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Synopsis

Practical reasoning encapsulates all thought towards behaviour and action.
Central to this lies the relationship between decisions towards behaviour
and the establishment of the optimal commitment towards the outcomes

of these decisions. A core element in these decisions are the e�ects actions and
behaviours cause. Traditionally, study of causation has not been undertaken from
the wider perspective of practical reasoning and bounded rationality. It is from this
broader view that this thesis progresses. Given agents with commitments towards
ongoing behaviours in complex anddynamic environments, roles that causal knowl-
edge pertaining to these commitments play in thewider practical reasoning of such
agents are investigated.  ree such roles are identi�ed.
 e utilization of behavioural knowledge in the maintenance of the validity

and the recognition of the success or failure of behaviour is studied. In particular,
mechanisms for the resolution of con�icting evidence for the success or failure of
behaviours are evaluated.  e trade-o� between optimal reasoning and optimal
behaviour towards monitoring for such evidence is then examined.
 e role of such behavioural knowledge in the revision of an agent’s beliefs is

then investigated. It is argued that the e�ect of such belief revisions on the commit-
ments held is a more crucial metric in determining optimal revisions than the in-
formational content retained by the options under consideration.  e rationality of
such revisions from the traditional belief dynamics perspective is then established.
Causal knowledge is then utilized in the consistency maintenance of the com-

mitments an agent makes.  is consistency maintenance leads to dependencies
between the commitments held.  ese dependencies are then used to construct
techniques for both the quanti�cation of the commitment an agent places in a given
intention and mechanisms for the rational propagation of intention revision.
 is thesis makes numerous contributions subsequent to the investigations de-

tailed above. A model of actions, e�ects and maintenance conditions is formal-
ized.  e syntax of the AgentSpeak agent-oriented programming language is then
extended to integrate an equivalent representation.  emeaning of this additional
syntax is then made clear by a corresponding extension to the semantics of the
AgentSpeak language.  is extension is concerned with the maintenance of the
validity of the behaviours under execution and the recognition of their success or
failure. It is done in such a way as to facilitate customizable con�ict resolution
mechanisms and monitoring strategies.

c



 eaforementioned formalmodel of action, validity and e�ects lies at the heart
of a number of new belief revision operators.  ese operators are de�ned in a sim-
ilar style to those of traditional belief revision and their rationality is proved within
the AGM framework. It is shown that the operators proposed both maximize the
bene�cial e�ect on the agent’s commitments while also being rational revisions
from the belief dynamics perspective.
By maintaining the consistency of the behaviours adopted by way of their out-

come conditions, dependencies between intentions arise. A formal theory of com-
mitment is developed based on these dependencies. Central to this formal theory
is the intuition that the commitment an agent should hold in a given intention
is proportional to the cost of dropping or revising it.  is theory is then utilized
to develop a number of intention revision propagation strategies.  ese strategies
balance the need for stability against optimality. It is then demonstrated how this
theory can be extended to capture the additional relationships between intentions
inherent in the AgentSpeak model.
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An apple a day makes 365 apples a year.

Unknown. 1
Introduction

Practical reasoning encompasses the processes that situated intelligent en-
tities undertake in order to behave. It is a di�cult problem that is not as well
addressed as the other mainstays of arti�cial intelligence research such as

planning, theorem proving or machine learning. Practical reasoning di�ers from
these other disciplines in that it is a not a problemof optimality but su�cing.  is is
due to the constraints under which practical reasoning must be undertaken. Some
of these constraints are imposed by the environment, others are a consequence of
the limitations of the intelligence itself and its embodiment, others, still, are im-
posed by the embedding of the intelligence within its environment.
Environments can range in complexity along a number of axis. From those

in which nothing changes aside from the consequences of an intelligent agent’s
behaviours, to those in which change occurs independent of the behaviours con-
ducted by the aforementioned embedded agent, be this a consequence of multiple
other autonomous entities within the environment or non-intelligent processes.
Environments may be such that the e�ects of behaviours are �xed, knowable and
instantaneous or where the consequences of actions and behaviours can be uncer-
tain or chaotic and may take indeterminate amounts of time to be realized.  e
entirety of the environment may be observable and the observations accurate or
the observations noisy and partial.
 e reasoning and physical capabilities of the embodiment of intelligent agents

also places constraints on the outcomes and processes of practical reasoning.  e
number of actuators and their type in�uence the actions that an agent can schedule
simultaneously or at all.  e amount of memory available determines the size,
complexity and richness of any representation an agent may construct about the
environment and itself.  e sensitivity and variety of sensorymechanisms limit the
accuracy and scope of any model an agent may wish to assemble.  e algorithms
with which an agent may construct models of the environment and with which to
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CHAPTER 1. INTRODUCTION

draw inferences from them limit the problems that can be posed to the practical
reasoning processes and the answers they may provide.
 e embedding of an intelligent agent in an environment also constrains its

reasoning so as to come to conclusions in a manner timely within the environ-
ment.  is potentially precludes many traditional planning and theorem proving
approaches due to the inherent computational complexity therein.  e majority
of scenarios concern cases in which a su�cing but suboptimal solution is better,
provided it can be arrived at within the time constraints of the environment, than
an optimal solution arrived at too late.
As the demands of these constraints increase, so does the sophistication of the

practical reasoning required to behave in a satisfactory way. For an agent with a
largememory situated in a static, fully and accurately observable environment with
deterministic actions and �xed expected behaviours a look-up table of sensory in-
puts to actions may result in satisfactory behaviour. Once there is uncertainty with
respect to the accuracy of inputs, the e�ects of behaviours or the appropriateness
of a given behaviour for a given input, learning techniques such as reinforcement
learning may be more e�ective in mapping sensory data to actions. If the environ-
ment is su�ciently complex that stimulus cannot be directly mapped to behaviour,
but instead, to desirable states of the world, planning mechanisms to reason from
the current state to the desirable future state may be necessary. Similarly if it is nec-
essary not just to react to the environment, but be proactive in forging the future,
planning may be a necessary ingredient in practical reasoning.
Once simultaneous desirable futures become an element of an agent’s reason-

ing, it becomes necessary for it to determine the compatibility of the future states
it desires. It must do so to prevent devoting its limited resources endeavouring to
bring about futures that can never be realized collectively. Once such a subset of
futures has been decided upon and resources devoted to their realization, a mea-
sure of commitment to these desires is necessary. Without such commitment an
intelligent agent will consider itself free to reconsider the futures it will endeavour
to bring about. In doing so it may discard signi�cant current and ongoing work
towards one set of futures in favour of another. Such reconsideration of the set of
futures towards which it will endeavour can be wasteful.  e repeated application
of costly reasoning procedures to largely similar inputs risks wasting time so as to
reproduce prior conclusions. Excessive reconsideration also inhibits cooperation
with other intelligent agents.  e unpredictability of the behaviour subsequent to
constant reconsideration makes coordination di�cult. Without predictability, co-
ordinating agents will be unlikely to place much con�dence in the success of any
planned cooperative behaviour.  is necessary commitment and the associated

2



reasoning processes is collectively called intention.
As argued [14], intention is a central component of successful practical rea-

soning in scenarios involving complex environments. Complex environments are
only partially observable, both in accuracy and scope.  ey are dynamic beyond
the outcomes of the behaviours which a reasoner is undertaking and the results
and duration of behaviours are uncertain.  emanagement of multiple potentially
inconsistent desirable future states is a common necessity when faced with such
environments.  ese properties are common in the types of environments human
beings �nd themselves in on an ongoing basis.  ey are also the environments in
which arti�cial intelligences have been deployed successfully [59, 70]. It is to this
end and within this context that this work is intended to make its contribution.
Underlying much discussion of the concept of intention is the assumption that

the knownpotential outcomes of behaviour are a critical component of the decision
process to, both adopt and, maintain a given intention. Interestingly, this idea has
not been heavily investigated in the arti�cial intelligence context and few, if any,
intentional systems include it.  is thesis aims to investigate the consequences of
instilling an intelligent agent with knowledge of expected and potential e�ects of
the behaviours it may adopt and the intentions it forms on the basis of these. In
particular, three hypotheses are tested:

Hypothesis:
 e successful monitoring of the e�ects and validity of intentional behaviour requires
mechanisms to:

�
 �	1. resolve the con�ict for the success or failure of a behaviour given
evidence for both; and

�
 �	2. balance the time spent monitoring against other mental
tasks.

Hypothesis:
It is rational for an agent to revise its beliefs in accordance with the intended outcomes
and constraints of its behaviours.

Hypothesis:
 e explicit modelling of the dependencies between intentions that arise as a conse-
quence of consistency maintenance during decision making facilitates both the quan-
ti�cation of commitment and mechanisms for intention reconsideration propagation.

Consequent to the study into the above hypotheses, a number of contributions
to the state of the art in a number of topics were produced. Firstly, the relationship
between behaviours and both the e�ects they produce and the constraints required
to ensure their validity were formalized.  e resultant formalization wasmotivated
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CHAPTER 1. INTRODUCTION

by a number of brief examples.  e developed formalisms were then applied to the
motivating examples.  is demonstrated both the ability of the formality to cap-
ture a number of crucial properties of these examples and the reasoning problems
arising from its use. Two primary reasoning challenges were identi�ed. Given the
representation of both success and failure conditions, a reasoner must be able to
progress given situations in which there is simultaneous evidence supporting both
the success and failure of a given behaviour. Further, since the process of moni-
toring incurs a cost, in terms of both time and lost opportunity, it is necessary to
balance this against the bene�ts gained subsequent to monitoring itself. In order
to ensure the practicality of the formalisms discussed they were then introduced
to the syntax of the AgentSpeak family of programming languages to facilitate the
representation and monitoring of the e�ects of plans. Multiple strategies to over-
come both simultaneous evidence for success and failure and to balance moni-
toring cost against bene�t were developed and the semantics underlying the tra-
ditional AgentSpeak architecture was then generalized and extended to allow the
introduction of these strategies.  ese results were captured in [21, 23, 22].
Secondly, novel techniques for the revision of an agent’s beliefs were proposed.

 ese techniques built upon the representation of behaviours, maintenance con-
ditions and e�ects developed for the purpose of monitoring. It was observed that
the intentions held by an agent are indirectly dependent on the beliefs that support
or invalidate them. As such, it was argued that the e�ect of a given belief revision
on the intentions an agent holds is a more important metric for the choice of belief
revision than the informational content preserved in making the revision. It was
then demonstrated that revisions based upon the e�ects on intention were rational
with respect to the traditional interpretation of rational belief change.  ese results
were made public in [19].
 irdly, and �nally, it was noted that the constraint of intention consistency

implied dependencies between intentions as adopted over time.  e choice of
means to satisfy a current end is partially dependent on the intentions currently
held.  ese dependencies then motivated and were central to the development
of both means to quantify the commitment held in a given intention and the ra-
tionality of propagating intention change to dependent intentions. Techniques to
establish the strength of the dependencies were proposed.  ese were based on
the roles prior intentions play in the decision process to adopt a new intention.
 e e�ect of intention-changing operations on such dependencies and the result-
ing commitments are then discussed.  is discussion is then extended to the ra-
tionality of revision propagation subsequent to the application of such intention-
change operations. A number of approaches, of increasing sophistication, were
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then proposed to balance the necessity of intention stability against more opti-
mal behaviour.  rough the application of a number of motivating examples the
plausibility of the approach was discussed.  ese contributions were made avail-
able in [20].
Prior to detailing the investigations into each of these hypotheses, and the con-

tributionsmade therein, the relevant backgroundmaterial will be presented. Firstly,
a brief introduction of the philosophical foundations of intention, in particular, and
practical reasoning, more generally, will be presented. Following this, an overview
of the logical formalization of these intuitions will be provided. Subsequent to this,
the state of the art of implemented practical reasoning systems is introduced. Par-
ticular attention will be paid to AgentSpeak as it provides the chosen platformwith
which the hypotheses will be evaluated. In conjunction with the presentation of
practical reasoning systems, the state of the art of intention dynamics systems will
be discussed. With su�cient exposition on the state of intention and practical rea-
soning in arti�cial intelligence complete, the history and approaches to the repre-
sentation and reasoning with actions and their e�ects will be outlined. A detailed
presentation of the dynamics of belief will conclude the exposition of the context
fromwhich the contributions of this thesis proceed.  e focus then will move onto
each hypothesis in turn. Each problem will be motivated, relevant works pertain-
ing to the particular problem discussed and the proposed solution outlined. Sub-
sequent to the elucidation of the hypotheses, an overview of the novel aspects of
the implementation with which these ideas are integrated will be presented. To
conclude, the primary contributions of this work will be summarized and oppor-
tunities for future work suggested.
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Man has made his bedlam; let him lie in it.

Fred Allen. 2
Background

Practical reasoning is a di�cult problem, one that has seen much work in
the �elds of philosophy, mathematics and arti�cial intelligence. So too is
the representation and reasoning with actions, behaviours and their e�ects.

Practical reasoning is concerned primarily with the rational management of both
action and behaviour from the perspective of an executing, limited and situated
agent. Reasoning with action as discussed, on the other hand, is most concerned
with hypothetical reasoning within logical formalisations that capture actions and
their e�ects. Both topics contain many subtle issues which must be su�ciently un-
derstood as the context which motivates much progress in these �elds. In the case
of practical reasoning, the philosophy that outlines many of the large ideas will
be presented �rst.  is leads to the more detailed work in which these intuitions
have been formalized into logical systems. Given the sophistication of these logical
models, the approximations required for implementation on limited physical ma-
chines will then be outlined. In contrast, themajority of the presentation of actions
and their e�ects will be from the logical and computational perspectives as much
of the philosophy is shared with that of practical reasoning.

In conjunctionwith issues of practical reasoning, it is necessary to present some
preliminaries of theoretical reasoning in order to understand its role in behaviour
forming thought. In particular, considerations of the dynamics of the informa-
tional state will be discussed.  is discussion will initially concentrate on senten-
tial belief in which no further structure is available. Discussion will then progress
into more expressive domains in which further structure facilitates more detailed
analysis.
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CHAPTER 2. BACKGROUND

2.1 Intentions

When discussing intentions, it is useful to stage the discussion in three phases.
Initially the philosophical intuitions and theories outline the bounds and motiva-
tions for the following discussion.  ese concepts are then made formal by their
translation into rigorous mathematical notation.  is facilitates the systematic in-
vestigation of the properties and consequences both of the formalization and the
intuitions contained therein. Finally, the concessions required to implement these
concepts on physical machines are discussed and their adherence to the properties
identi�ed as crucial through both mathematical formalization and philosophical
debate are outlined.

2.1.1  eories of Intention

Intention, as used in common language, is a concept with two distinct aspects [14,
13, 15].  e �rst is in reference to action or behaviour: i.e. to act intentionally, or
with an intention.  eother is the abstract concept of having an intention as amen-
tal attitude: to havemade a decision and adopted the associatedmental processes to
monitor and base other decisions upon it.  ese two facets, although related, play
di�erent roles in the practical reasoning of an intelligent agent situated in complex
environments.  e �rst is concerned with the post facto attribution of responsibil-
ity to an agent for its behaviour. It is primarily concernedwith the loose connection
between an agent’s mental state at the time of acting and the behaviour in�uencing
role of intention within that mental state. Such a perspective on intention is of im-
port in a comprehensive theory of intention, but, is of less interest to those in the
development of intelligent systems. Intentional action is characterized by actions
such that when queried about their driving motivations, the agent can trace the
source of its motivation to an end for which the motivation is self-evident[5].  e
second aspect, the abstract concept and associated mental processes of intention,
on the other hand, does provide guidance on the use of intention within practical
reasoning contexts. In particular, rules prescribing the rationality of the forma-
tion of a particular intention have been developed, rules de�ning the rationality of
maintaining an intention by way of non-reconsideration have been presented and
rules pertaining to the rationality of particular reconsideration processes proposed.
One of the primary assumptions that underlies this philosophical treatment of

intention is the assertion that planning is a prerequisite capability for intentional
reasoning.  is is due to the tight connection between the notion of plan gen-
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eration and the speci�c bene�ts intention provides.  is is manifest through the
need of a planning agent to extend the validity of a generated plan from the time
of planning through to the completion of its execution or recognition of failure.
Without such validation, much of the e�ort expended in the planning process is
wasted due to the need to rebuild the plans as time passes to ensure their applica-
bility. Intention achieves this temporal extension of validity through mechanisms
of non-reconsideration.
A second, equally important, and related, assumption pertains to the nature

of the plans an intentional reasoner is capable of constructing. For any �xed rea-
soning system, it is inevitable that it will face problems and environments that are
beyond its reasoning capabilities.  is is particularly so in the case of practical
reasoning due to the temporal constraints under which planning must proceed. A
perfect and complete plan to address an opportunity for behaviour, even if possible
to construct, is of no use if the opportunity passes before the plan can commence
execution. Consequently, it is assumed, that intentional reasoners develop abstract
plans that are iteratively re�ned in parallel to their execution. In order to facilitate
this re�nement process, commitment to the current partial solution is necessary
to ensure its stability as a context for deciding upon a more detailed approach. In
this way, the concept of intention is dependent on an agent iteratively constructing
and executing plans. An agent that does so is inevitably lead to form intentions and
adopt the mental processes that accompany intention for their management.
Intentions are not adopted in isolation.  ey are one component type of an

overall perspective on intelligence based on mentalistic reductionism.  e other
primary mental attitudes that are relevant to the practical reasoning of an agent
include belief, acceptance and desire.
Belief constitutes the facts an intelligent agent holds true.  ese facts may be

concernedwith the state of the environment, including the past, present and future.
 eymay re�ect on the reasoners ownmental state or those of the other intelligent
agent(s) with which it cohabits.  ey may be partial, or permitting of degrees.
 ey aim at truth and consequently are not under the deliberative control of the
reasoner.
Acceptance is a context relative adaptation of a reasoner’s beliefs to the practical

problem currently under deliberation. To accept something as given in a practical
reasoning problem is to forgo any doubt about its truth regardless or in spite of
the current beliefs towards it.  is can be necessary to expedite or facilitate the
deliberation within a practical reasoning problem. However, what is accepted in
one practical reasoning context need not be accepted in another. So, although,
what a reasoner accepts in a particular context is voluntary, it is unconstrained by
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the need for consistency across contexts.
Desires, on the other hand, represent the motivational elements that drive the

reasoners behaviour at a distance. A desire need not directly map to behaviour,
in fact it need be nothing more than a predilection towards or against a particu-
lar behaviour or state of the world. Typically, however, desires are hierarchically
organized based on higher-order attitudes (desires pertaining to the desirability of
other desires for instance).  is hierarchy does not imply an ordering of preference
or applicability of the desires contained therein. An agent’s endorsement or rejec-
tion of a desire for use in practical reasoning is dependent on the intentions that
govern their desires. For an agent to endorse a desire in its practical reasoning the
agent must treat it as a justifying end such that means may be adopted towards it
and subsequent reasoning proceeds compatibly with it. Typically, desires are con-
sistent with the values an agent holds and the things it considers good. In many
cases, the valuations of an agent are insu�cient to uniquely identify the best, may
be con�icting, or the agentmay have nomeans by which to compare di�ering eval-
uations.  us, in such cases, the desirability pertaining to a given behaviour must
go beyond the agent’s evaluation of the good. Regardless of the constraints regard-
ing, or the evaluation of, its desires, when deliberating over a practical reasoning
problem, the conclusion a reasoner draws in terms of the intentions it adopts must
be compatible with its beliefs, desires and existing intentions.
 ere are a pair of principles pertaining to the rationality of holding a given

intention at a particular time: the historical principle of deliberative rationality and
the historical principle of non-deliberative rationality.�
 �	2.1.1 Principle (Historical Principle of Deliberative Rationality):
If [an agent] S at time t1 forms the intention to [do action] A at time t2 on the basis
of deliberation at time t1, then it is rational of S at t1 to intend to A at t2 if and only if:

1’ for those intentions of S’s that play a direct role as a background of S’s deliber-
ation, it is rational of S at t1 so to intend; and

2 S reasonably supposes that A is at least as well supported by his reasons for
actions as its relevant, admissible alternatives.

(Bratman [14, page 85])

�
 �	2.1.2 Principle (Historical Principle of Non-Deliberative Rationality):
In the basic case it is rational of [an agent] S at time t1 to intend [to do action] A at
time t2 just in case:
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a it was rational of S at t0 to form this intention; and

b it was rational of S from t0 to t1 not to reconsider this intention.

(Bratman [14, page 80])

It is through adherence the historical principle of deliberative rationality that the
rationality of newly adopted and reconsidered intentions are assured. Adhesion to
the historical principle of non-deliberative rationality then extends this established
rationality forward through time.
It is rational for a reasoner to refrain from reconsidering its intentions by de-

fault. Unless otherwise externally pressured through changes to the beliefs, de-
sires or acceptances pertaining to that intention, the rationality attributable to a
given intention is persistent.  is temporal projection of rationality sans deliber-
ation is referred to as non-re�ective reason-preserving non-reconsideration. It is a
direct consequence of the deliberation in adopting an intention that it will be sta-
ble unless otherwise perturbed. Non-re�ective non-reconsideration di�ers from
the re�ective case in that in the latter the reasoner deliberates over the problem of
whether to reconsider its intention and decides not to, whereas, in non-re�ective
non-reconsideration there is an absence of deliberation entirely. Reason preserv-
ing non-reconsideration refers to instances of re�ective deliberation that ultimately
result in the maintenance of the intention in question, provided pertinent mental
attitudes o�er the same basis for its maintenance as for its adoption. Conversely,
non-reason-preserving non-reconsideration is a deliberation over whether to re-
consider a given intention such that reconsideration is discarded but the motiva-
tions for not reconsidering are di�erent from the motivations behind the original
adoption and subsequent maintenance of the given intention.
A secondary, and equally important, advantage of the adoption of intentions

are their role, not only in posing problems for a practical reasoning system to over-
come, but in constraining the problem space in which it must search for their so-
lution.  is is a direct consequence of the need for the intentions a reasoner con-
currently adopts to be internally consistent. An intelligent agent with inconsistent
intentions opens itself to be guilty of undermining its own behaviour.  us, when
faced with a practical reasoning problem, the reasoner must exclude from its de-
liberation any option that will con�ict with its current intentions. Of course, an
intention in con�ict with the options available to a given problem itself may prove
a su�cient obstacle to identifying a solution that the reasoner has to reconsider
this intention to facilitate a solution to its current issue. In general, however, it is
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assumed that this is a rarity and consistent options will be available thus facilitat-
ing the rational non-reconsideration of the reasoners existing intentions. A conse-
quence of the consistency condition on intentions is that they are agglomerative:
“If at one and the same time I rationally intend to A and rationally intend to B then
should be both possible and rational for me, at the same time, to intend A and B”
Bratman [13, page 220].
Provided a potential solution is compatible with the reasoners ongoing inten-

tions, it need also be consistent with the beliefs a reasoner accepts as true within
the context of the current problem before accepting the option as a complete solu-
tion and thus intention. For a particular option to be compatible with a reasoners
beliefs, the reasoner must accept that the proposed solution is possible to both ex-
ecute and re�ne successfully throughout its execution. It must also believe that it is
at least as optimal solution as any other solution it has available to it given what it
accepts as true. Note that this need not mean that the solution is globally optimal,
as it may be beyond the reasoners capabilities or the time constraints under which
itmust reason to construct such a solution. Additionally, the reasoners pre-existing
intentions may preclude such a globally optimal solution.  e reasoner must also
not believe that when the time comes for this solution to be brought to bear that
it will not do so. It may be ambivalent about whether it may so act or not but it
may not believe explicitly that it will not so act1. It need not, additionally, believe
conclusively that the solution will solve the problem. Only that the solution may
do so.
As intentions must be compatible with the reasoners beliefs, so must they be

with its desires.  e imposition of such a constraint is signi�cantly less however.
For this to be satis�ed it is su�cient that the option under consideration be in
the furtherance of one or more of the reasoners desires. Because desires have less
constraints on their internal compatibility, the relationships between desires and
other mental attitudes must be as forgiving.  us an intention can be rationally
held in spite of being incompatible with one or many of the reasoners desires.  e
reasoner may, in fact, hold a desire that is in direct con�ict with one or more of the
desires that the current option is under consideration for.
Given the established rationality of holding a particular intention, amechanism

for the transfer of this rationality to behaviour at the time of action is necessary.  e
currently accepted mechanism for this is the intention-action principle.�
 �	2.1.3 Principle (Intention-Action Principle):
If it is rational of [an agent] S to have a present-directed intention to [do action]

1 is is referred to as the Asymmetry  esis by Bratman [14].
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A, and S successfully executes this intention and thereby intentionally A’s, then it is
rational of S to A. (Bratman [14, page 55])

It is rational of a reasoner to maintain a present-directed intention towards ac-
tion provided it satis�es the no-regret condition.  is condition makes explicit the
reasoners autonomy at the time of action and the defeasibility of the intentions that
motivate it.�
 �	2.1.1 Condition (No-Regret Condition2):
If at time t2 an agent S is poised to execute an intentional action A based on an
intention to A adopted at time t1 prior to t2, then it is rational for S to retain its
intention towards Aing at t2 provided that S projects that at future time t3 that she
will not prefer to have intended any alternatives to A that she considered applicable
at time t2 Bratman [13, pages 59–90].

By considering the projected mental state of the reasoner at the close of the
intention in which the present-directed intention is embedded, the practical rea-
soner can ensure the rationality of its present-directed intention prior to accepting
its consequences.
A related principle regarding the projection into the future of the rationality of

forming a given intention to the point at which this intention bears itself upon the
agent’s behaviours is known as the linking principle.�
 �	2.1.4 Principle (Linking Principle):
If, on the basis of deliberation, an agent rationally settles at time t1 on an intention to
[do action] A at time t2 if (given that) [accepted context] C, and if she expects that
under C at t2 she will have rational control of whether or not she A’s, then she will
not suppose [that] at t1 that if C at t2 she should, rationally, abandon her intention in
favour of an intention to perform an alternative to A. (Bratman [13, page 64])

One must distinguish the case between deliberating over a particular intention
and the intentional act of reconsidering it. For one to truly reconsider an inten-
tion, a reasoner must retract the intention in question from their mental state and
be prepared to accept options in con�ict with it as admissible. Deliberations that
reinforce the intention, involve changes to the belief or desire reasons for the inten-
tions retention, or do not consider currently inadmissible options cannot be said
to be true instances of reconsideration.

2 t3 is the completion time of the plan in which her intention to A is embedded.

