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Abstract
In this paper, we present an abstract formal model of decision-making in a social setting that covers all aspects of
the process, from recognition of a potential for cooperation through to joint decision. In a multi-agent environment,
where self-motivated autonomous agents try to pursue their own goals, a joint decision cannot be taken for granted.
In order to decide effectively, agents need the ability to(a) represent and maintain a model of their own mental
attitudes, (b) reason about other agents’ mental attitudes, and (c) influence other agents’ mental states.Social mental
shaping is advocated as a general mechanism for attempting to have an impact on agents’ mental states in order to
increase their cooperativeness towards a joint decision. Our approach is to specify a novel, high-level architecture
for collaborative decision-making in which the mentalistic notions of belief, desire, goal, intention, preference and
commitment play a central role in guiding the individual agent’s and the group’s decision-making behaviour. We
identify preconditions that must be fulfilled before collaborative decision-making can commence and prescribe how
cooperating agents should behave, in terms of their own decision-making apparatus and their interactions with others,
when the decision-making process is progressing satisfactorily. The model is formalized through a new, many-sorted,
multi-modal logic.

Keywords: Multi-agent systems, BDI logic, joint mental attitudes, inter-agent social behaviour.

1 Introduction

Since Aristotle, it has been common to distinguish between two fundamental modes of rea-
soning: theoretical and practical. In its barestsense, theoretical reasoning is mainly used to
describe a form of reasoning whose goal is knowledge and whose typical outcome is, at least,
justified belief [45]. Practical reasoning, on the other hand, is usually intended to be directed
towards conduct and, particularly, is expected to explain what it is for an agent to act for
a reason [2]. However, both modes of reasoning can be described as an inferential process
moving from a problem to an appropriate response. On the one hand, theoretical reasoning
can be conceived as reasoning undertaken to answer a theoretical problem, i.e. a problem
about what is the case. On the other, practical reasoning can be characterized as reasoning
undertaken to find an answer to a practical problem, i.e. a problem about what is to be done.
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In either case, the full statement of the problem, whether theoretical or practical, will involve
giving all the relevant information and this provides the premisses from which a conclusion
can be inferred that represents an answer to the problem. In this view, an agent’s drawing
that conclusion is an appropriate response to its asking a question, whether theoretical or
practical.

In this paper, our focus will be on practical reasoning. Following the Aristotelian tradition,
practical reasoning is here conceived of as a belief-based, intention-motivated, and action-
guiding species of reasoning.1 In essence, it coordinates intentions towards a state of affairs
with beliefs about possible alternative courses of action that are means to achieve that state
and with a practical judgement that recommendsa prudent course of action, and it concludes
in an intention to act according to the practical judgement. So conceived, practical reasoning
is the vehicle of decision-making. It works out the requirements and steps of a decision
by forming the sequences of possible paths of actions appropriate to a situation. Here, a
decision is a composite concept specifying what practical judgement the agent has brought
about through practical reasoning and how the agent is committed to acting in compliance
with that judgement.

Most traditional work within the area of practical reasoning and decision-making has con-
centrated on solipsistic agents [25, 69]. However, with the advent of the Internet and other
forms of network computing and applications that use cooperative agents working towards
a common goal, multiple agents are increasingly becoming the norm [50]. In such cases,
we need to re-consider and extend our notions of practical reasoning and decision-making
so that they deal with the inherently social aspects of these classes of multi-agent systems.
Given this, we are specifically concerned with issues that arise in the formal specification of
practical reasoning and decision-making within a social setting, particularly within groups of
agents that are primarily designed to exhibit specified intelligent behaviour as a collective.
Collaborative decision-making (CDM) is perhaps the paradigm example of activity in multi-
agent systems [11, 50]. It refers to a group of logically decentralized agents that cooperate to
achieve objectives that are typically beyond thecapabilities of anyindividual agent. In short,
CDM has generally been viewed and modelled as a kind of distributed reasoning and search,
whereby a collection of agents collaboratively go through the search space of a problem in
order to find a solution [11, 33, 38].

Recently, a number of theoretical models have been proposed for investigating decision-
making in a social setting [33, 48, 71, 82, 86]. However, none of these approaches cover the
full breadth of social and cognitive activities that are typically involved in a CDM process.
In some of these approaches, agents are seen as endowed with identifiable decision-making
capabilities and are grouped together to form communities which cooperate to achieve both
individual goals and the goals of the system as a whole [62, 86]. In these approaches, co-
operative behaviour stems from predefined interactions between tightly coupled agents that
cannot operate outside of the specific cooperation protocols specified in advance by the sys-
tem designer. Therefore each agent has little knowledge of the system’s overall objective
or of general strategies for communication andcoordination. In other approaches, the main
focus is on coordination strategies between multiple decision-makers [15, 32, 34, 37, 78, 79].
Consequently, the mental apparatus and inferential mechanisms of agents are obscured under
the mere assumption that agents have their own decision-making expertise which frequently
has to be coordinated when the goals undertaken by individual agents are related.

1This definition encapsulates the notion of practical reasoning analysed in [3] and [24].
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However, in the majority of multi-agent systems, community members are relatively au-
tonomous in deciding what actions to performand can reason about the process of coordi-
nation. Given this, the purpose of this paper is to put forward an alternative view of CDM.
In this view, CDM is treated as amulti-agent socio-cognitive process in which a number of
social and cognitive aspects are dynamically intertwined. That is, we propose a two-pronged
approach to CDM where the mental modelling is intimately combined with an account of
sociality and interaction capabilities. Bymental modelling we mean an explicit account of
the agents’ mental attitudes, such as beliefs, desires, goals, intentions, and preferences, and
the operations performed upon them.Sociality, on the other hand, refers to the agents’ ca-
pabilities to interact with one another and to the mechanisms that they can use to coordinate
their behaviour effectively within a common social environment.

It is our aim to provide an account of CDM that allows a step-by-stepdual-faceted recon-
struction of the entire process that leads intelligent autonomous agents to make a decision
in a collaborative manner. To this end, we formalize a model of CDM that offers an insight
into: (a) the agents’ mental states and processes, and (b) a range of social behaviours that
lead them to solicit, and take part in a decision-making process. Particularly, we will address
the following questions:

(a) Why do agents engage in CDM in its most general form, and what are the reasoning
mechanisms regulating it?

(b) Are the agents’ mental states modified when they jointly reason about what to do, and if
so, how does this happen?

(c) What is the relationship between the mental states of interacting agents?

(d) What are the coordination mechanisms that enable these relationships to be effected?

A key role in combining mental modelling with sociality will be played by the process of
social mental shaping (Section 3.9) [66]. By this we mean the process by which the mere
social nature of agents may impact upon their mental states and motivate their behaviour.
This process can involve either roles (Sections 3.7 and 3.9.1) or social relationships (Sections
3.8 and 3.9.2) or simply other agents outside of any social relationship (Section 3.9.2). In
our account, the social environment2 in which an agent is located can be seen as a source of
mental attitudes that the agent can adopt to complement or merely to change its individual
mental state. To the extent that agents have social capabilities andcan reason about other
agents, their mental apparatus can be changed and/or complemented by internalizingsocially
motivated mental attitudes. Therefore, the complex interplay between the agent and its social
environment turns out to be a process in which roles, agents and social relationships may
complete and augment bare individual mental attitudes.

Another key characteristic of our approachis the distinction between CDM and social
practical reasoning. On the one hand, CDM is meant to cover the whole process by which
the agents recognize a potential for collaboration, organize themselves into a group, reason
together about what to do and, finally, commit themselves to a given course of action. Mean-
while, social practical reasoning is clearly just one fundamental stage of CDM. It strictly
refers to the mental apparatus and inferential processes through which agents reason about
the appropriate means to achieve a given state of affairs.

2Here we use the termsocial environment to broadly refer to the pattern of social relations in which an agent is
actually and potentially involved. Thus, it refers both to the set of social relationships (Section 3.9) that an agent has
already established and to those that may beestablished as circumstances evolve.
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Building upon [88] (see Section 9.3 for more details), our model of CDM consists of four
stages:

(a) the practical starting-point — in which an agent is confronted with a problem concerning
what is to be done and identifies a potential for cooperation over the resolution of that
problem;

(b) group generation — in which a group is formed with decision-making purposes;

(c) social practical reasoning — in which each agent involved in the newly formed group
attempts, via a set of social inferential processes, to find a solution to the problem set at
the beginning;

(d) negotiation — in which the members of the group interact in an effort to make an agree-
ment about a course of action to be performed by the group.

The purpose of this paper is, therefore, to provide a high-level agent architecture for CDM
in which social practical reasoning plays a central role. In particular, our model identifies pre-
conditions that must be fulfilled before CDM can commence and prescribes how cooperating
agents should behave, in terms of their own decision-making apparatus and their interac-
tions with others, when CDM is progressing satisfactorily. This work extends the state of the
art in two ways. First, from a theoretical viewpoint, it identifies the fundamental structures
and computational processes that underpin decision-making in a multi-agent system envi-
ronment. Second, it can be viewed as an abstract specification for agent designers. That is,
by interfacing mechanisms of individual and social behaviour, it represents a step towards
the goal of helping practitioners to implement grounded real-world applications of models of
decision-making for multi-agent systems. This link between the theoretical specification and
its corresponding implementation is important if agents are to exhibit predictable and reliable
behaviour both at the individual agent level and at the system level.

The remainder of this article is structured as follows. Section 2 outlines a number of
desiderata that should be met by any principled account of CDM. Section 3 introduces a new
quantified multi-modal logic that has been devised to formally express our model. This logic
is used to reason about and represent the mental attitudes both of individual agents and of
groups. Section 4 provides an overview of our four-stage model of CDM. Finally, Sections
5 through 8 analyse, and subsequently formalize, each stage. Section 9 situates our work
within the related literature. Section 10 presents concluding remarks.

2 Desiderata for a theory of CDM

In a CDM process, decisions are the product of a variety of social actions and interactions
and, as such, CDM is considerably different from the standard individual decision-making
process. In this section, we will identify the desiderata that are required for an adequate
account of decision-making in a social setting. These criteria will subsequently be used to
evaluate our model (Section 10).

1. Both individualistic and higher-order units of analysis and constructs are required
As social embeddedness and institutional theorists argue, individual agents both create
and are products of social interaction [5, 16, 17, 55, 63]. That is, the individual agent
is context-dependent and habits of mind and behaviour develop in a social environment.
Individual mentalistic, motivational and behaviouristic concepts (i.e. individual actions,
individual doxastic, motivational and deontic attitudes) are useful in defining some of the
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processes involved in decision-making, goal setting, search for information, evaluation of
information, search for alternatives, evaluation of alternatives, selection of the preferred
alternative, and the implementation of it. However, individual concepts only define an
individual’s local decision-making behaviour and, as such, are an insufficient base on
which to build a principled representation of CDM. The presence of other agents causes
the dynamics of making the decision to differ from those of individual decisions. Deci-
sions are made through processes of negotiation [49, 81], compromise, and bargaining
and coalition formation [5]. Collaborative decisions are not necessarily those that any
single member of the group would have made, or even the average. Therefore, to capture
the dynamics of making a decision within a social setting we need representations that
address higher-order units of analysis (i.e. groups, multi-agent actions, joint doxastic,
motivational and deontic attitudes).

2. Agents are autonomous, reactive and pro-active
First, agents will take part in CDM only if they choose to do so [36, 87]. That is, they are
not required to be benevolent with an a priori disposition to cooperate whenever asked
to. Second, agents should respond to any perceived change that occurs in their social
environment and that affects their mental states and behaviour [18, 87]. Third, agents may
take the initiative where appropriate and may exhibit opportunistic behaviour towards
other agents sharing a social environment [87].

3. Agents are self- and other-interested
First, individual agents seek maximal and efficient satisfaction of their own preferences
[10, 58]. However, self-satisfaction is an insufficiently rich base on which to represent
CDM. Agents are frequently torn between increasing self-satisfaction and their commit-
ment to others [18]. Social commitment may be as valid a basis for CDM as self-interest.
Agents are variably motivated by rationality, emotions, socialization, habit and social re-
lationships, or some mixture of any of these. Commitment to others captures the three
features that, according to Bratman [14], characterize truly shared cooperative activity.
First, mutual responsiveness: each group member has a disposition to be responsive to
the mental states and behaviour of the other agents involved in CDM. That is, local indi-
vidual decision-making behaviour is influenced by expectations about the others, based
on beliefs about the others’mental attitudes. Second,commitment to the joint activity:
the agents participating in CDM are committed to acting together in order to make a joint
decision. That is, each agent has an ‘intention in favour of the joint activity’, and will
not drop such an intention at least until certain escape conditions become true [25, 27].
Third, commitment to mutual support: each agent is committed to supporting the others
in their attempts to play their role in CDM. That is, although not benevolent (point 2),
agents may decide to initiate social processes and, once committed to making a decision
together, they will support one another during the performance of their joint activity. An
adequate theory of CDM must describe all these features of the agents’ commitments to
each other, identify the key doxastic and motivational attitudes on which they are built,
and tease out the fundamental forms of behaviour they bring about.

4. Communication is essential
The need for communication pervades joint activity [63]; hence, CDM as well [88]. Joint
intentions and goals cannot be adequately accomplished, and collective practical prob-
lems cannot be solved without adequate communication. The purposes of communication
are to provide information and instructions, to influence and to integrate activities. Com-
munication is interrelated with CDM effectiveness. Poor communication is frequently
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cited as the basis of conflict within groups, and it is the cause of many other problems
within social settings [63]. Good communication is also the basis for establishing ef-
fective relations and motivating agents to get involved in cooperative activity. Commu-
nication involves the use of networks, policies, and structures to facilitate coordination
activities that help to reach a joint decision.An adequate theory of CDM should describe
where and when communication is essential, although it should not prescribe the means
through which it takes place.

5. Cooperation can fail
Since agents are not assumed to be benevolent, there is no guarantee that cooperation is
always successful [88]. Even when CDM is initially established, it can fail to progress
satisfactorily for many different reasons. For example, some of the agents that are jointly
committed to making a decision together may come later to adopt a goal or an intention
that turns out to be incompatible with the ongoing cooperative activity. Alternatively,
some unpredictable event may make the completion of CDM infeasible (e.g. the practi-
cal problem the group is jointly committed to solving may turn out to be unsolvable or
beyond the control and capabilities of the agents involved).Therefore an adequate theory
of CDM must not assume successful cooperation. Rather, failure must be accounted for.
Furthermore, the key stages of the decisional process in which failure may occur must
be identified, and the behaviour of the agents must be characterized in all those circum-
stances in which CDM cannot be successfully completed.

6. Conflict is pervasive in CDM
Some degree of conflict can be expected in every CDM process [5, 63]. Although some
organizational conflict may be functional (e.g. it may increase spontaneity in communi-
cation or enhance the stimulation of creativity and therefore productivity), it is likely that
mismanaged conflict is dysfunctional to CDM. Among structural factors that can lead to
conflict are interdependent tasks, differencesin agents’ goals, intentions and preferences,
and differing expectationsabout others’ mental attitudes and behaviour. The different
types of conflict that may be involved in CDM include: inter-agent conflict (a friction
between two or more agents) and role conflict (occurring when two or more roles have
conflicting requirements). Such conflict among the agents involved in CDM decreases
cooperation and may lead to actions that debar others from effectively performing their
parts. An adequate theory of CDM must describe all those situations in which conflict
may arise, and identify the appropriate resolution techniques that agents may adopt.

7. CDM is a multi-stage process
Much work on group and organizational decision-making identifies the stages through
which a collective is expected to progress in making a decision [61, 63]. Broadly speak-
ing, these stages include: (a) task announcement and orientation: this stage involves
recognizing a potential for social action and acquainting group members with the nature
of the problem that requires a decision; (b) evaluation: this stage involves the search for
alternative courses of action by group members and the judgement of these alternatives;
(c) negotiation: group members typically possess somewhat different values and inter-
ests, and these differences must be resolved for the group to arrive at an agreement. An
adequate theory of CDM must recognize that CDM involves sequential phases, and must
identify the key behavioural processes that characterize these phases.
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8. CDM may involve the following of rules and routines that adapt to experience, rather
than anticipatory choice
One of the oldest behavioural speculations concerning decision-making within organiza-
tions is that time and attention are scarce resources [60, 61]. Most work on organizational
decision-making suggests that much organizational behaviour involves rule-following and
history-dependent processes [60, 61, 63]. That is, organizations have standard operating
procedures and relatively stable routines learned as appropriate in a particular situation.
An adequate theory of CDM must account for decisions that are driven by rules reflecting
history and encoding past experience. These behavioural rules and routines should define
how to behave locally and towards other agents both when joint action is progressing as
planned and when it runs into difficulty.

3 The formal framework

This section gives an overview of the formal framework in which our model of CDM will
be expressed. A complete formal definition is given in the Appendix. The formalism used
is a many-sorted first-order multi-modal language� which both draws upon and extends the
work described in [8, 9, 25, 69, 88].3 � is a many-sorted logic for reasoning about agents,
actions, roles, social relationships, and mental attitudes, with explicit reference to time points
and intervals.

Informally, the = operator is usual first-order equality. The operators� (not) and� (or)
have classical semantics, as does the universal quantifier�. The remaining classical connec-
tives and existential quantifier are assumed to be introduced as abbreviations, in the obvious
way. We also use the punctuation symbols ‘)’, ‘(’, ‘]’, ‘[’, and comma ‘,’.

3.1 Time

In � we have terms that denotetime points, and we use��� �� � � � � and so on as variables
ranging over time points. Every occurrence of a formula� is stamped with a time��, written
�����, meaning that� holds at time��. Time is taken to be composed of points and, for
simplicity, is assumed to be discrete and linear. In addition to time points, we have terms
that denotetemporal intervals, and we use��� �� � � � � and so on as variables ranging over time
intervals. Temporal intervals are defined as pairs of points. Intervals of the form���� ��� can
equally be written as time points. For time point��� ���� is the time point that increments��;
that is,���� is the time point obtained by extending�� by a time point. Similarly, for interval
��� �� � � is the interval that increments��. For example, if�� is (3, 8) then�� � � is (3, 9).
The usual connectives of linear temporal logic can be defined in the following way [8, 23]:
���� ������ means� is satisfied until� becomes satisfied;������ means� is eventually
satisfied;������ means� is always satisfied.

3Our use of time and preferences is consistent with the work of Bell [8] and Bell and Huang [9]. Our formalization
of individual mental attitudes draws upon [25] and [69]. Finally, our set-theoretic mechanism for relating agents and
groups is similar to that of Wooldridge and Jennings [88]. However, our language extends the aforementioned
formal frameworks in that it contains terms for reasoning about roles and relationships, and it explicitly addresses
the formalization of joint mental attitudes (see Section 9.1 for a more detailed discussion of this matter).



62 Formalizing Collaborative Decision Making

������� ������ � ������ 	 ��� s.t. ������ � ������ � �� 	 ���������
��������� � ������ � ��� s.t.�����
��������� � ������ � ��������

4

It will be convenient to adopt the following abbreviations:

� Interval terms of the form���� ��� will usually be abbreviated simply to��.

� Multiple occurrences of the same interval term may be eliminated when the result is
unambiguous. For example,�� � ������ abbreviates������� � �������.

� In complex sentences the same temporal terms are often repeated. In what follows we
will adopt the convention that a missing temporal term is the same as the closest temporal
term to its right. For example,Goal �
�� Does �
� � �������� states that at time�� agent
�
has the goal that at time�� agent
� performs action��.

3.2 Agents and groups of agents

We have terms that denoteagents, and we use
�� 
� � � � � and so on as variables ranging over
individual agents. Agents are typically required to perform several tasks, and have to make
decisions about how to achieve them. There are a number of properties that characterize
agents [36, 50]. First, agents are autonomous, that is, they have control over their tasks and
resources and will take part in cooperativeactivities only if they choose to do so. Second,
agents are reactive: they respond to any perceived change that takes place within their envi-
ronment and that affects their mental states. Third, agents are proactive: they do not simply
act in response to their environment, but they exhibit opportunistic behaviour and take the
initiative where appropriate. Fourth, agents have social ability: they can initiate social rela-
tionships with each other and will be mutuallysupportive during the execution of their joint
actions.

