steps as for a single agent, adding commitment and coordination requirements, of course:

Notice that the above definition for the endodeictic intentions
unions in sets of paths reflecting the members’ commitments. According to our semantic definitions, this means that s must hold in a
larger set of paths in order to be considered intended. Thus, we have
that  © s entails  ¤ s , which entails   s .

t

One of the ways in which theoretical approaches may be evaluated
is by determining which postulates the given definitions support. In
light of this, the formal consequences of our definitions are important. We next state some postulates using a generic intention operator
 , which is replaced by a specific operator   ,  ¤ , or  © to determine if
they satisfy the given postulate.

5 Some Postulates

Identify the set of admissible paths that satisfy
– the intentions of the members of r
– the coordination requirements on the members imposed by
their membership in r

t

– the commitment requirements on the members imposed by
their membership in r

P1. Singleton Teams (ST). Are the intentions of a single-member

team identical to those of its sole member?

t

Check whether the given condition s holds on each of these paths
If it does, r intends s ; otherwise, r does not intend s .

    0s «e¬9  ® U| ¯T|D¯{°  s

For example, let Bill intend to go to Italy. Then the team formed
out of Bill alone and with no restrictions also intends to go to
Italy. Only   supports this in general, but with the weak additional assumption that the commitments of a team-member to
the team are intended by him,  ¤ and  © also support it.
P2. Temporal Coherence (TC). Does a team intend the temporal
combination of the intentions of its members?

The above schematic is applied to each of the senses of the intentions,
although some of the tests are modified. Because our definitions consider the necessary consequences of admissible paths, they are fairly
strong and eliminate contingently satisfied conditions. Moreover, the
definitions depend on the intentions, coordination requirements, and
commitments of the members. There is no implicature that a team
will succeed with its intentions.
Below, we define sets of paths uwv , uwx , and uoy for teams. Each definition recurses on the structure of teams; for each, the base case of
individuals is set to u . These sets of paths capture the different semantics of intentions.

  z  s²±¨  ³ ± z  |¨  r@´\~~ µ¶r ·z s²± ³ ~

If Al intends to hang a picture and Bo intends to hang a mirror,
then does their team intend to hang both objects? This holds for
  , but is invalid for  ¤ and  © , since it is possible that no member
is committed to hanging both objects. This postulate is related
to the intuition that a team might not internally intend a consequence of its intentions.
P3. Strong Upward Closure (SUC). Does a team intend what any
one of its members intends?

Exodeictic Intentions. A team r exodeictically intends s iff s
holds on all paths that satisfy the exodeictic intentions of the members of r , and satisfy the team structure requirements.
Definition 5
S EM -3.

u v{z r/|o}U~j

Y \   s

  z¹¸T'{º r ´ ±  s0~ µ»r  s

An example of this postulate is the following. If a platoon of an
army brigade intends to control a major bridge, then the army
brigade intends to control that bridge. Only   supports this.
P4. Weak Upward Closure (WUC). Does a team intend what all of
its members intend?

{{* u v{z  |9}U~j  /j 6
iff

z^abc u v{z  |}~ e Hh hs0~

A team may exodeictically intend conditions that arise from the
combinations of the members’ intentions (and the team structure).
For example, if two members intend 1 and ,  , then their
team may intend  , which neither had intended.

  z^'{º rh´¼µ  s0~ µ»r  s

For example, if all players in a soccer team intend to win, then
the team intends to win. Only   supports this in general, but if
commitments to the team are intended, then  ¤ (but still not  © )
supports it.
P5. Weak Nonemergence (WN). Is each intention of the team directly reflected as an intention of at least one of its members?

Endodeictic Intentions. A team r endodeictically intends s iff s
holds on all paths that satisfy the endodeictic intentions of the members of r , satisfy the team structure requirements, and require that
the members are committed to r to bring about s .
Definition 6

  /j 6

S EM -4.