13



CHAPTER 2. BACKGROUND

Behaviours can, and o�en will, result in a multitude of e�ects once executed.
It is an important aspect of practical rationality that one be able to intend the ex-
ecution of an action or behaviour without the need to also intend all the expected
consequences considered throughout the deliberation to adopt the intention to-
wards such execution. Typically one or more of these e�ects will be the intended
outcomes of such execution, but all e�ects need not be.  is remains true even
in scenarios in which it is advantageous to simply ignore some of the known out-
comes of an action throughout the deliberation process. Of those considered, an
agent need not be irrational for not intending all the consequences of its actions.
 is is important in light of the resource constraints of an agent, as the require-
ment to intend all the consequences of a given action would require the functional
roles of intention to apply to these consequences also.  us an agent would need
to endeavour to ensure the satisfaction of these consequences and reason with this
in mind.  is problem has been termed, both, the problem of the package deal and
the side-e�ect problem.
Intentions, in theirmost general form, can range over the validity of othermen-

tal attitudes in given practical reasoning problems.  is has been discussed, pri-
marily, in the context of autonomy, self governance and desires. In these scenarios,
intentions are formed that police the use of desires as justi�ed ends towards which
the agent is prepared to work.  ough intention extends the will of a reasoner into
the future, the defeasibility of such intentions allows the reasoner to identify with
the desires such policies endorse without being beholden to them. In order to avoid
in�nite regresses in assigning authority to these intentions, they are structured such
that they self referentially endorse their own authority as a controller of the agent’s
reasoning and behaviour.
Intentions o�ermore than just problems for practical reasoners to solve. Inten-

tions can, inmany scenarios, provide solutions to the practical reasoning problems
that intentions can pose. One such instance in which this is the case arises when a
reasoner is presented with a new opportunity for action and the intentions it is cur-
rently committed to can be modi�ed e�ciently to cater for this new opportunity.
By turning to its existing commitments, the reasoner avoids generating alternatives,
deliberating over these and the overhead of managing an additional independent
intention. In such cases the reasoner can be said to have overloaded its intention
[75]. Although this o�ers an optimal use of existing mental structures and thus a
rational reasoning strategy, it does not o�er optimality of the resulting behaviour.
Because of this, completemeans-ends reasoning anddeliberation ismore appropri-
ate for important practical reasoning problems. In particular, practical reasoning
problems where a the reasoner must aim for optimality of outcome and not opti-

14



2.1. INTENTIONS

mality of reasoning. Unfortunately, it remains unclear as to which decisions can be
considered important in any given situation.

2.1.2 Logics of Intention
 e logics that claim to formalize the concept of intention are overwhelmingly
based on modal or multi-modal intuitions. A modal logic is a logic such that one
or more modes of truth are distinguished[18, 56]. For instance, a proposition or
any well formed formula may be believed true, always true, true at a point in time,
or necessarily true.  e modes and modalities of modal logics facilitate such dis-
tinctions.  e mathematical machinery behind the semantics of such logics allow
for the study of formal properties that constitute such modes of truth in a rigor-
ous way and facilitate the capture of the intuitions behind such perspectives un-
ambiguously.  e semantics of modal logics are typically interpreted via Kripke
structures, named a�er their discoverer, or as also known, possible world seman-
tics.  e idea being that there are a number of worlds (consistent descriptions of
the truth of propositions). Each world can value propositions or other well formed
formula di�erently. Worlds are related such that the truth of a formula under a
given modality at a given world is de�ned by the worlds to which it is related via
that modality. Each world related to a given world is considered accessible from
that world. Traditionally, if a property (ϕ) holds of all worlds accessible from the
“current” world, provided there are any, then the property necessarily (◻ ϕ) 3 holds
at the “current” world. If a property holds at one or more accessible worlds from
the “current” world, then the property is considered possible (◇ ϕ)4 at the “cur-
rent” world. If a property is necessary at a given world, then by de�nition it is also
possible at that same world5.  us, the truth values of propositions quali�ed by a
modality are dependent on the worlds accessible from the world in question and
the truth value of the proposition at the accessible worlds.
 e attribution of meaning using possible worlds semantics gains its popular-

ity from a number of mathematically elegant properties. Many of these properties
relate to correspondence theory[105]. Correspondence theory studies the relation-
ship between the accessibility relation between worlds and the axioms that hold
for modalities whose semantics are de�ned by those relations. Table 2.1 provides
the equivalences between the properties of the accessibility relations and the ax-

3 e actual interpretation is de�ned by the modal operator itself. Reference is made to neces-
sarily and possibly as these were the original modes of truth studied in early modal logic.

4Note, also that (◻ ϕ) ≡ ¬ (◇ ¬ϕ).
5Provided there exists at least one world which is related to the given world.
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iom they necessitate6. In this table R represents the accessibility relation between
worlds. Note, the axiom K holds for all normal7 modal logics.

Name Axiom Property

K (◻ ϕ → ψ)→ ((◻ ϕ)→ (◻ ψ)) —
T (◻ ϕ)→ ϕ R is re�exive
B ϕ → (◻ (◇ ϕ)) R is symmetric
4 (◻ ϕ)→ (◻ (◻ ϕ)) R is transitive
5 (◇ ϕ)→ (◻ (◇ ϕ)) R is Euclidean
D (◻ ϕ)→ (◇ ϕ) R is serial
trivial ϕ → (◻ ϕ) Re�exive dead-end

Table 2.1: Correspondences between Properties of Relations andValidity of Axioms
(adapted from [18]).

 e prototypical example of the use of multi-modal logics in the speci�cation
of agent state and reasoning is that of BDI logic[80, 84, 79, 78, 85, 83, 81, 82], al-
though alternatives exist [67, 24, 25, 32, 97]. BDI logic recognizes the primacy of
belief, desire and intention in successful practical reasoning. Each mental attitude
is formalized as a normal modal logic operator such that (Bel ϕ) , (Des ϕ) and
(Int ϕ)8 intuitively represents the fact the agent believes, desires or intends ϕ re-
spectively. Each modality is associated with its own accessibility relation over the
set of possible worlds.  e worlds accessible from a given world via the belief ac-
cessibility relation de�ne the worlds the agent believes possible at this world. Sim-
ilarly, worlds accessible via the desire and intention accessibility relations are those
that the agent desires possible and intends possible, respectively, given this world.
 us, if a proposition holds at all the worlds accessible via the agent’s belief, desire
or intention accessibility relation from the “current” world then the agent believes,
desires or intends the proposition in the “current” world.

6 is table is by no means comprehensive as there is extensive literature advocating many addi-
tional properties of the accessibility relation for a wide variety of interpretations.  ose presented
here were chosen as they will be pertinent in later discussion.

7Non-normalmodal logics are those that do not permitK as an axiom.  is is achieved semanti-
cally throughworlds at which everything is “possible” including false (�) and nothing is “necessary”.

8 is notation comes from [110]. It emphasizes the semantic di�erence between predicates and
modalities by utilizing distinctly di�erent syntactic styles for each.
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 e accessibility relation between worlds that de�nes the belief modality is se-
rial, transitive and euclidean.  is relation will be denoted as B.  is corresponds
to the well studiedmodal logicKD45, so called because it satis�es the axiomsK,D,
4, 5 in table 2.1.  e intuition behind these axioms as appropriate for belief is that,
in the case of K, if an agent believes a well formed formula ϕ implies anotherψ then
when it believes ϕ it also believes ψ. In the case of D, if the agent believes a well
formed formula then it also does not believe that the formula does not hold.  is
forces the agent’s beliefs to be consistent. In the case of 4, when an agent believes
in the truth of a given well formed formula, it also believes that it believes this.  is
means that an agent is re�ective on what it believes true. Similarly, in the case of
5, if an agent does not believe the falsity of a well formed formula, then it believes
that it does not believes it.  is provides the agent with reasoning powers about
what it does not believe as well as what it does. Because the rules of inference of
normal modal logic include the rule of necessitation (if ϕ is a theorem, so is (◻ ϕ)
for all normal modalities) in addition to uniform substitution and modus ponens,
an agent believes all theorems of its belief logic.  is is traditionally known as the
problem of logical omniscience and will be discussed more fully in section 2.1.2.
In contrast to belief, the accessibility relations for desire and intention are less

restrictive, requiring only that every world be related to at least one other world.
 ese relations will be denoted D and I respectively.  is leads to the axiomsK and
D holding for these modalities. Consequently, the only restriction on the desires9
and intentions of the agent is that they are internally consistent.  us, an agent
cannot desire or intend a well formed formula while simultaneously desiring or
intending the negation of this formula. Like belief, because these modalities satisfy
K, the rule of inference necessitation applies and consequently an agent desires and
intends all theorems of its desire and intention logics.
In essence, BDI is not a single logic, but a framework for a family of logics de-

pending on the interaction axioms chosen between modalities.  ese interaction
axioms de�ne the truth of a given formula under a particular modality when its
truth under another has been established. Such axioms constitute the syntactic
representation of a semantic relationship between the accessibility relations of the
modalities in question. In particular, one accessibility relation can relate a given
world to a subset (⊆), the same set or super set of the worlds that another acces-
sibility relation does. Alternatively, it can be required that the intersection of the

9Desires, as traditionally interpreted, need not be internally consistent.  us, in this context,
the notion of desires actually more accurately re�ects the concept of goals which do require internal
consistency.
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accessibility relations be non empty. All of the pair-wise interaction axioms are
presented in table 2.2 are generated by the application of the subset relationship to
each combination of accessibility relations. Some of these interaction axioms are
absurd given the interpretation of beliefs, desires and intentions we wish to adopt
for such logics. For instance, the axiom (Des ϕ) → (Int ϕ) can be interpreted to
mean that the agent is to intend all of its desires. In the form of practical reason-
ing and resource limitations envisaged for the agents to which BDI is applicable,
this axiom is in direct contrast to these restrictions and subsequently seems an un-
�t characterization of their reasoning. Of the axioms presented in table 2.2, only
(Int ϕ) → (Des ϕ) seems to capture a valid property of the mental state of agents
engaged in practical reasoning. Particularly, it captures the fact that whatever an
agent intends must also be desired.

Relationship Axiom

D ⊆ I (Int ϕ)→ (Des ϕ)
I ⊆ D (Des ϕ)→ (Int ϕ)
D ⊆ B (Bel ϕ)→ (Des ϕ)
B ⊆ D (Des ϕ)→ (Bel ϕ)
B ⊆ I (Int ϕ)→ (Bel ϕ)
I ⊆ B (Bel ϕ)→ (Int ϕ)
D ∩ I ≠ ∅ (Int ϕ)→ ¬ (Des ¬ϕ)
I ∩ D ≠ ∅ (Des ϕ)→ ¬ (Int ¬ϕ)
D ∩ B ≠ ∅ (Bel ϕ)→ ¬ (Des ¬ϕ)
B ∩ D ≠ ∅ (Des ϕ)→ ¬ (Bel ¬ϕ)
I ∩ B ≠ ∅ (Bel ϕ)→ ¬ (Int ¬ϕ)
B ∩ I ≠ ∅ (Int ϕ)→ ¬ (Bel ¬ϕ)

Table 2.2: Relationship between accessibility relations and the axioms they entail
(adapted from [82, 110]).

BDI logic is not, however, restricted to representing worlds as sets of propo-
sitions. As originally formulated, BDI logic represents worlds as branching time
structures.  e past is represented as a single linear sequence of states and the as-
sociated actions that transitioned one state to the next.  e future, in contrast, is
represented as a tree of possible futures. Each path represents a possible future
evolution of the world. Each transition is labelled with an action that the agent
may execute. Multiple edges emanating from a single node may be labelled with
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the same action but lead to di�erent resulting states.  is captures the intuition
that the environment can and will evolve contrary to the agent’s actions (which
may fail). Formally, the logic that captures such branching time tree structures is
CTL⋆[37]. In addition to operators for specifying truth at the next state (○ ϕ), at
some future state (◇ ϕ), at all future states (◻ ϕ), and until a condition holds an-
other remains true (ϕUψ), CTL⋆ facilitates quanti�cation over all paths Aϕ and
the existence of paths Eϕ.

Relationship Axiom

D ⊆sub I (Int Aϕ)→ (Des Aϕ)
I ⊆sub D (Des Aϕ)→ (Int Aϕ)
D ⊆sub B (Bel Aϕ)→ (Des Aϕ)
B ⊆sub D (Des Aϕ)→ (Bel Aϕ)
B ⊆sub I (Int Aϕ)→ (Bel Aϕ)
I ⊆sub B (Bel Aϕ)→ (Int Aϕ)
D ∩ subI ≠ ∅ (Des Eϕ)→ ¬ (Int ¬Eϕ)
I ∩ subD ≠ ∅ (Int Eϕ)→ ¬ (Des ¬Eϕ)
D ∩ subB ≠ ∅ (Des Eϕ)→ ¬ (Bel ¬Eϕ)
B ∩ subD ≠ ∅ (Bel Eϕ)→ ¬ (Des ¬Eϕ)
I ∩ subB ≠ ∅ (Int Eϕ)→ ¬ (Bel ¬Eϕ)
B ∩ subI ≠ ∅ (Bel Eϕ)→ ¬ (Int ¬Eϕ)

Table 2.3: Relationship between sub-world constrained accessibility relations and
the axioms they entail (adapted from [82, 110]).

Given this commitment towards the use of CTL⋆ as the basis of the worlds
over which the belief, desire and intention accessibility relations range, a more �ne
grained presentation and analysis of the interaction axioms of table 2.2 can be con-
ducted. As a preliminary to doing so, it is necessary to re�ne the relationships
that can hold between accessibility relations.  is can be achieved by imposing
additional conditions on the worlds that the accessibility relations range over. In
particular, it can be demanded that one world can be a sub-world (sub) of another.
One world is a sub-world of another provided all the paths in the former are con-
tained in the later, although, the later may contain paths additional to those in the
former.  us, it can be required that, in addition to the requirements outlined in ta-
ble 2.2, all worlds related by one accessibility relation be sub-worlds of those related
by the other. Table 2.3 outlines the axioms following from requiring a sub-world
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Relationship Axiom

D ⊆sup I (Int Eϕ)→ (Des Eϕ)
I ⊆sup D (Des Eϕ)→ (Int Eϕ)
D ⊆sup B (Bel Eϕ)→ (Des Eϕ)
B ⊆sup D (Des Eϕ)→ (Bel Eϕ)
B ⊆sup I (Int Eϕ)→ (Bel Eϕ)
I ⊆sup B (Bel Eϕ)→ (Int Eϕ)
D ∩ supI ≠ ∅ (Des Aϕ)→ ¬ (Int ¬Aϕ)
I ∩ supD ≠ ∅ (Int Aϕ)→ ¬ (Des ¬Aϕ)
D ∩ supB ≠ ∅ (Des Aϕ)→ ¬ (Bel ¬Aϕ)
B ∩ supD ≠ ∅ (Bel Aϕ)→ ¬ (Des ¬Aϕ)
I ∩ supB ≠ ∅ (Int Aϕ)→ ¬ (Bel ¬Aϕ)
B ∩ supI ≠ ∅ (Bel Aϕ)→ ¬ (Int ¬Aϕ)

Table 2.4: Relationship between super-world constrained accessibility relations and
the axioms they entail (adapted from [82, 110]).

relation in addition to those of table 2.2. Table 2.4 outlines the axioms following
from requiring a super-world (sup) relation in addition to those of table 2.2.  is
allows for the discussion of the rationality of interactions between beliefs, desires
and intentions that refer both to future options and inevitability.
 e analysis of the interactions between modalities can extend beyond the dis-

cussion of the pair-wise relationships above. Ternary relations between all three
modalities can be enforced. Althoughmany systems of logic are resultant from dif-
ferent selections of ternary relations, only a small number are consistent with the
essential properties of practical reasoning presented thus far.  ese conforming
systems are presented in table 2.5. Of these systems, the most appropriate system
is typically dependent on the environment in which the agent is to be situated and
the task for which it is envisaged.
As discussed in section 2.1.1, an agent need not intend all the necessary conse-

quences of its actions that it utilizes in deciding on the means for an end.  is can
be captured in a number of the systems described in table 2.5 but not all. To do so,
the following formulæ must be satis�able:

(Int ϕ) ∧ (Bel ϕ → ψ) ∧ ¬ (Int ψ)
�
 �	2.1
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Name Condition(s) Formula Schema

BDI − S1 B ⊆sup D ⊆sup I (Int Eϕ)→ (Des Eϕ)→ (Bel Eϕ)
BDI − S2 B ⊆sub D ⊆sub I (Int Aϕ)→ (Des Aϕ)→ (Bel Aϕ)
BDI − S3 B ⊆ D ⊆ I (Int ϕ)→ (Des ϕ)→ (Bel ϕ)
BDI − R1 I ⊆sup D ⊆sup B (Bel Eϕ)→ (Des Eϕ)→ (Int Eϕ)
BDI − R2 I ⊆sub D ⊆sub B (Bel Aϕ)→ (Des Aϕ)→ (Int Aϕ)
BDI − R3 I ⊆ D ⊆ B (Bel ϕ)→ (Des ϕ)→ (Int ϕ)
BDI −W1 B ∩ supD ≠ ∅ (Bel Aϕ)→ ¬ (Des ¬Aϕ)

D ∩ supI ≠ ∅ (Des Aϕ)→ ¬ (Int ¬Aϕ)
B ∩ supI ≠ ∅ (Bel Aϕ)→ ¬ (Int ¬Aϕ)

BDI −W2 B ∩ subD ≠ ∅ (Bel Eϕ)→ ¬ (Des ¬Eϕ)
D ∩ subI ≠ ∅ (Des Eϕ)→ ¬ (Int ¬Eϕ)
B ∩ subI ≠ ∅ (Bel Eϕ)→ ¬ (Int ¬Eϕ)

BDI −W3 B ∩ D ≠ ∅ (Bel ϕ)→ ¬ (Des ¬ϕ)
D ∩ I ≠ ∅ (Des ϕ)→ ¬ (Int ¬ϕ)
B ∩ I ≠ ∅ (Bel ϕ)→ ¬ (Int ¬ϕ)

Table 2.5: Systems of BDI logic (adapted from [82, 110]).

(Int ϕ) ∧ (Des ϕ → ψ) ∧ ¬ (Int ψ)
�
 �	2.2

(Des ϕ) ∧ (Bel ϕ → ψ) ∧ ¬ (Des ψ)
�
 �	2.3

However, the above formulæ are not satis�able in the system BDI-R3.
In order to capture the asymmetry thesis it is necessary that:

(Int ϕ) ∧ (Bel ¬ϕ)
�
 �	2.4

be unsatis�able and:

(Int ϕ) ∧ ¬ (Bel ϕ)
�
 �	2.5

be satis�able in the logic.  is ensures that it is irrational for an agent to intend ϕ
while believing that it will not achieve ϕ. Conversely, it guarantees that intending
ϕ while not believing that one will achieve ϕ is rational. Combined, these require-
ments prevent an agent from pursuing impossibilities while still allowing progress
towards goals without needing a guarantee of success. endequation

(Bel ϕ) ∧ ¬ (Int ϕ)
�
 �	2.6
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(Des ϕ) ∧ ¬ (Int ϕ)
�
 �	2.7

capture another important requirement of rationality called the non-transference
principle. Provided the above formulæ are satis�able in the logic, this ensures that
the agent’s desires are not determined by its beliefs and its intentions are not de-
termined by its beliefs nor its desires.  is allows an agent to avoid situations in
which every belief must be adopted as a desire or intention and all desires adopted
as intentions.
In addition to re�ective reasoning on beliefs, which follows from the axioms

4 and 5, it can be required that an agent believes that it intends or desires a given
formula whenever it in fact does so.  is form of re�ectivity is captured by the
following axioms [87]:

(Int ϕ)→ (Bel (Int ϕ))
�
 �	2.8

(Des ϕ)→ (Bel (Des ϕ))
�
 �	2.9

It is more typically captured by equivalences instead of implication.  e intuition
that an agent only has intentions for which it has desires can be captured by the
following axiom:

(Int ϕ)→ (Des (Int ϕ))
�
 �	2.10

Another property that can be captured inBDI logic is that of no in�nite deferral.
Provided the following:

(Int ϕ)→ A (◻ ¬(Int ϕ))
�
 �	2.11

is satis�able, an agent cannot maintain an intention inde�nitely. If the environ-
ment does not evolve in such a way as to force the agent to drop an intention, via
the intended formula becoming believed impossible or already true, this forces the
agent to reason towards the eventual achievement of the intention.
One facet of rational thought towards action and behaviour that is lacking from

the above presentation is that of probabilities and pay-o�s, both core components
of decision theoretic approaches to rationality.  is limitation was overcome in
[86] in which both were introduced into the above logic. Probability was intro-
duced, semantically, through the addition of functions that assigned a probability
(real value) to each time point in each world and, syntactically, via a probability
operator. Similarly, pay-o�s were introduced, semantically, by the introduction of
pay-o� function that for each world and time point provides a partial mapping
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from paths to real values and, syntactically, through the introduction of a pay-o�
operator. Because uncertainty is represented via the multitude of possible worlds,
each belief accessible worldwas required to have identical probability distributions,
and each of the probability distributions sum to one.  e probabilities and path
pay-o�s in desire accessible worlds are generated from the decision tree represen-
tation by a simple transformation function. Traditional decision theoretic decision
procedures such as maximin and maxexpvalue were then applicable to deliberate
over the desires in the generation of intention. In the case ofmaximin the intentions
were unconditional. Conversely, the intentions generated through the application
ofmaxexpvalue were conditional on the evolving state of the world.
It was shown in [47] that the above formalization is unsatisfactory when the

dynamics of the modalities are considered. Problems arise due to the closure un-
der both disjunction and conjunction for each modality.  ese problems are high-
lighted by the following examples:�
 �	2.1.1 Example (Closure under Disjunction):

(Int (○ ϕ)) ∧ (○ (Bel ϕ))→ (○ (Int ϕ))
Consider a situation in which John intends to go to the beach. From the axiom above
John will maintain this intention as long as he believes it to be achievable. If, or when,
John discovers that it is not possible to go to the beach, this intention can be dropped
(and, indeed, the static constraints would force it to be dropped).  is is just what we
want.
However, lets assume that John also believes it possible to �y to London, but has

no intention of doing so. Because we have:

(Int (○ ‘go to the beach’))

we also have (under a possible worlds semantics) the disjunctive intention:

(Int (○ ‘go to the beach’ ∨ ‘go to London’))

Now, when it turns out that visiting the beach is impossible, the intention towards
visiting the beach will be duly dropped. But, unfortunately, the intention towards the
disjunction (‘go to the beach’∨ ‘go to London’) will be maintained (as the disjunct re-
mains a possibility). From application of the static constraints, it can then be deduced
that John, at the next time point, will intend to �y to London. In other words, John
will be forced to adopt as new intentions any beliefs about the future he still holds!

(George� and Rao [47, Section 2])
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�
 �	2.1.2 Example (Closure under Conjunction):
[Suppose] John intends to obtain milk from the milk bar and cereal from the super-
market. He goes to the milk bar, sees that it is closed, and thus abandons the intention
of obtaining milk. As a result John also gives up his intention to have milk and ce-
real. However, if intentions are closed under conjunction–as they are under a possible
worldsmodel–intending to havemilk and cereal implies an intention to havemilk and
an intention to have cereal. While the former two can no longer hold, using the above
axiom of intention maintenance, the intention to have cereal would be (incorrectly)
maintained. (George� and Rao [47, Section 2])

 eproposed solutionwas the introduction of only-belief, only-desire andonly-
intend modalities.  ese di�er semantically from the normal belief, desire and in-
tentionmodalities in that an agent only-believes (only-desires, only-intends) ϕ if ϕ
is true in all belief (desire, intention) accessible worlds and the set of belief (desire,
intention) accessible worlds include all the worlds where ϕ is true. Formally:

M ,ωt ⊧ (⌈Bel⌋ ϕ) i� ∀ω′ ∈W ,ωBω′ i�M ,ω′t ⊧ ϕ
�
 �	2.12

M ,ωt ⊧ (⌈Des⌋ ϕ) i� ∀ω′ ∈W ,ωDω′ i�M ,ω′t ⊧ ϕ
�
 �	2.13

M ,ωt ⊧ (⌈Int⌋;ϕ) i� ∀ω′ ∈W ,ωIω′ i�M ,ω′t ⊧ ϕ
�
 �	2.14

 ree functions:

ω∗B
t
∶ {ω′ ∣ ωBtω′}↦ {ω′′ ∣ ωBt′ω′′}

�
 �	2.15

ω∗D
t
∶ {ω′ ∣ ωDtω′}↦ {ω′′ ∣ ωDt′ω′′}

�
 �	2.16

ω∗I
t
∶ {ω′ ∣ ωItω′}↦ {ω′′ ∣ ωIt′ω′′}

�
 �	2.17
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map for each world ω the set of belief (desire, intention) accessible worlds from ω
at time t to the set of belief (desire, intention) accessible worlds fromω at time t′. In
de�ning the revisions in this way it is assumed that the uncertainty the agent holds
of its environment remains constant as a result of revision.  is follows from the
fact that these functionsmap a world at one time point to the next, no fewer worlds
are related, nor any additional. Using these functions the following constraint cap-
tures the semantic requirement of intention maintenance in light of changing be-
liefs and desires (adapted from [47, BDFC1]):�
 �	2.1.1 Definition (Intention Maintenance Constraint):

∀ω′ ∈ ωBtω′,℘(
ω∗I
t
( B↦
I

(ω′))) = ℘( ω∗B
t
(ω′))∩℘( ω∗D

t
( B↦
D

(ω′)))∩℘( B↦
I

(ω′)) ≠ ∅
�� ��2.18

where:�� ��℘ : captures the set of paths through the branching time structure that constitute
each possible world, beginning at the initial time point t0 and extending into
the in�nite future.�



�
	B↦

D
: is a function that maps belief accessible worlds to desire accessible worlds, for all

worlds and all time points.�



�
	B↦

I
: is a function that maps belief accessible worlds to intention accessible worlds, for

all worlds and all time points.