In addition, we have terms that denote groups of agents, and we use��� �� � � � � and so
on as variables ranging over groups of agents. A group�� of agents is simply a non-empty
subset of the set of agents. Agents and groups may easily be related to one another via simple
set theory. With the	 operator, we relate agents to groups of agents:
� 	 �� means that the
agent denoted by
� is a member of the group denoted by��. The operators
 and� relate
groups together, and have the obvious set-theoretic interpretation. We have:

������� ������� 
 ������� � �
��
� 	 ������� � �
� 	 ������.

������� ������� � ������� � ��� 
 ������� � ���� � �������.

Singleton ���� 
������ means that, at��, �� is a singleton group with
� as the only mem-
ber:

�����
����� Singleton ���� 
������ � �
��
� 	 ������� � �
� � 
������.

3.3 Actions and plans

In addition to terms denoting agents and groups, we have terms that denotesequences of ac-
tions, and we use��� �� � � � � and so on as terms denoting sequences of actions. We distinguish
between an action sequence type (an abstraction) and its occurrence in the world. The op-
eratorOccurs �������� states that action sequence�� (type) happens at interval��. Complex

4Note that such formulae as��� � ��� and��� � ��� will be given special treatment in the Appendix.
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actions are defined in the usual way: Occurs���� ������� means that at�� action sequence�� is
immediately followed by action sequence�� ; Occurs ���������� means either�� or �� occurs
at��; Occurs �������� is a test action which occurs if� is true at��; Occurs ���������� means
that both action sequence�� and action sequence�� occur at��.

Actions may be distinguished depending on whether they can be performed by an individ-
ual agent (single-agent actions) or by a group of agents (multi-agent actions). To simplify
the specification, we assume that an action sequence is either single-agent or multi-agent, but
not both. A sentence of the form�������� ������� states that at interval�� the group denoted
by �� are the agents required to perform the actions in the multi-agent action sequence de-
noted by��. ����
�� ������� means that
� is the only agent of�� at interval��. We have the
following definition:

�
�������������
�� ������� � ����������� ������� � Singleton ���� 
������.

We formalize the performance of action sequences by agents and groups of agents by
introducing the following operators:

����������� Do ���� ������� � Occurs �������� � �������� �������.

�
��������� Does �
�� ������� � ��� Do ���� ������� � Singleton ���� 
������.

Along another dimension, actions may be further distinguished between those that are not
state-directed and those that are [19, 29]. Inthe former case, actions are not motivated,
monitored and guided by a mental representation of a state of the world (for example in some
animals and in functional artefacts). In the latter case, actions require intelligent (cognitive)
agents, that is, agents whose behaviour is regulated by a set of mental attitudes.

In what follows we are interested only in state-directed actions. These actions cannot be
characterized simply as world-state transitions. Since they are regulated by mental attitudes,
it is necessary to specify not only theirde facto results, but also theirexpected andintended
results. To this end, we introduce a derived operatorplan that allows us to represent and
reason about actions that individual agents or groups of agents perform in order to achieve a
state of the world. Specifically, the operatorplan���� ��� ���������� expresses the fact that,
at time��, action sequence�� represents, for group��, a plan to bring about state� at time
����� 	 ���.5 Formally, we have the following definition:

������������ ����� 	 ��� plan���� ��� ���������� �
���� ����� � �� � �� 	 ��� s.t.
������ ������� ��� � �������������� ��� � ������������ ��

Informally, we say that at time�� action sequence�� is a plan for group�� to achieve�
at ����� 	 ��� iff: (a) �� will occur sometime before�� ; (b) �� will be the group required
to perform��; and (c) if �� occurs, then� will be satisfied afterwards at�� . As happens

5A more sophisticated definition of plans could have been adopted. For example, it might be useful to distinguish
between the body and the preconditions of a plan. The bodypoints to the method of carrying out the plan, whereas
the preconditions refer to the circumstances under whichthe plan can be executed. Moreover, we could have made
explicit representations of partial plans as well as hierarchical non-linear plans [42, 51]. These notions illustrate how
a group of agents can decompose a higher-level state of the world into lower-level sub-states, which again can be
decomposed into further lower-level states, until one finally reaches primitive plan types. However, for convenience,
we will not attempt to represent such refinements in our model and we leave them to future work.
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with the broader category of action sequences, we take state-directed actions to be either
single-agent or multi-agent, but not both. A single-agent state-directed action is a single-
agent action sequence�� that at time�� represents a plan for agent
� to bring about state� at
time ����� 	 ���. Formally, we have the following definition:

�
���������� ����� 	 ��� plan�
�� ��� ���������� � ��� plan���� ��� ���������� �
Singleton ���� 
������.

The above definitions of single-agent and multi-agent state-directed actions capture the
notion of actions that agents or groups eventually perform to satisfy certain states of the
world. We also want to be able to describe the past execution of state-directed actions. To
this end, we introduce the following operators:

��������������
����� ��� ������� �
��� � ����� � �� 	 ��� s.t.
Do���� ������ � ��� � �Occurs������� � ��� � Occurs���������

�
����������
�plan�
�� ��� ������� � ����plan���� ��� ������� � Singleton ���� 
������.

Informally, we say that, at time��, the state of the world� has been brought about as
a consequence of the performance of action sequence�� by group�� iff: (a) �� occurred
sometime in the past; (b)�� was the group required to perform��; and (c)� was satisfied
afterwards at�� as a consequence of the occurrence of��.

3.4 Doxastic and motivational individual mental attitudes

Our analysis is based on a fairly standard BDI (belief, desire, intention) framework as found,
for example, in [69] and [77]. Agents’ mental states are here seen as sets of interrelated
mental attitudes, among which there are doxastic attitudes (beliefs), motivational attitudes
(desires, goals, intentions, preferences), and deontic attitudes (commitments). In this section,
we will introduce individual doxastic and motivational attitudes and develop the technical
apparatus for dealing with their semantics. Deontic attitudes will be dealt with in Section 3.6.

3.4.1 Beliefs
An agent’s belief set includes beliefs concerning the world, beliefs concerning mental atti-
tudes of other agents, and introspective beliefs (see discussion below). This belief set may
be incomplete. An agent may update its beliefs by observing the world and by receiving
messages from other agents.

To express an agent’s beliefs, we introduce the modal operator����
�� ������, which
means that at time�� agent
� has a belief that� holds. The formal semantics of this
modal operator are a natural extension of the Hintikka’s traditional possible-worlds semantics
[46, 47]. In a model� , for each world�, agent
� and time point��, there is an associated
possible-worlds frame�������	��
����� ������	��
����� which is centred at�. In other words,
������	��
���� is a set of possible worlds that contains�, and������	��
���� is a binary rela-
tion on������	��
���� such that������ 	 ������	��
���� for every�� �� � in ������	��
����.
If ������ 	 ������	��
����, then�� is a doxastic alternative for
� at �� in �; that is, in� at
��� 
� cannot distinguish�� from the actual world�.
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We now express the semantic clause for��� sentences. Formally, for model� , world�
in � and variable assignment�, we have:

���� � � ����
�� ������ iff ����� � � � for all ������ 	 ������	��
����

For simplicity, we assume the usual Hintikka-style schemata forBel, that is the KD45
axioms (corresponding to a ‘Weak S5 modal logic’) and ‘necessitation’ rule6 [23]:

� ����
�� ������ � ����
�� �� � ������� � ����
�� ������
(closure under logical consequence:��)

� ����
�� ������ � �����
���������
(consistency axiom:��)

� ����
�� ������ � ����
�� ����
�� �������
(introspection axiom:��)

� �����
�� ������ � ����
�������
�� �������
(negative introspection axiom:	�)

� ����� � ����
�� ������
(inference rule of necessitation)

The following conditions are imposed on the Belief-accessibility relation [25]:

Condition 1. Each������	��
���� is serial.
Condition 2. Each������	��
���� is transitive.
Condition 3. Each������	��
���� is euclidean.

A Belief-accessibility relation that satisfies conditions 1 to 3 validates the����	� ax-
ioms. Furthermore, since axiom�� is valid, it will be a theorem of any complete axiom-
atization of normal modal logic. Finally, the necessitation rule is a rule of inference in any
axiomatization of normal modal logic [23].

3.4.2 Desires
An agent’s desires are here conceived of as the set of states of the world that the agent
wishes to bring about [8, 52]. To express an agent’s desires, we introduce the modal op-
erator����
�� ������, which means that at time�� agent
� has a desire towards�. We take
desires to be either present-or future-directed; that is,����
�� ���������� means that agent
�
has, at time��, the desire that� holds at�� , where�� � �� . The set of an agent’s desires may
not always be consistent. For example, an agent may desire to be healthy, but also to smoke;
the two desires may lead to a contradiction.Furthermore, an agent may have unrealizable
desires; that is, desires that conflict with what it believes possible.

The semantic clause for��� is analogous to that for���. We take�� as the basis of our
logic of desires:

� ����
�� ������ �����
�� �� � ������� � ����
�� ������ �����

Furthermore, we have a necessitation property [23]:

� ����� �� ����
�� �������
6In all the following axiom schemas, we will assume that the unbound variables are universally quantified as

follows: ��� � ������� � �� ��� � � , where���� �� , and� are, respectively, non-empty sets of agents,
time points, and possible worlds (see Appendix). In addition, in all the axiom schemas, we assume that� and	 can
be replaced by any well-formed formulae in the language.
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Again, axiom�� and the necessitation rule are, respectively, a theorem and a rule of
inference in any axiomatization of normal modal logic [23].

3.4.3 Goals
Goals can be defined as a set of consistent and realizable states of the world that an agent
might be expected to bring about. They represent an agent’s agenda that might motivate its
current and future behaviour [9, 19]. Agents may choose their goals among their desires.
However, as goals must be consistent and realizable whereas desires may be inconsistent and
unrealizable (see Section 3.4.2), only the subsets of consistent and realizable desires can be
moved up to goal-status, and also the selected subsets of consistent desires must be consistent
with each other. Furthermore, an agent may havegoals that are not desires; that is, there may
well be states of the world that an agent does not wish to bring about, but that itautonomously
chooses as potential candidates for motivating its behaviour. Typically, these are goals that
are instrumental to the achievement of those goals that are also desires. Furthermore, goals
may be adopted in response to changes in the physical and social environment. For example,
an agent may be influenced to adopt a goal as a consequence of its taking on a role in a group,
although it may not have a parallel desire.7 To express an agent’s goals, we introduce the
modal operatorGoal�
�� ������, which means that at time�� agent
� has a goal towards�.
Like desires, goals can only be present-directed or future-directed, that is,Goal�
�� ����������
means that agent
� has, at time��, the goal that� holds at�� , where�� � �� .

From this background, we can start formalizing the axiomatization for goals. Axioms�

and� state that goals are, respectively, closed under implication and consistent:

� ��
��
�� ������ ���
��
�� �� � ������� � ��
��
�� ������ ���
� ��
��
�� ������ � ���
��
��������� ���

We now introduce aweak realism constraint for goals [70]. Agents do not have goals
towards propositions the negations of which are believed. That is, agents’ goals do not con-
tradict their beliefs.8

Formally, we have the following axiom:

� ��
��
�� ������ � �����
��������� �����

The logic ofGoal is therefore����. The following conditions are imposed on the
Goal- accessibility relation:

Condition 1. Each���	��	��
���� is serial.
Condition 2. ����� s.t. ������ 	 ���	��	��
���� iff ������ 	 ������	��
����

or������	��
���� � ���	��	��
���� �� ��.

A Goal-accessibility relation that satisfies conditions 1 and 2 validates axioms�, and
��. Again, axiom� is valid, and we have a necessitation property [23]:

� ����� �� ��
��
�� �������
7This property contrasts with Krauset al.’s framework [52], in which every goal is also a desire. In contrast

to them, in our framework an agent may have a goal towards�, but may not desire�. Furthermore, Cohen and
Levesque [25] assume that all the agent’s beliefs are also its goals. We do not have such a property. Indeed, our
framework is more flexible, in that it allows an agent to believe�, but not to adopt it as one of its goals at the same
time.

8Note that a weak realism constraint is not the case with desires. An agent may have a desire to attain a state of
the world that is believed to be always false.
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Finally, the semantic clause for Goal is analogous to that forBel andDes.

3.4.4 Intentions
A fundamental characteristic of individual intentions is that they involve a special kind of
‘self-commitment’ to acting [13, 90]. As longas an agent intends to achieve a state, it has
committed itself to act accordingly, that is, to perform all those actions that it deems ap-
propriate for achieving that state. Fundamentally, we can distinguish between two different
forms of intentions [8, 42],Intention-to andIntention-that, depending on whether the argu-
ment is respectively an action or a proposition.9 That is, intentions can be subdivided into: (a)
action-directed intentions (Intention-to), involving the performance of some action; and (b)
state-directed intentions (Intention-that), involving the achievement of some state of affairs
by performing some action. Like Grosz and Kraus [42], we believe that both types of inten-
tion commit an agent not to adopt conflicting intentions, and constrain replanning in case of
failure [12]. And like Grosz and Kraus, we take Intention-that to be a fundamental means to
correctly mesh collaborating agents’ plans. However, in contrast to Grosz and Kraus, we be-
lieve that it is an Intention-that, rather than an Intention-to, that represents the basic intention
operator that commits an agent to practical reasoning.10 In our view, an Intention-that can be
conceived of as the prior motivator of a line of practical reasoning. When an agent intends
that a state of affairs holds, then it is committed to doing something to attain a world in which
the intended state holds. Hence, an Intention-that commits an agent to find out, to decide,
through practical reasoning, the appropriate means to attain a state of affairs [12].

Therefore, as in this paper we are primarily concerned with formalizing agents’ practi-
cal reasoning processes, our focus will be exclusively on Intention-that. The modal opera-
tor ����
�� ������ is used to represent agent
�’s intention that proposition� holds at time
��. Like desires and goals, intentions can only be present-directed or future-directed, i.e.
����
�� ���������� means that agent
� has, at time��, the intention that� holds at�� , where
�� � �� .

An agent will not adopt all its goals as intentions. The intuition is that an agent will not, in
general, be able to achieve all its goals simultaneously. It must therefore choose a subset of its
goals and commit itself to act in such a way to achieve this subset at some point in the future.
However, there may well be intentions that are not goals. Typically, these are intentions that
the agent ought to adopt and does not autonomously choose as potential motivators of its
behaviour. For example, an agent, in order to have some of its goals fulfilled, may be obliged
to adopt an intention by another agent who has the authority to control the former’s behaviour.

We can now formalize our axiomatization for intentions. Intentions are here taken to be
closed under implication���� and consistent����:

� ����
�� ������ � ����
�� �� � ������� � ����
�� ������ ����
� ����
�� ������ � �����
��������� ����

As with goals, we introduce a weak realism constraint for intentions. Agents do not intend
propositions the negations of which are believed.This ensures that agents’ intentions do not

9Grosz and Kraus [42] also identify potential intentions, that is ‘intentions that an agent would like to adopt, but
to which it is not yet committed’ (p. 281). Indeed, potential intentions, so conceived of, are quite similar to what we
call goals, that is, action-drivers that are candidates for being moved up to intention-status (Section 3.4.3).

10Grosz and Kraus [42] believe that apotential Intention-to stems from an agent’s practical reasoning about how
to perform some action to which it is already committed,whereas an Intention-to commits an agent to means-end
reasoning and eventually to acting.
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contradict their beliefs [52, 70]. Formally, we have the following axiom:

� ����
�� ������ � �����
��������� ����

Again, we have a necessitation property [23]:

� ����� �� ����
�� �������

The logic of ��� is therefore������. The following conditions are imposed on the
Intention-accessibility relation:

Condition 1. Each����
�	��
���� is serial.
Condition 2. ����� s.t. ������ 	 ����
�	��
���� iff ������ 	 ������	��
����

(or������	��
���� �����
�	��
���� �� ���

An Intention-accessibility relation that satisfies conditions 1 and 2 validates axioms�� � ��

and��. Finally, the semantic clause for intentions is analogous to that of beliefs, desires, and
goals.

3.4.5 Preferences
For our purposes, a key component of� is the modalityPref for expressing preferences
between formulae. As we will see in Section 7, an agent’s preference plays an active role in
social practical reasoning, where an action is to be selected in order for a given intention to be
fulfilled. The modal operator �!�
�� �� ������ means that agent
� ‘prefers’� to� to hold
for the interval��. The semantics of this modality are given in terms of a world preference as
follows. According to von Wright’s conjunction expansion principle [89], to say that an agent
prefers� to� is to say that the agent prefers the worlds in which� holds and� does not hold
to those in which� does not hold and� holds. Formally, an agent prefers� to� for interval�
if it prefers����-worlds to����-worlds for�. However, this gives rise to the well-known
paradoxes of ‘conjunction and disjunction’: if� is preferred to�, then� � " is preferred to
�, and� is preferred to� � ". Since" can be whatever state of the world, either desirable or
undesirable, these properties might sometimes describe unreasonable situations (see [9] for
details). To avoid this, we need to impose some constraints on" so as to guarantee theceteris
paribus nature of preferences. The idea isthat we need to be able to compare����-worlds
with � � ��-worlds that otherwise differ as little as possible from the actual world. To this
end, we adopt a selection function�� that was originally introduced by Bell and Huang [9].

In line with Stalnaker-Lewis’ treatments of conditionals [80], Bell and Huang [9] define
a function����� 

����� � that gives the set of closest worlds to� in which� is true, where


����� denotes the set of worlds in model� in which� is satisfied by variable assignment�

(i.e. 

����� � �� 	 � � ���� � � ��). We then define a function � that gives the value
� 	 � that agent
� associates with a subset of states of the world,� � ���� ��� � � � � ���
in a given interval��. The agent’s preferences over time are thus expressed in the following
way: an agent
� prefers� to � at ���  �!�
�� �� ������, iff at �� the value
� associates to
the set of closest worlds to the world in which� holds and� does not hold is greater than
the value
� associates to the set of closest worlds to the world in which� holds and� does
not hold. Formally, for model� , world � in � and variable assignment�, we have the
following semantic condition for preferences:

���� � �  �!�
�� �� ������ �
 � �
�� ��� ����� 

��������� �� #  � �
�� ��� ����� 

� � ������ ��
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Given the semantics above, we have the following axioms [9]:

�  �!�
�� �� ������ iff  �!�
�� �� � ���� �� � �������� (CE)
�  �!�
�� �� ������ iff � �!�
�� �� ������ (ASYM)
�  �!�
�� �� ������ (IR)
�  �!�
�� �� ������ �  �!�
�� �� $����� �  �!�
�� �� $����� (TRANS)
�  �!�
�� �� $����� �  �!�
�� �� $����� �  �!�
�� � � �� $����� (DIS�)
�  �!�
�� �� $����� �  �!�
�� �� ������ �  �!�
�� �� $ � ������ (DIS��)

(CE) states the conjunction expansion principle. (ASYM), (IR), and (TRANS) establish,
respectively, the asymmetry, irreflexivity and transitivity of preferences. Finally, (DIS�) and
(DIS��) state disjunction principles for preferences.

3.5 Doxastic and motivational joint mental attitudes: mutual beliefs, joint
desires, joint goals and joint intentions

As maintained in Section 2, an adequate model of CDM is required to provide a coherent
set of data structures and conceptual mechanisms both at the individual and group level.
This leads us to assume ameso perspective whereby both individual constructs and higher-
level entities play a role in our attempt to formalize and reason about collaborative behaviour
[19]. There are three conceptually distinct steps that, when taken together, constitute a meso
approach to CDM: (a) identify the key concepts related to individual behaviour; (b) identify
the key concepts related to collective behaviour, and (c) identify the relationship between
individual and collective concepts. In Section 3.4 we have analysed the mental state of an
individual agent in terms of its beliefs, desires, goals, intentions and preferences (point 1). In
this section, we will introduce similar conceptual constructs to describe the doxastic and mo-
tivational mental attitudes of collective agents11 (point 2). Particularly, in formalizing these
higher-order attitudes, we will identify a principled representation of the key relationships
between the individualistic level and the collective one (point 3).