 ½r  s)µ

uwx z rT|}U~  z9¡ {B  u=x z  |o}~%¢ ¡ {{ 1£ z  |rT|r/|}~~%

Y    ¤ s

iff

z^0cbc u=x z  |o}U~ ¥¦  h  s~

It is useful to distinguish another notion of endodeictic intentions
that we term joint intentions. Here we additionally require that the
members be committed to each other to bring about s .

u yTz rT|}U~, 9z ¡ {{*ju yTz  |o}U~h¢ ¡ {B* £ z  |or/|rT|}U~/¢
¡   § {* £ z  o| ¨|r/|}~~k   /  6

Definition 7

S EM -5.

Y \  © s

iff

 ½r  s)µ

z^@'Bº r@´¼µ  s0~

If SN fails, then in effect, the intentions of a team are weakly
emergent, in that they are not common to all members. SN is

z^ª{c u yTz  |9}U~ eY Hh hs0~
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z¹¸¾'Bº r@´¿±  s~

If WN fails, then in effect, the intentions of a team are strongly
emergent, in that no member of a team has the same intentions as
the team itself. WN is not valid for any definition of intentions,
because the team’s intention may be due to a combination of
its members’ intentions. For example, neither Al nor Bo above
may intend to hang both the picture and the mirror. WN fails in
general, because of  and  , but if Àe¯ and ¥Á¯ , and
commitments to the team are intended, then it holds for  ¤ (but
not for   and  © ).
P6. Strong Nonemergence (SN). Is each intention of the team directly reflected as an intention of each of its members?
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invalid
Â for the same reasons as WN—the team’s intention may
be a combination of its member’s intentions as in, e.g., P2. If
ÃÅÄÇÆ
ÄÉÆ
and È
, and commitments to the team are intended,
then it holds for Ê Ë (but not for Ê Ì and Ê Í ).
P7. Consequential Closure (CC). Are the intentions of a team
closed
under logical consequence?
Î

Lastly, there is a large body of work on emergent behavior in multiagent systems, e.g., [10], which gives primacy to the behavior of
agents over mental concepts. We showed above how team intentions
naturally depend on the coordination relationships of the teams: this
provides a potentially powerful means to unite the two camps.

Ä Ï
Ð
Ï
Ê Ñ#Ò Ó$ÔÕÑ)Ö¶×BØ Ö Ê ×
Ó$ÔÕÑjÖÙ×BØ means that Ñ entails × ; i.e., Ñ implies × at every moment in Ú . CC holds here as for all other possible worlds based
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approaches. We include this as a kind of truth-in-advertising, because its presence makes the formal notion different from its informal counterpart. Note, however, that only intentions for logical consequences are entailed, not for material consequences.
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Table 2. Postulates Supported

The above postulates involve several important theorems and nontheorems of our theory. They help distinguish between the different
senses of intentions and help relate our models to the reasoning that
they support. Table 2 summarizes our results for the three variants of
team intentions that we formalized. Û indicates support, Ü indicates
failure, and Ý indicates support when we make the assumption that
commitments to one’s team are intended. For WN and SN, we also
ÃjÄÞÆ
Ä½Æ
assume
and È
.

6

Discussion

The theory presented in this paper refines and formalizes some intuitions about team intention, especially as that concept may be used
in modeling the behavior of complex teams. It grounds the intentions
of a team in (1) the intentions of its members, and (2) their structure.
It allows nested teams, and provides a framework in which different
useful senses of intentions can be formalized.
It is interesting that the above definitions avoided the concept of
mutual beliefs altogether, leaving open the possibility of realizing
a team-based system in a wider range of environments. Also, the
above approach can naturally accommodate the structure of heterogeneous teams, including large teams whose members may not be
perfectly cooperative. We believe the notions of endodeixis and exodeixis are applicable in a broader range of situations than treated
here, for which they would need a more careful analysis than we developed.
There are a number of important directions for further work. One
is the relationship with group and individual rationality. The connection between rationality and social concepts remains especially
under-studied, although some conceptual and theoretical advances
have been made [3, 5].
A related issue is about how agents may form goals of mutual interest [7], or how the members of a team may collectively reason
about their intentions. Some nice theories of argumentation and negotiation are being developed, e.g., [16]. A closer investigation of
these forms of negotiation and the creation and maintenance of teams
and team intentions remains to be made.
Distributed AI and Multiagent Systems
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