All models that satisfy the intention maintenance constraint validate the following
formulæ(adapted from [47,  eorem 5]):

(Int A (○ Eϕ)) ∧A (○ (⌈Bel⌋ Aϕ)) ∧A (○ (⌈Des⌋ Aϕ))→ A (○ (Int Eϕ))
�� ��2.19

(⌈Int⌋;A (○ Aϕ)) ∧A (○ (Bel Eϕ)) ∧A (○ (Des Eϕ))→ A (○ (Int Eϕ))
�� ��2.20

which demonstrates that the constraint as stated avoids the problems of disjunctive
and conjunctive closure.
Although BDI logics are able to capture a large number of intuitions about ra-

tional thought, there are a number of properties of such logics that make them less
than ideal. Of these, the problem of logical omniscience is the most devastating. It
requires an agent to believe all valid formula and be a perfect reasoner equivalent
to closure under logical consequence.  e �rst requirement forbids an agent from
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inconsistent beliefs.  is means that an agent cannot believe ϕ and ψ when ¬ψ is
entailed by ϕ without degenerating into believing anything (all formulæ).  e sec-
ond requirement necessitates an agent treating logically equivalent propositions
as equivalent regardless of their content.  ese requirements �y in the face of re-
source boundedness given the complexity of the satis�ability and validity problems
for these logics are PSPACE complete.  ese problems are not speci�c to BDI how-
ever, they are a consequence of the possible world semantics utilized to de�ne their
meaning.  us, any other speci�cation language backed by the same semantics will
su�er the sameproblems. Anumber of alternatives devoid of these issues have been
developed in Fagin, Halpern, Moses, and Vardi [38, Chapter 9].
One such alternative solution to the issue of logical omniscience, in addition

to conjunctive and disjunctive closure, was proposed in [17]. In particular, the
use of non-normal (or impossible) worlds was advocated as a mechanism for the
�ne grained control of properties of the belief-desire-intention modalities. A non-
normal world is a world at which the truth of formulæ need not be recursively
speci�ed.  e semantics are extended to include a set of such worlds (W⋆) and the
accessibility relations for each modality extended to optionally range over these.
Constraints on these relations and valuations at the impossible worlds can then be
de�ned in order to extend the axioms supported.
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 e properties identi�ed [17] as appropriate for intention include:

⊧ ¬ (Int ϕ ∧ ¬ϕ)
�
 �	Intention Consistency I

⊧ (Int ϕ)→ ¬ (Int ¬ϕ)
�
 �	Intention Consistency II

⊧ (Int ϕ) ∧ (Int ψ)→ (Int ϕ ∧ ψ)
�
 �	Conjunctive Composition

/⊧ (Int ϕ ∧ ψ)→ (Int ϕ) ∧ (Int ψ)
�
 �	Conjunctive Decomposition

/⊧ (Int ϕ ∨ ψ)→ (Int ϕ) ∨ (Int ψ)
�
 �	Disjunctive Decomposition

/⊧ (Int ϕ)→ (Int ϕ ∨ ψ)
�
 �	Disjunctive Composition

⊧ (Int ϕ ∨ ψ) ∧ (Int ¬ϕ)→ (Int ψ)
�
 �	Disjunctive Closure

/⊧ (Int ϕ) ∧ (Int ϕ → ψ)→ (Int ψ)
�
 �	General Intentional Closure

From ϕ ≡ ψ do not infer (Int ϕ) ≡ (Int ψ)
�
 �	Intentional Equivalence

and the constraints on the valuations and relations required to satisfy these10:

M ,ω ⊧ ϕ ∧ ψ i�M ,ω ⊧ ϕ andM ,ω ⊧ ψ
�� ��RM I

M ,ω ⊧ ¬ϕ i�M ,ω /⊧ ϕ
�� ��RM II

M ,ω ⊧ (Bel ϕ) i� ∀ω′ ∈W ∪W⋆ if ωBω′ thenM ,ω′ ⊧ ϕ
�� ��RM B

M ,ω ⊧ (Int ϕ) i� ∀ω′ ∈W ∪W⋆ if ωIω′ thenM ,ω′ ⊧ ϕ
�� ��RM I

M ,ω ⊧ ¬ (Int ϕ ∧ ¬ϕ) i� ∀ω ∈W ,W ∩ ωI ≠ ∅
�
 �	Intention Consistency I

M ,ω ⊧ (Int ϕ)→ ¬ (Int ¬ϕ) i� ∀ω′ ∈ ωI M ,ω′ ⊧ ϕ if ∃ω′′ ∈ ωI M ,ω′′ /⊧ ¬ϕ�
 �	Intention Consistency II

M ,ω ⊧ (Int ϕ) ∧ (Int ψ)→ (Int ϕ ∧ ψ) i� (∀ω′ ∈ ωI M ,ω′ ⊧ ϕ ∧M ,ω′ ⊧ ψ)
if (∀ω′′ ∈ ωI M ,ω′′ ⊧ ϕ ∧ ψ�
 �	Conjunctive Composition

M ,ω /⊧ (Int ϕ ∧ ψ)→ (Int ϕ) ∧ (Int ψ) i� ∃ω⋆ ∈ ωI M ,ω⋆ /⊧ ϕ orM ,ω⋆ /⊧ ψ�
 �	Conjunctive Decomposition

M ,ω ⊧ (Int ϕ ∨ ψ) ∧ (Int ¬ϕ)→ (Int ψ) i� ∀ω′ ∈ ωI M ,ω′ ⊧ ϕ ∨ ψ ∧M ,ω′ ⊧ ¬ϕ
if ∀ω′′ ∈ ωI M ,ω′′ ⊧ ψ�
 �	Disjunctive Closure

10Where ωI = {ω′ ∈W ∪W⋆ ∣ ωIω′ }.
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 e primary drawback of an approach that utilizes the impossible worlds se-
mantics lie in the philosophical justi�cation for the assumption of the existence of
impossible worlds.

2.1.3 Implementations of Intention
Implementations of intentions typically take two forms: as implemented in rational
agent architectures, and, as the target of rational reconsideration functions.  ere
are a number of rational agent architectures that claim the concept of intention
as central to their operation. A majority of these systems[33, 55, 54, 16] belong to
a family of architectures that can trace their history to the Procedural Reasoning
System (PRS[44, 45, 46, 57, 109]). From this family tree, AgentSpeak[77] will be
treated as prototypical and presented in detail. In particular, we build upon the
presentation and extensions of Jason[10]. is choice is justi�ed by the clear separa-
tion between architecture, language and semantics emphasized in the AgentSpeak
literature in addition to the work relating the semantics of AgentSpeak to those of
the BDI logic presented in section 2.1.2. Work towards rational intention reconsid-
eration functions is less advanced, however, the state-of-the-art will be presented
following the detailing of the AgentSpeak approach.

AgentSpeak

AgentSpeak[77, 58] is a language and architecture for the speci�cation and im-
plementation of intentional agents.  e language provides a declarative means of
specifying the initial belief state and behavioural knowledge of such an agent.  e
architecture provides an abstract speci�cation of the data �ow and computation
of the processing cycle that de�nes the agent’s reasoning.  e semantics formal-
izes the architecture, and in conjunction with the initial speci�cation of the agent’s
state, provides the meaning of any AgentSpeak program.�
 �	2.1.2 Definition (AgentSpeak Agent):
An AgentSpeak agent is de�ned as a tuple:

⟨B,LB ,Cn,P , I ,LI , E ,A, γE , γI , γO⟩

where:�
 �	B : represents the beliefs of the agent. Traditionally, each belief is represented as a
ground atom, however, it need not be so restricted.
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�
 �	LB : is the language in which the agent’s beliefs are expressed.�
 �	Cn : is the consequence operator by which the agent derives new beliefs from old.�
 �	P : is the set of plans available to the agent. Each plan is of the form of de�nition 2.1.3�� ��I : is a set of intentions. Each intention is represented as a stack of partially instan-
tiated plans in which there are both events yet to be dispatched and variables
yet to be instantiated. ι[τ ∶ ϖ ← π] denotes that plan τ ∶ ϖ ← π is the topmost
plan of intention stack ι.�
 �	LI : is the language in which the agent’s intentions are expressed.�� ��E : denotes the current set of events awaiting processing by the agent.  ere are
two types of events, internal and external. Internal events are those generated
through the execution of plans. External events are generated by changes of
belief due to new perceptions of the environment. Internal events result in a
new plan being pushed onto the stack fromwhich the event originated. External
events on the other hand cause the creation of new intention stacks. Each event
is a pair ⟨τ, ι⟩ where τ is the content of the event and ι is the intention from
which it originated. When events are externally generated, the intention will
be �.�
 �	A : describes the set of actions the agent has scheduled to do.�
 �	γE : is a function that selects from E the next event to be processed.  is is a point of
customization for agent architects.�
 �	γO : is a function that selects from amongst all the instantiations of all the appli-
cable plans which to adopt as the means by which the event may be handled.
 is provides an additional point of customization for tailoring the agent’s be-
haviour to its environment.�
 �	γI : is a function that selects the next intention to process. Again, this function
represents an avenue for designers to adapt their agents to the problem domain
to which they will be applied.�
 �	γθ : is a function that selects a uni�er at random.
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�
 �	2.1.3 Definition (AgentSpeak Plan):
An AgentSpeak plan has the form:

τ ∶ ϖ ← π

where:�� ��τ is the event to which the plan responds;�� ��ϖ is a condition that must be satis�ed by the agent’s beliefs in order for the plan to
be applicable; and�� ��π is the sequence of goals and actions that make up the plans content (see �gure 2.1).

agent ∶∶= B P
B ∶∶= β1, . . . , βn (n ≥ 0)
P ∶∶= ρ1, . . . , ρn (n ≥ 1)
ρ ∶∶= τ ∶ ϖ ← π
τ ∶∶= +atom ∣ −atom ∣ +ð ∣ −ð
ϖ ∶∶= condition ∣ ⊺
condition ∶∶= atom ∣ ¬atom ∣ condition & condition
π ∶∶= sequent;⊺ ∣ ⊺
sequent ∶∶= α ∣ ð ∣ update ∣ sequent; sequent
atom ∶∶= P(t⃗)
α ∶∶= A(t⃗)
ð ∶∶= !atom ∣ ?atom
update ∶∶= +β ∣ −atom
β ∶∶= P(g⃗)
term ∶∶= F(t⃗) ∣ variable ∣ ground
ground ∶∶= F(g⃗) ∣ string ∣ number
t⃗ ∶∶= term1, . . . , termn (n ≥ 0)
g⃗ ∶∶= ground1, . . . , groundn (n ≥ 0)

Figure 2.1: Formal Grammar for AgentSpeak Language

Given this de�nition of an agent, an abstract interpreter (algorithm 2.1 on page
33) describing the dynamics of the mental attitudes was proposed [77] and its op-
erational semantics given.  e algorithm as presented is abstract in the sense that

30



2.1. INTENTIONS

there is no failure handling and the interaction with the environment in which
the agent is situated is unspeci�ed.  e lack of failure handling in the original
AgentSpeak(L) was a consequence of the earlier systems it was intended to ab-
stract.  ese systems, both PRS [57] and dMARS [33, 34], o�ered such facilities but
in incompatible ways. Consequently, subsequent extensions to AgentSpeak, such
as Jason, re-introduced failure handling in novel ways. One such extension will be
detailed later in this chapter.  e formal grammar of the AgentSpeak language that
de�nes the source over which this interpreter operates is given in �gure 2.1.
 is interpreter gives rise to an associated architecture (�gure 2.2). As can be

seen from the architecture and abstract interpreter, the execution cycle of the agent
contains two independent processes:

(σ ε)
Belief
Base

Events

Plan
Library

Intentions
New

New

Unify
Event

Unify
Context

Execute
Intention

AgentSpeak Agent

Beliefs

External
Events

Internal
Events

Perception

Beliefs

Events

Beliefs

Selected
Event Plans

Relevant
Plans

Applicable
Plans

Push
Sub-plan

New
IntentionIntended

Means

Intentions

Selected
Intention

Beliefs

Action

Update
Intention

γE

γO

γI

BRF
(P)

(I)

(B)

(E)
(O)

(R)

(σ ι)

Figure 2.2: AgentSpeak Architecture (adapted from [66])

Belief Revision, Option Selection and IntentionAdoption: Firstly, an agent re-
ceives a perception from the environment.  is causes the agent to reconsider its
beliefs (BRF) and revise them accordingly.  is revision causes events (external
events) indicating that a certain aspect of the environment has changed.  ese ex-
ternal events and those generated from the execution of plans (internal events) are
stored in an event cache (E). Internal events represent sub-goals for the agent to
handle at a later point. From the event cache an event is selected (γE) and all the
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plans in the plan base (P) that respond to the event are extracted. If there are no
events to process then processing moves to intention processing.  ose plans that
respond to the selected event are called the relevant plans (R). Each relevant plan
is then tested to determine whether it is applicable at the given time (O). A plan is
applicable if the context conditions (ϖ) for its adoption are satis�ed by the agent’s
current belief base. If no plans are valid given the agent’s current circumstance,
processing moves to intention execution. From these applicable plans one must be
selected (γO) as the intended means.  is involves the placement of the plan onto
the appropriate intention stack. If the selected event was generated by a change in
beliefs, a new stack is created onto which the plan is placed. Otherwise the event
was generated from an already executing plan and the new plan is pushed onto the
stack containing this already executing plan.

Plan Execution andMonitoring: From the set of intentions (I), onemust be se-
lected (γI) to execute. If there are no intentions pending execution then processing
returns to monitoring the environment, revising beliefs and posting events.  ere
are a number of processes invoked depending on the type of the next element in
the plan body atop the intention selected for execution. If it is an “achieve goal”
then an appropriate event is inserted in the event cache and the intention becomes
suspended (only to be reanimated once the event has been handled [58]). If the
�rst element of the body of the top-most plan on the selected intention is a “test
goal” then the contents of the test is uni�ed with the elements of the belief base.
A random uni�er is selected and applied to the containing plan from which test
goal is then removed. If no such uni�cation can be made then an “add test” event
is posted to the set of events and processing follows analogously to “achieve goals”.
If the intention is an “action” then the action is executed (added to the action set
A) and removed from the plan. Alternatively, if the intention is an assertion then,
provided the assertion is ground given the current uni�er, it is added to the agent’s
beliefs and a corresponding event is generated. Finally, if the intention is a retrac-
tion, the belief base is searched for all beliefs that unify with the retraction and
these are removed, with appropriate events posted as necessary. Once the last in-
tention in a plan is achieved, it is taken from the intention stack and the achieve
goal for which it was created is also removed.
 e primary motivation for having an event driven language/architecture is

that it allows plan selection to be delayed until the last moment before a single
plan must be committed to.  is allows the agent to make use of the most up-
to-date information when deciding on the appropriateness of various alternatives.
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 is is advantageous because the di�erence between the belief base at the time of
dispatching the event and the time at which it is actually processed may be consid-
erable. Because many plans may respond to the same event, the context provides
a means for selecting only those appropriate for the given environmental condi-
tions and through the uni�cation process adapts the generic plan to the speci�c
situation. However, the uni�cation process does not guarantee a unique plan for
a given event and in many cases may give rise to more options.  e event driven
framework also facilitates the use of recursion as the primary repetition construct.

1 void Reason() {
2 B = beliefs;
3 P = plans;
4 A = ∅;
5 E = ∅;
6 I = ∅;
7 while(⊺) {
8 p = perceive();
9 ⟨B, E ′⟩ = BRF(B, p);
10 E = E ∪ E ′;
11 if (E ≠ ∅) {
12 Process−Event(E ,B,P , I);
13 }
14 if (I ≠ ∅) {
15 Process−Intention(E ,B, I ,A);
16 }
17 }
18 }

Algorithm 2.1: Abstract AgentSpeak Interpreter (as adapted from [77])

 e AgentSpeak interpreter (algorithm 2.1) contrasts with the traditional spec-
i�cation of a BDI practical reasoning agent interpreter (algorithm 2.5) in that the
traditional approach is purely procedurally speci�ed whereas AgentSpeak is inher-
ently event driven. However, the intuition and dynamics remain largely equivalent.
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1 void Clean−Intention(ι) {
2 while (first(body(top(ι))) = ⊺) {
3 x = pop(ι);
4 // where θ is a maximally general uni�er such that xθ = head(top(ι))θ
5 push(head(top(ι))θ ← rest(body(top(ι)))θ , ι);
6 }
7 }

Algorithm 2.2: Remove Complete Intention

1 void Process−Event(E ,B,P , I) {
2 ⟨τ, ι⟩ = γE(E);
3 E = E ∖ {⟨τ, ι⟩};
4 R = RelPlans(P , ⟨τ, ι⟩); // see de�nition 2.1.5 on page 46
5 if (R = ∅) {
6 // Error handling speci�es whether ε is returned to E
7 return;
8 }
9 O = ApplPlans(B,R); // see de�nition 2.1.6 on page 46
10 if (O = ∅) {
11 // Error handling speci�es whether ε is returned to E
12 return;
13 }
14 if (ι = �) {
15 I = I ∪ {γO(O)};
16 } else {
17 push(γO(O), ι);
18 }
19 }

Algorithm 2.3: Process an Event
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1 void Process−Intention(E ,B, I ,A) {
2 switch(first(body(top(γI(I))))) {
3 case ⊺: Clean−Intention(γI(I)); break;
4 case !ð(t⃗):
5 E = E ∪ ⟨+!ð(t⃗), γI(I)⟩;
6 I = I ∖ γI(I);
7 break;
8 case ?atom(t⃗):
9 pop(γI(I));
10 if (∃β ∈ B ∣ θβ = θatom(t⃗)) {
11 push(head(top(γI(I)))θ ← rest(body(top(γI(I))))θ , γI(I));
12 } else {
13 E = E ∪ ⟨+?atom(t⃗), γI(I)⟩;
14 I = I ∖ γI(I);
15 }
16 break;
17 case α(t⃗):
18 pop(γI(I));
19 push(head(top(γI(I)))← rest(body(top(γI(I)))), γI(I));
20 A =A ∪ {α(t⃗)};
21 break;
22 case +atom(g⃗):
23 B = B ∪ {atom(g⃗)};
24 E = E ∪ {⟨+atom(g⃗), γI(I)⟩};
25 pop(γI(I));
26 push(head(top(γI(I)))← rest(body(top(γI(I)))), γI(I));
27 break;
28 case −atom(t⃗):
29 for (β ∈ B ∣ ∃θ . β = atom(t⃗)θ) {
30 B = B ∖ {β};
31 E = E ∪ {⟨−β, γI(I)⟩};
32 }
33 pop(γI(I));
34 push(head(top(γI(I)))← rest(body(top(γI(I)))), γI(I));
35 break;
36 }
37 }

Algorithm 2.4: Process an Intention
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1 void BDI Control() {
2 B = beliefs;
3 I = intentions;
4 while (⊺) {
5 p = perceive();
6 B = BRF(B, p);
7 D = options(B, I);
8 I = �lter(B,D, I);
9 ρ = plan(B, I ,A);
10 while (¬(empty(ρ) ∨ succeeded(I ,B) ∨ impossible(I ,B))) {
11 α = first(ρ);
12 execute(α);
13 ρ = rest(ρ);
14 p = perceive();
15 B = BRF(B, p);
16 if (reconsider(I ,B)) {
17 D = options(B, I);
18 I = �lter(B,D, I);
19 }
20 if (¬(sound(ρ, I ,B))) {
21 ρ = plan(B, I ,A);
22 }
23 }
24 }
25 }

Algorithm 2.5: BDI Control Loop (adapted from [110])
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Rubbish Robot Example

1 adjacent(a,b).
2 adjacent(b,c).
3 adjacent(c,d).
4 adjacent(d,a).
5 location(robot,a).
6 location(bin,d).
7

8 +!location(robot,X) : location(robot,X)
9 <-
10 TRUE.
11

12 +!location(robot,X) : location(robot,Y)
13 & adjacent(Y,Z)
14 & not(location(robot,X))
15 <-
16 move(Y,Z);
17 !location(robot,X).
18

19 +location(waste,X) : not(location(robot,X))
20 & location(bin,Y)
21 <-
22 !location(robot, X);
23 pick(waste);
24 !location(robot, Y);
25 drop(waste).

Figure 2.3: Example AgentSpeak code for a rubbish robot (adapted from [77])

37



CHAPTER 2. BACKGROUND

Figure 2.3 gives a brief example of an AgentSpeak program. It demonstrates
how beliefs are speci�ed and outlines the structure of plans. As can be seen from
the syntax, AgentSpeak is heavily in�uenced by logic programming, in particular
Prolog, relying on variable substitutions, logical consequence procedures, negation
as failure and the requirement that atoms be ground before negation. Aside from
these similarities there are some di�erences between AgentSpeak and traditional
logic programming: Plans consist of an event to which they respond, a context
which must be be satis�ed with respect to the current beliefs and a list of actions
and/or goals. Contrastingly, a rule in a traditional logic program consists of a head
and body.  e sequence of actions/goals within a plan are executed in a stepwise
manner whereas the entire body of a rule is executed as a single unit.  is allows
the actions/goals of multiple plans to be interleaved.  e triggering events within
this framework, can be both data and goal directed. Plans can be invoked upon the
addition or deletion of belief(s) or directly by other plans. Conversely, in traditional
logic programming rules are only invoked upon a query or by other rules.
 e operational semantics[104, 74] of an AgentSpeak program[11, 9, 10] is a

transition system over the tuple ⟨agent,C , T , S⟩ where:�
 �	2.1.4 Definition (Operational Semantics (adapted from [10])):
 ebasis of the states in the transition system that de�nes the semantics of anAgentSpeak
program are:�
 �	agent : is the agent program de�ned according to the formal grammar (see �gure 2.1)

including the selection functions γE , γO, γI and γθ .�
 �	C : is the agent’s circumstance ⟨B,P , I , E ,A⟩ that encapsulates the elements of the
agent’s state that are persistent. B, P , I , E andA are as per de�nition 2.1.2.�
 �	T :  e elements of this tuple ⟨R,O, σ ι , σ ε , σω⟩ are the assignments an agent makes
within its mental state that are only valid within a single reasoning cycle.�
 �	R : are the (relevant) plans that have triggering events that unify with the

selected event (σ ε)[see de�nition 2.1.5].�
 �	O : are the relevant plans whose context is a consequence of the agent’s beliefs
(applicable plans)[see de�nition 2.1.6].�
 �	σ ι , σ ε , σω : are the selected intention, event and option respectively.�� ��S : the symbolic representation of the rules in the agent’s reasoning cycle:
{Init, SelEv,RelPl,ApplPl, SelAppl,AddIM, SelInt,ExecInt,ClrInt}
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Each rule in the transition system contains an antecedent, consequent and op-
tional quali�cations.  e antecedent de�nes the conditions under which the tran-
sition is valid.  e consequent is the de�nition of the transition.  e current state
must be re�ected in the tuple on the le� of the transition relation (Ð→) for the
transition to be possible.  e transition moves the state from that of the le� of the
transition relation to that on the right.  e elements of the resultant state can be re-
�ned using further quali�cations de�ning their resulting value. It should be noted
that unless otherwise indicated, the values of unmentioned components remains
unchanged.
Rule 2.1.1 is used to initialize the agent’s beliefs, plans and actions.  e beliefs

and plans are initialized from the supplied agent program (agent).  e actions are
initialized to the empty set. It corresponds to lines 2 to 6 of algorithm 2.1 and lines 2
to 3 of algorithm 2.5.

⊺
⟨agent,C , T , Init⟩Ð→ ⟨agent,C′, T , SelEv, ⟩

�
�

�
�

Rule 2.1.1
Init

where: C′
B
= agentB, C′

P
= agentP , C′

A
= ∅, C′

E
= ∅ and C′

I
= ∅

Rules 2.1.2 and 2.1.3 formalize the process of selecting an event and removing it
from the set of events. When there are no events the agent proceeds to processing its
intentions instead.  ese rules capture the intuition of lines 11 to 13 of algorithm 2.1
and lines 2 to 3 of algorithm 2.311.

agentγE(CE) = ⟨τ, ι⟩
⟨agent,C , T , SelEv⟩Ð→ ⟨agent,C′, T ′,RelPl⟩

�
�

�
�

Rule 2.1.2
SelEv1

where: C′
E
= CE ∖ {⟨τ, ι⟩} and T ′

σ ε = ⟨τ, ι⟩

11 e process of inspecting the environment and incorporating this into the agent’s beliefs re-
mains beyond the current state of the art in published semantics for AgentSpeak.  us there is no
rule pertaining to this.
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CE = ∅
⟨agent,C , T , SelEv⟩Ð→ ⟨agent,C , T , SelInt⟩

�
�

�
�

Rule 2.1.3
SelEv2

 e process of generating the set of relevant plans is formalized in rules 2.1.4
and 2.1.5. Rule 2.1.4 handles the case when the set of relevant plans is not empty.
Rule 2.1.5 handles the case where the set of relevant plans is empty and forwards
processing onto intention execution.  ese rules capture the essence of lines 5 to 8
of algorithm 2.3 and line 7 of algorithm 2.5. Central to the operation and meaning
of these rules is the function RelPlans(CP , τ) (de�nition 2.1.5).

Tσ ε = ⟨τ, ι⟩ ∧ RelPlans(CP , τ) ≠ ∅
⟨agent,C , T ,RelPl⟩Ð→ ⟨agent,C , T ′,ApplPl⟩

�
�

�
�

Rule 2.1.4
RelPl1

where: T ′
R
= RelPlans(CP , τ)

Tσ ε = ⟨τ, ι⟩ ∧ RelPlans(CP , τ) = ∅
⟨agent,C , T ,RelPl⟩Ð→ ⟨agent,C , T , SelInt⟩

�
�

�
�

Rule 2.1.5
RelPl2

Applicable plans are captured in the semantics by way of rules 2.1.6 and 2.1.7
which apply the function ApplPlans(CB , TR) (see de�nition 2.1.6).  is function
is the generator for the agent’s options provided the agent’s beliefs and relevant
plans.  ese rules capture the spirit of lines 9 to 13 of algorithm 2.5 and line 8 of
algorithm 2.3.
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ApplPlans(CB , TR) ≠ ∅
⟨agent,C , T ,ApplPl⟩Ð→ ⟨agent,C , T ′, SelAppl⟩

�
�

�
�

Rule 2.1.6
ApplPl1

where: T ′
O
= ApplPlans(CB , TR)

ApplPlans(CB , TR) = ∅
⟨agent,C , T ,ApplPl⟩Ð→ ⟨agent,C , T ′, SelInt⟩

�
�

�
�

Rule 2.1.7
ApplPl2

Given there are applicable plans to choose from, this rule (rule 2.1.8) applies
the option selection function to the available options. Although di�erent in imple-
mentation, this corresponds intuitively to line 9 of algorithm 2.5 in that both result
in a single means for the achievement of the agent’s intention(s). In conjunction
with rules 2.1.10 and 2.1.9 the correlation with lines 14 to 18 of algorithm 2.3 is clear.

agentγO(TO) = ⟨ρ, θ⟩
⟨agent,C , T , SelAppl⟩Ð→ ⟨agent,C , T ′,AddIM⟩

�
�

�
�

Rule 2.1.8
SelAppl

where: T ′
σω = ⟨ρ, θ⟩

Tσ ε = ⟨τ, �⟩ ∧ Tσω = ⟨ρ, θ⟩
⟨agent,C , T ,AddIM⟩Ð→ ⟨agent,C , T ′, SelInt⟩

�
�

�
�

Rule 2.1.9
ExtEv

where: C′
I
= CI ∪ {[ρθ]}
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Tσ ε = ⟨τ, ι⟩ ∧ Tσω = ⟨ρ, θ⟩
⟨agent,C , T ,AddIM⟩Ð→ ⟨agent,C , T ′, SelInt⟩

�
�

�
�

Rule 2.1.10
IntEv

where: C′
I
= CI ∪ {ι[ρθ]}

Intention selection is achieved in rules 2.1.11 and 2.1.12 through the applica-
tion of the customizable intention selection function. Again, there is a close rela-
tion between this rule and portions of the AgentSpeak interpreter (line 15 of algo-
rithm 2.1 and line 2 of algorithm 2.4). Here, however, the close relationship with the
generic BDI control loop of algorithm 2.5 is broken.  e di�erences in approach
become apparent and irreconcilable.  e classic BDI loop adopts a single com-
pletely ground12 plan with which it aims to satisfy all of its concurrent intentions.
 e plan is reconsidered whenever the environment evolves in such a way to inval-
idate it. AgentSpeak, on the other hand, maintains multiple partially instantiated
plan stacks for each focus of intention it is committed to. Planning is incremental
and utilizes sub-goals as the mechanism for this. Once intended, validity checking
of the agent’s plans is relaxed and progresses in concert with the agent’s current
focus.