For each group�� and formula�, our language� includes the modal operators
M-BEL���� ������� J-DES���� ������� J-GOAL���� ������ and J-INT���� ������.
M-BEL���� ������ means that, at time��, the group�� has a mutual belief that proposi-
tion � holds. A mutual belief is an infinite conjunction of an agent’s belief about an agent’s
belief about an agent’s belief and so forth, that� holds [27]. A joint desire conveys the fact
that two or more agents can be motivationally connected by the same state of the world that
each of them wishes to bring about. A joint goal points to a state of the world that two or
more agents consider both achievable and as a possible candidate for being moved up to joint
intention-status. A joint intention conveys the idea that: (a) two or more agents are individu-
ally committed to achieving a particular state of the world; and (b) each of them intends the
others to be individually committed to achieving that state.

More formally, the semantics for these operators can be defined as follows. First, we ex-
amine the semantics of every member of a group having a mental attitude towards a formula.

11In what follows, we will not formalize the notion of joint preferences. Indeed, there are two main reasons why
in our model we do not need such a higher-order mentalistic concept. First, we take individual preferences to play a
central role in forming practical judgements within socialpractical reasoning (Section 7.2). Second, a joint decision
within a group stems from a process of negotiation amonga number of agents trying to influence one another to
perform some action. In our view, using joint preferenceswould have obscured the individual practical reasoning
mechanisms that are involved in a multi-agent setting, and would have prevented us from formalizing the negotiation
process through which an agreement is reached among a group of collaborating agents.
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Following [71], we introduce the operatorE-BEL ���� ������, which means that, at time��,
every member of the group�� believes that� holds. We have the following definition:

�������E-BEL ���� ������ �
�

�	��	������
����
�� �������

The semantics ofE-DES (every agent of a group has a desire to attain a state of the world),
E-GOAL (every agent of a group has a goal to attain a state of the world) andE-INT (every
agent of a group has an intention to attain a state of the world) are defined analogously.

Now we say that in a group��, at time��, it is mutually believed that��M-BEL���� ��
����, iff at time �� all members of�� believe that� and all of them believe that all of them
believe that� and all of them believe that all of them believe that all them believe that
� and so on adinfinitum [88]. Let E-BEL����� ������ be an abbreviation for�����, and
let E-BEL������� ������ be an abbreviation forE-BEL����E-BEL����� �������. Then we
have:M-BEL���� ������ � E-BEL����� ������ for all % 	 � (see [35] for details).

Against this background, we can now formalize joint desires, goals and intentions. In
order to establish a joint desire/goal/intention towards a state of the world among the mem-
bers of a group, a necessary condition is that all members of the group have the individual
desire/goal/intention towards that state, and that it is a mutual belief in the group that all
members have this desire/goal/intention. However, this condition is not sufficient to establish
a joint desire/goal/intention. As an example, let us concentrate on the case of joint inten-
tions. Imagine two agents who are individually committed (have the intention) to achieving
the same state of the world. Although it might well be the case that there is a mutual belief
among the two agents that both intend to achieve the same state, they might or might not
intend that they share the same intention. Agents might simply find themselves holding the
same intention. This suggests that what is needed to establish a joint intention towards a state
is each agent’s intention that the others have individual intentions towards that state. Addi-
tionally, there should be a mutual belief among the agents that this is so. The case of joint
desires and joint goals is similar to that of joint intentions.

Let us summarize the above conditions for joint desires, goals, and intentions. A group
has a joint desire towards� iff: (a) each member has the desire towards�; (b) it is mutually
believed in the group that each member has a desire towards�; (c) each member intends that
the other members have a desire towards�; and (d) it is a mutual belief in the group that
(c). Joint goals and joint intentions are defined in the same way as joint desires. Formally,
�������, we have the following definitions:

J-DES���� ������ � E-DES���� �������
M-BEL����E-DES���� ��������
E-INT����E-DES���� ��������
M-BEL����E-INT����E-DES���� ��������

J-GOAL���� ������ � E-GOAL���� �������
M-BEL����E-GOAL���� ��������
E-INT����E-GOAL���� ��������
M-BEL����E-INT����E-GOAL���� ��������

J-INT���� ������ � E-INT���� �������
M-BEL����E-INT���� ��������
E-INT����E-INT���� ��������
M-BEL����E-INT����E-INT���� ��������
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Unlike some of the previous work in this area (e.g. [21]), we do not define joint mental
attitudes as first-class entities that broadly imply, but do not clearly specify, any combination
of the underpinning individual attitudes. Conversely, like other work in this area (e.g. [51]),
our definition has the advantage of capturing the interplay between individual mental atti-
tudes that is functionally relevant in generating a higher-order notion of joint mental attitude.
Indeed, to model and formalize the joint mental attitudes involved in collaborative activity, it
is necessary to model and formalize the individual agents’ mental attitudes about each other’s
mental attitudes. In our characterization of the ontology of joint mental attitudes, we identify
three main forms of individual agents’ attitudes about others’ attitudes. First, each agent’s
belief that each group member believes that each group member believes and so on that a
certain mental attitude is held by each group member. Second, each agent’s intention that
each group member holds some mental attitude. Third, each agent’s belief that each group
member believes that each group member believes and so on that each group member intends
that each group member holds some mental attitude.

In the last few years much work has been doneboth in Distributed Artificial Intelligence
(DAI) and in the philosophy of mind towards a principled representation of the mentalis-
tic apparatus involved in collaborative activity [14, 20, 42, 54, 84]. Although most of this
work agrees in arguing that a formalization of cooperation is grounded upon the formaliza-
tion of the mental states of the involved agents, there is however no consensus about the
connection between individual and joint mental attitudes. Various constraints on, and rela-
tionships between, individual and joint mental attitudes have been proposed. For example,
while Levesqueet al. [54] require the agents of a given group to hold that group’s goals and
intentions, Kinnyet al. [51] require a group’s goals and intentions to be distributed among the
constituent agents on the basis of their skills and capabilities. Likewise, Cavedonet al. [21]
require a joint attitude of a team to entail a joint attitude of the same type in all its subteams.

Clearly, according to our definitions, a joint mental attitude of a group entails a mental
attitude of the same type in all its constituent agents. We have,�����
� 	 ��:

� M-BEL���� ������ � ����
�� ������
� J-DES���� ������ � ����
�� ������
� J-GOAL���� ������ � ��
��
�� ������
� J-INT���� ������ � ����
�� �������

The above theorems express a link between the mental state of an agent to the mental state
of the group to which the agent belongs. Theseproperties stem from our definition of joint
attitudes, which ensures that mental attitudes of individual agents are propagated upwards to
the group of which the agents are part. For example, according to our definition, a collective
can be seen as having a joint intention towards� in so far as all the agents that are part of
the collective have the same intention towards�. As a result, if a collective has an intention
towards�, then all the agents within that collective will have the same intention towards�.

3.6 Social and joint commitments

Whereas an agent’s individual intention towards a state of affairs entails the agent’s commit-
ment to acting towards the achievement of that state, a group’s joint intention is not sufficient
to ensure the group’s commitment to performing a joint action. The reason is that a joint
intention is not as strongly persistent as an individual intention. A joint intention does not
bring about each group member’s commitment to being part of the group and to acting in a
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collaborative manner. Rather, it only ensures that each member is individually committed to
acting, and intends all the others to be individually committed to acting. Hence, a joint in-
tention can be dropped if one (or more) of the group members decides to leave the group for
whatever reason. Thus, unless additional conditions are imposed on joint intentions in order
to strengthen their persistence, there is no guarantee that a joint commitment to acting col-
laboratively will ensue. Such additional conditions should ensure at least the following three
important facets concerning the relationships between the collaborating agents [18]. First, an
agreement among the group members. Second, the right of the group to control each mem-
ber’s behaviour. Third, a deontic aspect concerning the obligation of each member towards
the group.

In order to capture these three properties of joint persistent intentions (i.e. joint commit-
ments), we shall now give a formalization of persistence (of a joint intention) in terms of a
composite notion that builds upon the concept of social commitment. To this end, we take
social commitment to be a primitive notion that expresses the relation between two groups
of agents [18]. More precisely,&�''���� �� � ������� is a three-argument relation, where
�� is the committed group,�� is the other group to whom�� is committed, and�� is the
action sequence�� is committed to�� to doing. We define a social commitment between
an individual agent and a group and a social commitment between two individual agents as
special cases of social commitment between groups:

�
������������&�''�
�� ��� ������� � ���&�''��� � ��� ������� �
(������������ 
�������

�
���
� ��������&�''�
�� 
� � ������� � ���� ��&�''���� �� � ������� �
�(������������ 
�������
(������������ 
��������

Social commitments can also be expressed in terms of a formula� that an agent is commit-
ted to a group to making true (commitments between two agents or two groups are defined in
a similar way). In this case, we have:

�
���������� ����� 	 ���&�''�
�� ��� ���������� �
��� ���� 
&�''�
�� ��� ������� � ���
��
�� ��� �����������
��������� 	 �� 	 ��� ����
���
��
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����� �� � ����������������
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������ 
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Informally, we say that, at time��, agent
� is committed towards�� to making� true at
����� 	 ��� iff there is some action�� such that: (a) at��� 
� is committed to�� to performing
��; and (b) either at��� �� is a plan for
� to achieve� at �� ; or (c) at��� �� is a plan for
� to
allow �� to achieve� at �� ; or (d) at��� �� is a plan for
� to allow �� and
� to achieve�
collaboratively at�� .

We are now in a position to formalize the strongest motivational attitude to be considered
in our paper:joint commitment [18, 31]. We say that a group of agents has a joint com-
mitment to achieving a state of affairs as long as it has a persistent joint intention towards
that state. As we shall see, a joint intention is persistent to the extent that it is strengthened
by social-commitment relationships among the group members. That is, it is the cogent and
normative nature of social commitments (that are in our notion of persistence) that makes a
joint persistent intention guarantee the group’s joint commitment to acting in a collaborative
manner.
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Since, according to our formal framework, intentions are primitive notions, and not all
intentions are also goals, we cannot use Cohen and Levesque’s approach [27] according to
which joint commitments are a subset of joint goals (characterized by being persistent) and
joint intentions are, in turn, a subset of joint commitments (characterized by the group acting
in a particular joint mental state). Indeed, there might well be persistent joint intentions that
are not persistent joint goals. Likewise, there might be joint intentions that cannot be charac-
terized as persistent joint intentions, that is, intentions that are as stable as joint commitments.
Furthermore, Cohen and Levesque [27] define joint commitments simply in terms of escape
conditions without any account of the nature of the relationships between group members.
Therefore, their notion fails to explain whya group of agents should be committed to acting
in a collaborative way. What is needed to circumvent this shortcoming is a normative con-
straint on inter-agent behaviour that binds multiple agents into a unitary group where each
member is committed to doing its own part towards the achievement of a given state.

Given this, our view is to follow Cohen and Levesque [27] in characterizing joint commit-
ment in terms of persistence. However, unlike Cohen and Levesque, we conceptualize a joint
commitment in terms of the persistence of a joint intention rather than of a joint goal. Most
importantly, we model the persistence of a joint intention towards a state of affairs by adding
the stronger condition that all group members must be individually committed to the group
with respect to that state. Thus, our approach allows us: (a) to distinguish between joint goals
and persistent joint intentions; (b) to distinguish between persistent and non-persistent joint
intentions; and (c) to characterize the persistence of a joint intention in terms not only of
some escape conditions but also of normative constraints among the collaborating agents.

DEFINITION 3.1
We say that at time�� a group�� has a joint commitment to making� true at����� 	 ��� iff
�� has a joint persistent intention towards�����. In turn, a group�� may be said to have a
joint persistent intention towards����� iff:

(a) in�� it is mutually believed that� will be true at�� ;

(b) �� has the joint intention that� will be true at�� ;

(c) each member
� 	 �� is socially committed to�� to fulfilling the joint intention;

(d) in �� it is mutually believed that each member
� 	 �� is socially committed to�� to
fulfilling the joint intention; and

(e) it is true (and mutual belief in��) that (b) will continue to hold until it is mutually
believed in�� either that� will not be true at�� , or that at least one of the members has
no longer the motivation to be part of the group and drops its commitment.

Note that (e) expresses the conditions under which the joint intention may be abandoned.
As opposed to Cohen and Levesque [27], our escape conditions refer to the emergence of
some new attitudes that are incompatible with the initial commitment. The motivation for
this weaker escape condition comes, for example, from cases where a group member adheres
to the group’s joint intention, but subsequentlyit has to adopt another intention that is incom-
patible with the joint one. Condition (e), therefore, provides our model with a certain degree
of flexibility as it accounts for all those casesin which the content of the escape conditions
is not completely known when the agents endorse a joint commitment to achieving a state
of affairs. In fact, in most cases, circumstances may change and it is not always possible to
correctly predict the future and to specifyin advance the content of the escape conditions
under which a joint commitment may be dropped.
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We can now give a formalization of the notion of joint commitment.�������� ����� 	 ���,
we have:

J-COMM���� ���������� � M-BEL���� �����������
J-INT���� ���������� �

�
�	��	������


Comm�
�� ��� �������

M-BEL����Comm�
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M-BEL���� )������

where:
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��M-BEL����������� � �
� 	 �� ����
��Comm�
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3.7 Roles

Our logic� is enriched by terms that denote roles, and we use�� � � � � � and so on as vari-
ables ranging over roles. A role� can be viewed asa set of mental attitudes governing the
behaviour of an agent occupying a particular position within the structure of a multi-agent
system (for similar attempts to develop a cognitive modelling of roles, see [6, 22, 85]). Thus,
attached to roles there are such mental attitudes as beliefs, goals and intentions. An agent, by
occupying a role, can adopt these role-based attitudes, and such adoption will in turn impact
upon the agent’s mental state. Some of the agent’s mental attitudes will be modified; some
simply complemented with other attitudes. Roles provide agents with much of the informa-
tion and many of the goals and intentions that drive their behaviour. For example, assuming a
role within an organizational unit may lead the agent to adopt the goal of being a contributor
to the unit’s success. The role can also provide the agent with some of the information it
needs to execute its task within the unit. Likewise, taking on a role may influence the agent
to commit itself to proceed forthwith to do what is required of it.

The cognitive characterization of roles advocated here must befurther specified. Attached
to roles there are two main types of mental attitudes:mandatory attitudes andoptional atti-
tudes. On the one hand, role-based mandatory attitudes are constitutive and relevant to the
role to which they are attached. These are the attitudes that the agentmust adopt whenever it
takes on the role. On the other hand, role-based optional attitudes are not intimately consti-
tutive of the role to which they are attached. These are the attitudes that the role-player may
decide whether or not to adopt. For example, attached to the role of secretary there might be
the intention of supervising the boss’s correspondence. This refers to a job specification and
the role-player may be obliged to adopt such an intention. However, there might well be the
attached goal of being friendly with the other people in the business unit, and the secretary is
just expected but not obliged to behave this way.

Note that our notion of mandatory role-based mental attitudes is consistent with the concept
of organizational commitment [18]. When a member
� is organizationally committed to its
group, it is committed to adopting (some of) themental attitudes that are attached to the
role it has taken on within the group. Then,
�’s organizational commitment to the group
implies that
� is committed to acting inaccordance with the responsibilities, expectations,
requests, obligations relative to (some of) the mental attitudes attached to its role. In the light
of the above conception, our characterization of roles in terms of mandatory mental attitudes
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is therefore consistent with the prescriptive account of roles as sets of behavioural obligations
based on the role-player’s organizational commitment to the group.12

In what follows, we want to be able to express facts about the agents in roles.13 In par-
ticular, in order to investigate the impact that a role in a multi-agent system can have on an
agent’s mental state, the logic proposed here is enriched by the operator���
�� ������, which
means that agent
� is in role � at time��. For example, if
� is Linda and� is ‘secretary
of the department’,���
�� ������ means that at time�� Linda acts as the secretary of the
department.

3.8 Social relationships

In addition to roles, we have terms that denoterelationship types, and we use��� ��� �� � ���
� � � and so on as variables ranging over relationship types. A relationship type represents a
relationship abstraction between a pair of roles. For example, the roles ‘boss’ and ‘subsidiary’
can be linked by a particular type of social relationship that empowers one to dictate the work
agenda of the other.

An instantiation of a relationship type gives rise to asocial relationship between agents.
For example, the ‘boss-subsidiary’ relationship type can give rise to a number of relationship
instances — e.g. one involving agent
� as the boss and agent
� as subsidiary, another one
involving the same agent
� as the boss and agent
� as subsidiary.

We introduce the operator���
�� 
� � ��� ������� to indicate that agents
� and
� are in a
social relationship of type��� �� at time��. Formally, we have the following definition:

�
�� 
� ����� ������
���
�� 
� � ��� ������� � ����
�� �� � ���
� � ���

M-BEL��
�� 
��� ����
�� �� � ���
� � ����������
����
� � �� � ���
�� ���
M-BEL��
�� 
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� � �� � ���
�� ���������.

3.9 Social mental shaping

Social mental shaping refers to the phenomenonthat the mere social nature of agents affects
their mental states, and thereby motivates their behaviour [66]. Its typical outcome is a modi-
fication of an agent’s mental state, either via the adoption of a newsocially motivated mental
attitude or the modification of an individually motivated one. As outlined in [66], an agent’s
adoption of mental attitudes can be seen as partly driven by the social environment in which
the agent is located. In particular, in [66] we claimed that roles and relationships can play an
active causal role, and together they can govern an agent’s behaviour in the same way that
its individual mental state usually does. In this paper, we enrich and extend the formalism
developed in [66] to a setting in which the process of social mental shaping may involve not

12Note that although our notion of roles is consistent with the account of roles as sets of behavioural obligations,
this distinction between mandatory and optional attitudes is not as rich as the variety of individual and collective
normative positions proposed by authors such as Lindahl [57] and Sergot [74].

13Note that acomplete cognitive characterization of roles requires the introduction of modal operators for formal-
izing the attached mental attitudes. These operators are expected to express the mental attitudes that an agent can
internalize by adopting the roles to which they are attached. Like agents’ mental attitudes (see Sections 3.4.1–3.4.5),
the semantics of role-based mental attitudes should be expressed via accessibility relations between possible worlds.
For simplicity, we will not explore this issue any further in this paper and leave it for future investigation.
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only social roles and social relationships but also other agents outside of any relationship. In
our view, an agent can be seen as a kind ofassociative entity, engaged in an iterated series
of social actions and interactions aimed atcompleting its mental state. These social actions
and interactions can be described as processes in which the social environment (i.e. roles and
other agents within or outside social relationships) complements and augments an agent’s
bare individual mental attitudes.

In what follows we will introduce a modal operator��!� to formalize the process of social
mental shaping in its two basic forms: (a) social mental shaping based on social roles; and
(b) social mental shaping occurring between agents. For simplicity, we write����
�� ������
to indicate that agent
�, at time��, has either a belief that� holds, a desire towards�, a goal
towards�, or an intention that� holds.14

3.9.1 Roles and social mental shaping
We formalize the influence of a role on an agent’s mental state by expressing the modal
operator��!� in terms of
�� ���, and�, where
� is an agent,� is a role and��� has the
meaning outlined above. Formally, we have:

�
�������� ��!������
�� ��� ������ � ���
�� �����������
�� �� � ����
�� ��������

Informally, the meaning of��!������
�� ��� ������ is that at time�� agent
� is socially
influenced by role� to have the attitude��� towards a state of the world� iff at time ��: (a)
agent
� occupies role�; and (b) agent
� adopts or keeps the attitude����
�� �� as a con-
sequence of
�’s taking on role�. Note that our distinction between mandatory and optional
role-based mental attitudes (see Section 3.7) is fundamental to the problem of preventing au-
tomatic attitude-adoption whenever an agent occupies a role in a multi-agent system. On the
one hand, when there is a mandatory attitude attached to a role, the agent willautomatically
adopt such an attitude by occupying the role. In such a situation, the role-player is subjected
to a social mental shaping process. On the other hand, when there are optional role-based atti-
tudes, the role-player may decidewhether to adopt those attitudes or not. In particular, there
might be optional attitudes attached to roles that an agent decides not to adopt, for whatever
reason.

3.9.2 Social mental shaping between agents
There are a number of ways in which agents caninfluence one another’s mental states. Some
of the main modes of social influence that are found in multi-agent systems are:

(a) Authority. An agent may be influenced by another to adopt a mental attitude whenever
the latter has the power to guide the behaviour of the former [7].