CI ≠ ∅ ∧ agentγI(CI) = ι
⟨agent,C , T , SelInt⟩Ð→ ⟨agent,C , T ′,ExecInt⟩

�
�

�
�

Rule 2.1.11
SelInt1

where: T ′
σ ι = ι

CI = ∅
⟨agent,C , T , SelInt⟩Ð→ ⟨agent,C , T ′, SelEv⟩

�
�

�
�

Rule 2.1.12
SelInt2

12A ground plan is one in which all actions are primitive and contain no outstanding variable
bindings.
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 e following rules 2.1.13 to 2.1.18 embody the mechanisms for handling the
di�erent types of goal available in the body of AgentSpeak plans. As such, each
rule is the formalization of the corresponding case in algorithm 2.4.

Tσ ι = ι[τ ∶ ϖ ← α; π]
⟨agent,C , T ,ExecInt⟩Ð→ ⟨agent,C′, T ′,ClrInt⟩

�
�

�
�

Rule 2.1.13
Action

where: C′
A = CA ∪ α

T ′
σ ι = ι[τ ∶ ϖ ← π]
C′
I = (CI ∖ {Tσ ι}) ∪ {T ′

σ ι}

Tσ ι = ι[τ ∶ ϖ ← !atom; π]
⟨agent,C , T ,ExecInt⟩Ð→ ⟨agent,C′, T , SelEv⟩

�
�

�
�

Rule 2.1.14
AchvGl

where:C′
E = CE ∪ {⟨+!atom, Tσ ι⟩}

C′
I = CI ∖ {Tσ ι}

Tσ ι = ι[τ ∶ ϖ ← ?atom; π] ∧ {θ ∣ atomθ ∈ Cn(CB)} ≠ ∅
⟨agent,C , T ,ExecInt⟩Ð→ ⟨agent,C′, T ,ClrInt⟩

�
�

�
�

Rule 2.1.15
TestGl1

where:T ′
σ ι = ι[(τ ∶ ϖ ← π)]θ′

θ′ = agentγθ({θ ∣ atomθ ∈ Cn(CB)})
C′
I = (CI ∖ {Tσ ι}) ∪ {T ′

σ ι}
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Tσ ι = ι[τ ∶ ϖ ← ?atom; π] ∧ {θ ∣ atomθ ∈ Cn(CB)} = ∅
⟨agent,C , T ,ExecInt⟩Ð→ ⟨agent,C′, T ,ClrInt⟩

�
�

�
�

Rule 2.1.16
TestGl2

where:C′
E = CE ∪ {⟨+?atom, Tσ ι⟩}

C′
I = CI ∖ {Tσ ι}

Tσ ι = ι[τ ∶ ϖ ← +β; π]
⟨agent,C , T ,ExecInt⟩Ð→ ⟨agent,C′, T ′,ClrInt⟩

�
�

�
�

Rule 2.1.17
AddBel

where: C′
B = CB ∪ {β}

C′
E = CE ∪ {⟨+β, �⟩}

T ′
σ ι = ι[τ ∶ ϖ ← π]
C′
I = (CI ∖ {Tσ ι}) ∪ {T ′

σ ι}

Tσ ι = ι[τ ∶ ϖ ← −atom; π]
⟨agent,C , T ,ExecInt⟩Ð→ ⟨agent,C′, T ′,ClrInt⟩

�
�

�
�

Rule 2.1.18
DelBel

where: C′
B = CB ∖ {β ∈ CB ∣ ∃θ . β = atomθ }

C′
E = CE ∪ {⟨−β, �⟩ ∣ β ∈ CB ∧ ∃θ . β = atomθ }

T ′
σ ι = ι[τ ∶ ϖ ← π]
C′
I = (CI ∖ {Tσ ι}) ∪ {T ′

σ ι}

 ese rules (rules 2.1.19 to 2.1.21) handle the clearing of intentions whose ends
have been met by their completed means. Cumulatively, they correspond to algo-
rithm 2.2.
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Tσ ι = [τ ∶ ϖ ← ⊺]
⟨agent,C , T ,ClrInt⟩Ð→ ⟨agent,C′, T , SelEv⟩

�
�

�
�

Rule 2.1.19
ClrInt1

where: C′
I
= CI ∖ {Tσ ι}

Tσ ι = ι[τ′ ∶ ϖ′ ← ð; π][τ ∶ ϖ ← ⊺]
⟨agent,C , T ,ClrInt⟩Ð→ ⟨agent,C′, T ,ClrInt⟩

�
�

�
�

Rule 2.1.20
ClrInt2

where:C′
I = (CI ∖ {Tσ ι}) ∪ {ι[(τ′ ∶ ϖ′ ← π)θ]}
θ = agentγθ({θ ∣ θτ = θð})

Tσ ι ≠ [τ ∶ ϖ ← ⊺] ∧ Tσ ι ≠ ι[τ ∶ ϖ ← ⊺]
⟨agent,C , T ,ClrInt⟩Ð→ ⟨agent,C , T , SelEv⟩

�
�

�
�

Rule 2.1.21
ClrInt3

 e above transition system can be visualized as follows:
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E ≠ ∅
E = ∅

R = ∅

O = ∅
O ≠ ∅

I = ∅

R ≠ ∅

Init

SelEv

RelPl

ApplPl

SelAppl

AddIM

SelInt

ExecInt

I ≠ ∅

ClrInt

σι = ι[τ′ ∶ ϖ′← ð; π][τ ∶ ϖ ← ⊺]

σι = ι[τ ∶ ϖ ← !atom; π]

σι = ι[τ′ ∶ ϖ′← ð; π][τ ∶ ϖ ← ⊺]

Figure 2.4: AgentSpeak State Transition Diagram�
 �	2.1.5 Definition (Relevant Plans):
 erelevant plans include all the plans in the input plan library (P) that have a trigger
that can be uni�ed with the input triggering event (τ′).  us the relevant plan set is
the set of such plans and their associated uni�ers.

RelPlans(P , τ′) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
⟨ρ, θ⟩

RRRRRRRRRRRRRR

ρ ∈ P∧
ρ = τ ∶ ϖ ← π∧
θτ = τ′θ

⎫⎪⎪⎪⎬⎪⎪⎪⎭�
 �	2.1.6 Definition (Applicable Plans):
 e applicable plans are those in the input set of plan (ρ), uni�er (θ) pairs (R) such
that the input belief base (B) entails the context of the plan given the existing uni�er
(θ) and any additional bindings necessary (θ′).

ApplPlans(B,R) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩
⟨ρ, θ′ ○ θ⟩

RRRRRRRRRRRRRR

⟨ρ, θ⟩ ∈R∧
ρ = τ ∶ ϖ ← π∧
ϖθθ′ ∈ Cn(B)

⎫⎪⎪⎪⎬⎪⎪⎪⎭
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AgentSpeak has been extended along a number of axis since its introduction:
e�cient intention selection mechanisms utilizing decision-theoretic task schedul-
ing [7]; speech act base inter-agent communication [68]; plan exchange [4]; con-
straints and optimization goals [26]; ontological reasoning [69]; and automated
belief revision [3].
Much of the motivation for the development of AgentSpeak was to bridge the

gap between implemented agent systems and their theoretical underpinnings. To
this end, a subset of AgentSpeak (as presented here) has been veri�ed[12, 11] to
satisfy the asymmetry thesis and other philosophical requirements of rationality
as formalized in BDI logic. Additionally an approach to the veri�cation of the
properties of AgentSpeak programs via model checking has been developed [8].
In proving the asymmetry thesis, the following equivalences were proposed for the
beliefs, desires and intentions of an AgentSpeak agent.�
 �	2.1.7 Definition (Belief):
An agent in circumstance C believes a formula ϕ provided ϕ is a logical consequence
of the agent’s belief [11].

(BelC ϕ) ≡ ϕ ∈ Cn(CB)�
 �	2.1.8 Definition (Intention):
An agent in circumstance C intends a formula ϕ provided ϕ is the content of an
achieve event that is the triggering event of a plan within the agent’s intentional struc-
ture or part of an intention currently associated with an event in the agent’s pending
events [11].

(IntC ϕ) ≡ ϕ ∈ ⋃
ι∈CI
agls(ι) ∨ ⋃

⟨τ,ι⟩∈CE
agls(ι)

where:

agls(�) = ∅

agls(ι[ρ]) =
⎧⎪⎪⎨⎪⎪⎩

{atom} ∪ agls(ι) if ρ = +!atom ∶ ϖ ← π
agls(ι) otherwise�
 �	2.1.9 Definition (Desire):

An agent in circumstance C desires a formula ϕ provided the agent intends it or there
is an achieve event pending such that ϕ is its content [11].

(DesC ϕ) ≡ ⟨+!ϕ, ι⟩ ∈ CE ∨ (IntC ϕ)
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As demonstrated in [11, 12] AgentSpeak satis�es the following axioms:

Axiom Satis�ed?

⊧ (Int ϕ)→ ¬ (Bel ¬ϕ) �
/⊧ (Int ϕ)→ (Bel ϕ) ⊺
/⊧ (Bel ϕ)→ (Int ϕ) ⊺
⊧ (Int ϕ)→ ¬ (Des ¬ϕ) ⊺
/⊧ (Int ϕ)→ (Des ϕ) �
/⊧ (Des ϕ)→ (Int ϕ) ⊺
⊧ (Des ϕ)→ ¬ (Bel ¬ϕ) �
/⊧ (Des ϕ)→ (Bel ϕ) ⊺
/⊧ (Bel ϕ)→ (Des ϕ) ⊺

Table 2.6: AgentSpeak and the Asymmetry  esis

Intention Revision

For an agent to appropriately balance the commitment it places in a given intention
against the opportunities such an intention prohibits and the dynamic properties of
the environment on which it depends, appropriate intention reconsideration poli-
cies are necessary. Such policies must provide computationally e�cient approxi-
mations of the bene�ts of reconsideration so that the cost of reconsideration can be
avoided when reconsideration cannot be justi�ed. A number of techniques have
been applied to this end and experimentally evaluated in the context of the Tile-
world[76] benchmark domain.  e �rst such methodologies[61, 62, 63] were static
policies that reconsidered intentions at �xed intervals. When the interval between
reconsideration was small, an agent was claimed to act cautiously. In contrast, as
the interval between reconsideration operations increased, the agent’s boldnesswas
said to increase. An agent’s boldness was then evaluated against di�erent environ-
mental factors and di�erent costs of planning.  e life-expectancy of holes, that
de�ned how long a hole persisted in the environment, was varied.  e gestation
period, too, was controlled.  e gestation period de�ned the interval between the
appearance of successive holes.  e time to process perception information, called
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the time cost of sensing, was another control variable.  e dynamism of the envi-
ronment, which determined the ratio of environment cycles to the number of agent
reasoning cycles, was another factor examined during the testing.  e accessibility
the agent had to the information in the environment was also controlled.  e ac-
cessibility was de�ned as the proportion of the environment the agent can receive
sense information from. Another control was the determinism of the environment.
 is determined the probability with which actions produced their expected ef-
fects. Finally, the noise inherent in the agent’s sensors was varied in a controlled
way.  is determined the probability with which the information provided to the
agent was accurate. Given these varied environmental factors, an agent’s e�ective-
ness was determined as the proportion of the number of holes visited given the to-
tal number of holes it may have potentially visited.  e experiments demonstrated
that:�
 �	1.  e e�ectiveness of an agent decreased as the dynamism of the environment

and the boldness of the agent increased. As the boldness of the agent in-
creased it re-planned less frequently. As the dynamism of the environment
increased, holes appeared and disappeared more rapidly.  is resulted in
holes disappearing before the agent was capable of reaching them.�
 �	2.  e cost of planning was more in�uential on the success of cautious agent’s
than those that were bold.  is follows directly from the fact that a cautious
agent will re-plan more frequently than a bold agent and thus incur the ad-
ditional cost more frequently.�
 �	3.  ecost of planningwasmore in�uential on e�ectiveness than the dynamism
of the environment.�
 �	4. When the agent’s accessibility was limited, the amount of deliberation an
agent engaged in did not in�uence its e�ectiveness.  is was due to the lack
of information for the agent to deliberate over.  is rendered deliberation in-
e�ective. As accessibility increased, so did the agent’s e�ectiveness. A corol-
lary, was that planning cost was shown irrelevant in light of varied accessi-
bility.�
 �	5.  e e�ectiveness of an agent was demonstrated to be increase linearly with
respect to the accuracy of the information with which it was provided.�
 �	6. Dynamism of the environment was more in�uential on agent e�ectiveness
than accessibility.
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�
 �	7. Accessibility to the environment is of greater importance to agent e�ective-
ness than determinism.�
 �	8. Dynamism is more in�uential than determinism.

 e reasoning capabilities of the agents in questionwere then extended tomore
sophisticated reconsideration strategies and the experiments revisited[90, 91, 92,
73].  e �rst such strategy was that of discrete deliberation scheduling that treats
the choice to act and the choice to deliberate as actions. Decision theory was then
utilized to select the “action” with the highest utility, be it reconsideration or ac-
tion.  us, the reconsideration function of algorithm 2.5 can be implemented as a
function that:�
 �	1. generates a utility for the default action (the �rst action in the agent’s cur-

rently executing plan) through conditionalizing the probability of the action
generating a particular state of the environment by the utility of that state of
the environment;�
 �	2. generates the utility of deliberating given the agent’s beliefs about the state
and dynamics of the environment; and,�
 �	3. choosing to deliberate only when the utility of doing so is greater than the
utility of acting (see algorithm 2.6).

 e abstract discrete deliberation scheduling algorithm (algorithm 2.6) was then
specialized for the Tileworld domain [93].  e utility of a given state of the envi-
ronment (U e(e)) was de�ned as the inverse of the distance the agent is in that
environment state from the hole the agent intends to move towards.  e utility of
deliberation Uα(deliberate) was de�ned as the average distance between the agent
and every location on the Tileworld divided by the estimated number of new holes
that have appeared since the agent last deliberated.  e resulting agent was then
shown to be as e�ective as the better performing of the cautious and bold agents
for each scenario while executing fewer actions to do so.
 e second approach applied to intention reconsideration in the context of the

Tileworld was the o�-line solution of a partially observable Markov decision pro-
cesses to generate an optimal reconsideration strategy [92]. A partially observable
Markov decision process is a system of states, such that at any time the system is in
one of these states, the current state cannot be determined with complete certainty
and transitions between states are the result of the execution of named actions.
 us, these systems can be formalized as a tuple ⟨S ,A,O , R, T⟩ where:
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1 boolean reconsider(B, I) {
2 ρ = γI(I);
3 αdefault = first(ρ);
4 Uα(αdefault) =∑e∈E P(e ∣ αdefault)U e(e);
5 Uα(deliberate) = computeUtility(B);
6 if (Uα(deliberate) > Uα(default)) {
7 return ⊺;
8 }
9 return �;
10 }

Algorithm 2.6: Discrete Deliberation Scheduling

�� ��S is the set of states;�
 �	A is the set of actions;�
 �	O is an observation function that de�nes a probability distribution over the set
of observations (Ω) given a state and the action executed in the state (O ∶
S ×A↦ Π(Ω));�
 �	R is the reward function that de�nes the reward for executing a given action in a
particular state (R ∶ S ×A↦ R); and,�
 �	T is a state transition function that de�nes a probability distribution over the states
resulting from the execution of an action in a given state (T ∶ S×A↦ Π(S)).

 e generic formalization above was then adapted to the Tileworld domain
by instantiating: each state as a probability distribution over the set of states that
de�nes the agent’s beliefs and a set of propositions that constitute the agent’s inten-
tions; the set of actions as the set containing the action to deliberate and the action
to act {act, deliberate}; and, the reward function as mirroring the evaluation of the
worth of the state the agent intendswhenever the agent decides to act, and, the eval-
uation of the worth of the current state whenever the agent chooses to deliberate.
Once solved, the resulting optimal reconsideration policy, to reconsider whenever
a hole that is closer than that intended appears or the intended hole disappears,
was shown to produce an agent as e�ective, but no more, than the discrete decision
scheduling with higher overall commitment to its intentions but su�ering a higher
cost of action.

51



CHAPTER 2. BACKGROUND

2.2 Effects

 ere are a myriad of purposes to which reasoning with the outcomes of action
can be applied. Subsequently, this variety of purposes is re�ected in the multitude
of reasoning mechanisms developed to satisfy these applications.  is diversity
of reasoning procedures has led to the development of a substantial number of
representations that ease the reasoning required to comply with one or more of
these applications. A non-exhaustive selection of these representation and reason-
ing schemes will be presented below. Following this, a number of strategies for the
monitoring of e�ects and environments will be outlined.

2.2.1 Representation & Reasoning

 e representation of, and reasoning with, actions and their e�ects is of central
concern in practical reasoning systems.  is follows from the need of such sys-
tems to reason from the ends they desire and intend to means by which they may
be achieved. However, this is not the only problem that formalizations of action
and e�ects are utilized to solve. Such formalisms can be used deductively to rea-
son from a speci�cation of actions, their e�ects and their order of execution towhat
holds as a result.  ey can be applied to explain the timing of action execution from
a speci�cation of the consequences of actions and speci�cations of the world at par-
ticular time points. Alternatively, they can be used to induce the consequences of
action in light of information regarding the timing of action execution and the state
of the world over time. Consequently, there are a number of, related but distinct,
perspectives from which this issue has been investigated: logical speci�cation and
logic programming, planning, and action languages.
 e logical approach to reasoning with action and e�ect requires an axioma-

tization of the problem such that it is reduced to that of theorem-proving.  us,
it builds upon the rigour of logic, leverages the e�ciency of pre-existing and opti-
mized theorem-proving systems while inheriting the formal semantics of the un-
derlying logic which in turn facilitates correctness proofs.
 e situation calculus is a formalization of action and e�ect in �rst-order pred-

icate logic. It de�nes an ontology that includes situations, �uents and actions. Flu-
ents are predicates and functions whose interpretations are situation dependent.
 us, they are relations or functions that contain a single distinguished situation
argument which de�nes their evaluation. Situations have two widely accepted in-
terpretations: as a snapshot of the universe[95]; or as a history of named actions
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rooted at a special initial situation[88]. In both cases, the situation calculus implic-
itly de�nes time as a branching structure rooted at an initial situation.
When viewing situations as descriptions of the universe at a given instant of

time, the axiomatization typically utilizes a single special functionResult and a spe-
cial predicate Holds.  e result function (Result(a, s)) maps the current situation
s to the situation resulting from executing the action a in s.  e Holds( f , s) predi-
cate denotes that �uent f is true in situation s. E�ect axioms are then de�ned using
Holds and Result. E�ect axioms have the form ∀s[Holds(β,Result(α, s) ← Π] or
∀s[¬Holds(β,Result(α, s)← Π] where:�
 �	Π is a �rst-order formula that de�nes additional conditions under which Holds

attains its truth value. It may be empty butmay not refer to situations outside
of Holds predicates;�� ��s is a variable that ranges over situations;�� ��β is a formula that holds in the situation resulting from executing action α in s.

 is approach utilizes all the expressiveness of �rst-order logic and thus must uti-
lize techniques to overcome the problems inherent in doing so.  ese problems are
discussed in detail on page 54.  e traditional mechanism for doing so is to adopt
Circumscriptionwhich augments �rst-order logic with a second-order formula that
minimizes of the set of objects of which a predicate holds. By carefully selecting
the predicates to minimize, this representation facilitates the expression of domain
constraints, rami�cations, concurrency, non-determinism, continuous change for
reasoning both forwards and backwards through time.
When interpreting situations as histories of named actions, the progression of

situations is de�ned according to a distinguished function symbol do which maps
situations and actions to the situation resulting from executing the action argu-
ment in the context of the situation argument13.  e preconditions de�ning the
applicability of a particular action are de�ned using Poss predicates of the form
Poss(A(x⃗), s) ≡ ΠA(x⃗ , s) where A is the action in question, s is a variable that rep-
resents situations andΠ is a �rst-order formula 14 that de�nes the conditions under
which the action is applicable.  e e�ects of actions are de�ned using successor state
axioms which are of the form:

13 is plays the same role as that of Result.
14It may not, however, reference the special function do.
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�
 �	2.2.1 Definition (Relational Fluent Successor State Axioms):

F(x⃗ , do(a, s)) ≡ γ+F(x⃗ , a, s) ∨ F(x⃗ , s) ∧ ¬γ−F(x⃗ , a, s).

 is axiom form simply states that relational �uent F holds in the situation result-
ing from doing a in s i� a is one of the actions that cause F to hold, or F was already
held to be true and a is an action that does not cause F to become false.�
 �	2.2.2 Definition (Functional Fluent Successor State Axioms):

f (x⃗ , do(a, s)) = y ≡ γ f (x⃗ , y, a, s) ∨ f (x⃗ , s) = y ∧ ¬(∃y′)γF(x⃗ , y′, a, s)

Similarly, this axiom form states that functional �uent f takes the value y in the
situation resulting from executing a in situation s if and only if a is an action that
causes f to evaluate to y, or y already evaluated to y in situation s and a is not an
action that causes f to take on an evaluation y′ that is not y.
 is particular style of axiomatization is advantageous in that it avoids many

of the di�culties other styles of formalization su�er15. It is also succinct, in that
an axiomatization using this approach increases in the number of axioms linearly
with the number of �uents and actions. However, unlike approaches that utilize
non-monotonic consequence relations, domain constraints must be compiled into
the successor state axioms instead of standing independently.
 e situation as histories of named actions interpretationhas been transformed,

modulo a number of representational constraints, into logically equivalent Prolog
programs.  ese Prolog programs provide an e�cient implementation, using re-
gression from the query to the initial situation, for answering queries of domains
speci�ed in this representation.  is subset of the situation calculus, in conjunction
with a number of procedurally inspired macros, constitutes the dynamic systems
programming language GoloG[64] and its decendants[31, 27, 28, 30].
As a consequence of the openness with respect to the truth of formulæ �rst-

order logic facilitates, a number of problems arise in the process of axiomatizing
a given situation calculus theory.  e �rst and most widely studied is known as
the frame problem. In any axiomatization of a dynamic system, not only must the
changes between situations as a consequence of executing a particular action be
made explicit, but also what does not change. In general it is assumed that change
is the exception and therefore any solution to the frame problem must be able to
deduce from a speci�cation of what does change all that does not.

15In particular, it provides a solution to the frame problem, which will be discussed later.
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A similar issue, called the quali�cation problem requires the axiomatization to
conclude that the listed preconditions for the applicability of actions are complete.
 is is required in order to prevent the assumption of additional conditions that
invalidate correct conclusions in particular reasoning tasks. Typically, this problem
arises when generating explanatory narratives given incomplete information about
the occurrence or lack thereof of particular actions.
A third related problem is that of the rami�cations of actions.  is includes the

indirect e�ects of action and their relationship to unchanging constraints of the
environment.  is issue is particularly acute when rami�cations lead to domino
like chains of events. Again, this is a minimization problem stemming from the
intuition that the occurrence of events is exceptional, the non-occurrence is the
norm.  us, a reasoning procedure should minimize the occurrence of exogenous
events as a consequence of domain constraints to include only those exogenous
actions that are necessary.
 e situation calculus ontology [88], although simple, has been demonstrated

to be su�ciently rich as to model domains containing continuous, concurrent, ex-
ogenous and stochastic actions with rich rami�cations and interactions without
modi�cation to the foundational axioms.
 e �uent calculus[101] is an extension of the situation calculus that introduces

the concept of a state. A state is a collection of �uents that hold at a given instant
of time collected together using the special function “○”.  is conceptualization of
state requires extended uniqueness of names assumptions beyond those employed
in the standard situation calculus described above.  e equality of states is de�ned
according to the equality of the �uents contained therein. Each state may contain
multiple instances of a given �uent such that a○a○b ≠ a○b○b. In a later axiomati-
zation[103] this was changed so that ○ was idempotent and consequently operated
much like the union (∪) operator of set theory. Each situation is associated with the
state of the �uents that hold in that situation using the State(s) function where s is
the situation in question.  us, each relational �uent becomes rei�ed (a Boolean
function term) instead of retaining its status as a predicate.  e e�ects of actions
are speci�ed according to state update axioms that de�ne the state that holds as a
consequence of executing a particular action.  ese take the form:�
 �	2.2.3 Definition (Universal state update axioms):

Π(s)→ Γ[State(Do(a, s)), State(s)]
where s is the current situation; State(Do(a, s)) is the state resultant from execut-
ing action a in state State(s) associated with s; and Γ is a set of conditions that

55



CHAPTER 2. BACKGROUND

will hold in state State(Do(a, s)) provided Π holds in the state State(s) associated
with s.  e advantage of this form of axiomatization is that the number of times
state update axioms are referenced in proofs are typically fewer than the number
of times successor state axioms are referenced in equivalent formalizations in the
traditional situation calculus discussed above.  is e�ciency increase comes at the
expense of richer equality constraints, the cost of which has been o�set by e�cient
equality solvers. Just as the (simpli�ed) situation calculus has been embodied in
practical robotic systems via the GoloG (and successors) implementation, so has
the (simpli�ed) �uent calculus in the form of FLUX[102, 100]. FLUX di�ers in that
it sacri�ces the completeness of its reasoning engine for e�ciency. Its design is
such that it avoids another of the primary disadvantages of the situation calculus
approach in that the agent’s representation of the world is progressed with time.
 is avoids the need to reason back to the initial situation in order to draw con-
clusions.  e e�ciency gains of doing so are signi�cant, particularly in scenarios
where the tasks required of the agent have non-trivial durations.
 e event calculus[96] is another approach to formalizing dynamic systems. It,

unlike the situation calculus and its extension the �uent calculus, is a linear rather
than a branching time logic.  is follows from the choice of representing time
explicitly. Also, like the �uent calculus, all �uents are rei�ed and consequently can
be quanti�ed over.  e basic predicates that de�ne the event calculus are as follows:�
 �	Initiates(α, β, τ) : β starts to hold a�er α is executed at time τ.�
 �	Terminates(α, β, τ) : β ceases to hold a�er α is executed at time τ.�
 �	InitiallyT(β) : β holds initially (at time 0).�
 �	InitiallyF(β) : β does not hold initially (at time 0).�
 �	τ1 < τ2 : time τ1 is earlier than τ2.�
 �	Happens(α, τ1, τ2) : α begins executed at time τ1 and completes at time τ2.�
 �	HoldsAt(β, τ) : β holds at time τ.�
 �	Releases(α, β, τ) : β no longer obeys the law of inertia a�er α is executed at time

τ.
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�
 �	Clipped(τ1, β, τ2) : �uent β is terminated between τ1 and τ2.�
 �	Declipped(τ1, β, τ2) : �uent β is initiated between τ1 and τ2.�
 �	Cancels(α1, α2, β) : when executed concurrently, α1 cancels the e�ect β of α2.�
 �	Canceled(α, β, τ1, τ2) : an event occurs during the interval τ1 − τ2 which cancels
the β e�ect of α.�
 �	Trajectory(β1, τ, β2, δ) : if β1 becomes true at τ then β holds at τ + δ.

Using circumscription, as in the circumscribed situation calculus, to minimize
the extension of the Initiates, Terminates, Happens, Releases, Trajectory and Can-
cels predicates allows the event calculus to avoid the traditional issues of logical
formalisms of actions: namely the frame and rami�cation problems.  e mini-
mization of Initiates and Terminates provides completeness for the e�ects of ac-
tions and the minimization of Happens provides completeness for the occurrence
of events. Minimizing Releases ensures that only the required predicates are freed
from the common-sense laws of inertia. Minimizing Cancels ensures that the in-
teractions between concurrent actions are limited to those stated and minimizing
Trajectory prevents extraneous events triggered as a consequence of values reach-
ing their speci�ed thresholds.
Planning systems, in contrast to logical methods, abandon the formality of log-

ical speci�cation in favour of custom planning algorithms, heuristics and incom-
plete search.  is enables these systems to scale to problems beyond the capabili-
ties of current theorem-proving mechanisms.  e prototypical example of such a
system is that of STRIPS[39]. In this approach dynamic systems are speci�ed as a
database of facts and a set of operators that can be applied to modify the database.
 e database constitutes a formalization of the initial state of the domain in a suit-
able formalism such as �rst-order logic. Each operator represents an action rou-
tine whose execution results in the embodiment of the system taking certain ac-
tions in the environment in which it is embedded. Operators are de�ned as a tuple
⟨N , P,D,A⟩where N is the name of the operator de�ned as a well-formed formula
of the logic underlying the database; P is the precondition for the applicability of
the operator, again represented as a formula of the database theory; A is a list of
well-formed formula that must be added to the database as a consequence of ap-
plying the operator and D is a list of formula to be removed from the theory as a
consequence of operator application.
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Typically operators are not de�ned explicitly but are provided as operator schema.
 e variables in the schema are not logical variables but place holders for con-
stants from the logical theory.  ese schema variables are substituted through the
process of determining the applicability of a particular operator given the current
database. If there is an instance of the precondition that logically follows from the
database then the operator is applicable with the schema variables replaced uni-
formly throughout the operator with the corresponding logical constants from the
instance derived from the database.
In order to delete all database facts that match a particular formula schema,

special variables that can match anything are available in delete lists.  ese match
any variables take the value of all constants from the database such that the database
entails the resulting substitution into the well-formed formula to be deleted. So
as to ensure that a deleted formula cannot hold via inference within the database
subsequent to being deleted, the database is partitioned into primitive and non-
primitive predicates. Delete lists are then restricted to these primitive predicates.
Each non-primitive predicate is associated with each primitive predicate on which
its validity depends. When any of these primitive dependencies are deleted from
the database, so are all non-primitive dependants.
 e search procedure is not complete, it only applies relevant operators to the

current database instead of all of them. A relevant operator is one such that either
the add or delete list removes a di�erence between the current database and the goal
clause. Note that an operator schemamay producemultiple relevant operators such
that the logical variable/schema variable substitutions are distinct.  is distance
metric between a formula and theory guides the search and avoids the application
of many operators that do not move the database towards the goal.
In the same way the logical speci�cations of actions and e�ects have been ex-

tended to support probabilistic e�ects, concurrent actions, sense actions and on-
line execution so has the STRIPS formulation and its derivative approaches.
Moremodern automated planning approaches[48] tend tomaintain the STRIPS

representation or representations similar to it.  ey di�er primarily in their use of
more advanced heuristics.  ese may be directly applied to the STRIPS style rep-
resentation or via translations to other formalisms so as to take advantage of the
e�cient solvers for the target representation. An example of the former approach
is the utilization of AND/OR graphs to dramatically constrain the search space in
GraphPlan like systems. Examples of the second include translations into Satis�a-
bility (SAT), Constraint Satisfaction (CSP) orModel Checking problems. Typically
extensions to the STRIPS representation to facilitate the use of more of the target
solvers capabilities follow in cases where the second strategy is adopted.
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Action languages[43] are formalizations of causal reasoning that use a natu-
ral English language like syntax.  eir semantics derive from transition systems
that consist of states, a �uent evaluation function that maps �uents and states into
values and a set of triples that de�ne the states resultant from executing an action
in a state.  ese triples will be designed such that the traditional problems of the
logic approach to action are avoided.  ese languages are typically separated into
action descriptions languages and action query languages. Action description lan-
guages de�ne a transition system and the action query languages allow assertions
about transition systems to be expressed. Provided a transition system and a query,
the reasoning task is to �nd whether the assertion holds in the provided transition
system.  ere are a number of action description languages: A,B, C and a number
of action query languages: P ,Qn ,Rn.
 e action description language A allows transition systems to be built from

statements of the form: A causes L if F.  is expresses a dynamic law that states
that the action/transition A causes literal L to hold in the resulting state provided
the �uent F held in the initial state.
 e action description language B is an extension of A in that it facilitates the

expression of indirect e�ects of action through the speci�cation of static laws16 that
de�ne constraints on the truth of related �uents/literals in all states.  ese laws
take the form: L if F. Laws of this form state that whenever the �uents F hold in a
particular state, literal L must hold also17.
 e action description language C takes an alternative approach to B. It pro-

vides additional expressiveness, without being a strict super-set. It facilitates the
description of non-deterministic and concurrent actions and the ability to sup-
press the laws of inertia as necessary. Transaction systems are speci�ed in C using
“caused F if G” for static laws and “caused F if G a�er U” for dynamic laws.  e
static law: “caused F if G” states that the �uent(s) F are caused whenever the �u-
ent(s) G hold.  e dynamic law “caused F if G a�er U” states that the �uent(s) F
hold a�er the formulaU holds of the transition system (whichmay include actions
as well as �uents) provided G holds.
 e action query language P facilitates the posing of queries about the current

state of the world, or the e�ects of sequences of actions (i.e. projection problems).
 e syntax for doing so is “now F” and “necessarily F a�er A1; . . . ;Ak”. A query
of the form: now F is satis�ed provided the initial state of the transition system
satis�es F. Queries pertaining to the truth of a �uent F a�er a succession of actions

16 ese are equivalent to the domain constraints of the situation calculus.
17Notice, this formula makes no mention of speci�c states or transitions.
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A1; . . . ;Ak are satis�ed provided that the states that terminate all paths that follow
the action sequence A1; . . . ;Ak and satisfy the static laws of the transition system
all satisfy F.
 e action query language Qn, in contrast to P , is designed for answering

queries about a particular narrative (known executed sequence of actions). Queries
in Qn have two forms: one pertaining to the occurrence of actions at a particular
time (A occurs at ti); and, the truth value of a �uent at a particular time (F holds
at ti).  e n in the name of the language de�nes the length of histories (number of
transitions in the queried transition system) that the answer will be valid for. For
alternative values of n the results may vary due to the need for all histories of the
required length that satisfy the queried transition system to satisfy the posed query
also.
Rn combines the expressive possibilities of bothP andQn by facilitating queries

about both hypothetical and actual action sequences.  e syntax extends that ofQn
by introducing the queries of the form: necessarily F a�erA1; . . . ;Ak at ti .  e lim-
itation expressed with respect toQn regarding the narrative length applies equally
toRn.

2.2.2 Monitoring
Executionmonitoring is a situated agent’s process of observing the world, checking
for discrepancies between the actual world and its internal representation of it, and
recovering from such discrepancies [29]. Successful mechanisms for doing so are
heavily dependent on three major factors: the task(s) that is being monitored; the
properties of the environment in which the agent is situated; and the architecture
of the agent that is conducting the monitoring [6].
Tasks can be classi�ed according to: the nature of the penalty/reward function,

be it constant, dynamic or sequentially dependent; the costs of actions and failures;
and whether it demands parallel goals and the (in)dependence between them.
Environments can be classed based on: the presence of noise and unpredictabil-

ity; whether actions are reversible or permanent; the potential for fatal actions; and
whether other agents are similarly situated within it.
Architectures can be categorized according to: the accuracy, speed, costs, error

pro�les and independence of their sensors; e�ector in�uence on sensors and other
e�ectors; the actions available to it; and its reaction times/reasoning abilities.
Amonitoring strategymust encompass details regarding what tomonitor, when

tomonitor it and how to recover from execution di�culties. For many of the mod-
els of action and e�ects discussed in section 2.2, corresponding monitoring strate-

60



2.2. EFFECTS

gies have been developed in response to the �rst and third problems. However, very
few of these formalisms have attempted to address the scheduling of monitoring.
 ere are a small number of generic strategies for deciding when to monitor:

monitor for discrepancies a�er the execution of every action; monitor according
to a periodic schedule, typically every reasoning cycle of the agent, or with a dy-
namic period proportional to the error-proneness of themonitored behaviour [50];
or schedule sensory actions and associated discrepancy detection as an explicit ac-
tion during plan generation and maintenance. Another approach that has been
advocated [71] is the use of an external monitor process whose role is to interrupt
the executor or planner in situations in which a discrepancy has been detected.
Unfortunately this does not eliminate the problem, only move it elsewhere [6].
An approach to planning that integrates sensing and recovery is that of rationale-

based monitoring[107].  e distinguishing factor of this approach is that the rele-
vant elements of the plan undergoing generation are monitored throughout the
planning process itself.  us, should an assumption based on the current world
state be sensed to be invalid, the plannerwillmodify the current plan (“add” or “cut”
goals) under construction to re�ect this or “jump” to one of the alternatives that re-
�ects the new state more e�ectively.  e mapping of monitors and changes to the
world model to their suggested plan transformations is summarized in Table 2.7.
Monitors are generated for both the current plan and the alternatives under consid-
eration. In both cases, monitors are constructed to detect the change of truth values
for: the preconditions of sub-goals; usability conditions (conditions that must hold
for the plan to be valid yet lie beyond the agent’s control); and, quanti�ed condi-
tions (the extensions under universal quanti�ers within preconditions). A precon-
dition that holds during planning can be sensed to become false, and conversely, a
precondition assumed to need agent control to hold may be sensed to become true
without the agent’s intervention. Similarly, the valuation of usability conditions can
both become true or false in contrast to the agent’s current evaluation of the state
of the environment. Alternatively, the extension of the individuals to which a uni-
versal quanti�er refers can expand or contract as a result of sensory information.
Detecting such changes can result in additional sub-goals to the current plan, the
removal of newly unnecessary sub-goals from the current behaviour or a switch to
another alternative as the current optimum solution.
 e frequency with which the individual monitors were evaluated against the

world model was a constant number of sense-plan transformation/act cycles.  e
number of monitors generated was minimised as the overall cost of monitoring
increased with each additional monitor utilized.
An alternative to developing generic monitoring strategies that can be applied
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Monitor Type World state change Transformation(s)

Sub-goal ⊺→ � add, jump
�→ ⊺ cut

Usability-condition ⊺→ � jump
Quanti�ed-condition increased extension add, jump

decreased extension cut

(a) Plan-based Monitors

Monitor Type World state change Transformation(s)

Sub-goal �→ ⊺ jump
Usability-condition �→ ⊺ jump
Quanti�ed-condition decreased extension jump

(b) Alternative-based Monitors

Table 2.7: Rationale-based Monitoring and Suggested Plan Transformations

tomany tasks is to identify a particular task or task class and develop optimalmoni-
toring strategies for the selected task.  is was themethodology utilized in demon-
strating the superiority of the interval-reduction methodology for monitoring for
deadlines [6].  e drawback of this approach is that the agent must recognize that
the monitoring problem it faces belongs to a particular class and must then have a
library of monitoring strategies that contains strategies for the class identi�ed.

2.3 Belief Dynamics

Study of the dynamics of belief can be categorized in terms of the structure present
in the belief state. Classical belief revision is concerned primarily with sentential
belief in which little structure exists relating individual beliefs. In particular, clas-
sical belief revision proposes a number of postulates that de�ne of what rational
belief change consists. Modal belief revision then extends the �ndings of classi-
cal belief revision to encapsulate belief states with more structure. Consequently,
classical belief revision will be presented initially and more deeply before the ex-
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tensions a�orded by modal belief change are discussed.

2.3.1 Classical Belief Revision
Classical belief revision[41, 51] is the study of belief bases, belief sets and the op-
erations that can transform them over time. In particular, the operations that can
modify a belief base provided an unchanging domain. Consequently, belief revi-
sion is an operation of belief correction. When changing belief bases to maintain
accuracy towards a dynamic domain the operation of update[60], with di�erent
semantics, is appropriate.
Belief bases are sets of sentences in some logical language such that each sen-

tence contained therein is explicitly believed by the agent.  e operations of change
are executed on this set of sentences directly, with the consequences drawn subse-
quent to the change operations. Belief sets, on the other hand, are logically closed
sets of sentences such that there is no semantic di�erentiation between the sen-
tences held directly and those that follow logically from those.  us, the opera-
tions of change operate on the entire closed set. Although these behave identically
in static contexts, once their dynamics are taken into consideration the application
of the standard operators of change lead to di�erent outcomes. A belief base (B) can
be transformed into the corresponding unique belief set (B′) through the applica-
tion of the logical consequence (Cn) operator for the logic of beliefs (B′ = Cn(B)).
Having done so, the belief set (B′) will contain either β or ¬β for all formula of the
language (LB) of beliefs.
 e primitive operations of belief change are: expansion (+) and contraction

(−).  e decomposition principle ensures that these operations are su�cient to
derive any additional operators.�
 �	2.3.1 Principle (Decomposition Principle):
Every legitimate belief change is decomposable into a sequence of expansions and
contractions.

Expansion corresponds to the integration of new information into the informa-
tional state without regard for consistency. Consequently, expansion is typically
modelled as set union on the belief base/set (B) with the formula with which to
expand (β)[41]:

B + β = B ∪ {β}
�
 �	2.21

 is will succeed irrespective of whether the negation of the formula by which to
expand the beliefs are already contained within the belief base (¬β ∈ B).
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 e operation of contraction is used for the removal of information. Contrac-
tion is a more sophisticated operation than expansion in that it is necessary to not
only remove the formula by which the belief base is to be contracted, but also all
formulæ that entail it.  e challenge this poses is that many sets of formulæ within
the belief base may entail the formula to be contracted and a choice must be made
between these. To facilitate discussion of contraction operators it is necessary to
introduce the concept of a remainder set and some syntax bywhich to refer to them.
 e remainder set of a belief base (the progenitor) and a set of formulæ (the rejector)
is the set of sets of formulæ such that each set of formulæ is a maximally consistent
subset of the progenitor that does not entail any of the formula in the rejector[41].
More formally:�
 �	2.3.1 Definition (Remainder Set18):
For any two sets B (the progenitor) and B′ (the rejector) of sentences, BáB′, B’s re-
mainder set modulo B′ is the set such that B′′ ∈ BáB′ if and only if:�
 �	1. B′′ ⊆ B�
 �	2. Cn(B′′) ∩ B′ = ∅�
 �	3.  ere is no set B′′′ such that B′′ ⊂ B′′′ ⊆ B and Cn(B′′′) ∩ B′ = ∅.

When the rejector is a single belief β, Báβ will serve as an abbreviation of Bá{β}.
Given contraction operators should beminimal (drop only theminimumnum-

ber of formulæ required to satisfy the conditions of a contraction), it is clear that
remainder sets provide a partial answer. As mentioned above, the remaining issue
is the rational choice between the elements of the remainder set.  ere are a num-
ber of choices along a spectrum of commitment that can be made. A single option
among those generated by the remainder set operation may be selected using a
selection function [41].�
 �	2.3.2 Definition (Selection Function):
Let B be a set of sentences. A selection function for B is a function γ such that for all
sentences β:�
 �	1. If Báβ is non-empty, then γ(Báβ) is a non-empty subset of Báβ, and�
 �	2. If Báβ is empty, then γ(Báβ) = {B}

18 e non-traditional symbol (á) has been chosen for remainder sets in preference to the tradi-
tional symbol (⊥) in order to avoid confusion between belief remainder sets and falsity.
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Such a selection leads tomaxi-choice contraction[41]:�
 �	2.3.3 Definition (Maxi-Choice Contraction):

B − β = γ(Báβ)

A more conservative approach is to take only the formulæ that appear in all ele-
ments of the remainder set (full-meet contraction)[41]:�
 �	2.3.4 Definition (Full-Meet Contraction):

B − β =⋂(Báβ)

An approach that occupies the middle ground between full-meet and maxi-choice
contraction is to assume the selection function can return multiple elements and
then take the common elements of these selections (partial-meet contraction)[41]:�
 �	2.3.5 Definition (Partial-Meet Contraction):
Let B be a set of sentences and γ a selection function for B.  e partial-meet con-
traction on B that is generated by γ is the operation ∼γ such that for any sentence
β:

B ∼γ β =⋂ γ(Báβ)

An operation − on B is a partial-meet contraction if and only if there is a selection
function γ for B such that for all sentences β, B − β = B ∼γ β

Should the selection function select a single element of the remainder set then
partial-meet contraction degenerates into maxi-choice contraction. Similarly, if
the selection function does not eliminate any elements of the remainder set then
partial-meet contraction regresses into full-meet contraction.
Given the complexity surrounding the operation of contraction, it is instructive

to identify rationality postulates that de�ne the ideal contraction operator [1, 41,
40].  e basic postulates that do so are:�
 �	Success : If β /∈ Cn(∅), then β /∈ Cn(B − β).�
 �	Inclusion : B − β ⊆ B.�
 �	Failure : If β ∈ Cn(∅), then B − β = B.
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�
 �	Vacuity : If β /∈ Cn(B), then B − β = B.
�
 �	Relevance : If β ∈ B and β /∈ B − β, then there is a set B′ such that B − β ⊆ B′ ⊆ B

and that β /∈ Cn(B′) but β ∈ Cn(B′ ∪ {β}).�
 �	Core-retainment : If β ∈ B and β /∈ B − β, then there is a set B′ such that B′ ⊆ B
and that β /∈ Cn(B′) but β ∈ Cn(B′ ∪ {β}).�
 �	Closure : If B is logically closed, then so is B − β for all β.�
 �	Relative Closure : B ∩ Cn(B − β) ⊆ B − β.�
 �	Extensionality : If β↔ β′ ∈ Cn(∅), then B − β = B − β′.

�
 �	Uniformity : If it holds for all subsets B′ of B that β ∈ Cn(B′) if and only if β′ ∈
Cn(B′), then B − β = B − β′.�
 �	Recovery : B ⊆ Cn((B − β) ∪ {β}).

�
 �	Conjunctive inclusion : If β /∈ Cn(B − (β ∧ β′)) then B − (β ∧ β′) ⊆ B − β.
�
 �	Conjunctive overlap : (B − β) ∩ (B − β′) ⊆ B − (β ∧ β′).
�
 �	Conjunctive factoring : Either B − (β ∧ β′) = B − β, B − (β ∧ β′) = B − β′ or

B − (β ∧ β′) = (B − β) ∩ (B − β′).�
 �	Conjunctive trisection : If β ∈ B − (β ∧ β′) then β ∈ B − (β ∧ β′ ∧ β′′).
�
 �	Partial anti-monotony : B − β ∩ Cn({β}) ⊆ B − (β ∧ β′).
�
 �	Core identity : β′ ∈ B − β if and only if β′ ∈ B and there is no B′ ⊆ B such that

β /∈ Cn(B′) and β ∈ Cn(B′ ∪ {β′}).�
 �	Meet identity : If β, β′ ∈ B, then (B − β) ∩ (B − β′) = B − (β ∧ β′).
�
 �	Fullness : If β′ ∈ B and β′ /∈ B−β, then β /∈ Cn(B−β) and β ∈ Cn((B−β)∪{β′}).
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Of these, closure, inclusion, vacuity, success, extensionality, and recovery are consid-
ered basic and the minimum for rationality.
 ere are a number of logical connections between the postulates such that if

the contraction operator “−” satis�es [51]:�
 �	1. inclusion and core-retainment, then it satis�es failure.�
 �	2. inclusion and core-retainment, then it satis�es vacuity.�
 �	3. relevance, then it satis�es core-retainment and relative closure.�
 �	4. inclusion and relative closure, then it satis�es closure.�
 �	5. uniformity, then it satis�es extensionality.�
 �	6. partial anti-monotony, then it satis�es conjunctive trisection.�
 �	7. extensionality and conjunctive trisection, then it satis�es partial anti-monotony.

Additionally, if a contraction operator “−” for a logically closed set B satis�es[51]:�
 �	1. extensionality and vacuity, then it satis�es uniformity.�
 �	2. core-retainment, then it satis�es recovery.�
 �	3. relevance, then it satis�es recovery.�
 �	4. closure, inclusion, vacuity, and recovery, then it satis�es relevance.�
 �	5. closure, inclusion, vacuity, extensionality, recovery and conjunctive overlap,
then it satis�es partial anti-monotony.�
 �	6. closure, inclusion, recovery, and partial anti-monotony, then it satis�es con-
junctive overlap.�
 �	7. closure, inclusion, vacuity, extensionality, and recovery, then it satis�es con-
junctive trisection if and only if it satis�es conjunctive overlap.�
 �	8. closure, inclusion, success, failure, recovery, conjunctive inclusion and conjunc-
tive overlap, then it satis�es conjunctive factoring.
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�
 �	9. closure, inclusion, vacuity, extensionality, recovery, and conjunctive factoring,
then it satis�es conjunctive inclusion and conjunctive overlap.

 e following observations [51] summarize the conformity of partial-meet, full-
meet and maxi-choice contractions to the properties of idealized contraction de-
tailed above.�
 �	2.3.1 Observation:
Partial-meet contraction satis�es: success, inclusion, relevance, and uniformity. Be-
cause it satis�es relevance, it also satis�es relative closure and core-retainment. Be-
cause it satis�es inclusion and core-retainment, it also satis�es failure and vacuity.
Because it satis�es inclusion and relative closure, it also satis�es closure. Because it
satis�es uniformity, it also satis�es extensionality.�
 �	2.3.2 Observation:
Partial-meet contraction of logically closed setB satis�es: closure, inclusion, vacuity,
success, extensionality and recovery. Because it satis�es closure, inclusion, vacuity,
and recovery, it satis�es relevance. Because it satis�es extensionality and vacuity, it
also satis�es uniformity.�
 �	2.3.3 Observation:
Full-meet contraction satis�es: closure, inclusion, vacuity, success, extensionality,
recovery, and meet-identity. Because it satis�es extensionality and vacuity, it also
satis�es uniformity. Because it satis�es closure, inclusion, vacuity and recovery, it
also satis�es relevance.�
 �	2.3.4 Observation:
Maxi-choice contraction satis�es: success, inclusion, fullness, and uniformity. Be-
cause it satis�es uniformity, it also satis�es extensionality.

In order to further ensure the rationality of partial-meet contractions, it is pos-
sible to impose constraints on the selection function. One such constraint is to
require the selection function to be relational[51].�
 �	2.3.6 Definition (Relationality):
A selection function γ for a set B is relational if and only if there is a relation ⊑ such
that for all sentences β, if Báβ is non-empty, then

γ(Báβ) = {B′ ∈ Báβ ∣ B′′ ⊑ B′ for all B′′ ∈ Báβ}
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 is constraint is su�cient to ensure the resulting partial-meet contraction op-
erator satis�es conjunctive overlap.
For a relation, on which a relational selection function is based, to satisfy the

rationality constraints of a preference relation, it is necessary for it to satisfy tran-
sitivity [51].�
 �	2.3.7 Definition (Transitivity):

If B ⊑ B′ and B′ ⊑ B′′ then B ⊑ B′′

To ensure that a relation, on which a relational selection function is based, is
compatible with the intuition of minimal change, it must bemaximizing[51].�
 �	2.3.8 Definition (Maximizing Property):

If B ⊂ B′, then B ⊏ B′

Partial-meet contractions based on transitively and maximizing relational se-
lection functions additionally satisfy[51]:�
 �	1. conjunctive overlap, and�
 �	2. conjunctive inclusion and conjunctive factoring provided the set of sentences

B to which it will be applied is �nite and disjunctively closed19, and�
 �	3. conjunctive inclusion, conjunctive factoring and conjunctive trisection pro-
vided the set of sentences B to which it will be applied is logically closed.

Problems arise when iterated contraction is consideredwhen utilizing a partial-
meet contraction operator.  ese problems stem from the de�nition of the se-
lection function required to construct the contraction operator. As per de�ni-
tion 2.3.2, each selection function is dependent on the belief base B to which it
will be applied20. Because the belief base resulting from a contraction will be, un-
der normal conditions, di�erent from the original belief base, the original selection
function is not applicable to it and thus the contraction operator constructed from
it is not either. To remedy this it is necessary to introduce uni�ed selection func-
tions from which to construct uni�ed contraction operations [51].

19A set of sentences B is disjunctively closed (closed under disjunction) if and only if for all sen-
tences β and β′: if β ∈ B and β′ ∈ B, then β ∨ β′ ∈ B.

20See the second condition which mentions B explicitly.
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�
 �	2.3.9 Definition (Unified Selection Function):
A selection function γ is uni�ed if and only if for all subsets B and B′ ofLB and all el-
ements β and β′ of LB: If Báβ = B′áβ′ ≠ ∅, then ⋂ γ(B,Báβ) = ⋂ γ(B′,B′áβ′)21.�
 �	2.3.10 Definition (Perfectly Unified Selection Function):
A selection function γ is perfectly uni�ed if and only if for all subsets B and B′ of
LB and all elements β and β′ of LB: if Báβ = B′áβ′ ≠ ∅, then γ(B,Báβ) =
γ(B′,B′áβ′).

Given suitable de�nitions for expansion and partial-meet contraction (∼) based
on a selection function (γ) it is trivial, by way of the Levi identity or the reversed
Levi identity, to de�ne a corresponding internal revision (∓γ) or external revision
(±γ) operator. As can be seen in de�nition 2.3.11, an internal revision refers to a
revision constructed by contracting prior to extending the belief base. Similarly,
de�nition 2.3.12 demonstrates an external revision which is de�ned such that the
expansion is applied before contraction.�
 �	2.3.11 Definition (Levi Identity22):

B ∓γ β = (B ∼γ ¬β) + β�
 �	2.3.12 Definition (Reversed Levi Identity23):

B ±γ β = (B + β)∼γ ¬β

Conversely, it is possible to generate a contraction operator from a revision opera-
tor by way of the Harper identity.�
 �	2.3.13 Definition (Harper Identity):
Let B be any set and γ a selection function for B.  en B ∼γ β = B ∩ (B ∓γ ¬β) where
∼γ is the partial-meet contraction operator constructed from selection function γ and
∓γ is an internal partial-meet revision operator constructed from γ.

21Each selection function accepts two arguments: the belief base to return in the case the input
remainder set is empty, and the remainder set from which a selection is to be made.