(b) Helping disposition. An agent may be influenced byanother to adopt a mental attitude
simply because it intends to contribute to the welfare of the latter [53].

(c) Trust. An agent may be influenced by another to adopt a mental attitude merely on the
strength of its confidence in the latter [41].

14Social mental shaping could be formalized also in terms of preferences. That is, an agent might be influenced
either by roles or by social relationships to adopt preferences between formulae. As in what follows we are not
concerned with such a form of social influence, our focus will be only on the socially driven adoption of beliefs,
desires, goals and intentions.
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(d) Persuasion. An agent may be influenced to adopt another agent’s mental attitude via a
process of bargaining, argumentation or negotiation [44, 52].

(e) Threat. An agent may be threatened to adopt a mental attitude on the basis of future
negative interference or denied help [19, 52].

Social mental shaping between agents may take place either within or outside social re-
lationships. In either case, one agent is influenced by another to adopt to to keep a mental
attitude. However, not all modes of social influence can be suitably exercised in all circum-
stances. Whereas some modes of influence can be exploited mainly within pre-existing social
relationships, others can be exercised also when no social relationship already exists (see our
definition of social relationship in Section 3.8). For example, authority can be exercised even
in the absence of any social relationship between agents (e.g. the authority exercised by the
Prime Minister over the citizens). On the other hand, in most cases persuasion can be exer-
cised when a social relationship already exists between the agents involved (e.g. friendship
relationship). Furthermore, note that a social relationship may represent not only the input
but also the output of a social mental shaping process. For example, when an agent wishes to
get involved in anew relationship with another agent, it may well decide to persuade the lat-
ter via a process of argumentation aimed at having that new type of relationship established.
Here, the new social relationship represents the outcome of the exercise of social influence.
In what follows, each form of social mentalshaping between agents — with and without
social relationships — will be dealt with.

Social mental shaping outside social relationships. To formalize social mental shaping oc-
curring between a pair of agents and outside of any social relationship, we express the modal
operator��!� in terms of���:

�
�������!������
�� ������� � �
� ���� ����
� � ������� ����
�� ����
� � ��������
�����
�� ����
� � ��� � ����
�� �������.

Informally, ��!������
�� ������� means that, at time��, agent
� is socially influenced to
hold mental attitude���. This form of social mental shaping happens whenever an agent
believes that another agent has a mental attitude, and for this reason it adopts or keeps that
mental attitude. This covers several forms ofsocial influencing, from imitation to sponta-
neous goal-adoption, from benevolent (not due) adhesion to emulation [19]. Note that in all
these cases of social mental shaping the two agentsneed not be in a social relationship, as
opposed to the form of social mental shaping detailed below.

Social relationships and social mental shaping. We now want to formalize how an agent’s
mental state can be influenced by its being within a social relationship with another agent.
We have:

�
�� 
� ����� ��������!������
�� ��� ���
�� 
� � ��� �������� �
���
�� 
� � ��� �������� ����
� � ������ � ����
�� ����
� � ��������
�����
�� ����
� � ��� � ����
�� �������.

Informally, if an agent
�, which is in a social relationship of type��� �� with another
agent
� , believes that
� has a mental attitude���, and for this reason it adopts or keeps���,
then we can say that
� is influenced by its being situated within a social relationship with
� .
In general, this form of social mental shaping is based and depends on the agent’s decision
whether to adopt one of its acquaintance’s mental attitudes or not. However, as with role-
based social mental shaping, there are circumstances in which an agent involved in a social
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relationship with another isrequired to adopt one or more of its acquaintance’s mental atti-
tudes. In such cases, the agent might wellautonomously decide whether or not to establish a
relationship with another agent but, once established, the relationship may automatically im-
pose a number of mental attitudes on the former’s mental state. These arerelationship-based
mandatory attitudes. For example, the boss is by right allowed to order other employees to
perform particular activities. If a secretary decides to interact (i.e. establish a social relation-
ship) with a boss, then it might well be the case that he or she ought to change his or her
mental state so as to adopt some of the intentions imposed by the boss.

4 A formal model of CDM: an overview

In this section, we present an overview of our four-stage model of CDM, which we will
then formalize by expressing it in the logic described in Section 3. Our model is based on
Wooldridge and Jennings’ formalization of the cooperative problem-solving process [88].
There are several similarities between our approach and Wooldridge and Jennings’ work.
First, we are inspired by implementation-based models for realizing cooperative systems, in
that our aim is to identify the basic steps of the CDM process. Second, our approach is to
characterize the mental attitudes of the agents involved in a CDM process. Third, our model
aims at being comprehensive, in that it should cover the entire CDM process. However, in
contrast to [88], our focus is primarily on thedual-faceted socio-cognitive processes that are
involved in CDM. That is, on processes in which the mental modelling is strictly coupled
with an account of sociality and the interaction capabilities of the cooperating agents (Sec-
tion 1). We explicitly represent mechanisms for influencing other agents’ mental states and
behaviour in interactions between autonomous agents (Section 6). Furthermore, we provide
the theoretical foundations of the inferential decision-making apparatus of the interacting
agents, and we give a comprehensive account of practical reasoning processes within a social
setting (Section 7). The four stages of our model are the following:

(a) The practical starting-point: As with the individual case, the CDM process begins when
there is a state of the world that at least oneagent intends to realize. That agent will
then be confronted with a practical problem; that is, a problem about what to do. Insofar
as the agent solves its problem in isolation, we will have a typical individual decision-
making situation. CDM can occur whenever (a) there is a potential for cooperation over
the resolution of a practical problem and (b)such a potential is relevant to the agent and
can therefore be recognized (see Section 5).

(b) Group generation: During this stage, the agent that recognized a potential for cooperation
at stage (1) will solicit assistance. If this stage is successful, then it will end up with a
group characterized by a joint practical problem based on a joint commitment to achieving
a state of the world (see Section 6).

(c) Social practical reasoning: During this stage, each member of the newly formed group
will reason about what course of action the group should perform in order to fulfil its joint
commitment and find an answer to the practical problem. If this stage is successful at least
one agent will have a practical judgement about what action should be performed by the
group, and will form the corresponding intention that the group performs that action (see
Section 7).

(d) Negotiation: During this stage, each member willattempt to bring about an agreement
within the group about the action to be performed. If this stage is successful, then an
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action will be agreed upon and a joint intention along with a joint commitment of the
whole group to acting accordingly will ensue (see Section 8).

Our model, although complete (in that it covers CDM from beginning to end), is aimed at
providing a description of CDM in anidealized world. Among the assumptions that we have
made and that will be detailed in what follows, there is one that is worth noting here as it deals
with the overall structure of the model. Like in [88], we have assumed for simplicity that our
model is strictlysequential; that is, each stage directly follows the one which precedes it
without back-tracking. However, in reality a CDM process is inherently iterative, in that if
one stage fails, the agents involved are allowed to return to previous stages.

Finally, our model does not deal with the agreed-upon action execution. The final stage, if
successful, concludes with an agreement about an action to be performed by the group. This
contrasts with other approaches that support the idea that the conclusion of either practical
reasoning or decision-making should be an action (e.g. [1, 88]). However, an individual
agent or a group of agents can make a decisionto do something and at the same time be
unexpectedly prevented fromacting accordingly. Or, for whatever reason, they may decide
to postpone the execution of the agreed-upon action. Or, after a decision has been made,
they may even change their mind and decide not to perform the newly agreed action. Or
they might fail to execute the action. In all these cases, we still have individual agents and/or
groups that have made a decision, although not followed by action.

In our view, deciding simply means to give an answer to a practical problem. An answer
to a practical problem involves (a) a practical judgement in favour of a specific action; and
(b) a commitment to acting accordingly. Commitment, in turn, is simply a pledge or promise
to perform a particular action, provided that circumstances do not change. However, in most
realistic scenarios, agents are situated in time-varying environments: they may become aware
of new information, and the external world may change. Therefore, circumstances may alter
between the making of a commitment and the performance of the associated action. This
suggests that decisions, built on commitments, might not be followed by action. Still, they
provide an answer to a practical problem and in this sense can be viewed as the concluding
element of CDM. Note that all this is consistent with the Aristotelian idea that successful
practical reasoning concludes in action, just as theoretical reasoning concludes in justified
belief. But what concludes in action need not have action as its conclusion.

5 The practical starting-point

The practical starting-point of CDM can be analysed into three components:

(a) The practical basis — that is, a characterization ofwhat an agent intends to achieve
(Section 5.1).

(b) The practical problem — that is, a problem aboutwhat to do to fulfil an intention in a
given environment (Section 5.2).

(c) Recognition of the potential for cooperation — that is, theidentification by an agent of
an opportunity to collaborate with one or more agents over the resolution of a practical
problem (Section 5.3).
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5.1 The practical basis

The starting-point in CDM must involve somestate of the world that at least one agentintends
to achieve. An intention towards a state triggers the decision-making process as it provides
the agent with a problem of what to do. That is, the agent is confronted with a situation
in which it must decide what course of action is to be performed in order for it to attain a
given state [12]. The agent will then consider to what extent the fulfilment of its intention is
affected by the actions open to itself.

Decision-making can thus be regarded as directed at the realization of some state of affairs
that an agent intends to bring about. For example, the agent might intend either to possess
some object, or to attain some condition, or even to realize some situation not connected
directly with the agent at all. The agent’s intention will be said to constitute thepractical basis
of subsequent decision-making [39]. More precisely, an intention can be seen as the practical
premiss of a piece of decision-making whenever it possessespractical force in raising a
practical problem, that is a problem of what is to be done in order for the agent to achieve a
given state of the world. At least one intention with practical force is required in any line of
decision-making.

5.2 The practical problem

While the answer to theoretical problems is found in knowing something, in understanding,
the answer to a practical problem is found in a decision concerning what to do in a given
situation (Section 1). Once the agent has made a decision, the practical problem no longer
presents itself as a problem. The decision may turn out to be either successful or unsuccessful.
In the former case, the desired state of the world will be achieved and the agent’s intention
fulfilled. In the latter, a new practical problem will arise, and a new decision about what to
do will have to be made.

A practical problem is related both to the particular agent and to the physical and social
environment in which the agent is located [39]. First, it confronts a certain agent whose ca-
pacities, outlook, and achievements limit its actions. Second, it must be met by a decision and
eventually by an action to be performed within a specified physical and social environment.
The relation of practical problems to the agent’s physical and social environment is an over-
riding factor in considering the principles and methods of decision-making. These principles
and methods must enable the agent to resolve a practical problem under the limitations that
its environment imposes.

5.3 Recognition of the potential for cooperation

A practical basis and a related practical problem are insufficient to give rise to a CDM pro-
cess. On the one hand, the agent might be able and/or willing and/or socially influenced
(e.g. obliged) to resolve its practical problem in isolation. On the other, although incapable
and/or unwilling to resolve its problem in isolation, or even socially influenced to solve it in
a collaborative manner, the agent might not be able to lean on other agents within the social
environment in which it acts. What makes a CDM commence is: (a) the existence of apo-
tential for cooperation over the resolution of a practical problem, and (b) therecognition of
such a potential by the agent.

We explicitly separate out these two stages because a potential for cooperation is insuf-
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ficient by itself to trigger subsequent phases of the CDM process. Even though an agent
must be able to get other agents involved in a joint decision, nonetheless such a potential for
cooperation must also be valuable, relevant to the agent, in order for it to be conveniently
exploited. On the one hand, an agent might be aware of a potential for cooperation, but it
might have no need to exploit it. On the other hand, an agent might need to cooperate with
other agents but no cooperation might be attained.15

Potential for cooperation. There is a potential for cooperation insofar as (a) either an agent,
say
�, already is in a social relationship with at least another agent, say
� , or 
� can bring
about such a social relationship16 with 
� ; and (b)
� has the ability to get
� involved in
some form of cooperation.17 This ability points to the feasibility of a social mental shaping
process through which
� will endeavour to make
� at least adhere to
�’s own intention to
achieve a given state of affairs, say�. As we shall discuss later (Section 6),
� ’s adhesion
to 
�’s intention represents the first step towards the generation of a joint practical basis for
subsequent CDM. In order for such a joint basis to be brought about, a social mental shaping
process will be required through which
� is influenced at least to adopt
�’s intention to
achieve�.

Against this background, a more precise definition of potential for cooperation can now be
given in the following terms:

DEFINITION 5.1 (Potential for Cooperation)
With respect to agent
� and a state of affairs� that
� intends to achieve, there is potential
for cooperation iff:

(a) there is at least one agent
� with which
� already has a social relationship, or with which

� believes that a relationship can be brought about; and

(b) 
� believes that it can exercise upon
� a social mental shaping process through which
�
can be influenced to adhere to
�’s intention to achieve�.

We now concentrate on the conditions under which a potential for cooperation can be
recognized by an agent.

Recognition. A potential for cooperation must be valuable to an agent in order for it to
be recognized and exploited. Essentially, recognition may take place whenever there is a
social dependence relationship between two (or more) potentially cooperating agents. Social
dependence, with respect to the achievement of a state�, may occur for the following reasons:

15Here we are assuming that if cooperation can be established, the agent knows about such a potential. Thus we
are ruling out all those circumstances in which an agent needs to cooperate with other agents, there is a potential for
cooperation, but cooperation is not achieved due tothe agent’s being unaware of such a potential.

16In Section 3.9.2 we mentioned a number of modes of social influence between agents. An agent can obviously
adopt one of these modes in order to establish a social relationship with another agent. The choice of the most
effective mode will depend upon a number of factors, suchas the physical and social environment, the agents’
characteristics, etc. In what follows we will not discuss this issue any further, and leave it for future work.

17In our definition of potential for cooperation, we are referring to strictly cooperative activity [19]. Thus, we are
not considering all those cases in which, for example, anumber of agents are cooperating over the resolution of a
practical problem, but only one of them — the central planner — is aware of such joint activity, while the others are
unaware and/or even not interested in the results of the overall collaborative activity (orchestrated cooperation). For
simplicity, we also rule out forms of emergent social activity. In particular, our model does not allow cooperation to
be based on such weaker grounds as accidental or unaware cooperation, implicit communication, tacit agreement,
non-mutual beliefs, etc. [19].
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(a) An agent isunable to fulfil its intention to achieve� in isolation and there are other agents
that can assist it in the fulfilment of this intention. For example, an agent may have an
intention to achieve a statethat can be attained only through information accessible to
another agent; without some form of social interaction with this other agent, the state
cannot be achieved.

(b) An agent does not want (does not have the intention) to fulfil its intention to achieve�

in isolation and has the intention to fulfil it with other agents in a collaborative manner.
Here the agent may well need no help as it may be able to achieve� in isolation, but
notwithstanding this ability it may well hold the intention to achieve� collaboratively.
There may be many reasons underpinning this intention towards cooperation. For ex-
ample, the agent might believe that the fulfilment of the intention towards� in isolation
will eventually bring about a number of difficulties in the fulfilment of other intentions.
Alternatively, it might believe that a collaboration with another agent will in some way
turn out to be a better solution (e.g. it is supposed to bring about� in a faster or more
accurate way than acting in isolation). Or, the agent might just have the desire to act in
a collaborative manner with another agent, although such a collaboration may not bring
about a more effective fulfilment of the agent’s intention.

(c) An agent isinfluenced by the role(s) it has adopted not to fulfil its intention towards�
in isolation, but to involve other agents in some form of collaboration aimed at achieving
�. Here, the agent may well be able to achieve� in isolation, and it may also have no
individually motivated intention to achieve� collaboratively. However, it may be socially
influenced by the adopted role(s) to establish some form of collaborative activity over the
achievement of�. For example, the head of a department might be expected to involve the
head of another department in the resolution of a particular problem, where the role of the
latter is to ensure that similar academic standards are applied throughout the university.
In such a case, although the agent has the ability and is willing to act in isolation, the role
it has taken on — i.e. head of department — induces it to seek cooperation.

(d) An agent isinfluenced by other agents (either within or outside social relationships) not
to fulfil its intention towards� in isolation, but to establish some form of collaboration
aimed at achieving�. Again, like in (c), here the agent may well be able and willing to
achieve� in isolation, but still be influenced by other agents to achieve� collaboratively.
For example, a secretary might be obliged by his or her boss to involve a colleague in
the execution of a task. In this case, although the secretary may have the ability and be
willing to execute the task in isolation, the relationship he or she has established with the
boss induces him or her to seek cooperation.18

In the light of these observations, a more precise definition of recognition of a potential for
cooperation can now be given in the following way:

DEFINITION 5.2 (Recognition of a potential for cooperation)
Given an agent
�, and a state of affairs�, whenever the conditions for a potential for coop-
eration with another agent, say
� , are satisfied,
� recognizes such a potential iff
� depends
on some form of collaborative activity with
� for achieving�.

18Note that points (c) and (d) are aimed at incorporating the prescriptive side of social dependence into a formal
definition (see discussion below). Whenever an agent is required to establish cooperation, this requirement brings
about social dependence between two or more agents. In what follows, we will model this normative aspect of social
dependence by appealing to both social mental shaping based on roles (Section 3.9.1) and social mental shaping
occurring between agents (Section 3.9.2).
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In what follows, we will give a formalization of the above definitions. To this end, we
need to enrich our formal framework by introducing two derived operators. On the one
hand, the notion of potential for cooperation is couched in terms of the agent’s ability to
establish a social relationship and to exercise a social mental shaping process. On the other,
the definition of recognition of apotential for cooperation is couched in terms of the notion of
social dependence between agents, which inturn builds upon the concept of ability both for
individual agents and groups of agents. Therefore, in order to formalize the above definitions,
we need to introduce two derived modal operators that express the notions ofsingle-agent
ability and multi-agent ability.

There is currently no consensus in the literature about the most appropriate definition of
ability (e.g. [76]). Rather than defining ability as a primitive modal operator, here we follow
Wooldridge and Jennings [88] in adopting a definition that was originally proposed by Moore
[64].

DEFINITION 5.3 (Single-agent ability)
Agent
� can (has the ability to) achieve a state� iff there is some action sequence�� that is
a plan for
� either to achieve� directly or to find out how to achieve�.

Clearly, in our definition of single-agent ability, we allow for two different possibilities.
First, a particular action sequence might be a plan for the agent to achieve state� directly.
Second, an action sequence might be a plan for the agent to get closer to�.

In what follows, we now give a formal expression of the notion introduced above. We
introduce the operator&
��
�� ���������� to express the fact that, at time��, agent
� has the
ability to achieve� in isolation at time����� 	 ���:

�
������ ����� 	 ���&
��
�� ���������� � ��� ���� 
��
��
�� ��� �����������
��������� 	 �� 	 ���
���� ��
��
�� ��� ��
��
�� �� � ����������������

Note that the notion of single-agent ability is not closed under conjunction; that is,&
��
��
�����������&
��
�� ���������� need not imply&
��
�� ����� � ����������. For example, if
agent
� has the ability to buy pens for a dollar each, then if it has a dollar it can buy a black
pen or a red one, but it has no ability to buy both [9].

We can now generalize the definition of single-agent ability to the multi-agent case:

DEFINITION 5.4 (Group ability)
A group�� can (has the ability to) achieve a state� iff there is some action sequence�� that
is a plan for�� either to achieve� directly or to find out how to achieve� [88].

Once again, as happens in the single-agent case, we allow for two possibilities. First, there
might be a particular action sequence that is a plan for the group to achieve state� directly.
Second, there might be some action sequence that is a plan for the group to get closer to state
�.

A formalization of the notion of group ability can be given in the following way:

�������� ����� 	 ���J-CAN���� ���������� � ��� ���� 
��
����� ��� �����������
��������� 	 �� 	 ��� ����
��
����� ��� ��
����� �� � ����������������.

We can now turn to the concept ofsocial dependence between agents [74], on which the
notion of recognition of a potential for cooperation is based. Intuitively, if an agent intends
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to achieve a given state of affairs, but it does not have the ability or does not intend to achieve
it in isolation, or is socially influenced to achieve it collaboratively, then it may depend on
some other agents with respect to the achievement of that state. More precisely, using the var-
ious definitions above, we can now state the conditions that characterize a social dependence
relation between two potentially collaborating agents.