22 e general Levi identity makes no reference to the type of contraction required: B ∗ β =
(B − ¬β) + β.

23 e general reversed Levi identity makes no reference to the type of contraction required: B ∗
β = (B + β) − ¬β.
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Revision “∗” is an operation of change that is consistency preserving. Unless the
original belief base is inconsistent, the consistency of the original belief base will
be preserved by a revision operation.  e same cannot be claimed for a primitive
expansion operator.
In the samemanner it was possible to postulate the properties of ideal contrac-

tions, so to it is possible to postulate guiding principles for idealized revisions of
consistent belief bases B[41].�
 �	Success : β ∈ B ∗ β.�
 �	Consistency : B ∗ β is consistent if β is consistent.�
 �	Inclusion : B ∗ β ⊆ B ∪ {β}.�
 �	Relevance : If β′ ∈ B and β′ /∈ B ∗ β, then there is some B′ such that B ∗ β ⊆ B′ ⊆

B ∪ {β}, B′ is consistent but B′ ∪ {β′} is inconsistent.�
 �	Inconsistent Expansion : If ¬β ∈ Cn(∅) then B ∗ β = B ∪ {β}24.�
 �	Vacuity : If ¬β /∈ Cn(B), then B ∗ β = B ∪ {β}.�
 �	Uniformity : If for all B′ ⊆ B, B′ ∪ {β} is inconsistent if and only if B′ ∪ {β′} is
inconsistent, then B ∩ (B ∗ β) = B ∩ (B ∗ B′).�
 �	Weak uniformity : If β and β′ are elements of B and it holds for all B′ ⊆ B that
B′ ∪ {β} is inconsistent if and only if B′ ∪ {β′} is inconsistent, then B ∩ (B ∗
β) = B ∩ (B ∗ β′).�
 �	Pre-expansion : B + β ∗ β = B ∗ β.�
 �	Post-expansion : B ∗ β + β = B ∗ β.�
 �	Redundancy : If β is consistent, and ¬β ∈ Cn(β′) for each β′ ∈ B′, then B ∗ β =
(B ∪ B′) ∗ β.�
 �	Tenacity : For all β′ ∈ B, either β′ ∈ B ∗ β or ¬β′ ∈ Cn(B ∗ β).

24Cn(∅) represents the set of tautologies, i.e. the sentences that can be concluded without any
premises.
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�
 �	Inertness : If β′ ∈ B ∗ β, then it holds for all sets B′ that if β ∈ B′ ⊆ B ∪ {β}, then
B is consistent if and only if B′ ∪ {β′} is consistent.�
 �	Superexpansion : B ∗ (β ∧ β′) ⊆ (B ∗ β) + β′.�
 �	Subexpansion : If ¬β′ /∈ Cn(B ∗ β), then (B ∗ β) + β′ ⊆ B ∗ (β ∧ β′).�
 �	Disjunctive overlap : (B ∗ β) ∩ (B ∗ β′) ⊆ B ∗ (β ∨ β′).�
 �	Disjunctive inclusion : If ¬β /∈ Cn(B ∗ (β ∨ β′)), then B ∗ (β ∨ β′) ⊆ B ∗ β.�
 �	Disjunctive factoring : Either B ∗ (β ∨ β′) = B ∗ β, B ∗ (β ∨ β′) = B ∗ β′, or
B ∗ (β ∨ β′) = (B ∗ β) ∩ (B ∗ β′).�
 �	Idempotence : If β ∈ B, then B ∗ β = B.�
 �	Monotonicity : If B ⊆ B′, then B ∗ β ⊆ B′ ∗ β.�
 �	Cut : If β′ ∈ B ∗ β, then B ∗ (β ∧ β′) ⊆ B ∗ β.�
 �	Cautious monotony : If β′ ∈ B ∗ β, then B ∗ β ⊆ B ∗ (β ∧ β′).�
 �	Reciprocity : B ∗ β = B ∗ β′ if and only if β′ ∈ B ∗ β and β ∈ B ∗ β′.

Of these closure, success, inclusion, vacuity, consistency and extensionality are con-
sidered basic and the minimum to meet rationality requirements.
 ere are a number of logical connections between the postulates such that if

∗ satis�es:�
 �	1. success, inclusion, and relevance, then it satis�es vacuity.�
 �	2. success, inclusion, and relevance, then it satis�es inconsistent expansion.�
 �	3. post-expansion, it does so if and only if it satis�es success.�
 �	4. success, inclusion, and inertness, then it satis�es consistency.�
 �	5. inclusion, consistency, inconsistent expansion, and tenacity, then it satis�es
relevance.
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Additionally, if an operator ∗ for a logically closed set B satis�es:�
 �	1. extensionality, closure, and success, then it satis�es disjunctive overlap if and
only if it satis�es superexpansion.�
 �	2. extensionality, closure, and success, then it satis�es disjunctive inclusion if an
only if it satis�es subexpansion.�
 �	3. extensionality, closure, success, and consistency, then it satis�es disjunctive fac-
toring if an only if it satis�es both disjunctive overlap and disjunctive inclusion.�
 �	4. consistency, closure, success, and subexpansion, then it satis�es cautiousmonotony.�
 �	5. closure and success, then it satis�es reciprocity if and only if it satis�es both
cut and cautious monotony.

 e postulates of idealized revision are related to the operations of revision
discussed thus far according to the following observations:�
 �	2.3.5 Observation:
Internal partial-meet revision for a belief base B satis�es: consistency, inclusion,
relevance, success and uniformity. Because it satis�es success, inclusion, and rele-
vance it also satis�es vacuity and inconsistent expansion. Because it satis�es success
it also satis�es post-expansion.�
 �	2.3.6 Observation:
External partial-meet revision satis�es: consistency, inclusion, relevance, success,
weak uniformity, and pre-expansion. Because it satis�es success, inclusion, and
relevance it also satis�es vacuity and inconsistent expansion. Because it satis�es
success it also satis�es post-expansion.�
 �	2.3.7 Observation:
Uni�ed internal partial-meet revision for a belief baseB satis�es: consistency, inclu-
sion, relevance, success, uniformity, and redundancy. Because it satis�es success,
inclusion, and relevance it also satis�es vacuity and inconsistent expansion. Be-
cause it satis�es success it also satis�es post-expansion.�
 �	2.3.8 Observation:
Uni�ed external partial-meet revision satis�es: consistency, inclusion, relevance,
success, weak uniformity, pre-expansion, and redundancy. Because it satis�es suc-
cess, inclusion, and relevance, it also satis�es vacuity and inconsistent expansion.
Because it satis�es success, it also satis�es post-expansion.
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�
 �	2.3.9 Observation:
Internal maxi-choice revision for a belief base B satis�es: consistency, inclusion,
success, inconsistent expansion, uniformity, and tenacity. Because it satis�es inclu-
sion, consistency, inconsistent expansion, and tenacity, it also satis�es relevance.
Because it satis�es success, inclusion, and relevance, it also satis�es vacuity. Because
it satis�es success it also satis�es post-expansion.�
 �	2.3.10 Observation:
Internal full-meet revision for a belief base B satis�es inclusion, relevance, success,
uniformity, and inertness. Because it satis�es success, inclusion, and relevance, it
also satis�es vacuity and inconsistent expansion. Because it satis�es success it also
satis�es post-expansion. Because it satis�es success, inclusion, and inertness, it also
satis�es consistency.�
 �	2.3.11 Observation:
Partial-meet revision of logically closed set B satis�es: closure, success, inclusion,
vacuity, consistency, and extensionality. Because it satis�es success, it also satis�es
post-expansion.�
 �	2.3.12 Observation:
Transitively relational partial-meet revision of a logically closed set B satis�es: clo-
sure, success, inclusion, vacuity, consistency, extensionality, superexpansion, and
subexpansion. Because it satis�es success, it also satis�es post-expansion. Because
it satis�es extensionality, closure, success, and superexpansion, it also satis�es dis-
junctive overlap. Because it satis�es extensionality, closure, success, and subexpan-
sion, it also satis�es disjunctive inclusion. Because it satis�es extensionality, closure,
success, consistency, disjunctive overlap, and disjunctive inclusion, it also satis�es
disjunctive factoring. Because it satis�es consistency, closure, success, and subex-
pansion, it also satis�es cautious monotony.

For revision operators constructed from expansion and contraction by way of
the (reversed) Levi identity, the satisfaction of the postulates for idealized revision
follows from the satisfaction of the postulates from idealized contraction according
to the following observations[51]:�
 �	2.3.13 Observation:
Let B be a logically closed set and − an operator for B that satis�es the contraction-
postulates inclusion, vacuity, success, and extensionality.  en ∗ is a revision oper-
ator for B constructed from − that satis�es the revision-postulates closure, success,
inclusion, vacuity, consistency, and extensionality.
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Conversely:�
 �	2.3.14 Observation:
Let B be a logically closed set and ∗ an operator for B that satis�es the revision-
postulates closure, success, vacuity, consistency, and extensionality.  en − is a
contraction operator forB constructed from ∗ that satis�es the contraction-postulates
closure, inclusion, vacuity, success, extensionality, and recovery.

 e correction of belief is a central operation of an agent in a complex environ-
ment in which the accuracy of its perception cannot be guaranteed. Operations
of correction have been discussed at both the knowledge and symbolic level[72].
Such operations were discussed in an idealized fashion by describing properties
that perfect operators of change will satisfy.  e requirements of actual operators
for satisfying these postulates were discussed, as was the extent to which the oper-
ators presented satisfy these requirements. It was shown that correction is decom-
posable into operations of expansion and contraction.  e relationships between
contractions and revisions presented and correspondences between the rationality
of each when used in de�ning the other outlined.

2.3.2 Modal Belief Revision
When the domain of an agent’s belief extends beyond the sentences it holds true to
a set of worlds that it considers possible, the intuitions pertaining to rational change
di�er. As discussed in section 2.1.2, modal logic is a formal logic that holds possible
worlds and relations between these as its semantics.  us, as was the case for BDI
logic, an agent will hold a belief at a given world in all sentences it considers to
hold at all worlds regarded as possible from that world.  is captures uncertainty25
by way of multiple worlds, each holding di�erent facets true of the environment.
 e more worlds considered possible from a given world, the more uncertainty is
held in the state of a�airs at that world[106, page 55].  us, when modelling an ex-
pansion in a modal context, the required operation is to restrict the set of possible
worlds (accessible to each world) to those where the formula by which the expan-
sion is being conducted holds. Formally, this operation is known as relativisation
(adapted from [106, De�nition 3.28]).�
 �	2.3.14 Definition (Relativisation):
Given a countable set of propositions B, a set of states S, an accessibility relation be-
tween states R, a valuation function VB ∶ β → 2S that for every believable proposition

25In addition to other modalities of truth, as discussed in section 2.1.2.
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β ∈ B yields the set of states in which β is true, and a state ω, the relativisation of R
by β′ to the set of worlds where β′ holds ({ω ∣ β′ ∈ Cn(ω)}) yields a world ω′ = ω
and accessibility relation R′, where R′ = R ∩ (S × {ω ∣ β′ ∈ Cn(ω)}).
As in the classical case, contraction is a more di�cult operator to de�ne. Intu-

ition indicates that contraction corresponds to the addition of worlds to the acces-
sibility relation.  e di�culty arises in the selection of the worlds to add. In order
to contract β from a given world ω it is su�cient to ensure that at least one world
accessible from ω satis�es ¬β. However, there may be multiple worlds that satisfy
this condition and to satisfy the principle ofminimal change theworldwhich di�ers
least must be selected (adapted from [106, De�nition 3.30]).�
 �	2.3.15 Definition (Modal Contraction):
Given a countable set of propositions B, a set of states S, an accessibility relation be-
tween states R, a valuation function VB ∶ β → 2S that for every believable propo-
sition β ∈ B yields the set of states in which β is true, a state ω, and a system
of spheres ⊚ = {⊙ ∣ ⊙ ⊇ {ω′ ∣ ωRω′}} that are linearly ordered by ⊇, a semantic
contraction of R by β′ yields a world ω = ω′ and accessibility relation R′, where
R′ = min{⊙ ∈ ⊚ ∣ ⊙ ∩ {ω′′ ∣ β′ ∈ Cn(ω′′) ≠ ∅}} and for all ω′′′ ≠ ω, {ω′′′R′ω′′′′} =
{ω′′′Rω′′′′}.
 e intuition behind modal contraction is that there is a set of spheres, where

each sphere is a set of worlds, of increasing size from the set of worlds currently
related to the current world {ω′ ∣ ωRω′} to the set of all worlds S. As the number
of worlds in each sphere increases so does the uncertainty about the true state of the
world and the number of sentences that di�er in truth value from the currentworld.
Because each world assigns a truth value to every sentence, eventually there will be
a sphere that contains a world that satis�es the negation of the formula by which
the beliefs are to be contracted. Once such a world is related to the current world,
the formula will no longer be believed.  us, by extending the current accessibility
relation to relate the worlds in this minimal sphere that contains a world with such
a negation the contraction can bemade. Utilizing the Levi identity a corresponding
revision operator can be derived.
Although the above procedure does generate a revision operator for modal

logic, the result is not without issue.  e addition of introspective capabilities,
namely beliefs about belief, introduces a number of incompatibilities with the in-
tuitions surrounding belief change as presented thus far.�
 �	2.3.1 Example:
Now [sic] suppose we have two of such belief sets B and B′ [each closed underKD45-
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consequences], and suppose that B ⊂ B′.  en there is some β in B′ that is not in
B. By positive introspection, we have (Bel β) ∈ B′ and, by negative introspection,
¬ (Bel β) ∈ B. Since B ⊂ B′, we also have ¬ (Bel β) ∈ B′. Belief sets are closed under
propositional logical consequence, so that we conclude � ∈ B′, which contradicts the
fact that beliefs satisfy axiom D, which says that beliefs are consistent! .

(van Ditmarsch, van der Hoek, and Kooi [106, Page 59])�
 �	2.3.2 Example:
Suppose B is to be revised by β (β ∈ L) such that ¬β /∈ Cn(∅)26 so that by the
consistency postulate B ∗ β is consistent. Suppose, also, that both ¬ (Bel β) ∈ B and
¬ (Bel ¬β) ∈ B. By the success postulate and positive introspection, (Bel β) ∈ B ∗ β.
By vacuity ¬ (Bel β) ∈ B ∗ β leading to B ∗ β being inconsistent.

(adapted from van Ditmarsch, van der Hoek, and Kooi [106, Page 59])�
 �	2.3.3 Example:
Let β be a KD45-consistent formula, that is not KD45-valid. β ∧ ¬ (Bel β) is thus
satis�able. Suppose that B is to be revised by β ∧ ¬ (Bel β). By27

(¬ (Bel �)→ ¬ (Bel ϕ ∧ ¬ (Bel ϕ)))
it is the case that β ∧ ¬ (Bel β) /∈ B.  us, through the application of vacuity

B ∗ (β ∧ ¬ (Bel β) = B + (β ∧ ¬ (Bel β))
By success (Bel β ∧ ¬ (Bel β)) ∈ B. Because ¬ (Bel β ∧ ¬ (Bel β)) is derivable in
KD45, this demonstrates how revising a consistent belief set with a consistent formula
can lead to an inconsistent belief set.

(adapted from van Ditmarsch, van der Hoek, and Kooi [106, Page 60])
Formal study of belief revision in modal contexts, extending beyond the clas-

sical intuitions presented here, takes place within dynamic doxastic logic[94]. is
formalism introducesmodalities (normalmodal operators) for the expansion, con-
traction and revision operators bywhich the dynamics of belief can be discussed. In
thisway the operators of change are introduced into the object language of the logic.
 us the semantics of change is integrated into the logic and the consequences of
axioms proposed detailing the properties of the change operators analysed.

2.4 Research Questions

While the progress on the many fronts presented above is extensive, many areas
remain unexplored.  ere remains divergences between the conditions of rational

26Again, note that Cn(∅) represents the set of tautologies.
27 is formula is known as Moore’s principle.
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intentionality as argued for in the planing theory of intention and those captured
in the BDI logic developed. One such example condition is that of “no regret” (see
condition 2.1.1).  us, there remains work on updating BDI logic to capture the
more recent philosophical developments. Additionally, there remains unanswered
questions pertaining to the revision of BDI theories, its relationship to the classical
postulates of theory change and the applicability of these postulates to the revision
of desires and intentions. Also, there remains a wide disparity between the prac-
tical reasoning advocated in the BDI logic and that implemented in AgentSpeak.
 e content of the mental attitudes utilized in the AgentSpeak approach are so re-
stricted as to make equivalences with their logical counterparts di�cult to justify.
Consequently, work remains in �nding e�cient yet more expressive representa-
tions of themental attitudeswithinAgentSpeak systems so as to render these equiv-
alences clear.
While the above avenues of future work are rich with challenge, another theme

is obvious from the above presentation.  e integration of maintenance and ef-
fect conditions of behaviours into the practical reasoning of intentional systems is
surprisingly absent. Given the clear reference to such a need in the philosophy of
practical reasoning, the lack of equivalent notions in the logic and implementation
remains a fundamental issue to be addressed. Of particular interest is the applica-
tion of the technologies for the reasoning with actions and e�ects into the richer
context a�orded by the BDI approach. Given such facilities, their interaction with
the dynamics of the mental attitudes to which they pertain o�ers signi�cant scope
for contribution. In particular, a number of questions are raised:�
 �	1. what additional reasoning facilities are necessary when the validity require-

ments and outcome circumstances of behaviours are known?�
 �	2. what e�ect does knowing the conditions under which behaviours are valid,
successful or failed have on the way beliefs are managed?�
 �	3. what additional reasoning opportunities towards the management of inten-
tions arise when the validity, success or failure conditions of behaviour are
known?

 ese questions lie in the intersection of the topics discussed as the background
of the contributions this thesis attempts to make.  e integration of representa-
tions and reasoning procedures with actions into the BDI methodology requires
an in depth understanding of the problems such reasoning involves and su�cient
insight into practical reasoning to know which of these issues are pertinent, how
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they can be avoided and which techniques are most appropriate. It also needs su�-
cient familiarity with an appropriate embodiment of the practical reasoning ethos
intowhich these representations and reasoning techniquesmay be integrated. Sim-
ilarly, understanding how knowledge pertaining to the validity, success or failure
of behaviour may in�uence the revision of belief requires both insight into the role
beliefs play in such behavioural knowledge and the necessities of rational belief
change. Crucial also is an awareness of how such an integration can bene�t either
the reasoning or behaviour of the agent and the trade-o�s inherent in balancing
of the two. Lastly, understanding the interactions of intentions over time necessi-
tates an appreciation of the guiding principles of the planning theory of practical
reasoning in addition to recognition of the practical embodiments of intention.
 ese questions lead directly to the hypotheses under investigation in this the-

sis.  e particular additional reasoning problem necessitated by knowledge of be-
haviour validity and outcomes that will be the focus of the early chapters of this
thesis is that ofmonitoring these conditions to ensure the validity of the behaviours
under execution and to detect their completion.  ese conditions will then be uti-
lized as a guiding mechanism for the selection of rational belief revisions. In so
doing, this will provide a direct example of a technique by which the management
of the beliefs of an agent is in�uenced by the intentions held and the behavioural
knowledge they contain. By utilizing the validity and outcome conditions pertain-
ing to intentions to ensure the consistency of the intentions concurrently held by
an agent, an understanding of intention dynamics and dependencies is facilitated.
 ese dependencies then provide the information necessary to propagate intention
change and deduce the commitment held in given intentions.

2.5 Summary

 is chapter provides the context in which the proposals to follow were developed
and against which they should be compared.  is background encompasses in-
tention, desires and belief, three elements crucial to the practical reasoning of in-
telligent agents.  e discussion of intention was divided into: the theoretical and
philosophical elements that shape our intuitions of intention, practical reasoning,
and bounded rationality; the embodiment of these ideas into formal mathemat-
ical logic; and �nally, the techniques by which they are realized in practice.  e
discussion of the reasoning and representation approaches developed towards the
knowledge of e�ects and causality followed, including the problems identi�ed and
progress towards their resolution. Finally, the state of the art in the dynamics of
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belief was presented.  is presentation was from both the perspective of unstruc-
tured belief sets and bases in a classical setting and more structured beliefs states
enabled by modal approaches. While no claims of exhaustivity can be made, it is
hoped that the above presentation is su�cient to ensure that the fundamental tech-
niques, problems and achievements of each topic were introduced. Having done
so, a number of outstanding issues were identi�ed. Of these, a clear theme emerged
regarding the role of behavioural knowledge in the wider practical reasoning of in-
telligent agents. Within this theme, a number of pressing questions arose and it
was shown how these relate to the hypotheses under investigation in this thesis.
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Luck, that’s when preparation and opportunity
meet.

P. E. Trudeau 3
Representation

In contrast to the representations presented in section 2.2, the primary purposeof the representation of e�ects presented in this chapter is the monitoring
and maintenance of the validity of the behaviours to which the e�ects per-

tain. To this end, the representation will be concerned with capturing two distinct
constraints on the validity of behaviour. Firstly, means for the speci�cation of con-
ditions that must hold throughout the entire, or set period of, the execution of
behaviour are necessary. Secondly, conditions that indicate the realization of the
e�ects associated with the behaviour, and conditions that indicate the failure of the
behaviour to produce its listed e�ects must be speci�able. In particular, it will be
necessary to motivate the representation as �t for purpose for each of the hypothe-
ses outlined in chapter 1.

3.1 Maintenance Conditions

Maintenance conditions provide checks on behaviours to ensure their correct ex-
ecution.  ey facilitate the early detection of (potential) failure and consequently
opportunity for early correction or adaptation. In agents of limited resources such
early detection and salvage of allocated resources can be the distinguishing factor
between the success and failure of its wider intentions.�
 �	3.1.1 Example:
Tom is an intentional agent and money is tight. He has a large mortgage and an in-
vestment account. He believes that if interest rates rise, then his savings will increase,
but he will also have to pay more on his mortgage. His beliefs are as follows:

B =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

¬‘Savings increase’,¬‘Mortgage increase’,
‘Interest rate rise’→ ‘Savings increase’,
‘Interest rate rise’→ ‘Mortgage increase’

⎫⎪⎪⎪⎬⎪⎪⎪⎭
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Tom intends to pay only the minimum back on his mortgage necessary:

I = {[‘Minimal repayments’ ∶ while (¬‘Mortgage increase’)]}

It is announced that interest rates have been increased. He must now integrate this
into his beliefs (B ∗ ‘Interest rate rise’). He has a number of ways of doing so:

B1 = { ‘Interest rate rise’,¬‘Mortgage increase’,‘Interest rate rise’→ ‘Savings increase’ }

B2 = { ‘Interest rate rise’,¬‘Savings increase’,‘Interest rate rise’→ ‘Mortgage increase’ }

B3 =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

‘Interest rate rise’→ ‘Mortgage increase’,
‘Interest rate rise’→ ‘Savings increase’,

‘Interest rate rise’

⎫⎪⎪⎪⎬⎪⎪⎪⎭

B4 = { ‘Interest rate rise’,¬‘Savings increase’,¬‘Mortgage increase’ }

We can see that B1 and B4 most support Tom’s intentions.  us, one, the other or
some combination of both should constitute Tom’s selected belief revision.

example 3.1.1, upon initial examination, may intuitively appear to argue against
the revision of belief based on the intentions currently held. Revision B1 discards
the rule that an interest rate rise will increase Tom’s mortgage. B4, on the other
hand, discards both rules pertaining to the e�ect of interest rate increases on Tom’s
savings and mortgage.  e admissibility of such convenient selections arises as a
consequence of the treatment of beliefs as bases or sets. When considering beliefs
in such circumstances, rules are no more fundamental than facts. Both are subject
to the same scepticism as to their objective truth.  us, the agent may be equally
incorrect in its belief in a rule (such as interest rates increasing one’s savings) as it
is in its belief in a fact (such as an increase in interest rates).  us, unless one is
to adopt a philosophy in which some beliefs are a priori more fundamental than
others [35, 36], or one revises with a preference towards informational content [42,
65], the argued revisions are as valid as any other.
As demonstrated in example 3.1.1, maintenance conditions can be captured via

constraints on the agent’s beliefs. An agent’s beliefs aim to re�ect the environment
in which it is situated.  us, by querying beliefs, maintenance conditions provide
an ongoing balancing connection between the state of theworld and the behaviours
an agent uses to manipulate it.
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�
 �	3.1.1 Definition (Maintenance Condition):
Maintenance conditions are captured by the following syntactic schema:

ι ∶ while ({β1, . . . , βn})

where: ι is a behaviour that an agent is undertaking as speci�ed in the language of
the agent’s intentions (LI); and {β1, . . . , βn} is a set of formulæ in the language in
the logic of the agent’s beliefs (LB) that must hold of the agent’s beliefs while ever the
agent holds ι as an intention.

 e requirement expressed by such a condition is that, should the listed condi-
tions fail to hold of the agent’s beliefs, the associated behaviour is to be modi�ed,
dropped or, possibly, an alternative adopted in its stead.  e use of a set of condi-
tions, rather than a single condition, which, assuming the language of the logic of
belief is su�ciently expressive to conjoin multiple conditions into a single equiva-
lent formula, is to ease the dynamics of the maintenance condition.
Conceptually, behaviours can be complex, of signi�cant duration, hierarchi-

cally structured or any combination of these.  us, maintenance conditions can
be applicable to the entire duration of a behaviours execution, or one or more por-
tions thereof. One motivating case for dynamic maintenance conditions is their
use to capture causal dependencies between goals in a plan. Causal dependencies
arise when a goal in an early part of a plan establishes a necessary condition for
the success of a subsequent goal in that plan. In order to ensure the maintenance
of such dependencies, the establishment of a maintenance condition on the suc-
cessful establishment of the condition in question is necessary. Subsequent to the
successful completion of the dependent goal, the condition can be dropped, having
served its purpose.  ere are a number of advantages in expressing maintenance
conditions within the plan to which they apply. It obviates the need of every plan
that may be utilized throughout the duration of the constraint frommanually hav-
ing to respect it. Such plans will not be consistent with the intended constraint and
subsequently discarded from adoption as valid intentions. Further, because such
plans may be adopted in circumstances in which the constraint is inapplicable, as-
sociating the constraint with these plansmay invalidate them in situations in which
they are adoptable. Finally, it avoids declarations of constraints for all the contexts
for which such plans may be used.
In the context of AgentSpeak, each semantic object representing a plan in the

agent’s plan library P requires an additional element: the current set of conditions
to monitor.  e grammar of AgentSpeak plans �gure 3.1 require no modi�cation
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to support this. Maintenance conditions are added and subtracted from the cur-
rently monitored set of maintenance conditions (ϰ) as speci�ed through the set of
modi�ers (modifiers) preceding and following the execution of each goal (ð).�
 �	3.1.2 Definition (Plan with Maintenance Conditions):

τ ∶ ϖ ∥ ϰ ← π

where:�
 �	τ, ϖ, π : are as de�nition 2.1.3.�� ��ϰ : is the current set of maintenance conditions that are required to hold to ensure
the validity of the plan. Each maintenance condition (µ) is represented as a
query on the agent’s belief state.

Figure 3.1 outlines the modi�cations required of the syntax of AgentSpeak nec-
essary to facilitate the speci�cation of maintenance conditions.  esemaintenance
conditions are dynamic.  ey are not �xed at plan construction time. Additional
conditions are added and others removed as the execution of the plan progresses.
 is separates the lifetime of an in-condition from that of the plan in which it is
embedded.
Goals are processed in AgentSpeak according to the following steps:�
 �	1. generate and insert into the set of events an event that corresponds to the
goal in question;�
 �	2. the aforementioned event is eventually selected from the event set, a means
for handling it is found and the result returned to the intentions of the agent;�
 �	3. the resulting intention is eventually selected for execution su�ciently o�en
such that the event has been handled;�
 �	4. the plan containing the goal is updated;�
 �	5. and �nally, at some later stage, the plan is again selected for execution and
the next goal is scheduled for execution.

Between each step in this process an unknown number of reasoning cycles may be
undertaken by the agent due to execution of its other, unrelated, intentions. Conse-
quently, to provide su�cient granularity on the modi�cation of maintenance con-
ditions it is necessary to have access both directly prior to (before item 1), and a�er
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(a�er item 4) the execution of a goal.  is is achieved through the extension of the
syntax for goals to provide modi�ers at both initialization and completion. Each
modi�er is a set of additions or retractions from the current set of maintenance
conditions. An addition is constituted by a literal pre�xed with the “+” symbol.
Similarly, a retraction is constituted by a literal pre�xed with the “-” symbol. While
such a scheme is verbose, the speci�cation of maintenance condition modi�ers is
optional and is likely to be largely automated via causal dependency analysis[108,
98].

agent ∶∶= B P
B ∶∶= β1, . . . , βn (n ≥ 0)
P ∶∶= ρ1, . . . , ρn (n ≥ 1)
ρ ∶∶= τ ∶ ϖ ← π
τ ∶∶= +atom ∣ −atom ∣ +ð ∣ −ð
ϖ ∶∶= condition ∣ ⊺
condition ∶∶= atom ∣ ¬atom ∣ condition & condition
π ∶∶= sequent;⊺ ∣ ⊺
sequent ∶∶= α ∣ ð′ ∣ update ∣ sequent; sequent
atom ∶∶= P(t⃗)
α ∶∶= A(t⃗)
ð′ ∶∶= {modifiers} ð {modifiers}
modifiers ∶∶= modifier1, . . . ,modifiern (n ≥ 1)
modifier ∶∶= +condition ∣ −condition
ð ∶∶= !atom ∣ ?atom
update ∶∶= +β ∣ −atom
β ∶∶= P(g⃗)
term ∶∶= F(t⃗) ∣ variable ∣ ground
ground ∶∶= F(g⃗) ∣ string ∣ number
t⃗ ∶∶= term1, . . . , termn (n ≥ 0)
g⃗ ∶∶= ground1, . . . , groundn (n ≥ 0)

Figure 3.1: Formal Grammar for AgentSpeak extended with Maintenance Condi-
tion Modi�ers

Maintenance conditions have been integrated into rational agent architectures
previously[33, 34]. However, such facilities have not been available in AgentSpeak
systems.  e closest analogue is that of the maintenance goal pattern provided by
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Jason[10].  ere are fundamental di�erences between the two. Maintenance goals
are separately intended and have a life-cycle independent of any given plan. Main-
tenance conditions are not intentions in their own right and their life-cycles are
tied to the plans to which they pertain. On the failure of a maintenance goal, one
or more plans may be adopted to re-establish the condition to be maintained. On
the failure of a maintenance condition, the containing plan fails and an alternative
is adopted in its stead.

3.2 Outcome Conditions

In order to execute purposeful behaviour, an intentional agent needs to reason
about the success and failure of its past endeavours. In order to be reasoned with,
instances of success and failure must be monitored for and detected within the en-
vironment. Observing the environment for indications of success and failure are
interlinked. Signs of success imply the absence failure and those of failure the ab-
sence of success. However, the absence of failure does not imply success nor does
the absence of success imply failure. Existing models of intentional behaviour fo-
cus on the veri�cation of success without regard to detecting failure. Consequently,
these formalisms assume failure whenever success is unable to be veri�ed. Given
the non-equivalence between failure and the absence of success this assumption is
invalid and that instances of failure must be detected independently.
Failure is manifest in two ways: failure to complete and failure to produce the

desired outcomes. Intentional agents monitoring for failure must critique their
own behaviour with these sources of failure in mind. Auditing for failure to com-
plete is less challenging than checking for instances where behaviours do not pro-
duce their intended e�ects. For instance, detecting the failure of an action to com-
plete can be achieved using proprioception and interoception1. Similarly, detecting
the failure of a plan to complete can be reduced to detecting the failure of one of
the sub-goals of the plan. Monitoring for the failure of a particular behaviour to
produce its desired outcomes is more complicated. Some of the complexities asso-
ciated with this form of monitoring are revealed in the following scenario:�
 �	3.2.1 Scenario:
John makes a cup of tea every morning. To do so he uses an old kettle which has no

1Proprioception is the perception of stimuli arising internally within an agent, in particular, per-
taining to the location and relative position of the body. Interoception is the perception of the inter-
nal stimuli pertaining to pain and the internal organs. Exteroception is the mode of perception by
which the external environment perceived.
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light to indicate when it is on. In order to achieve his goal of making tea he must
boil water and he turns the kettle on with this goal in mind. He can tell that he has
succeeded to boil the water when the kettle whistles or he sees steam �owing from it.
 ere are a number of things that can prevent this action from achieving his goal:
a blackout, the kettle shorts or the kettle is empty. He can detect the occurrence of a
blackout and infer from this that the water will not actually boil. However, in the case
of either a short or an empty kettle his suspicions are only aroused once an inordinately
long time for a kettle to boil has passed and he is yet to notice it doing so.

I = {[‘boil water’ ∶ suc({‘whistle’, ‘steaming’}),
fail({‘blackout’, ‘too long’}) ]}

Aside from the inequality of failure and the lack of indications of success, there
are a number of additional issues exposed by scenario 3.2.1.  e success or failure
of an action or plan is not, necessarily, immediately apparent.  ere may be a delay
between the time at which the behaviour is completed and the time at which its
e�ects become observable. Additionally, the e�ect for which a behaviour was ex-
ecuted may itself not be directly observable. However, there may be beliefs which
are syntactically unrelated to the intended e�ect, which, when observed provide
evidence for asserting that the behaviour has produced or will not produce the in-
tended e�ect. Furthermore, it may be necessary to separate the inferences from
these indicator conditions to the causation of the e�ect from the agent’s wider be-
liefs.  is is due to the sensitivity of the inference to the context in which it is to be
made. Referring again to scenario 3.2.1, an inference from a ‘whistle’ to ‘boiling ket-
tle’ may only be valid provided the agent is undertaking a behaviour to which this
inference pertains. In other contexts, such as playing a sport, the inference from
‘whistle’ to ‘stop play’ may be valid, whereas the inference from ‘whistle’ to ‘boiling
kettle’ is unlikely to be. We can summarize the requirements an agent must satisfy
in order to successfully reason about success and failure.�
 �	3.2.1 Requirement:
Amonitoring agent must have a means by which observable elements of the environ-
ment which indicate the success or failure of an e�ect to be realized can be associated
with its causing e�ect.�
 �	3.2.2 Requirement:
Amonitoring agent must have means by which it can determine if an action/plan has
produced the e�ect for which it was executed.
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�
 �	3.2.3 Requirement:
A monitoring agent must have means by which it can determine that an action/plan
will not produce the e�ect for which it was executed.�
 �	3.2.4 Requirement:
A monitoring agent must remain uncertain of the outcome of an action/plan until
it has evidence by which it may conclude that the outcome has been or will not be
achieved.�
 �	3.2.5 Requirement:
Amonitoring agent must have means by which inferences from indications of success
or failure can be context dependent. Because they are not valid context independent
inferences, they must remain distinct from the agent’s beliefs proper.�
 �	3.2.6 Requirement:
Amonitoring agent must have strategies by which simultaneous evidence of both suc-
cess and failure of a given behaviour can be resolved.

 e necessity of requirement 3.2.6 is made evident by the following example:�
 �	3.2.1 Example:
Tom is informed of another interest rate rise. His potential revisions are the same as
those outlined in example 3.1.1. Because of this, Tom decides it is time to save money.
He will be successful if he comes to believe his savings have increased and fail if his
mortgage increases:

I = {[‘Save money’ ∶ suc(‘Savings increase’), fail(‘Mortgage increase’)]}

If Tom is optimistic, then he will assume the success of his intention in light of uncer-
tainty. Given that B1 allows Tom to conclude the success of his intention without also
supporting its failure, Tom should accept B1. However, if Tom prefers to identify his
potential mistakes early, he may prefer revisions B2 or B3. If Tom is cautious, he will
attempt to minimize the e�ects on his intentions and prefer B4.�
 �	3.2.2 Example:
Tom and his wife have decided to have a baby. Since it will be their �rst baby they
may be eligible for a government subsidy called the ‘baby bonus’ depending on their
current economic situation. Tom’s beliefs are as in example 3.2.1. As part of intending
to have a baby, Tom also intends to gain the ‘baby bonus’. Since the ‘baby bonus’ is
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worth much more than his investments will earn, he prefers2 to get the ‘baby bonus’
over a savings increase. However, should his investments increase in value then that
will elevate him over the threshold making him ineligible to receive it. His intentions
and preferences can be formalised as follows:

I =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

[‘Save money’ ∶ suc(‘Savings increase’),
fail(‘Mortgage increase’) ] ,

[‘Baby bonus’ ∶ suc(‘Have baby’), fail(‘Savings increase’)]

⎫⎪⎪⎪⎬⎪⎪⎪⎭
‘Save money’ ⊲ ‘Baby bonus’

Tom is told of another interest rate rise.  e e�ect on his beliefs is as in example 3.2.1.
We can see that both B1 and B3 are not ideal revisions as they will require Tom to
drop his intention of gaining the ‘baby bonus’. B2 and B3, if adopted, would result in
Tom’s having to drop his intention to ‘save money’.  us, the best revision considering
Tom’s intentions is B4. Had Tom’s preferences towards his intentions been reversed
(‘Baby bonus’ < ‘Save money’) then the picture is more complicated. If Tom selects
B1 then although his intention to save money has been achieved he must relinquish
his intention to gain the ‘baby bonus’. Alternatively, he could adoptB4 and retain both
intentions but also risk his most preferable intention (‘Save money’) failing later.

Examples 3.2.1 and 3.2.2 demonstrate an approach to capture success, failure
anduncertainty in the outcomeof intentional behaviour. In particular, they showed
the need for both success and failure conditions for e�ects and that, like mainte-
nance conditions, success and failure conditions can be captured via queries on the
agent’s beliefs.  ese examples also demonstrated how preferences towards inten-
tions can and should in�uence the outcome of belief revision. Subsequently, we
generalize the approaches of examples 3.2.1 and 3.2.2 to produce de�nition 3.2.1.

2Tom’s intention preference relation is as speci�ed by ⊲.
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�
 �	3.2.1 Definition (Effective Intention):
Success and failure conditions are captured by the following syntactic schema:

ι ∶ suc({β}), fail({β′})

where:

�� ��ι : is a behaviour that an agent is undertaking as represented as a formula in the
language of the logic of the agent’s intentions (LI);�
 �	suc({β}) is a set of formulæ in the language of the agent’s beliefs (LB) that once a
consequence of the agent’s belief indicate the intention has achieved its purpose;
and, correspondingly,�
 �	fail({β}) is a set of formulæ in the language of the agent’s beliefs (LB) that once a
consequence of the agent’s belief indicate the environment will not evolve so as
to satisfy a success condition and, thus, has failed.

One of the primary di�erences between the approach advocated above and
those outlined in section 2.2 is that the derivation of consequences, both logical
and causal, is not of primary concern.  us the frame problem, rami�cation prob-
lem and other related issues are not applicable. By avoiding these problems, the so-
lutions that require the extension of the deduction mechanism to facilitate second
order reasoning or the limitations imposed to avoid such an extension are unnec-
essary. Although the quali�cation problem is not applicable to the reasoning of a
monitoring agent, it does apply to the designer in the speci�cation of the outcomes
tomonitor for.  us themonitoring agent assumes the completeness of the speci�-
cation with which it is working. Because it is assumed that the speci�cation is static
and the agent uses no techniques to update this speci�cation, it is necessary to ap-
peal to a form of bounded rationality as justi�cation for an agent’s behaviour and
reasoning.  e best the agent can achieve is optimality with respect to this speci-
�cation, regardless of its accuracy given an evolving environment. Compounding
this, an agent may not reach even this level of optimality given the accuracy and
completeness concessions required to remain responsive.
 e semantic component that re�ects the extensions to the syntax to facilitate

the expression of outcome conditions is de�ned as follows:
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�
 �	3.2.2 Definition (Effective Plan):

τ ∶ ϖ ← π.є

where:�
 �	τ,ϖ, π : are as de�nition 2.1.3�� ��є : are a set of e�ects where each e�ect is de�ned according to de�nition 3.2.3
Rather than specifying e�ects (є) as a set of literals thatmust become a consequence
of the agent’s beliefs, each e�ect (ξ) is a compound entity:�
 �	3.2.3 Definition (Effect):

ξ = λ ∶ ⟨{suc0, . . . , sucn} , {fail0, . . . , failm}⟩

where:�� ��λ : the name by which to refer to the e�ect as a whole;�� ��suc0, . . . , sucn : the conditions on the agent’s beliefs that indicate that the e�ect (ξ)
was realized; and,�
 �	fail0, . . . , failm : the conditions on the agent’s beliefs that indicate that the e�ect
(ξ) will not be realized.

 echanges necessary to theAgentSpeak grammar are highlighted in �gure 3.2.
Each plan has a set of e�ects speci�ed. Each e�ect speci�es the conditions under
which a plan execution is complete and successful. Each e�ect has success and
failure conditions.  e success conditions de�ne the su�cient properties of the
world to allow the inference that the e�ect has been realized. Each e�ect can be
realized at di�erent times and once the agent has determined that an e�ect has
been realized, it no longer monitors the conditions of that e�ect. Once the agent
has detected that all the e�ects have been successfully realized the plan is complete.
If any failure e�ect of an event follows from the agent’s beliefs, the agent can infer
that the event cannot or will not be realized. Once a single e�ect has been classi�ed
as failed, the plan too has failed.
 e open-source AgentSpeak implementation Jason[10] o�ers an alternative

approach to the representation and reasoning with declarative achievement goals.
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agent ∶∶= B P
B ∶∶= β1, . . . , βn (n ≥ 0)
P ∶∶= ρ1, . . . , ρn (n ≥ 1)
ρ ∶∶= τ ∶ ϖ ← π.є
τ ∶∶= +atom ∣ −atom ∣ +ð ∣ −ð
ϖ ∶∶= condition ∣ ⊺
condition ∶∶= atom ∣ ¬atom ∣ condition & condition
π ∶∶= sequent;⊺ ∣ ⊺
sequent ∶∶= α ∣ ð′ ∣ update ∣ sequent; sequent
atom ∶∶= P(t⃗)
α ∶∶= A(t⃗)
є ∶∶= ξ1, . . . , ξn (n ≥ 0)
ξ ∶∶= atom ∶ suc(conditions), fail(conditions)
conditions ∶∶= condition1, . . . , conditionn (n ≥ 1)
ð′ ∶∶= {modifiers} ð {modifiers}
modifiers ∶∶= modifier1, . . . ,modifiern (n ≥ 1)
modifier ∶∶= +condition ∣ −condition
ð ∶∶= !atom ∣ ?atom
update ∶∶= +β ∣ −atom
β ∶∶= P(g⃗)
term ∶∶= F(t⃗) ∣ variable ∣ ground
ground ∶∶= F(g⃗) ∣ string ∣ number
t⃗ ∶∶= term1, . . . , termn (n ≥ 0)
g⃗ ∶∶= ground1, . . . , groundn (n ≥ 0)

Figure 3.2: Formal Grammar for AgentSpeak extended with Outcome Conditions

 is leverages some of the additional internal actions/goal types of the Jason inter-
preter. A number of plan patterns capture the monitoring and commitment strate-
gies of individual declarative achievement goals.  is approach is advantageous
in a number of ways. It leverages existing facilities of the interpreter, requiring
only a pre-processor to transform the goal macros into valid AgentSpeak syntax.
Monitoring is achieved through the existing event generation and plan adoption
mechanisms, leading to low cost monitoring. Finally, plan patterns facilitate the
speci�cation of commitment strategies on a goal by goal basis rather than globally
for all goals. However, it is limited compared to the approach advocated here. For
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instance, the e�ect for which the plan was adopted must become a consequence
of the agent’s beliefs prior to the completion of its execution. No facility is made
for the delays in the realization of outcomes.  us, remedial plans and subsequent
wasted e�ort and reasoning may ensue. Additionally, no means for the speci�-
cation of multiple e�ects for a given plan is provided. Further, it is assumed that
the content of the achievement event is always directly perceivable and, as such, is
always the only success condition to monitor. Finally, no mechanism for the speci-
�cation of failure conditions is available. While it is trivial to extend the de�nition
of the plan patterns to accommodate alternative sentences tomonitor beyond those
within the achievement event, themeans by which the approach could be extended
to overcome the additional limitations is less clear.
 e representation of outcome conditions bears similarities with that of the

STRIPS planning approach. However, there are signi�cant di�erences. While the
STRIPS approach de�nes operators with add and delete lists of literals, the ap-
proach advocated here uses a list of literals to both represent the success and failure
conditions of a given e�ect.  e di�erence, however, is the reasoning task to which
they are applied.  e STRIPS methodology utilizes the add and delete lists to di-
rectly modify the “beliefs” of the executing agent. Each operator is assumed to be
instantaneous and the add and delete lists complete and accurate.  e e�ect con-
ditions, alternatively, are used as the focus of monitoring.  ey are not applied to
the beliefs of the agent to modify them in any way.  ey are checked intermit-
tently, according to the adoptedmonitoring strategy, and there is no assumption of
completeness, only of appropriateness.
Similar representations to those posed above have been applied to goals. One

such representation is that of [108] in which goals are de�ned to be of the form
Goal(s, P, f ). In this representation s is a logical formula over the agent’s beliefs
that de�nes the success states of the goal, P is a set of guarded plans that are de-
signed to achieve s and f is a logical formula over the agent’s beliefs that de�nes
the failure conditions of the goal. Such a representation allows for the consistency
of the goals adopted by an agent to be maintained. A number of levels of consis-
tency were de�ned given such a representation: necessary consistency, necessary
inconsistency, possible consistency and, �nally, possible inconsistency. Addition-
ally, the identi�cation of possible and necessary positive interactions between goals
was facilitated. An operational semantics de�ning the life cycle of goals with re-
spect to an agent’s beliefs was provided. It was shown that such a representation
given the provided operational semantics satis�ed a number of rationality proper-
ties of goals. In particular it was shown that goals are persistent; are only retained
while unachieved; and, are only adopted andmaintained when possible, consistent
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and known.
Another such representation is that of [99], this time applied to both plans and

goals. Goals are represented as tuples containing a label, a set of direct and desired
e�ects described by logical formulae and a set of plan types that achieve the goal.
Plans are structures containing a label, a logical formula that de�nes the precon-
ditions of the plan, a logical formula representing the maintenance condition of
the plan and a �nal logical formula representing the direct and desired e�ects of
the plan. From this representation of plans and goals it was shown how, through
the use of goal-plan trees, both the interactions and dependencies between goals
and plans can be detected. It was then demonstrated how these interactions and
dependencies could be used to ensure the consistent adoption of both plans and
goals.

3.3 Summary

 is chapter has presented syntacticmeans for the representation of bothmaintenance
and outcome conditions.  ree primary extensions were advocated to this end:
maintenance conditions on plans; e�ects on plans to be monitored; and, progres-
sive maintenance condition modi�ers in the bodies of plans.  ese means are ap-
plicable both generally and particularly to the AgentSpeak architecture to be devel-
oped in the chapters to follow.  ese syntactic forms were motivated by numerous
examples and the philosophy of section 2.1.1.  e relationship of these represen-
tations to those of section 2.2 was discussed and the applicability of the problems
those approaches entailed determined. A number of challenges were posed by the
requirement of compatibility with AgentSpeak.  ese signi�cantly shaped the re-
sulting approach proposed.  e development of these representations facilitate the
reasoning mechanisms crucial to the investigations of the three primary hypothe-
ses of this thesis.
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History is on our side (as long as we can control
the historians).

Unknown. 4
Monitoring

Hypothesis:
 e successful monitoring of the e�ects and validity of intentional behaviour requires
mechanisms to:

�
 �	1. resolve the con�ict for the success or failure of a behaviour given
evidence for both; and

�
 �	2. balance the time spent monitoring against other mental
tasks.

In order to test the hypothesis above, it will be necessary to advocate a repre-sentation that de�nes appropriate aspects of intentional behaviour tomonitor.
It will then be necessary to integrate the aforementioned representation into

the syntax and semantics of an intentional agent architecture. Further, given the
known issue of balancingmonitoring andothermental processes, the identi�cation
of strategies for the balance of monitoring and other behaviour are required. Hav-
ing integrated the monitoring process into an agent architecture, it must then be
generalized to utilize such strategies as well.  e representations will be those de-
scribed, motivated and analysed in chapter 3, and integrated as per de�nitions 3.1.2
and 3.2.2 and �gures 3.1 and 3.2. A consequence of the chosen representation, in
particular the structure by which e�ects are described, is that con�icts will arise
during the monitoring process. Such con�icts arise in scenarios in which condi-
tions indicative of both success and failure are satis�ed.  ese con�icts will require
strategies to resolve. A number of such strategies will be proposed.  e chosen
architecture and semantics will then require generalization for their integration.
 e semantics into which these representations are to be integrated are those of
AgentSpeak as discussed in section 2.1.3.  is integrationwill be presented asmod-
i�cations with respect to the abstract semantics of de�nition 2.1.2 and rules 2.1.1
to 2.1.21.
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4.1 The Semantics of Monitoring

 e intuition motivating the following changes to the AgentSpeak interpreter is
that a necessary precondition for themonitoring of outcome conditions is the need
for them to remain active for monitoring once they have completed execution[21,
23, 22].

4.1.1 De�nitions
AnAgentSpeak transition systemcon�guration is rede�ned as a tuple ⟨agent,C , T , S⟩
where:�
 �	agent : is a tuple ⟨P , γE , γO , γI , Φє , Φµ , Φχ⟩ representing the constant elements of

an agent program where:�
 �	γE , γO , γI : retain their existing de�nition (see de�nition 2.1.4).�
 �	Φє : is a function representing the current e�ect monitoring strategy.�
 �	Φµ : is a function representing the current maintenance condition checking
strategy.�
 �	Φχ : is a function representing the con�ict resolution strategy.�
 �	C : is as per de�nition 2.1.4.�
 �	T : is a tuple ⟨R,O, σ ι , σ ε , σω , є, ϰ⟩ where:�
 �	R,O, σ ι , σ ε , σω : again, retain their original meaning (de�nition 2.1.4).�� ��є : represents the set of e�ects that we should monitor this reasoning cycle
as de�ned by ϝє (see de�nition 4.1.2).�� ��ϰ : represents the set of maintenance conditions we should check this rea-
soning cycle as de�ned by ϝϰ (see de�nition 4.1.3).�� ��S : is the set of annotations applied to each reasoning rule so as to specify the

transition relation.

S =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

Init, SelEv,RelPl,ApplPl, SelAppl,AddIM,
SelInt,UpdPreMnt,GenMnt,MonMnt,ExecInt,UpdPostMnt,

GenMnt2,MonMnt2,GenEff ,MonEff

⎫⎪⎪⎪⎬⎪⎪⎪⎭
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4.1.2 Auxiliary Functions
Auxiliary functions are built directly into the semantics. An agent designer cannot
over-ride these and need not even be aware of their existence. However, they are
necessary in order to express computation not easily captured within the transition
system based operational semantics methodology.
 e intention �ltering function (ϝI) returns the sub-set of the current set of

intentions (CI) such that each included intention has elements remaining in the
body.  is function is used to prevent intentions that have completed executing,
but have e�ects outstanding, from being candidates for processing this reasoning
cycle.�
 �	4.1.1 Definition (Intention Filter Function):

ϝI(I) = {ι ∈ I ∣ ι = ι′[τ ∶ ϖ ∥ ϰ ← π.є]ι′′ ∧ π ≠ ∅}

 e e�ect generation function (ϝє) generates the set of e�ects that should be
monitored this reasoning cycle.  is is achieved by iterating over each intention
in the set of intentions, each plan on each intention stack and each e�ect within
each plan.  is combination, in addition to the current state of the agent, is passed
onto the user de�ned e�ect monitoring strategy function.  is function de�nes
whether this e�ect should be checked in this cognitive cycle.  e return value of
this function is the set of intention (ι), plan (ρ), e�ect (ξ) tuples ⟨ι, ρ, ξ⟩ for which
the strategy returns true.�
 �	4.1.2 Definition (Effect Generation Function):

ϝє(T ,C , agent) = {⟨ι, ρ, ξ⟩ ∣ ι ∈ CI ∧ ι = ι′[ρ]ι′′ ∧ ρ = τ ∶ ϖ ∥ ϰ ← π.є∧
ξ ∈ є ∧ agentΦє(C , T , ι, ρ, ξ) = ⊺

}

Similar to the e�ect generation function (ϝє), the maintenance condition gen-
eration function (ϝϰ) iterates over each intention, each plan within each intention
stack and each maintenance condition within each plan.  is function returns the
set of intention (ι), plan (ρ), maintenance condition (µ) tuples ⟨ι, ρ, µ⟩ such that
the maintenance condition monitoring strategy returns true.�
 �	4.1.3 Definition (Maintenance Condition Generation Function):

ϝϰ(C , T , agent) = {⟨ι, ρ, µ⟩ ∣ ι ∈ CI ∧ ι = ι′[ρ]ι′′ ∧ ρ = τ ∶ ϖ ∥ ϰ ← π.є∧
µ ∈ ϰ ∧ agentΦµ(C , T , ι, ρ, µ) = ⊺

}
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Because the set of e�ects to monitor is regenerated each reasoning cycle, it is
necessary to remove those e�ects that have su�cient evidence for the agent to con-
clude their success from their encompassing plan. Otherwise, the agent will con-
tinue to monitor for these e�ects and the plan will never be considered complete.
 is is achieved using the update e�ects function.  is functionmaps an intention,
plan and e�ect into a new intention. Because an agent can monitor for and con-
sequently conclude the success of an e�ect in any level of an intention stack, this
function retrieves the input plan (τ ∶ ϖ ∥ ϰ ← π.є) from the intention (ι), removes
the input e�ect (ξ) from the input plan (τ ∶ ϖ ∥ ϰ ← π.є) and reconstructs the
intention stack (ι′) to be returned.�
 �	4.1.4 Definition (Updating Effects):

update(ι, τ ∶ ϖ ∥ ϰ ← π.є, ξ) = ι′[τ ∶ ϖ ∥ ϰ ← π.є′]ι′′

where: є′ = є ∖ {ξ}.