DEFINITION 5.5 (Social dependence)
Agent 
� depends on some form of collaborative activity with agent
� , with respect to a
given state�, iff:

(a) 
� intends to bring about�;

(b) 
� believes that
� and
� can jointly achieve�; and

(c) either it is true (and believed by
�) that 
� does not have the ability to achieve� in
isolation; or

(d) 
� does have the intention not to perform any of the action sequences that it believes are
plans for
� to bring about�; or

(e) 
� is socially influenced by the role(s) it has adopted to collaborate with
� in the achieve-
ment of�; or

(f) 
� is socially influenced by other agents (either outside or within social relationships) to
collaborate with
� in the achievement of�.

More formally, we have:

�
�� 
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�� 
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����
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��&
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In our definition of social dependence the modal operator��!� is primarily aimed at cap-
turing theprescriptive sources of social dependence. Such sources reflect the influence that
regulations, norms and authority might have upon an agent’s mental state and behaviour by
making the agent socially dependent on others [19, 60, 61]. For example, an agent might be
entirely capable and willing to fulfil its own intentions, but still be required to lean on an-
other agent and establish some form of cooperation with it. The operator��!� captures these
aspects by appealing to the process of social mental shaping that is exercised either by roles
or by other agents (within or outside social relationships). First, an agent may be required to
depend on another agent and cooperate with itwhenever a norm, or a regulation influences
the former not to act in isolation. As was shown in Sections 3.7 and 3.9.1, we conceive a role
as a set of attached mental attitudes that mayhave an impact upon the agent’s mental state
and behaviour through a process of social mental shaping. In this view, some of the norms
that are reflected by the attitudes attached to roles may require the role-player to depend on
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others and eventually establish cooperative activity with them.19 Second, an agent may be
induced to depend on others simply because it issubjected to the social influence exercised
by another agent. This type of social influence may take place either outside or within so-
cial relationships (Section 3.9.2). In eithercase, an agent may be required by another agent
to adopt the intention to achieve a state of the world in a collaborative manner, rather than
in isolation. For example, should an agent besocially committed to another to achieving
something, the latter may have the authority to change the former’s mental state and induce
it to seek cooperation. In this case, a social dependence relation is brought about by a social
mental shaping process occurring between two agents.

We can now give a formal expression of the notion of potential for cooperation, from the
perspective of an agent
�, and with respect to another agent
� and a state of affairs�:

�
�� 
� ����� ����� 	 ��� !&�
�� 
� � ���������� �
���� �������� 	 �� 	 ��� ����

���
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��
�� ��!������
� � ������� ���
�� 
� � ��� ���������������

Informally, for an agent there is potential forcooperation with another over the attainment
of a state of affairs whenever a social relationship between the two agents already exists or
the former believes that a relationship canbe brought about, and the former also believes
that it can influence the latter to adopt the intention to achieve that state. Note that in our
definition of potential for cooperation an agent needs to knowa priori the identity of an-
other agent with which it can cooperate to achieve a state of affairs. For simplicity, we ex-
pressed the argument of such notion in terms of two agents. However, we might well rewrite
 !&�
�� 
� � ���������� as !&�
�� ���������� by adding ‘�
� ’ to the right-hand side of the
identity above. This alternative way of defining a potential for cooperation leaves open to
the agent the opportunity to find out the most appropriate acquaintance to cooperate with and
thus allows for a searching process aimed at attracting help. Furthermore, we do not require
that cooperation be established on an already existing social relationship between two agents.
This does not preclude an agent from establishing some form of cooperation with another
agent that is outside any of the former’s existing social relationships.

Finally, we can give a formal expression of the notion of recognition of a potential for
cooperation:

�
�� 
� ����� ����� 	 ���� !&�
�� 
� � ���������� �
 !&�
�� 
� � ���������� ��* �
�� 
� � �����������

Informally, one agent recognizes a potential to cooperate with another iff: (a) there is such
a potential; and (b) the former is socially dependent on some joint activity with the latter.

6 Group generation

During this stage, the agent(s) that recognized the potential for cooperation will try to solicit
assistance and involve other agents over the resolution of the practical problem. If this stage
is successful, then it will end up with a group with decision-making purposes. However,
merely identifying a potential for cooperation is insufficient to ensure that CDM will begin.

19For simplicity our focus is only on role-based prescriptions although a more comprehensive approach should
also account for other types of prescriptions. For example, an agent may be required not to act in isolation by a norm
that is not reflected in any of the roles it has taken on.
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An agent might recognize its dependence on other agents over a particular state of affairs,
and still decide not to solicit assistance from them. It could give up its own intention or
revise it or even leave it temporarily to be fulfilled some time in the future. Therefore, we
will have to make a number of assumptions about agents’ behaviour. These assumptions are
primarily concerned with the fundamental facets that characterize the process leading to the
formation of a web of social and mental links binding together the members of a group with
decision-making purposes. There are three main steps involved in this process:

(a) the generation of identical individual intentions to achieve a state of the world;

(b) the generation of a joint intention to achieve that state; and

(c) the generation of a joint commitment to acting in a collaborative manner towards the
achievement of that state.

In what follows, each of these steps will be dealt with in turn.

6.1 Individual intention generation

To operate successfully towards the generation of a group with decision-making purposes, the
agent who seeks assistance will have to influence20 other agents to establish a new21 group
and act in a collaborative manner. We express this process of social influence in terms of the
agent’s attempt to exercise a social mental shaping process aimed at influencing other agents’
mental states [66]. Here, social mental shaping is primarily intended to bring about ajoint
practical basis. This basis is meant to have practical force in raising ajoint practical problem,
that is, a problem of what is to be done by the group in order for it to achieve a state of the
world (Section 5.1). Each group member’s individual intention to achieve that state seems to
be necessary for establishing a joint practical basis. An individual intention has practical force
and involves some form of ‘self-commitment’ to acting towards its fulfilment. This suggests
that the agent who recognized a potential for cooperation over the resolution of a problem
of what to do in order to achieve some state, should attempt to seek assistance by inducing
other agents to adoptat least its ownintention to achieve that state. In our model, a group of
agents havingidentical individual intentions is the first step towards the generation of a group
with decision-making purposes. Accordingly, we can express the following assumption about
agents’ behaviour:

Assumption: (Individual intention generation) If agent
� recognizes a potential for coop-
eration with agent
� with respect to its intention of achieving�, then (as long as it keeps
recognizing such a potential)
� will attempt to exercise a social mental shaping process
aimed at making
� hold:

(a) the intention to achieve�; or, failing that, at least

(b) the belief that
� has the intention to achieve�.

We will now formalize the above assumption. For this purpose, we need to introduce a
formal expression for the notion of an attempt by an agent to achieve a state of affairs by

20As mentioned in Section 3.9.2, the notion of influencecan be regarded as a generalization of various forms
of interaction such as those based on negotiation, persuasion, threat, authority, appeal to past rewards, appeal to
prevailing practice, etc.

21We assume that the agent who seeks assistance will have to establish anew group instead of just adding new
agents to a group that already exists or making an existing group adopt a new joint intention.
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performing an action. To this end, we introduce the complex actionAttempt�
�� ��� �� �� to
express an attempt by
� to achieve� by performing��, at least achieving� (see also [26]):

����'���
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Our first main assumption about individual intention generation can now be stated in the
following way:
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Informally, if agent
� recognizes a potential of cooperation with another agent
� with
respect to a state of affairs�, then (as long as it keeps recognizing such a potential) it will
attempt to impact upon
� ’s mental state by making
� adopt the intention to achieve�, or,
failing that, at least by making
� believe that
� has the intention to achieve�.

Clearly, there might be groups in which a decision is made in a collective manner, although
not every member is directly involved in the decision-making. For example, in many kinds of
groups, some agents might agree to participate and give their contribution to a joint decision
without sharing the same intentions of the group. They might not be interested in the final
decision, but only in being part of the group. Or, they might be obliged to join the group and
agree to be coordinated by other members, without even being aware that a decision is being
made within the group. In all these cases, we have agents that are members of a group but
do not share the group’s ultimate intention. Mostimportantly, these agents are members of
a group that makes a decision but are not decision-makers by themselves. Simply, they give
their contribution for a decision to be made on their behalf by other members. Given this, in
what follows we will not cover such situations of ‘orchestrated’ decision-making [19]. Our
focus will be exclusively on decisions that are ‘strictly’ collaborative, that is, that are made
by a number of agents who share the same practical problem (and intention) and are aware of
being directly and individually involved in the decision-making process.

Finally, we recognize that in real-world situations, a process of social mental shaping aimed
at generating individual identical intentions is not strictly necessary to account for CDM. In
many kinds of groups, teams, and organizations, people participate in a CDM process without
influencing one another to adopt a particular intention. Each agent might well have formed
its own intention individually, outside of any social mental shaping process. It might simply
happen that a collection of agents share the same practical problem and find it convenient
to join their decision-making capabilities to solve that problem in a more effective manner.
In these cases, CDM commences without the need to influence someone else’s mental state
towards the adoption of an intention. Note, however, that in this paper our aim is to give
an account of theentire process of CDM, from the very beginning when an individual agent
requests assistance by influencing others to adopt its own intention through to an agreement
made within the group. Hence, our need to talk about social mental shaping and individual
intention generation.

6.2 Joint intention generation

Agents sharing identical individual intentions are not necessarily motivated to act towards the
fulfilment of their intentions in a collaborative manner. Consider the case of two scientists
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holding the same intention (e.g. to find out the cause of a disease) [18]. Each scientist might
have generated this intention in isolation, independently of the other, or he or she might
have been influenced by the other to adopt the intention. However, in either case, they are
not necessarily expected to collaborate in a coordinated way to fulfil their ‘parallel’ intention.
Indeed, they might even be in competition with each other, and each of them might also intend
(and have the goal/desire) that the other drops the intention. In this case, identical individual
intentions entail no joint mentalistic notion to support any form of collective behaviour.

Thus something more seems to be necessary. Given two (or more) agents holding identical
‘parallel’ intentions, a necessary subsequent step towards CDM is thateach agent intends
the other(s) to hold that intention. That is, what is needed is ajoint intention as a necessary
condition for a group of agents to act together over the resolution of a practical problem.
According to our definition of joint intentions (Section 3.5), if the group members are in-
dividually committed and intend to achieve a state�, are aware of their being committed,
intend that each member is equally committed, and finally are mutually aware of this, then
the group can be said to jointly intend to achieve�. By binding each agent’s individual in-
tention together in a common mental state, joint intentions provide a necessary cognitive step
towards the generation of a group with decision-making purposes. Therefore, we can express
our second assumption about agents’ behaviour:

Assumption: (Joint intention generation). If agent
� recognizes a potential for cooperation
with agent
� with respect to its intention to achieve�, and is successful in exercising a social
mental shaping process aimed at influencing
� to adopt the same intention to achieve�, then
(as long as it keeps recognizing such a potential for cooperation)
� will attempt to generate:

(a) a joint intention (held jointly by
� and
�) to achieve�; or, failing that, at least

(b) a mutual belief (held jointly by
� and
�) that
� intends that
� and
� jointly intend to
achieve�.

Expressing the above assumption formally, we have:
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According to the constraints we have imposed on the logic of mental attitudes, joint in-
tentions towards a state imply each group member’s individual intention towards that state.
However, they do not entail each member’s desire and goal towards that state. We have a
two-fold distinction:

(a) The group may have a joint intention to achieve a state and each member has an individual
intention, desire and goal towards that state. This might occur, for instance, in groups
based on mutual knowledge of mutual dependence. In these cases, all members might be
interested (have a desire) in achieving an identical state of the world, and might also have
the goal to achieve it.

(b) The group may have a joint intention to achieve a state and each member has an individual
intention towards that state. However, some of the members may not hold the desire
and/or the goal towards that state. For instance, in many kinds of groups, teams, and
organizations, agents share identical intentions without sharing the same desires. Some
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of the group members might not be interested in what they intend to bring about, but
just in their personal benefits (rewards). Or, it might well be the case that some of the
members are socially influenced (e.g. forced, obliged) to join the group and achieve
something collaboratively without having the goal to do so. In these cases, the group’s
joint intention towards a state entails the members’ individual intentions towards that
state, but is not reinforced by the members’ individual desires/goals towards that state.
This can be accounted for within our formal framework, since our axiomatization of
mental attitudes allows us to represent intentions that are not goals and/or desires at the
same time (Section 3.4.4).

6.3 Joint commitment generation

Joint intentions are a necessary cognitive ingredient of CDM, since they provide a first (weak)
foundation of collaborative activity within a group. However, although necessary, they are
not still sufficient in order for a group with decision-making purposes to be established. This
is due, more generally, to their inherent socio-cognitive weakness and, specifically, to the
fact that they can be easily dropped by the agents (Section 3.7). In order for a joint intention
to be fulfilled collaboratively, it must have a certain degree of stability, that is, it must not
be dropped for whatever reason, at least untilcertain escape conditions become true [27].
However, the members of a group characterized simply by a joint intention have no cogent
or normative constraints that can ensure such a stability by creating interpersonal obligations
and/or obligations towards the group itself toact collaboratively. Consequently, each member
could drop its own intention and exit the group without violating obligations nor frustrating
expectations and rights. Thus, one more ingredient is necessary: thejoint commitment of
the group. Indeed, joint commitment determines the degree to which a group persists in
holding a joint intention, and therefore controls the likelihood of the group’s re-considering
and dropping the intention.

Against this background, we can now express our third assumption about agents’ be-
haviour:

Assumption: (Joint commitment generation). If agent
� recognizes a potential for co-
operation with agent
� with respect to its own intention to achieve�, and is successful in
generating a joint intention (jointly held by
� and
�) to achieve�, then (as long as it keeps
recognizing such a potential for cooperation)
� will attempt to generate:

(a) a joint commitment (jointly held by
� and
�) to achieving�; and

(b) a mutual belief (jointly held by
� and
�) that
� and
� have the joint ability to bring
about�; or, failing that, at least

(c) a mutual belief (jointly held by
� and
�) that
� believes that
� and
� have the joint
ability to achieve�; and

(d) a mutual belief (jointly held by
� and
�) that
� has the intention that
� and
� endorse
the joint commitment to achieving�.
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Formally, we have:
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Condition (a) assures the persistence of the joint intention of
� and
� towards�. Condi-
tion (b) means that
� and
� are mutually aware of having the joint ability required to attain
�. We justify this condition in the context of our model, since we assumed that
� seeks the
assistance of
� with respect to its intention to achieve a state�, because
� believes that
�
and
� together have the joint ability to attain� (Section 5.3). However, in a more general
situation, condition (b) is not necessary for a joint commitment to be established. Indeed, a
group might mutually believe that� will be eventually true without the group’s being able
to achieve� directly. It might well be mutually believed that there is another agent who is
not a member of the group, or even another group that has the required ability and whose
assistance can eventually be asked for.

If this stage is successful, then a group with decision-making purposes will have been
generated whose members will be jointly committed to giving an answer to a joint practical
problem. In our approach, CDM is triggered by individual attitudes, but once the group
generation stage has been successfully executed, the process will be additionally guided by
higher-order mental attitudes. At this stage, these higher-order mental attitudes are reflected
in the group’s joint commitment which, in turn, is grounded on the notions of joint intention
and mutual belief (Section 3.6).

6.4 Motivation for group generation

In [18] it has been pointed out that, without the mutual belief in a mutual dependence and
in the necessity to collaborate in order for a given state of the world to be achieved, joint
commitment is unmotivated. In our view, mutual dependence is but one potential motivation
for forming a group. Within our working example, the two scientists share the same intention
to find out the cause of the disease. They mutually believe that they have that intention. Each
of them might intend the other to be part ofthe group. They might be jointly committed to
finding out the cause of the disease. However, they might well not be mutually dependent on
each other. Indeed, each scientist may have his or her own motivation to agree to be part of
the group, to intend the other to be part of the same group as well, and to be committed to the
group. And such motivations need not be the same.

In our more general framework, the agent soliciting assistance is socially dependent on
some joint activity with the others with respect to the achievement of a given state of affairs.
However, the agents whose help is being sought might agree to form a group (and intend to
be members of the group) for reasons that may be unconnected with the original request for
assistance. Some of the motivations may be the following [52]:

(a) the agents might decide to be benevolent and give their help;

(b) the agents might be enticed with a promise of a future reward;

(c) the agents might be threatened;
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(d) the agents might be convinced that taking part to the group will enable the achievement
of their own goals.

Agents might also be obliged to cooperate over the resolution of a practical problem and
thus to share a joint intention. This holds if and when either the agents whose assistance is
requested are obliged to cooperate regardless of the specific agent seeking assistance, or the
agent requesting assistance has the authority to involve other agents in some form of coop-
eration. Theseprescriptive sources of cooperation can be captured by our notions of social
mental shaping based on roles and social mental shaping occurring between agents. First,
roles might function in a ‘normative’ way as they might influence the role-players to adopt
an intention either in given circumstances or whenever requested to do so by other agents.
In this sense, roles may entail sets of behaviouralobligations based on the mental attitudes
attached to them, and these obligations may function as prescriptive sources of collaborative
activity [66, 85]. Second, social mental shaping occurring between agents might function as
a prescriptive source of cooperation as long as one of the two agents has the authority to force
the other to join a group and achieve some state in a collaborative manner. For example, if

� is socially committed to
� with respect to the achievement of�, 
� might be obliged by

� to get involved in a collaborative activity aimed at achieving�. In this case,
� may be
subjected to a social mental shaping process exercised by
� and based on
� ’s authority to
make
� accept the request for assistance, and adopt the intention to become a member of a
group and collaborate.

7 Social practical reasoning

Once a group has been generated that is jointly committed to achieving a state of the world, a
joint practical basis and a practical problem will ensue (see Sections 5.1 and 5.2 for the indi-
vidual case). On the one hand, the group’s jointcommitment to achieving a state constitutes
the joint practical basis as it possesses practical force in raising and supporting the remaining
stages of CDM. On the other, the group’s joint commitment towards a state triggers a joint
practical problem as the group members are confronted with a problem of what is to be done
by the group to achieve that state [39]. Giving an answer to this problem means to jointly
decide what course of action the group should perform to fulfil its joint commitment. Such
a decision can be seen as an agreement on what is to be done. However, agreement cannot
be reached until the agentsindividually reason about what action the group should perform
to fulfil its joint commitment. Such reasoning undertaken by individual agents being located
within a social setting is what we callsocial practical reasoning. As we shall see, social
practical reasoning points to the logical arguments and cognitive mechanisms by which a
group’s joint commitment is transformed into a group member’s individual intention that the
group performs a particular action to fulfil its joint commitment.

In evaluating our conception of practical reasoning, we need to distinguish between two
different uses of ‘practical reasoning’ [2]. Like the broader term ‘reasoning’, ‘practical rea-
soning’ may designate either a process or the corresponding structure. Generally speaking,
the process of practical reasoning is a process of passing from appropriate premisses to a
practical conclusion that is aimed at action rather than truth (Section 1). An agent wants to
know what to do in some situation, and if its practical reasoning is successful, it becomes
committed to some policy or course of action. A decision about what to do is actually a com-
mitment to performing areasoned action. That is, a commitment to performing an action that
is explained and justified by a line of practical reasoning.
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On the other hand, thestructure of practical reasoning is a practical argument as a struc-
ture of propositions. To avoid confusion, we will use ‘practical inference” for the structure of
practical reasoning. A practical inference has been often characterized as a structure of propo-
sitions whose main constituents are: (a) a motivational premiss; (b) a connecting premiss that
relates the content of the motivational premiss to action; and (c) a conclusion favouring the
action specified by the connecting premiss [2, 3, 12, 24, 39]. This type of inference is a
means-end argument, in which the first premiss mentions an end and the second premiss
some means to this end.22 The ‘practical’ conclusion which results from the premisses would
consist in favouring the use of the means to secure the end. Thus, the study of this kind
of practical inference is relevant to the problems of explaining and understanding purposive
behaviour and conduct - both of individual agents and of groups of agents.

Before embarking on a discussion of social practical inferences, in what follows we will
briefly discuss and formalize the main forms of practical inferences for the individual agent
[24]. This allows us to highlight the basic structure of individual practical reasoning, and
therefore the main changes to which this structure is subjected when we have to represent
practical reasoning undertaken in a social setting. In our account, the process of practical
reasoning in a social setting must besocially embedded in order to do what is required of
it when performed by an agent who is a member of a group. Therefore, the corresponding
structure of such reasoning will be expected to be couched in terms of some higher-order
representation of mentalistic notions that can ensure such social orientation.

7.1 Taxonomy of basic means-end practical inference types

In this section we will focus on different schemas of practical inferences for merely individual
practical reasoning. The philosopher and logician Charles Sandres Peirce (1839–1914) con-
tended that induction, deduction, and abduction arethree distinct types of inference, although
as his views developed, he occasionally introduced hybrid forms such as ‘abductive induc-
tion’ [68]. We will follow Peirce’s view, with three important modifications. First, in our
view, practical inferences can be distinguished into deductive and non-deductive inferences.
Second, we distinguish non-deductive practicalinferences into abductions and inductions.
Third, we treat practical inductions as special cases of practical abductions.

7.1.1 Deductive practical inferences
Deductive practical inferences can be regarded as instantiations of the following general pat-
tern:

Major premiss: At time ��, agent
� intends to attain�.

Minor premiss: At time ��, agent
� believes that the only way to attain� is to perform
action sequence��.

Conclusion: Therefore, at time��, agent
� intends to perform��.

22In the present paper we shall not be dealing with the so-called ‘rule-case syllogisms’ [3, 24], that is, with
those practical inferences that subsume an individual action under a general rule of action by the intermediary of a
particular fact-stating premiss (e.g. (a) In all cases, if circumstances
 hold, then do action��; (b) Circumstances

hold in this case; (c) Therefore, do action�� in this case).
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The first and second premisses of this form of practical inference are, respectively, an in-
tention to achieve some state of the world and a practical judgement about the appropriate
means to achieve that state. In turn, the practical judgement contains apractical necessity,
namely a necessary relation between the end mentioned in the first premiss and the means
to secure that end. Note that in this form of practical inference the conclusion is adeductive
consequence logically inferred from the first two premisses. Deductive practical inferences
support their conclusions in such a way that the conclusions must be true, given true pre-
misses; they convey conclusive evidence.

7.1.2 Non-deductive practical inferences
In formulating the basic schema for non-deductive means-end practical inferences, we need
to draw a distinction between adecision and achoice. Every choosing is a deciding, but not
every deciding is a choosing. Generally speaking, to decide to do something is to make up
one’s mind to do it, where making up one’s mind involves giving at least minimal considera-
tion to the question of what you are going to do. As we conceive of it, explicitly choosing to
do action sequence�� is explicitly deciding to do�� in preference to some alternative action
sequence.23

Schematically, the line of practical inference leading to a decision that is a choice ideally
includes steps like these:

1. At time��, agent
� intends to attain�.

2. At time��, agent
� believes that performing action sequence�� is a way to attain�.

3. At time ��, agent
� believes that performing action sequence�� is another way to attain
�.

4. At time��, agent
� believes that it cannot perform both�� and�� simultaneously.

5. Shall agent
� perform�� or ��?

Conclusion: At time ��, agent
� intends to perform��.

In this form of practical inference, although the conclusion is clearly motivated by a set
of premisses, it seems clear that it is not a deductive consequence logically inferred from
any of the premisses the agent actually considered. The agent’s conclusion seems, in fact,
to be a logically ‘free’ step: it accords withits preferences, it is based on them, butit is
not deductively inferred from anything at all. The conclusion transcends the information
of its premisses and generates a commitment that is not based upon any practical necessity
encoded there at all. This can be contrasted with practical deductive inferences, which can be
thought of as extracting, explicitlyin their conclusions, practicalnecessities that were already
contained in the premisses. In short, while the conclusion of a deductive practical inference
is an intention reflecting a decision that is not a choice, non-deductive practical inferences
reflect a deciding that is also a preference-based choosing.

7.1.3 Forms of non-deductive practical inferences
Non-deductive means-end practical inferences can be distinguished into:

23Note that doing and not doing a given action can be considered alternative means only insofar as both bring
about the same results. In particular, given the agent’s intention to achieve� and an action�� that, if performed, can
attain�, if not doing�� prevents the agent from attaining�, then ‘doing��’ and ‘not doing��’ are not alternative
means for achieving�.
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(a) abduction-based practical inferences; and

(b) induction-based practical inferences.

This taxonomy reflects the type of non-deductive inferential process the individual agent
uses in selecting an action.

Practical abduction. Peirce maintained that there occurs in science as well as in everyday
life a distinctive pattern of theoretical reasoning wherein explanatory hypotheses are formed
and accepted [68]. He called this kind of theoretical reasoning ‘abduction’. Along this view,
we call practical abduction, orpractical inference to satisfactory action, the structure corre-
sponding to the reasoning process of passing from an intention to achieve a state of affairs to
an intention to perform an action that cansatisfactorily fulfil the prior intention.

This reasoning process includes the following steps:

(a) an initial process of coming up with a set of alternative actions that are plans for the agent
to attain a state of the world;

(b) a process of critical evaluation wherein a practical judgement is made as to which action
should be performed; and

(c) the agent’s intention to perform that action.

More formally, the structure of this process is reflected by a practical abduction, which we
take to be a distinctive kind of practical inference that adheres to the following pattern:

1. At time��, agent
� intends to attain�.

2. At time ��, agent
� believes that�&+	� � ���� �� � � �� is a set of alternative action
sequences that
� can perform to attain�.

3. At time��, agent
� believes that�� is a satisfactory means to achieve� (i.e. 
� prefers to
perform action sequence�� rather than the other action sequences included in�&+	�).

Conclusion: Therefore, at time��, agent
� intends to perform��.

The core idea is that a prior intention to achieve a state of the world is transformed into
a conclusive intention to perform an action that satisfactorily can achieve that state of the
world. Therefore, an abductive practical inference aims at asatisfactory decision about what
is to be done, one that can be confidently accepted.

Practical induction. Inductive practical inference can be treated as an instance of abductive
practical inference. Specifically, an inductive practical inference is the structure correspond-
ing to the reasoning process of passing from an intention to achieve a state of affairs to an
intention to perform an action that, on the basis of theobserved performance, can satisfacto-
rily fulfil the prior intention. An inductive practical inference adheres to this general pattern:

1. At time��, agent
� intends to achieve�.

2. At time ��, agent
� believes that, at time�� 	 ��, action sequence�� turned out to be a
satisfactory means to attain�.

3. At time��, agent
� believes that action sequence�� is still a plan to attain�.

4. At time��, agent
� believes that action sequence�� is a satisfactory plan to attain�.

Conclusion: Therefore, at time��, agent
� intends to perform��.
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In contrast to the way that other types of abductive practical inferences look forward in
terms of expectations about the future, inductive practical inferences are history-dependent
inferences that look backward to experience. Therefore the latter can be calledbackward-
directed inferences (as opposed to all the other abductive inferences that areforward-directed
inferences). As we shall see (Section 7.2.2.2),backward-directed inferences play a central
role within many forms of collectives (e.g., organizations), in which rule- and procedure-
oriented inferences (i.e. history-dependent inferences) characterize most decisional processes
and choice behaviour.

To say that inductive practical inferences can be analysed as special cases of abductive
practical inferences has the following meaning. First, the second step of an inductive prac-
tical inference, saying that action sequence�� is believed to have been a satisfactory means
to achieve�, can be thought of as a conjunction of three beliefs: (a) the belief that�� was
preferred to other alternative actions; (b) the belief that��, once performed, brought about�;
and (c) the belief that the past performance of�� was not biased, that is, it was a representa-
tive outcome. Second, the fourth step of an inductive practical inference, saying that agent
�
believes that�� is currently a satisfactory plan to attain�, reflects the belief that past perfor-
mance is an appropriate informative basis on which a practical judgement can be expressed.
In this view, a practical induction is just a practical abduction in which a history-dependent
preference function has been specified and used to form a conclusive intention. However,
should action sequence��, once performed, fail to attain its target, or should agent
� come
to believe that past performance is no longer an accurate basis on which to select actions,
then
� may not pass from the past performance of�� to the intention to perform��. Thus,
as happens with practical abduction, practical induction is based upon a comparison between
alternative means to attain a state. And this comparison is hidden in a history-dependent
preference function according to which what turned out to be satisfactory in the past is also
satisfactory when compared to current available alternatives.

7.2 Taxonomy of basic social means-end practical inference types

In the light of the above conception of individual practical inferences, this section concen-
trates on the main forms of means-end social practical inferences. Broadly speaking, a social
practical inference may be defined as the structure of propositions that correspond to the rea-
soning process that a member of a jointly committed group undertakes in order to give an
answer to a joint practical problem. A social practical inference has, minimally, three sorts of
constituents: (a) a motivational premiss based on the group’s joint commitment to achieving
a state of affairs; (b) a connecting premiss that relates the content of the motivational pre-
miss to a multi-agent action; and (c) a conclusion favouring the multi-agent action specified
by the connecting premiss. As in the individual case, this type of inference can be seen as
a means-end argument, since an end and some means to this end are mentioned in its pre-
misses, whereas its conclusion would consist in favouring the use of the means to secure the
end. More specifically, the conclusion of a social practical inference will support the perfor-
mance of some multi-agent action that is a plan for the group to fulfil its joint commitment
[83].

In our account, jointly reasoning about what is to be done inherently reflects the group
members’ taking an intentional stance towards one another and the group as a whole. That
is, the process of a social practical reasoning emerges from each group member’s reasoning
about and representing the other members and the group itself in intentional terms, namely
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as cognitive agents endowed with mental attitudes. Correspondingly, thestructure of social
practical reasoning — i.e. the social practical inference — will reflect both the group’s and
the individual agent’s mental state, and therefore will be formalized in terms of both higher-
order and individual mental attitudes.

In what follows, in developing our conception of social practical inference, we will dis-
tinguish, as with the individual case, between two main types of inferences: deductive and
non-deductive inferences.

7.2.1 Social deductive practical inferences
For a given state�, and an agent
� that is a member of a group��, the basic schema for
social deductive practical inference is the following:

1. At time��, group�� is jointly committed to achieving�; hence,
� intends to achieve�.

2. At time��, group member
� believes that the only way for�� to achieve� is to perform
action sequence��.

Conclusion: Therefore, at time��, agent
� intends that�� performs��.

Formally, we have:

� �����
� 	 ������� ����� 	 �������
J-COMM���� �����������
����
�� ������ � ���
����� ��� �������������� � ����
�� ���
����� ��� �������������

Clearly, here the intention that�� performs action sequence�� is adeductive consequence
logically inferred from the two premisses. That is, to the extent that agent
� believes that
there is only one action sequence�� that the group can perform in order to achieve�, the
conclusion of a social practical inference can be seen as logically deduced from the premisses.
In such a case, the premisses give evidential support to an intention based on the practical
necessity that, unless�� is performed by group��, �� cannot achieve�.

7.2.2 Social non-deductive practical inferences
Whenever a member of a jointly committed group believes that there is more than one action
that the group can perform to fulfil its joint commitment, the conclusion of the social practical
inference cannot be seen as logically deduced from the premisses. As happens with the
individual case, whenever a choice is involved there is no question of the practical inference
being formally valid. Preference-based social practical inferences are inferences that aim at
satisfactory decisions about what is to be done. As in the individual case, the conclusions of
social non-deductive inferences might well bewarranted, justified, or rendered acceptable,
although not deduced, by a set of premisses [24, 39, 45].

7.2.2.1 Abduction-based social practical inferences
For a given state�, and an agent
� that is a member of a group��, the basic schema for
abductive social practical inference is the following:

1. At time��, group�� is jointly committed to achieving�; hence,
� intends to achieve�.

2. At time ��, agent
� believes that�&+��� � ���� �� � � � �� is a set of possible alternative
action sequences that are plans for�� to attain�.
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3. At time ��, agent
� believes that�� is a satisfactory plan for�� to achieve� (i.e. 
�
prefers that�� performs action sequence�� rather than the other action sequences in-
cluded in�&+���).

Conclusion: Therefore, at time��, agent
� intends that�� performs��.

Formally, we have:

� �����
� 	 ������� ����� 	 �������

J-COMM���� ���������� � ����
�� ��
����� ��� �������������

��� ��� �����
�����
�� ��
����� �� � ������� �

 �!�
�� ���
����� ��� �������� ���
����� �� � �������������� �
����
�� ���
����� ��� �������������

A number of alternative criteria for selecting the satisfactory action have been developed
(e.g., maximin criteria; regret criterion; expected monetary value; maximum expected utility)
[58, 72]. However, in our schema, no such criterion is mentioned. This is because what
is satisfactory is often determined by each agent’s mental attitudes, and the circumstances in
which the choice is being made. When, at step 3, we say that ‘at time��, agent
� believes that
�� is a satisfactory plan for�� to achieve�’, we are implicitly providing a straightforward
way to generalize over specific choice criteria.Therefore, our schema reflects into a general
preference function the rationale underlying a number of more specific choice criteria.

Finally, our conception of social abductive practical inferences captures one of the oldest
behavioural speculations about decision-making in organizations: the idea that time and at-
tention are scarce resources [60, 61]. Neitherall alternative actions that can be performed to
achieve a state of the world nor all the consequences of any of them can be known by the
decision-maker [61]. Since only a few alternatives can be considered simultaneously, actions
are selected less by choices among alternatives than by decisions with respect to search of
new alternatives. However, there may be situations in which careful and intelligent social
practical reasoning requires the generation of as many appropriate alternatives as possible.
This might especially be called for when the cost of making a mistake is high, or when there
is plenty of time to consider the alternatives.

7.2.2.2 Induction-based social practical inferences
Induction-based social practical inferences are special cases of abduction-based social practi-
cal inferences. For a given state�, and an agent
� that is a member of a group��, the basic
schema forinductive social practical inferences is the following:

1. At time��, group�� is jointly committed to achieving�; hence,
� intends to achieve�.

2. At time ��, agent
� believes that, at time�� 	 ��, action sequence�� turned out to be a
satisfactory plan for�� to attain�.

3. At time��, agent
� believes that�� is still a plan for�� to attain�.

4. At time��, agent
� believes that�� is a satisfactory plan for�� to attain�.

Conclusion: Therefore, at time��, agent
� intends that�� performs��.

Social inductive practical inferences are built on two core ideas of organizational decision-
making. The first is that organizations tend to devote more attention to plans that fail to meet
targets than they do to plans that meet targets [60, 61]. When a plan is successful, the search
for new ones is reduced. When a plan fails, on the other hand, a search is undertaken for
another one. This search for new alternatives continues until a satisfactory plan is discovered.



98 Formalizing Collaborative Decision Making

Thus, as is reflected in our conception of inductive practical inferences, alternative plans are
not compared with each other so much as they are reviewed sequentially and accepted or
rejected on the basis of theirobserved past performance.

The second core idea of organizational decision-making concerns the role of adaptive rules
(Section 2). Much organizational choice behaviour involves rule-following more than calcu-
lation of consequences [28, 60, 61, 65]. Organizations have standard decisional procedures,
some formally specified and some less formal. Procedures are followed because they have
been learned as appropriate in a particular situation or as part of a particular role, rather
than because they reflect a deeper comparison between several alternatives as a basis for a
subsequent decision [60]. Awareness of the role that rule-following plays in organizational
decision-making has directed attention to the processes by which rules and relatively stable
organizational routines are created and changed [55]. The idea is that rules and routines en-
code experiential wisdom and reflect the lessons of history, in that they are the outcome of
trial an error learning and the selection and retention of prior behaviour [28, 60].

To see organizations as prone to devote attention primarily to plans that fail to meet their
targets, and as driven by rules, routines and procedures reflecting history and past experience,
is to argue that an adequate account of CDM must characterize and describe the key social
reasoning processes as inherently inductive. Indeed, we modelled social inductive inferences
as reflecting history-dependent preferences based on past experience. That is, the agent’s
practical judgement about the satisfactoryaction (step 4) is based upon the evidence con-
cerning the past execution of that action. Given this, to say that a social practical induction
corresponds to a process of rule-following means that: (a) rules encode history-dependent
preference functions; (b) there is a fit between the situation in which a rule is applied and the
situation in which it has developed; and (c) rules are insensitive to changes in the mental state
of rule-followers [60, 61].

So far, we have considered social deductive and non-deductive practical inferences that are
related to the reasoning processes undertaken by the members of a jointly committed group.
The conclusion of these processes is an intention favouring the performance of an action by
the group. However, in order for the group to actually perform an action, the agents’ practical
reasoning processes must be ‘socially connected’. This involves acoordination problem that
is captured and formalized in the following fourth stage of our model.

8 Negotiation

Having displayed the basic types of social practical inferences, we need now to illustrate
the process through which the members of a jointly committed group reach anagreement
about what course of action the group should perform to fulfil its joint commitment. As was
shown in Section 7, each agent will conduct a social practical reasoning process, either in a
deductive or non-deductive form. A key role in this process is played by the agent’s practical
judgement, which is a belief concerning what action ought to be performed by the group in
order for a given state of the world to be achieved. As a result, each agent will end up with
an intention that the group performs the action specified by the practical judgement.

However, it might well be the case that each agent has a different view about what course
of action the group should perform. In this case, each of the group members will have in-
consistent intentions that the group performs differing actions. It is therefore necessary for
the agents to come to some form of agreement about exactly which action the group will
perform. There could be different forms of disagreement between the agents. On the one
hand, the agents might disagree about the practical necessity upon which a deductive practi-
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cal inference is based. On the other, the agents might disagree about the number and identity
of the alternative actions that have to be considered before a choice can be made as well as
about the choice criterion that is to be used to select the satisfactory alternative. In either
case, however, an agreement about an action is called for if an answer to the joint practical
problem is to be given.

A common assumption in the multi-agent system research community, and particularly
in the multi-agent planning literature, is that a group of agents is endowed with an entire,
pre-computed joint plan, which the group members will carry on executing until certain con-
ditions arise [42, 71]. This is the idea of a joint plan as specifying a complete sequence of
actions which need only be successfully performed to achieve some state. Once we look
closely at the real-world behaviours of planningagents, however, it becomes clear that there
is a rather complex interplay between the plan and the supporting social environment [52, 82].
This interplay goes well beyond the obvious fact that specific actions, once performed, may
not have the desired effect and may thus require some re-thinking about how to achieve
some specific states. In such cases, the original joint plan is still a complete, though fallible,
specification of a route to success. In many cases, however, the joint plan turns out to be
something more flexible, and much more dependent on a number of social actions and inter-
actions between the agents. Individual agents deploy general strategies that incorporate social
interactions with their acquaintances as an intrinsic part of a joint-plan generation process.
At the outset, such a process can clearly involve explicitly formulated potential joint plans
that are represented in the agents’ mental states. But even in these cases, the plans function
more like one ingredient of the whole generation process than complete recipes for success.

In the light of these observations, it seems that what is needed for describing an agree-
ment generation about an action is a dual-facetedprocess that allows the agreed-upon action
to result from both the individual agents’ decision-making apparatus and a number of so-
cial actions and interactions between the agents. We believe thatnegotiation can capture
these underpinning foundations of the process of jointly deciding what course of action a
group should perform. Negotiation is the process by which an agreement is made by two or
more parties [49]. Agents usually make proposals and counter-proposals; they might suggest
modifications and receive requests of amendments of their own proposals; they might have
objections to one or more of the alternative actions. Negotiation can range over a number of
quantitative and qualitative aspects of actions. Each successful negotiation is therefore ex-
pected to resolve a number of different issues tothe satisfaction of each agent. For example,
a trade-off between contrasting issues might be required in order for the agents to come to an
agreement [49].

In what follows, we will not develop a formalized analysis of negotiation. Following [88],
we will simply focus on the key underpinning properties, structures, and processes that appear
to be common to most forms of negotiation.

First, the minimum self-evident pre-condition required in order for negotiation to take place
is that at least one agent has successfully conducted a social practical reasoning process. That
is, negotiation cannot commence unless at least one agent:

(a) has come to form a practical judgement, that is, a belief that some action is either satis-
factory or the only available action that can be performed by the group to achieve a given
state of the world; and

(b) has come to the corresponding practical conclusion favouring the practical judgement;
that is, the intention that the group performs the action suggested in the practical judge-
ment.
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Thus, against this background, a first assumption can be formulated that reflects the above
pre-condition:

(Assumption: Minimum pre-condition of negotiation). Given a group of agents jointly
committed to achieving a state of the world, there will eventually follow a state in which the
agents will hold their commitments iff at least one of them maintains the intention that the
group performs some action in order to fulfil its joint commitment.

Formally, we have:

� �������� ����� 	 ���J-COMM���� ���������� �
������ 	 �� 	 ��� ���� 
J-COMM���� ���������� ��� �
�
� 	 ��� ��� ���� ����
�� ���
����� ��� ��������������

Informally, this assumption means that the agents will not keep their joint commitment for
ever. They will eventually drop their commitment unless one of them comes up with a possi-
ble way of fulfilling it.

Once one of the agents has generated an intention that the group performs some action,
negotiation commences when that agent attempts to generate a mutual belief within the group
about the content of its own intention. That is, negotiation will be triggered by an agent’s
attempt to bring about a state where it is mutually believed by the group that at least one
action is a candidate for being moved up to the agreed-upon action status. We can therefore
write our second assumption in the following way:

(Assumption: Making intentions known). If a member
� of a group jointly committed to
attaining a state of the world holds the intention that the group performs action sequence��,
then (as long as the group keeps its joint commitment and
� its intention) there will follow a
state in which
� will attempt:

(a) to bring about a state where it is mutually believed in the group that
� intends that the
group performs��; or, failing this, at least

(b) to bring about a state where it is mutually believed in the group that
� believes that��
is either satisfactory or the only available action sequence that the group can perform to
fulfil its joint commitment.

Formally, we have:

� �����
� 	 ������� ����� 	 �������
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Informally, the above assumption means that the agents who have successfully conducted
a social practical reasoning process will attempt to generate a mutual belief in the group
about their practical conclusion, i.e. the intention that the group performs a particular action.
Failing this, they will at least generate a mutual belief within the group about their practical
judgements. These may be expressed in the formeither of a practical necessity (in the case of
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a deductive reasoning) or of a preference over alternative actions (in the case of non-deductive
reasoning).

Finally, in order for negotiation to come to a conclusion, a social mental shaping process
must be exercised aimed at generating an agreement about what course of action should be
performed. On the one hand, if an agent intends that the group performs a particular action,
then it will try to take the whole group closer to an agreement about performing that action.
On the other, if an agent has an objection to some action, it will try to prevent an agreement
about that action being performed by the group. Against this background, we can express our
third assumption:

(Assumption: Attempt to influence). If a member
� of a group jointly committed to bring-
ing about a state of the world intends that the group performs action sequence��, and believes
that another member
� intends that the group acts differently, e.g. that it performs action se-
quence�� , then (as long as the group keeps its joint commitment and
� its intention and
belief) there will follow a state in which
� will attempt to exercise a social mental shaping
process upon
� aimed at:

(a) making
� intend that the group performs��; or, failing that, at least

(b) making
� intend that the group does not perform�� .

Formally, we have:
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Informally, this assumption means that not only will agents attempt to make their intentions
known within the group. They will also try to exert a social influence process upon their
acquaintances, aimed at changing their beliefs about how the group should act, and ultimately
impacting upon their intentions.

If negotiation is successful, then the whole process of CDM will end up with an agreement
about an action to be performed by the group. Such an agreement implies that the agents
share the same intention that the group performs a given action. However, as we maintained
in Section 3.6, sharing identical individual intentions entails no joint mentalistic notion sup-
porting any form of collective behaviour. What is needed is the group’s joint commitment
to acting in a specified manner. Therefore, in compliance with our definition of joint com-
mitments (Section 3.6), we say that anagreement reached by a group�� at time�� about an
action sequence�� represents the outcome of a CDM process — that is, a joint decision — iff,
at time��, �� has a joint persistent intention (i.e. a joint commitment) that action sequence��
will eventually be performed. More formally,������������ ����� 	 ���, we say that at time
�� group�� has made a joint decision to perform action sequence�� that is a plan for�� to
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achieve� at �� iff:
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Our definition of agreement-based joint decision reflects the following properties (Sec-
tion 3.6):

(a) in�� it is mutually believed that�� will be performed by�� in order to bring about�;

(b) �� has the joint intention to perform�� in order to bring about�;

(c) each member
� 	 �� is socially committed to�� to fulfilling the joint intention;

(d) in �� it is mutually believed that each member
� 	 �� is socially committed to�� to
fulfilling the joint intention;

(e) it is true (and mutual belief in��) that (b) will continue to hold until it is mutually be-
lieved in�� either that� will not be brought about as a consequence of��’s performing
��, or that at least one of the members no longer has the motivation to be part of the group
and drops its commitment.

Should the group be successful in making a joint decision, the whole CDM process would
conclude with atransformation of commitments and intentions. That is, a transformation of a
joint commitment, and the corresponding joint intention, to achieving a state of affairs into a
joint commitment, and the corresponding joint intention, to performing an action that is a plan
for the group in order to bring about that state. As with the individual case, such a conclusive
joint commitment/intention might or might not be followed by action. What constitutes the
essence of CDM is this process of transformation of joint commitments/intentions. In our
account, the outcome of CDM is simply a decision, that is, an answer to a joint practical
problem. And a decision is a composite concept that inherently reflects an intention-based
joint commitment generated through social practical reasoning processes.

9 Related work

The focus of our work was on the formalization of the decision-making process performed
by a number of cognitive agents jointly committed to acting together. Therefore, the work
shares common research issues with three main Artificial Intelligence (AI) areas: formal
languages; formal models of mental attitudes;and models of decision-making within multi-
agent systems. In the following subsections, we present related work in these areas and situate
our research in the relevant literature.
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9.1 The formal language

In this paper we have developed a many-sorted multi-modal first-order language that draws
upon and extends the previous work of Bell and Huang [8, 9], Wooldridge and Jennings [88],
and Cohen and Levesque [25]. We will now consider the relationship with this work.

Our logic most closely resembles that of Bell and Huang [8, 9]. Like their CA language,
it is a many-sorted logic with explicit reference to time points and intervals. Time is taken
to be composed of points and is assumed to be discrete and linear. Like Bell and Huang,
we expressed the semantics of the preference operator through closest-worlds functions that
avoid the counter-intuitive properties of simpler possible-worlds semantics for preferences.
However, our logic extends their language in several respects. First, it contains terms denoting
groups of agents, and provides a set-theoretic mechanism for relating agents and groups.
Second, it contains terms denoting roles and social relationship types. Third, it contains
modal operators denoting joint mental attitudes, and formalizes a set of operations to be
performed upon them.

Like Cohen and Levesque’s logic [25], our language has modalities for representing mental
attitudes, and a mechanism for describing the structure and occurrence of complex actions.
As with Bell and Huang, our logic extends Cohen and Levesque’s language in that it gives a
formal account of sociality, in terms both of groups of agents and of joint mental attitudes.
Semantically, the logic is very similar to that of Cohen and Levesque in that both share a linear
view of time. However, in their logic, time does not explicitly appear in propositions, whereas
time is explicit in our logic. This expressibility of our system enables us to characterize
different types of mental attitudes. For example, we can express goals towards propositions
that will be true at some specific time in the future or intentions towards propositions with
different time points.

Like Wooldridge and Jennings’ language [88], our logic contains terms that express groups
of agents and modalities that express joint mental attitudes. However, our logic is different
from their language. The most significant point of departure is that our logic is based on a
linear view of time, whereas Wooldridge and Jennings use a branching temporal model.

9.2 The mental model

Various works in AI research support the idea that agents can be modelled in terms of their
mental states [87]. One particularly common approach is to model agents as BDI systems
[69]. The first difference to highlight when comparing different approaches is the varying
usage of mental attitudes. Cohen and Levesque [25] and Wooldridge and Jennings [88] refer
only to two primitive mental attitudes — i.e. beliefs and goals — and define all other attitudes
in terms of these two. Rao and Georgeff [69] use three primitive attitudes: beliefs, goals, and
intentions. In all these cases, the definitions are not sufficient for a suitably articulated de-
scription of the mental states and behaviour of the agents involved in a CDM process. We
used a wider definition of attitudes; in particular, beliefs, desires, goals, intentions, and pref-
erences. Our mental model strictly resembles that of Krauset al. [52]: like their formalism,
our logic has modalities for representing all those mental attitudes. Like in [52], desires may
be inconsistent; goals and intentions are consistent, closed under consequences, and do not
contradict beliefs. However, we have taken beliefs to be closed under consequences, whereas
in [52] agents are not assumed to be omniscient.Moreover, in [52] every goal is also a desire:
we do not have such an axiom, as in our framework an agent can adopt a goal that may well
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not represent a desired state of affairs. Finally, like in [52], in our model there may be inten-
tions that are not goals; however, in contrast to [52], we did not assume that an agent adopts
all its goals as intentions. Other researchers [69] who did not model an agent’s mental state
within a social setting assumed that every intention is also a goal.

As described in Section 3.4.4, we distinguished between two types of intention, i.e.
Intention-to and Intention-that. Many other formalizations, such as that of Cohen and
Levesque [25], also make this distinction. For example, in [25] there are intentions with,
respectively, an action expression and a proposition as their arguments. However, in [25]
intending to bring about a state of the world means being committed to doing some sequence
of actions after which that state holds. In contrast, in our model, the agent, once adopting
an Intention-that, knows whether it is capable of fulfilling it in isolation or not. Should it be
unable to act on its own, the agent will have to look for assistance from other agents. What
we required is only that Intentions-that do not contradict beliefs, which means that the agent
does not have intentions towards propositions the negations of which are believed. Our dis-
tinction between intentions is also consistent with that of Grosz and Kraus [42]. In [42], there
are four types of intentions, Intentions-to and -that, and potential Intentions-to and -that. In
their framework, potential intentions are used to represent an agent’s mental state when it is
considering whether to adoptan intention or not. In our framework, those mental attitudes
that are potential candidates for being moved up to intention-status are formalized through
the notion of goals. In contrast to [42], in our model an Intention-to does not commit an agent
to practical reasoning. We have taken Intentions-that to play such a role, in that they induce
the agent to look for the appropriate way to achieve the intended state of the world. Like in
[42], our notion of Intention-that plays a key role in coordination problems. However, in [42]
an Intention-that forms ‘the basis for meshing sub-plans, helping one’s collaborator, and co-
ordinating status updates’ (p. 282); in our approach, it forms the basis for socially connecting
a number of agents who are jointly performing social practical reasoning processes. Indeed,
we have taken Intentions-that to be the major premisses of both deductive and non-deductive
social practical inferences.

In Section 3.5 we have formalized doxastic and motivational jointmental attitudes. Our
account of mutual beliefs is similar to that of many other systems, such as that of Cohen and
Levesque [27]. Like in [27], mutual beliefs are an infinite conjunction of beliefs about others’
beliefs about others’ beliefs (and so on to any depth) about some proposition. In contrast to
[21], we did not model joint goals and joint intentions as first-class entities. Rather, we
followed systems such as [27, 51, 71], in which joint mental attitudes clearly build upon
the underpinning individual mental attitudes of the agents involved. However, in contrast
to [27, 51, 71], we did not model joint goals/intentions as shared individual goals/intentions
plus mutual beliefs. In Section 3.5 we explained why such a characterization is too weak
to account for truly joint mental attitudes andwe formalized them in terms of our proposed
additional requirements.

Our notion of social commitment builds upon Castelfranchi’s work [18]. We used this
notion to formalize the higher-order concept of joint commitment. Like in [18], joint com-
mitments reflect a web of social commitment relations between the agents and the group.
However, in contrast to [18], we did not model joint commitments in terms of mutual de-
pendence between the agents. Rather, we allowed for a variety of motivations (such as a
disposition to help, authority, etc.) that may move agents into endorsing a social commitment
towards others and hence generating a joint commitment to acting together. Furthermore, our
notion of joint commitments is different from that of Cohen and Levesque [25, 27]. In [27],
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joint commitments are particular forms of joint goals, and joint intentions are formalized as
joint commitments of a group of agents sharing a particular mental state. In our model, we
have joint intentions that may not be joint goals, and joint intentions that may not entail joint
commitments. We formalized joint commitments as the strongest motivational attitudes of
our framework. Finally, in our model the escape condition on which joint commitments are
built is weaker and more flexible than in [25, 27]. According to [27], a group of agents will
drop a joint commitment if they come to mutually believe that a given precondition is not true.
Such a precondition, in their account, must be known by the agents from the beginning when
they endorse the joint commitment. In contrast, in our formalization of joint commitments,
we allowed for a weaker notion of escape condition, whereby the reasons for abandoning
the joint commitment include, for example, the emergence of some new attitudes that are
incompatible with the initial commitment.

9.3 Models of decision-making within multi-agent systems

Many aspects of CDM have been studied by researchers from a variety of disciplines, such as
DAI [11, 27, 38, 40, 59, 82, 86, 87, 88], economics [10, 58], organizational behaviour theory
[28, 55, 60, 61, 63], philosophy [14, 83, 84], and sociology [5, 17, 43, 81]. We can distin-
guish between two main categories of models of CDM: (a) high-level formal architectures for
decision-making within a social setting; and (b) implementation architectures aimed at help-
ing practitioners to realise software systems for managing coordination among a number of
agents in real-world domains. The model developed in this paper lies in the former category,
in that it aims at developing the theoretical foundations of CDM by using a formal language.
However, there are a number of similarities also with the latter category. Indeed, like most
implementation-oriented models, in our approach CDM is conceived of as constituted of a
number of stages. In Section 2 we have identified three main phases that an adequate theory
of CDM should account for: task announcement and orientation; evaluation; and negotiation
[63].

Our characterization of CDM as a four-stage process strictly resembles that of Wooldridge
and Jennings [88]. Like in [88], we have four stages that cover the whole process of CDM;
we formalized CDM in an idealized world; we assumed that the four stages are not iterative.
Furthermore, like in [88], we have a (first) stage concerning the recognition of a potential for
cooperation and one (fourth) describing the negotiation process between agents. However,
in contrast to [88], our model is more comprehensive, in that it captures the underpinning
motivations and social processes of each stage.For example, our first stage — ‘the practical
starting-point’ — starts from the very beginning of CDM, that is, the formulation of a prac-
tical problem that motivates at least one agent to seek assistance from others. Furthermore,
we distinguished between a potential for cooperation which can be detected by one (or more)
agent and the recognition of such a potential, which occurs whenever a social dependence re-
lation exists between the agents involved. The most significant point of difference is that we
formalized the social practical reasoning processes that agents undertake when they have to
make a joint decision. Such processes are obscured in [88], and no account is given as to how
a transformation of joint intentions/commitments occurs within a social setting that gives rise
to the final joint decision. Moreover, we identified the key joint mental and motivational atti-
tudes that guide a group generation, and we characterized the relationships between them. In
[88] these attitudes are synthetically identifiedthrough the notion of Pre-Team that captures
the agents’ commitment to collective action if group generation is successful. Particularly,
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in [88] Pre-Team expresses a mutual belief within a group that: (a) the group has the ability
to achieve a state of affairs, and (b) each member has a commitment to achieving that state.
In the second stage of our model, we formalized a step-by-step process of endorsement of a
collective mental state, where identical individual intentions are strengthened by a joint in-
tention, and this in turn is strengthened by a joint commitment. Finally, in [88] the last stage
of CDM describes the joint performance of the agreed-upon action. In Section 4, we have
explained why our model does not deal with action execution.

A number of approaches to cooperative activity have been developed which can be revis-
ited so that we can evaluate how our model stands against them. For example, Bratman [14]
outlines three main features of shared cooperative activity: mutual responsiveness; commit-
ment to joint activity; and commitment to mutual support. Our model is consistent with this
trio of aspects. First, our modelling of agents as reactive cognitive entities that act on the ba-
sis of their mental representations of other agents’ mental attitudesaccounts for some degree
of responsiveness to the changes that occur within the social environment. Second, our char-
acterization of groups in terms of higher-order doxastic and motivational attitudes allowed us
to account for commitment both to joint activity and to mutual support.

One interesting area of investigation in DAI to which we can compare our model is multi-
agent planning, particularly that work that has concentrated on multiple agents’ mental atti-
tudes for coordinating their activities [20, 42, 71]. For example, Grosz and Kraus [42] develop
a formal model of collaborative plans and specify the mental states of the participants in a
collaborative activity that handles complex actions. Like their approach, we provided the
minimal mental state requirements that a group of agents must meet in order to continue to
successfully perform collaborative activity. In [42] the focus is on collaborative plan defi-
nition, and details are given as to how collaborative activity rests eventually on the actions
of the individual agents involved. Our focus was on the reasoning processes that individual
agents undertake when jointly committed to acting in a collaborative manner. In [42] the
formulation of full and partial SharedPlans is aimed at providing a definition of collaborative
plans in which knowledge abouthow to act, ability to act and commitment to joint activity
are distributed among group members. In contrast, we did not concentrate on details about
the articulation of a collaborative plan for group action. Rather, the major goal of our work
was to provide a clear conceptual framework inwhich a particular form of collaborative ac-
tivity — i.e. CDM — can be evaluated in terms of its motivation, dynamics, mental state
requirements, and social interaction and reasoning processes undertaken by the participants.

The idea that the agents involved in a CDM process perform a social practical reasoning
process leads to Tuomela’s definition of social practical inference [83]. Like in [83], our
schema of social practical inference has as itsfirst premiss an intention to achieve a state of
the world. Moreover, like in [83], our schema contains a practical judgement expressing a
belief about an appropriate means to achieve the intended state. However, there are a number
of significant points of difference between our schema and Tuomela’s. First, in [83] the agent
that performs a social practical inference already knows the identity of an action that the group
has decided to perform. Indeed, each agent believes that all the others will do their parts of
that action, and it is mutually believed withinthe group that each agent holds such a belief
[83, p. 217]. Furthermore, in [83] the agent concludes its practical inference by performing
its part of the agreed-upon action. In contrast, in our model each agent reasons about the
appropriate action and ends up with a practical judgement which does not reflect any form of
agreement within the group. The conclusion of our social inference is the agent’s intention
that the group performs an action (that, in turn, is based on the agent’s practical judgement).
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In our model, it is this intention that leads the agent to interact with its acquaintances in order
to reach an agreement about the action to be performed by the group. Finally, in [83] only
deductive inferences are considered. We also accounted for non-deductive inferences where
agents’ preferences play a key role within the selection of a satisfactory action.

10 Concluding remarks

In this paper, we have presented an abstract formal model of decision-making in a social
setting, and we have described all aspects of the process, from recognition of a potential for
cooperation through to joint decision. In a multi-agent environment, where self-motivated
autonomous agents try to pursue their own goals, a joint decision cannot be taken for granted.
In order to decide effectively, agents need the ability to (a) represent and maintain a model of
their own mental attitudes, (b) reason about other agents’ mental attitudes, and (c) influence
other agents’ mental attitudes. Social mental shaping has been advocated as a general mech-
anism for attempting to have an impact on agents’ mental states in order to increase their
cooperativeness towards a joint decision. Our aim was to consider a number of issues that
have hitherto been neglected in social sciences as well as in AI. For example, we have de-
fined the conditions under which there is potential for initiating social interaction and such a
potential can be recognized by agents. We presented a logical model of joint attitude genera-
tion, whereby identical individual attitudes have been grouped together to form joint attitudes,
through to the strongest motivational attitude we have considered in this paper, i.e. joint com-
mitment. In addition, we have formalized different types of social reasoning processes, both
deductive and non-deductive. Particularly, we provided a clear conceptual model that allowed
us to represent the structure of abductive and inductive reasoning processes undertaken for
practical purposes within a distributed social environment.

In Section 2 we set out a number of properties that an adequate theory of CDM should
exhibit. We will now briefly revisit those desiderata and evaluate whether our model is con-
sistent with them.

1. Both individualistic and higher-order units of analysis and constructs are required
Our model builds upon both individualistic and social constructs. Our formal language

contains terms denoting individual agents and groups of agents. The agent’s local decision-
making apparatus is extended with higher-order doxastic, motivational, and deontic attitudes
— mutual beliefs, joint desires, joint goals, joint intentions, joint commitments — that cap-
ture the dynamics of inter-agent processes within a common social setting.

2. Agents are autonomous, reactive, and pro-active
First, autonomy is captured by our characterization of agents as entities that decide whether

to interact or not. When requested to interact, they might either accept or reject such a re-
quest of assistance on the basis of their own motivations. In our model, autonomy is mainly
captured by the notion of ‘attempt’. Since agents are not required to cooperate, the agent that
recognizes a potential for cooperation is expected to attempt to get other agents involved in
a cooperative activity by influencing their mental states (stage 2). Moreover, since agents are
not required to accept other agents’ proposals, attempts are also advocated during negotiation
when an agent has to interact with others in order to make its preferences known within the
group. Second, reactivity is captured by our characterization of agents as cognitive entities,
that is, entities endowed with a set of mental attitudes that represent the physical and social
environment in which agents are located. These attitudes reflect any perceived change oc-
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curring within the environment and will in turn regulate the agents’ behaviour in a reactive
manner. Third, proactiveness is captured by the agents’ ability to initiate social processes
whenever they deem it appropriate. Since agents take an intentional stance [30] towards the
others, they will try to perform a variety of social actions and interactions on the basis of their
beliefs about their acquaintances’ mental attitudes and behaviour.
3. Agents are self- and other-interested

In our model agents are self-interested in that they attempt to satisfy their own needs and
preferences. For example, when an agent is notable to fulfil an intention in isolation, it will
seek assistance from other agents. Moreover,during negotiation, agents will try to make
their preferences known within the group and to influence the group to perform their pre-
ferred plan. However, agents are also other-interested: they may decide to be benevolent or
they may be moved into action by deontic attitudes such as social commitments. For exam-
ple, when the group is jointly committed to making a decision, each member has a social
commitment towards the group and its behaviour will be accordingly regulated by social
normative constraints. Once jointly committed to making a decision, agents will also be mu-
tually responsive (i.e. their behaviour is regulated by expectations about their acquaintances),
committed to acting in a collaborative manner (i.e. they have a persistent joint intention to
perform a joint activity that is necessary to reach a joint decision), and committed to mutual
support (i.e. they have a joint persistent intention that the others do their part in getting the
whole group close to a joint decision).

4. Communication is essential
Although we have not explicitly considered communicative actions, our notion of social

mental shaping inherently builds upon the assumption of a number of agents communicating
within a common social setting. Our model describes communicative actions in terms of
their effect rather than of the means through which they take place. Indeed, an agent’s mental
state may be influenced by a number of interaction strategies (persuasion, threat, negotiation,
etc.) each based upon different patterns of communication. Finally, our model is consistent
with most current theories of communications [4, 26, 77]. For example, Cohen and Levesque
[26] gave an account of illocutionary acts as attempts to bring about some mental attitudes
in a conversation participant. This is consistent with our formalization, since in our model
we used the notion of attempt at a number of points to characterize agents’ actions aimed at
influencing their acquaintances’ mental states.

5. Cooperation can fail
In our model cooperation is not taken for granted. There are a variety of stages at which

the CDM process may falter. Indeed, the overall formal structure of our model — mainly
based on a number of assumptions — reflects the need to ensure that the whole process
comes to a conclusion, as there is noa priori guarantee that each stage is always successful.
For example, the agent that recognizes a potential for cooperation may be unable to exercise
a social mental shaping process upon other agents. Or, some of the agents that are jointly
committed to making a joint decision may come later to adopt an intention that turns out to
be incompatible with the ongoing cooperative activity. In this situation the joint commitment
to acting in a collaborative manner will be dropped by the group and no joint decision will be
made by that group. Moreover, negotiation may fail to get the group closer to an agreement.
Agents may fail to influence one another; in this case, no answer to the joint practical problem
will be found.
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6. Conflict is pervasive in CDM
Our model reflects some degree of conflict in a number of stages. Conflict may arise

between two potentially cooperating agents when one of the two attempts to make the other
adopt an intention that is incompatible with the latter’s own intentions. Conflict permeates the
negotiation process whereby each agent has its own preference and beliefs as to the action
to be performed by the group and consequently attempts to make the group perform that
action. In our account, the stabilityof a joint commitment rests on the group members’ being
committed to one another and to the group as a whole. Whenever any form of conflict arises
between any pair of the involved agents so that at least one of the two drops its commitment
to the common endeavour, then no joint commitment will exist any more within the group
and CDM will consequently falter. Conflict is strictly related to the agents being autonomous
and (partly) self-interested. Agents are not required to interact; they decide to do so on the
basis of their differing preferences and needs. Moreover, once a cooperative activity has
been established, agents’ behaviour is (partly) regulated by their disposition to satisfy their
differing preferences and needs. Hence, in order for cooperation to take place successfully,
some degree of conflict among differing preferences and needs (goals, intentions, etc.) must
be overcome.

7. CDM is a multi-stage process
Our model explicitly identifies four stages in which CDM can be decomposed. The first

two stages — ‘the practical starting-point’ and ‘group generation’ — are mainly related to
task announcement and orientation. They involve the recognition of a potential for coop-
eration and a number of social actions and interactions aimed at generating a group with
decision-making purposes. The third stage — ‘social practical reasoning’ — can be described
as an evaluation phase. Each group member will search for alternative courses of action that,
if performed, can give an answer to the practicalproblem. These alternative actions are then
evaluated until a practical judgement is formed, and an intention is generated that favours
that practical judgement. The fourth stage deals with negotiation. Each group member will
attempt to get the group closer to an agreement about the action to be performed. If this phase
is successful, then a joint decision will be made and the group will be jointly committed to
performing the agreed-upon action.

8. CDM may involve the following of rules and routines that adapt to experience, rather than
anticipatory choice
The third stage of our model formalizes different structures of social practical reasoning.

Among these, induction-based practical inferences play a key role. As maintained in Sec-
tion 7.2.2.2, these inferences may be seen as reflecting rule-following processes and history-
dependent preferences. Therefore, in our account, CDM is modelled as inherently encoding
not only anticipatory calculations of consequences, but also standard procedures, relatively
stable routines, conventions, and rules encoding experiential wisdom.

In summary, the main contributions of this paper are:

(a) We described and formalized the properties of decision-making within a social setting
and linked these properties to the mental attitudes of the agents involved.

(b) We specified the minimal mental state requirements needed for the agents to continue to
perform a CDM process.

(c) We combined the representation of a mental model with an account of sociality and inter-
action capabilities.
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(d) Unlike previous work, we explicitly represented and reasoned about mechanisms for in-
fluencing other agents’ mental attitudes and behaviour in interactions between autonomous
agents.

(e) The reasoning about influencing was integrated in a multi-agent setting where it was used
to reconcile conflicting mental attitudes and guide the agreement generation process.

There are a number of issues that we intend to address in future work. A refinement of our
model is obviously needed, including a more detailed treatment of the process of recognizing
a potential for cooperation, the process of group generation, and the process of negotiation.
For example, we assumed that the agent that recognizes a potential for cooperation and at-
tempts to generate a group with decision-making purposes is also the one that subsequently
attempts to generate a joint intention and a joint commitment within the group. Perhaps a
more realistic characterization of this stageshould account for the possibility also of other
agents’ attempts to generate such joint mental attitudes. Furthermore, our model of CDM
deals with a number of cognitive agents that are aware of being involved in a decision-making
process. However, CDM may also be an emergent form of cooperation and, as such, it may
involve unaware agents. A more comprehensive theory of CDM must therefore account also
for such emergent social phenomena that do not necessarily entail the full representation in
the minds of the participants of what is jointly being performed. We also envisage providing
a more detailed account of the relations betweendifferent modalities. Particularly, our focus
will be on the relations between individual and joint mental attitudes, and on the complex pro-
cess by which the latter is formed over time in the course of the CDM process. In our model
we have said nothing about the process throughwhich a joint mental attitude is formed. Fu-
ture work needs therefore to highlight the key steps of the process through which individual
mental states mesh together until a joint mental attitude ensues. Most importantly, perhaps,
future research will comparatively evaluate various persuasive arguments for dynamically in-
fluencing agents’ mental attitudes (along the lines of [52, 67]). Verifying the effectiveness of
different arguments under different conditionsmay lead to a set of criteria for selecting the
most appropriate argument at any stage of CDM. This will also help practitioners to develop
cooperative systems, by indicating the argument types that can be used for increasing the
willingness of agents to cooperate and for getting the most out of the negotiation process.
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Appendix

A The formal framework: a complete definition
Here we detail the formal language used throughout the paper. First, a syntax will be developed, with an account
of the symbols, terms, and well-formed formulae through which our model has been expressed. Second, we will
present the semantics of the language, and the satisfaction rules of the formulae of the language will be defined.

Syntax
DEFINITION A.1
The language� contains the following symbols:
1. a countable set
��� of constant symbols, the union of the pairwise disjoint sets
���� (time point constants),


���� (interval constants),
����� (agent constants),
����� (group constants),
���	
�� (role con-
stants),
���	������ (relationship type constants),
���� (action sequence constants),
���� (other
constants);

2. a countable set� �� of variable symbols, the union of the mutually disjoint sets� ��� , � ��� , � ���� , � ���� ,
� ��	
��, � ��	������ , � ��� , � ��� ;

3. a countable set���� of predicate symbols - each symbol� � ���� is associated with a natural number called
its arity, given by������� �;
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4. the operator symbols������������ ����
�������� ���������� ��� �;

5. the punctuation symbols “)”, “(”, “[”, “]”, and comma “,”.

DEFINITION A.2
A term is either a constant or a variable. The sort of a term is either������ �� �� ����� ����� ��, ! or ".
The terms of sort agent, group, time point, interval, role, relationship type, action sequence and object (the sets
������� ������� ����� � ����� � ����	
��, ����	������ , ����� , and����� , respectively) are defined
as follows:

� ����� is the minimal set s. t.
���� �� ��� � ����� , where# � ���� ����,����,����� ��,!�"	;

� ��$� $��
$� $� � ����� 	 � � ��� � �����

We denote by� �� the set of all variables, by
��� the set of all constants, and by����� the set of variables
and constants. Note that we demand that a predicate� is applied to������� � terms.

DEFINITION A.3
The syntax of well-formed formulae (����) of the language� is defined as follows:
� If �� �� � ����� then�� � ��� � ����.

� If $�� % % % � $� � ������� � ����, and� � ����� then� �$�� % % % � $����� � ����.

� If $� $� � ����� and� � ����� then�$ � $����� � ����.

� If � � ����� and� � ����� then"&&$�������� � ����.

� If �� � ������� � � ����� and� � ����� then�������� ����� � ����.

� If � � ������� � � ����	
�� and� � ����� then����� ����� � ����.

� If � � ������� �� � ������ and� � ����� then� � ����� � ����.

� If � � ������� � � ����, and� � ����� then������ ����� � ����.

� If � � ������� � � ����, and� � ����� then����������� � ����.

� If � � ������� � � ����, and� � ����� then������ ����� � ����.

� If � � ������� � � ����, and� � ����� then������ ����� � ����.

� If ��� ��� � ������ � � � ����� , and� � ����� then
������ ���� ����� � ����.

� If � � ������� �� 	 � ����, and� � ����� then���������	���� � ����.

� If 	� ' � ���� then�	 � ���� and�	 � '� � ����.

� If # � �"������� �� ������������ ��� !	� ( � � ��� , and� � ���� then(� � ����.

DEFINITION A.4
Relations and functions on time points and intervals��� �� � ����� ; �� �� � ����� �:
� � � �� � ��� � ��� � ���� � ��;

� � � �� � �� � ��� � �� � ���;

� ������� ���� � ������ ���;

� ��(���� ���� � ��(��� ���;

� � � �� � ��(��� � ��(����;

� � � �� � ��(��� � ��(����;

� � � �� � �� � ��� � �� � ���;

� � � �� � ������� � �������� � ���(��� � ��(�����;

� � � �� � ������� � �������� � ���(��� � ��(�����

� � � �� � �� � ��� � �� � ���

� �� � � ������� � ����(��� � �� if ������ � ��(���� ����������(��� � �� otherwise.

DEFINITION A.5
We define the operators of Dynamic Logic in the following way��� �� � ����� �:
� #�������� ��� � ������ � ������ ���(��� � ��(����;

� !������ ��� � ������ � ������� ���(��� � ��(����;

� )������� ��� � ��(��� � � � �������;
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� 
��������� ��� � ������� � ������ ���(���� � ��(���.

DEFINITION A.6
Complex actions are defined in the following way��� �� � ������:
� "&&$����������� � ��� ����#��������� ���)�������� �����!�������� ���"&&$����������"&&$������������

(sequential action);

� "&&$����
������ � "&&$�������� �"&&$��������� (nondeterministic choice action);

� "&&$����

������ � "&&$�������� �"&&$��������� (parallel action);

� "&&$�������� � ���� (test action).

Semantics
It is assumed that the actual world�� may be any of a set� of possible worlds.�� is a set of time points. The
worlds in� are thought of as possible worlds which share a common flow of time��� � ��� �, where��� �
�� ��� . �� represents a set of intervals that are defined in terms of time points.

The world is populated by a non-empty set��� of agents. A group over��� is a non-empty subset of��� .
The set of all such groups is��� . Agents and groups can be related to one another via simple set theory. Agents
have beliefs, desires, goals, and intentions. The beliefs of an agent are given by abelief-accessibility relation on�
in the usual way.� maps agents, time and worlds to possible-worlds frames. For world�, agent� and time point
�, the conditions on������������ and������������ capture the idea that������������ is the set of������������-
accessible worlds from�. Similarly, we assume that the desires, goals, and intentions of agents are given by,
respectively, desire-, goal-, and intention-accessibility relations on� .

Agents have local preferences. An agent� prefers� over	 at time � in world �, if the value � � that �
associates to the set of closest worlds to� in which� is true and	 is false,&������	�, is greater than the value
 � � � that� associates to the set of closest worlds to� in which	 is true and� is false,&����	 � ���.

The set of all primitive action types is�� . Every primitive action� is associated with an agent, given by������.
Finally, the world contains a set of objects,��, a set of roles�	
��, and a set of relationship types,�	������.

DEFINITION A.7
The domain of quantification,�, is ��� � �� ��� � ��� � �	
�� ��	������ � ����� � �� , where
��� denotes the set of non-empty sequences over!. If � � �, then the set of�-tuples over� is��.

The language thus allows quantification over agents, timepoints, intervals, groups, roles, relationship types,
sequences of primitive actions, and objects. Note that� is fixed for all worlds.

DEFINITION A.8
An interpretation for constants,� , is a sort-preserving bijection� : 
��� � �. A variable assignment,�, is a
sort-preserving bijection�: � �� � �.

DEFINITION A.9
A model) is a structure:
������ ������ � ��� ��� � ��� ��	
��� �	������,�� ,��,"&&$��,���, ��,�,�,�� ��
����� ,
*�	�,
where:
� � is a non-empty set of possible worlds;

� �� is a distinguished member of� ;

� ��� is a non-empty set of agents;

� �� is a non-empty set of time points;

� ��� � �� ��� ;

� �� � ���� ���
�� �� � �� 	 is a non-empty set of intervals;

� ��� is a non-empty set of groups;

� �	
�� is a non-empty set of roles;

� �	������ � �	
�� ��	
�� is a non-empty set of relationship types:���� ���
�� �� � �	
��	;

� �� is a non-empty set of primitive action types;

� �� is a non-empty set of objects;

� "&&$�� � � �� ��� �� ;
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� ��� 
 �� � ��� gives the agent of each primitive action;

� �� � ��� ��	
�� ��� �� ;

� � 
 ��� ��� �� � �� � ��� �� � is such that:
1. for + � ��� �� ��� �+ � ���������� ��������� is centred at�, that is� � ��������, and������ �

�������� for any�� �� � in ��������;
2. �������� is serial, transitive, and Euclidean;

� � 
 ��� ��� �� � �� ���� �� � is such that for+ � ��� ����� �+ � ��������� �������� is
centred at�, that is� ��������, and������ � ������� for any�� �� � in �������;

� � 
 ��� ��� �� � �� � �� �� � is such that:
1. for + � ��� �� ����+ � ����
������ ���
������ is centred at�, that is� � ���
�����, and������ �

���
����� for any�� �� � in ���
�����;
2. ���
��������� is serial;
3. ���
����� � �������� �� �;

� � 
 ��� ��� �� � �� ���� �� � is such that:
1. for + � ��� �� ��� �+ � ���������� ��������� is centred at�, that is� � ��������, and ������ �

�������� for any�� �� � in ��������;
2. �������� is serial;
3. �������� � �������� �� �;

� 
�� � ��� ���� �� �� ��� �� ;

� �� 
 ��������� � � is such that for� � ���� ��� % % % � ��	 �� and+ � ��� ����� �� + �  � �
is the value agent� associates with the set of worlds� in a given interval�;

� * 
 
���� � is an interpretation function for constants; and finally

� 	 
 ���� �� � �����
� is a function which gives the extension of each predicate symbol in each world,

such that�� � ������� � ���� �� , if ������� � � �, then	����� � ��, i.e.	 preserves arity.

DEFINITION A.10
Let � be a variable assignment, and let* be defined as above. Then the term valuation function�� is defined as
follows:
� ���,� � *�,�, for , � 
���;

� ���,� � ��,�, for , � � ��;

� ���,� � ����$�� ���$���, for , � �$�$�� � ����� .

The semantics of the language are defined via the satisfaction relation, ‘
�’, which holds betweeninterpretation
structures and formulae of the language. An interpretation structure is a triple�)�����, where) is a model,� is
a world, and� is a variable assignment. The rules defining the satisfaction relation are given in Definition A.12.

DEFINITION A.11
A formula� is true at a world� in ) (written)�� 
� �) if � is satisfied by all assignments� at�. If a formula
� is valid (satisfied by all interpretation structures), we write
� �, as usual.

The rules defining the satisfaction relation make use of three additional functions. First, we denote by������� the
set of worlds in model) in which� is satisfied by variable assignment�; i.e. ������� � �� �� 
)��� � 
� �	.
We now define a function&�, of type� � ��� � � ��� �, where&���� ������� � is the set of closest worlds to
� in which� is true.

Second, a function is defined that returns all the primitive actions referred to in an action sequence:

������ ����� % % % � ���� � ���� % % % � ��	

Finally, a function is defined that returnsthe agents required for an action term:

��������� � ��
� � �&����������� s.t. ������ � �	� where� � ����� %

DEFINITION A.12
A variable assignment� satisfies a formula� at a world� in a model) � �����, ��� , �� , ��� , �� ,
��� , �	
����	��������� ���� "&&$������� ��������� ��
��� �� � *�	� written )��� � 
� �,
as follows:
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)���� 
� true
)���� 
� � � �� iff ������� ������� � ���
)���� 
� � �$�� % % % � $����� iff ����$��� % % % � ���$��� � �	������ ������
)���� 
� �$� � $����� iff ���$�� � ���$��
)���� 
� �� � ������ iff ����� � ������
)���� 
� "&&$�������� iff ������� ������ �� � "&&$��

)��� � 
� �������� ����� iff ��������� � ������
)���� 
� ����� ����� iff ������� ������ ������ �� � ��

)��� � 
� ������ ����� iff + � ������� ������ ���
�+ � ���������� ��������� and )���� � 
� � for all
������ � ��������

)���� 
� ������ ����� iff + � ������� ������ ���
�+ � ��������� �������� and)���� � 
� � for all
������ � �������

)���� 
� ������ ����� iff + � ������� ������ ���
�+ � ����
������ ���
������ and)���� � 
� � for all
������ � ���
�����

)���� 
� ������ ����� iff + � ������� ������ ���
�+ � ���������� ��������� and )���� � 
� � for all
������ � ��������

)���� 
� 
������ ���� ����� iff �������� �������� ������ ������ �� � 
��

)���� 
� ������� ��	���� iff �� ������� ������ &���� ��� � �	���� �� -

�� ������� ������ &���� ��	 � ������ �

)���� 
� �	 iff )��� � �
� 	

)��� � 
� 	 � ' iff )��� � 
� 	 or)��� � 
� '

)��� � 
� (	 iff )��� �� 
� 	 for some�� differing from� at most on(.
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