4.1.3 Rules
 e�rst rule altered from the original (as presented in section 2.1.3) is that of SelInt.
 is is in order to integrate the intention �ltering function (as described above) into
the intention selection process.  is also introduces the maintenance condition
checking functionality (de�ned below) into the transition system.  e �rst rule is
applicable in the case where there are intentions for which further processing is
required.  e second handles the case where there are not.

ϝI(CI) ≠ ∅
⟨agent,C , T , SelInt⟩Ð→ ⟨agent,C , T ′,UpdPreMnt⟩

�
�

�
�

Rule 4.1.1
SelInt1

where: T ′
σ ι = γI(ϝI(I))

ϝI(CI) = ∅
⟨agent,C , T , SelInt⟩Ð→ ⟨agent,C , T ,GenMnt⟩

�
�

�
�

Rule 4.1.2
SelInt2
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Rule 4.1.3 updates the maintenance conditions of the selected intention.  is
involves the addition of all the conditions pre�xed with “+” to, and the removal
of those pre�xed with “-” from, the current set of maintenance conditions.  is
must be done in such a way to minimize the size of the resulting condition size.
To achieve this, the additions to the maintenance conditions are made prior to the
removals.  is is necessary to handle the unlikely case in which the same condition
is both added and removed in the samemodi�er. Furthermore, the set of processed
maintenance condition modi�ers is removed from the body of the plan.

Tσ ι = ι[τ ∶ ϖ ∥ ϰ ← {in} ð {in’} ; π.є]
⟨agent,C , T ,UpdPreMnt⟩Ð→ ⟨agent,C′, T ′,GenMnt⟩

�
�

�
�

Rule 4.1.3
UpdPreMnt

where:T ′
σ ι = ι[τ ∶ ϖ ∥ ϰ′ ← π′.є]
C′
I = (CI ∖ {Tσ ι}) ∪ {Tσ ι}

′

ϰ′ = (ϰ ∪ ϰ′′) ∖ ϰ′′′

ϰ′′ = {µ ∣ +µ ∈ {in}}
ϰ′′′ = {µ ∣ −µ ∈ {in}}
π′ = ð {in’} ; π

Following the update of themaintenance conditions of the selected intention, it
is necessary to then validate the resulting conditions.  ere is a requirement to wait
until a�er the application of the intention selection function to ensure themost up-
to-date set of conditions is available tomonitor and to allow the generator function
to make decisions based on the resulting selection.  e �rst rule pertaining to this
validation generates the conditions to monitor during the current reasoning cycle.
 ese conditions are collected in a temporary element of the agent’s circumstance
(Tϰ).  e validation process will then remove and process each condition indi-
vidually, progressing to the next stage in the reasoning cycle once the temporary
collection of conditions is empty.
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CI ≠ ∅
⟨agent,C , T ,GenMnt⟩Ð→ ⟨agent,C , T ′,MonMnt⟩

�
�

�
�

Rule 4.1.4
GenMnt1

where: T ′
ϰ = ϝϰ(T ,C , agent)

 e second rule handles the case where there are no maintenance conditions
to be validated this reasoning cycle.

CI = ∅
⟨agent,C , T ,GenMnt⟩Ð→ ⟨agent,C , T ,ExecInt⟩

�
�

�
�

Rule 4.1.5
GenMnt2

Given that there are maintenance conditions to check1, the rule (MonMnt) se-
lects an maintenance condition and checks it against the agent’s current beliefs. If
themaintenance condition is a consequence of the agent’s beliefs then themaintenance
condition is removed from the set ofmaintenance conditions and the rule processes
the next maintenance condition.

⟨ι, ρ, µ⟩ ∈ Tϰ ∧ µ ∈ Cn(CB)
⟨agent,C , T ,MonMnt⟩Ð→ ⟨agent,C , T ′,MonMnt⟩

�
�

�
�

Rule 4.1.6
MonMnt1

where: T ′
ϰ = Tϰ ∖ {⟨ι, ρ, µ⟩}

However, if the maintenance condition is not a consequence of the agent’s be-
liefs then the plan has failed. In such circumstances all maintenance conditions
within the same plan and intention are removed from the set of maintenance con-
ditions remaining.  is is because the plan has already failed and there is no point
checking any of its other maintenance conditions. Additionally, an event is added

1 ese conditions are generated via ϝϰ(T ,C , agent) as described in rule 4.1.4.
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to the set of events indicating the failure of the plan in question.  is event is gen-
erated so as to utilize the current failure handling facilities of AgentSpeak.  us,
such events are only generated for achievement goals. It is also necessary to remove
all plans from above the point of failure within the failed intention.  is is neces-
sary so that processing can continue at the point of failure once the failure itself has
been handled. Finally, the intention is removed from the set of intentions.

⟨ι[τ ∶ ϖ ∥ ϰ ← π.є]ι′, τ ∶ ϖ ∥ ϰ ← π.є, µ⟩ ∈ Tϰ ∧ µ /∈ Cn(CB)
⟨agent,C , T ,MonMnt⟩Ð→ ⟨agent,C′, T ′,MonMnt⟩

�
�

�
�

Rule 4.1.7
MonMnt2

where:C′
E = CE ∪ {⟨−!atom, ι⟩} if τ = +!atom

T ′
ϰ = Tϰ ∖ {⟨ι[τ ∶ ϖ ∥ ϰ ← π.є]ι′, τ ∶ ϖ ∥ ϰ ← π.є, µ′⟩}

C′
I = CI ∖ {ι[τ ∶ ϖ ∥ ϰ ← π.є]ι′}

Having monitored each maintenance condition and dealt with each appropri-
ately, it is necessary to execute the selected intention.

Tϰ = ∅
⟨agent,C , T ,MonMnt⟩Ð→ ⟨agent,C , T ,ExecInt⟩

�
�

�
�

Rule 4.1.8
MonMnt3

 e rules for executing the topmost plan of the selected intention remain fun-
damentally the same as those outlined previously (section 2.1.3). However, once
the intention has �nished execution, it is necessary to update its maintenance con-
ditions. Like, rule 4.1.3, it is necessary to minimize the size of the maintenance
condition that results. Complicating issues further is the fact that once the plan is
complete, all the associated maintenance conditions must be removed. Once the
plan has completed execution, its associated maintenance conditions are no longer
meaningful and must be retracted.
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Tσ ι = ι[τ ∶ ϖ ∥ ϰ ← ð {in} ; π.є]
⟨agent,C , T ,UpdPostMnt⟩Ð→ ⟨agent,C′, T ′,GenMnt2⟩

�
�

�
�

Rule 4.1.9
UpdPostMnt1

where:T ′
σ ι = ι[τ ∶ ϖ ∥ ϰ′ ← π.є]
C′
I = CI ∖ {Tσ ι} ∪ {T ′

σ ι}
ϰ′ = (ϰ ∪ ϰ′′) ∖ ϰ′′′

ϰ′′ = {µ ∣ +µ ∈ in}
ϰ′′′ = {µ ∣ −µ ∈ in}

Tσ ι = ι[τ ∶ ϖ ∥ ϰ ← ⊺.є]
⟨agent,C , T ,UpdPostMnt⟩Ð→ ⟨agent,C′, T ′,GenMnt2⟩

�
�

�
�

Rule 4.1.10
UpdPostMnt2

where:T ′
σ ι = ι[τ ∶ ϖ ∥ ϰ′ ← ⊺.є]
C′
I = CI ∖ {Tσ ι} ∪ {T ′

σ ι}
ϰ′ = ∅

Because the rulesGenMnt3−GenMnt4 andMonMnt4−MonMnt6 are identical
to GenMnt1 − GenMnt2 andMonMnt1 −MonMnt3 except that the next states to
which the con�guration is transitioned are SelEv2 and GenEff respectively, there is
no reason to repeat them here. It is necessary to ensure the validity of the agent’s
plans both prior to and a�er plan execution because an agent can exercise conscious
control over its beliefs.  e agent may adopt or drop beliefs between the �rst and
second validation of a given plan in a particular reasoning cycle. Compounding
this need is the fact that the maintenance conditions of the topmost plan on the
selected intention are themselves updated as part of its execution.  is changemay
lead to maintenance conditions failing that, were it not for the second validation
process, would go undetected for an indeterminate amount of time dependent on
the utilized monitoring strategy.
 e next process is that of generating the set of e�ects to check. Two rules

facilitate this.  e �rst handles the case where the set of intentions is empty. Under
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such circumstances, the agent has no e�ects to monitor and progresses to select an
event to handle.

CI = ∅
⟨agent,C , T ,GenEff⟩Ð→ ⟨agent,C , T , SelEv⟩

�
�

�
�

Rule 4.1.11
GenE� 1

However, should there be elements in the set of intentions the second rule
passes the current set of intentions as a parameter to the e�ect generation func-
tion and stores the result in the set of e�ects to be checked.  e generated set of
e�ects to monitor is collected in a temporary element in the agent’s circumstance
(Tє). Like the processing of themaintenance conditions, each e�ect tomonitor will
be removed from the temporary collection and its conditions checked.  e process
repeats until the temporary collection is empty and all e�ects monitored.

CI ≠ ∅
⟨agent,C , T ,GenEff⟩Ð→ ⟨agent,C , T ′,MonEff⟩

�
�

�
�

Rule 4.1.12
GenE�2

where: T ′
є = ϝє(T ,C , agent)

Five rules are required to process the current e�ects.  e �rst four are repeat-
edly applied until there are no elements le� in the e�ect set.  e �rst is applicable
when there are outstanding e�ects to be checked and the selected e�ect is deemed
successful by the con�ict resolution strategy. It removes the e�ect from the set of
e�ects awaiting monitoring and from the plan from which it originated. It also
updates the intention using de�nition 4.1.4.

103



CHAPTER 4. MONITORING

⟨ι, ρ, ξ⟩ ∈ Tє ∧Φχ(CB , ξ) = ⊺∧
ι′[τ ∶ ϖ ∥ ϰ ← π.є]ι′′ = update(ι, ρ, ξ) ∧ є ≠ ∅

⟨agent,C , T ,MonEff⟩Ð→ ⟨agent,C′, T ′,MonEff⟩

�
�

�
�

Rule 4.1.13
MonE� 1

where: T ′
є = Tє ∖ {⟨ι, ρ, ξ⟩}

C′
I = (CI ∖ {ι}) ∪ {ι′[τ ∶ ϖ ∥ ϰ ← π.є]ι′′}

 e second rule is necessary to handle the case in which the update of the ef-
fects of the monitored plan leads to the realization of all the e�ects for that plan.
 is requires the removal of all elements of the intention that fall above the plan
in question, in addition to the plan itself. Additionally, it is necessary to remove
the goal for which the now completed plan was adopted to achieve. Any bindings
generated in satisfying the goal are applied to the remaining intention and the in-
tention returned to the set of intentions for further processing.

⟨ι, ρ, ξ⟩ ∈ Tє ∧Φχ(CB , ξ) = ⊺∧
ι′ = update(ι, ρ, ξ)

⟨agent,C , T ,MonEff⟩Ð→ ⟨agent,C′, T ′,MonEff⟩

�
�

�
�

Rule 4.1.14
MonE�2

where: T ′
є = Tє ∖ {⟨ι, ρ, ξ⟩}
ι′ = ι′′[τ′ ∶ ϖ′ ∥ ϰ′ ← ð; π′.є′][τ ∶ ϖ ∥ ϰ′ ← π.∅]ι′′′

C′
I = (CI ∖ {ι}) ∪ {ι′′[τ′ ∶ ϖ′ ∥ ϰ′ ← π′.є′]ι′′′θ}
θ = agentγθ({θ ∣ τθ = ðθ })

 e third rule is applicable when there are outstanding e�ects to be checked,
but the con�ict resolution strategy has judged the selected e�ect to have failed.
 is rule creates the appropriate failure event and adds it to the event set.  en the
intention is removed from the set of intentions to prevent its further processing
until the failure is handled.
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⟨ι, τ ∶ ϖ ∥ ϰ ← π.є, ξ⟩ ∈ Tє ∧Φχ(CB , ξ) = �
⟨agent,C , T ,MonEff⟩Ð→ ⟨agent,C′, T ′,MonEff⟩

�
�

�
�

Rule 4.1.15
MonE�3

where:C′
E = CE ∪ {⟨−!atom, ι⟩} if τ = +!atom

C′
I = CI ∖ {ι}
T ′
є = Tє ∖ {⟨ι, ρ, ξ⟩}

 e fourth rule handles the case where there are e�ects to audit, one of these
is selected, yet the con�ict resolution strategy cannot conclude that the e�ect has
been satis�ed or invalidated. Under these circumstances the con�ict resolution
strategy will return (⊣) to indicate that the e�ect is neither successful, nor failed.
All that must be done in this case is to remove the e�ect from the e�ect set so that
it will not be tested again.

⟨ι, ρ, ξ⟩ ∈ Tє∧ ⊣= Φχ(CB , є)
⟨agent,C , T ,MonEff⟩Ð→ ⟨agent,C , T ′,MonEff⟩

�
�

�
�

Rule 4.1.16
MonE�3

where: T ′
є = Tє ∖ {⟨ι, ρ, ξ⟩}

Finally, the last rule handles the case where there are no elements in the set of
e�ects to review.

Tє = ∅
⟨agent,C , T ,MonEff⟩Ð→ ⟨agent,C , T , SelEv⟩

�
�

�
�

Rule 4.1.17
MonE�4

Given the fact that plans are only removed from the set of intentions upon the
realization of all their e�ects or their failure, the rules in the original semantics per-
taining to the clearing of intentions (rules 2.1.19 to 2.1.21) are no longer necessary.
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 e removal of intended means with completed e�ects is achieved via the applica-
tion of rules 4.1.13 to 4.1.17. Plans remain intended beyond the completion of the
execution of all their goals pending the realization or failure of their e�ects. A state
of the world may never arise such that an agent can declare a plan successful or
failed. In such circumstances the intended plan will be retained and monitored for
the lifetime of the agent. All plans in which the intended plan is embedded will
also be delayed until the outcome of the intended plan is known.  us, it is neces-
sary that care be taken in the de�nition of the success and failure conditions of the
e�ects of plans to ensure the timely and accurate detection of their outcome. For
example, assume an agent has an intention of the form:

ι[τ ∶ ϖ ← !a; !b; π.є][+!a ∶ ⊺← π′.a ∶ ⟨{p} , {q}⟩]

Once the agent has completed the execution of its topmost plan (π′ = ⊺), it will
retain:

[+!a ∶ ⊺← ⊺.a ∶ ⟨{p} , {q}⟩]

as the topmost plan of intention (ι) until either p or q is a consequence of its beliefs.
 us, !b will not be executed until the agent believes that its plan to achieve a has
succeeded or failed.  is is important as the achievement of b may be dependent
on the realization of a.
Alternatively, assume that an agent has the following intention:

ι[τ ∶ ϖ ∶← τ′; π.є][τ′ ∶ ϖ′ ← !a; !b; π′.τ′ ∶ ⟨{p} , {q}⟩][+!a ∶ ⊺← π′′.є′]

If the agent comes to believe either p or q prior to the completion of any dependent
plans (such that π′ ≠ ⊺ or π′′ ≠ ⊺) then all plans including and above:

[τ′ ∶ ϖ′ ← !a; !b; π′.τ′ ∶ ⟨{p} , {q}⟩]

can be dropped.  is results in the following intention:

ι[τ ∶ ϖ ∶← π.є]

Were any of the above plans to contain multiple e�ects, it would be necessary
for all the success conditions to be realized (though not at the same instant) prior
to dropping it. In contrast, only one e�ect needs to have failed before a plan should
be abandoned.
 e extended semantics give rise to the architecture depicted in �gure 4.1 and

the state transition system of �gure 4.2.
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4.2 Monitoring Strategies

In the semantics above, monitoring strategies are required for two tasks: e�ect
monitoring and maintenance condition checking. An e�ect monitoring strategy
was de�ned as a function that maps the current state of an agent and a particu-
lar e�ect within a particular plan within a particular intention to whether or not
this e�ect should be checked. Similarly, a maintenance condition checking strategy
was de�ned as a function that maps the current state of an agent and a particular
maintenance condition in a particular planwithin a particular intention towhether
or not this maintenance condition should be checked.  is particular de�nition is
justi�ed by demonstrating how it captures a number of simple strategies. Example
strategies that an agent designer may wish to utilize include:�
 �	4.2.1 Definition (Monitor on Plan Execution Completion):

Φє(C , T , ι, ρ, ξ) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if ρ = τ ∶ ϖ ∥ ϰ ← π.є ∧ π = ∅ ∧ Tγ ι = ι = ι′[ρ]
� otherwise

De�nition 4.2.1 facilitates the monitoring of the outcomes of a plan whenever
the plan in question completes execution. In combinationwith plans speci�edwith
no outcome conditions, de�nition 4.2.1 can capture the behaviour of AgentSpeak
agents without monitoring facilities. Each plan will only be monitored when it
completes execution, which in combination with the empty set of e�ects will cause
the application of rule 4.1.14.  is will result in the removal of the plan from the
set of intentions.  is strategy is not applicable to the monitoring of maintenance
conditions because at the time of plan completion, the maintenance conditions
contained therein cease to have any meaning.�
 �	4.2.2 Definition (Monitor Post Plan Execution Completion):

Φє(C , T , ι, ρ, ξ) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if τ ∶ ϖ ∥ ϰ ← π.є = ρ ∧ π = ∅ ∧ ι = ι′[ρ]
� otherwise

Bymonitoring only on the completion of a plan (de�nition 4.2.1), the temporal
window for the detection of either the success or failure of a plan is limited.  is
creates a substantial risk that one of the conditions may be satis�ed temporarily
prior to, or signi�cantly a�er the agent tests it. In such circumstances the plan will
be held inde�nitely as no further monitoring that can remove it from the set of in-
tentions will be conducted. De�nition 4.2.2 overcomes this limitation by extending
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monitoring of completed plans into the future as far as necessary to determine a
result.�
 �	4.2.3 Definition (Monitor Intention on Plan Execution Completion):

Φє(C , T , ι, ρ, ξ) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if τ ∶ ϖ ∥ ϰ ← π.є = ρ ∧ π = ∅ ∧ ι = ι′[ρ]ι′′ = T ι

� otherwise

De�nition 4.2.3 extends the reach of the monitoring of de�nition 4.2.1 by mon-
itoring, not only the plan just executed, but all plans in the intention stack in which
that plan is stored.  is form of monitoring allows an agent to detect the success
or failure of plans deeper in the intention stack and shortcut the execution of the
intervening plans. Again, like de�nition 4.2.1, this monitoring strategy is invalid
for the monitoring of maintenance conditions due to the limitation of monitoring
to a�er the plans completion at which point the condition ceases to be meaningful.
Additionally, the issues with regard to the monitoring window of de�nition 4.2.1
apply to this rule as well. De�nition 4.2.4 overcomes this limitation.�
 �	4.2.4 Definition (Monitor Intention Post Plan Execution Completion):

Φє(C , T , ι, ρ, ξ) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if τ ∶ ϖ ∥ ϰ ← π.є = ρ ∧ π = ∅ ∧ ι = ι′[ρ]ι′′
� otherwise

�
 �	4.2.5 Definition (Monitor on Sub-Goal Completion):

Φє(C , T , ι, ρ, ξ) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if ι = Tσ ι = ι′[ρ]
� otherwise

Φµ(C , T , ι, ρ, µ) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if ι = Tσ ι = ι′[ρ]
� otherwise

De�nition 4.2.5 requires the monitoring of the top-most plan of the selected
intention a�er each goal execution within the plan.  is is more extensive moni-
toring and facilitates the recognition of the early success or failure of the plan prior
to completion.
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�
 �	4.2.6 Definition (Monitor Intention on Sub-Goal Completion):

Φє(C , T , ι, ρ, ξ) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if ι = Tσ ι = ι′[ρ]ι′′
� otherwise

Φµ(C , T , ι, ρ, µ) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if ι = Tσ ι = ι′[ρ]ι′′
� otherwise

Bymonitoring all levels of an intention using de�nition 4.2.6, an agent not only
facilitates the early detection of the success or failure of the currently executing
plan, but all the plans that led to its adoption.�
 �	4.2.7 Definition (Monitor each Reasoning Cycle):

Φє(C , T , ι, ρ, ξ)
⎧⎪⎪⎨⎪⎪⎩

⊺ if ι[ρ] ∈ CI
� otherwise

Φµ(C , T , ι, ρ, µ)
⎧⎪⎪⎨⎪⎪⎩

⊺ if ι[ρ] ∈ CI
� otherwise

Monitoring each reasoning cycle (de�nition 4.2.7) selects the top-most plan of
all intention stacks formonitoring.  ismoves the focus of the agent from the con-
text of themost recently executed plan to themost recently executed plans across all
its intentions.  is allows for shallow detection of bene�cial interactions between
the execution of intentions, without resorting to the additional cost of complete
monitoring.�
 �	4.2.8 Definition (Always Monitor):

Φє(C , T , ι, ρ, ξ) = ⊺
Φµ(C , T , ι, ρ, µ) = ⊺

Completemonitoring (de�nition 4.2.8) provides an agent with a strategy aimed
to maximize the detection of the early success or failure of its plans. It does so
without concern for the costs of doing so.  e complement of always monitoring
is to never monitor (de�nition 4.2.9).
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�
 �	4.2.9 Definition (Never Monitor):

Φє(C , T , ι, ρ, ξ) = �
Φµ(C , T , ι, ρ, µ) = �
While not an exhaustive list, de�nitions 4.2.1 to 4.2.8, provide a number of ex-

amples of strategies that trade monitoring accuracy against the cost of such moni-
toring.

4.3 Conflict Resolution Strategies

 emodi�ed AgentSpeak semantics de�ne a con�ict resolution function by which
an agent designer may supply a strategy for resolving con�icting evidence within
a particular e�ect of a plan.  is function returns one of three values: ⊺ indicating
that the e�ect (ξ) was shown to have evidence for success, � indicating there is ev-
idence that this e�ect has failed, and ⊣ indicating that there was evidence neither
for nor against the success or failure of this e�ect. By presenting a number of sim-
ple implementations of this function we demonstrate the di�erent personalities an
agent can display through modi�cation of this function.  e �rst such example is
the pessimism displayed by de�nition 4.3.1. It is pessimistic in that failure is con-
cluded given any evidence for doing so, success is only declared in the complete
absence of any failure evidence, and uncertainty results from an absence of both.�
 �	4.3.1 Definition (Pessimistic Resolution):

Φχ(B, λ ∶ ⟨suc, fail⟩) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

⊺ if ∃β ∈ suc . β ∈ Cn(B) ∧ ∀β′ ∈ fail . β′ /∈ Cn(B)
� if ∃β ∈ fail . β ∈ Cn(B)
⊣ otherwise

 e dual of de�nition 4.3.1 is de�nition 4.3.2. Using such a strategy, an agent
disregards all evidence indicative of the failure of its behaviour in circumstances in
which there is any evidence for its success.�
 �	4.3.2 Definition (Optimistic Resolution):

Φχ(B, λ ∶ ⟨suc, fail⟩) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

⊺ if ∃β ∈ suc . β ∈ Cn(B)
� if ∃β ∈ fail . β ∈ Cn(B) ∧ ∀β′ ∈ suc . β′ /∈ Cn(B)
⊣ otherwise
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Both de�nitions 4.3.1 and 4.3.2 disregard the amount of evidence relevant to
any conclusion. To remedy this, relative resolution (de�nition 4.3.3) concludes the
outcome with strictly the most evidence for its realization. In scenarios with equal
evidence for both outcomes, the decision is delayed pending further information.
 is perspective on con�ict allows an agent to remain sceptical of the evidence it
has. By making the comparison strict an agent must have unambiguous informa-
tion for making a conclusion in one direction or the other. One limitation of this
particular strategy is that each piece of evidence is weighted equally. However, in-
troduction of unequal weighting on individual conditions is not precluded by the
formalism as presented.�
 �	4.3.3 Definition (Relative Resolution):

Φχ(B, λ ∶ ⟨suc, fail⟩) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

⊺ if ∣cons(suc,B)∣ > ∣cons(fail,B)∣
� if ∣cons(suc,B)∣ < ∣cons(fail,B)∣
⊣ otherwise

where:

cons(X ,Y) = {x ∈ X ∣ x ∈ Cn(Y)}

While remaining sceptical towards the evidence pertaining to a given con�ict
is conservative and likely to result in the most accurate depiction of the environ-
ment, there are costs associated with remaining so. Delaying decisions requires ad-
ditional monitoring, slower progression of held intentions and an assumption that
additional information that will resolve the ambiguity is forthcoming. In some cir-
cumstances, such an assumptionmay be invalid or the additional costs too high. In
these cases either de�nition 4.3.4 or de�nition 4.3.5 may be most appropriate. Note
that in both cases it is necessary to check that there is pertinent evidence available
before resolving the con�ict. Were this not the case, the optimistic approach would
conclude success and, conversely, the pessimistic approach would conclude failure
without any evidence for either.�
 �	4.3.4 Definition (Optimistic Relative Resolution):

Φχ(B, λ ∶ ⟨suc, fail⟩) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

⊺ if ∣cons(suc,B)∣ ≥ ∣cons(fail,B)∣ > 0
� if 0 < ∣cons(suc,B)∣ < ∣cons(fail,B)∣
⊣ otherwise
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where:

cons(X ,Y) = {x ∈ X ∣ x ∈ Cn(Y)}�
 �	4.3.5 Definition (Pessimistic Relative Resolution):

Φχ(B, λ ∶ ⟨suc, fail⟩) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

⊺ if 0 < ∣cons(suc,B)∣ > ∣cons(fail,B)∣
� if ∣cons(suc,B)∣ ≤ ∣cons(fail,B)∣ > 0
⊣ otherwise

where:

cons(X ,Y) = {x ∈ X ∣ x ∈ Cn(Y)}

4.4 Summary

 is chapter has adopted the representation of maintenance and outcome condi-
tions of chapter 3 and generalized the semantics of AgentSpeak to accommodate
them. In doing so it was necessary to providemechanisms for the balance of the ac-
curacy of the monitoring against the additional costs involved in meeting these ac-
curacy requirements. A number of simple strategies for making this trade-o� were
proposed and their properties discussed.  is led to the observation that the rep-
resentation adopted su�ered issues surrounding con�icting evidence. Again, the
AgentSpeak semantics was extended to provide a customisable approach to resolve
the issue. Subsequently, a number of simple example strategies were presented to
manage con�ict resolution and their merits analysed. Given an agent’s sensitivity
to the environment to which it is deployed, providing additional entry points for
customization instead of advocating single approaches to overcome these di�cul-
ties is advantageous. It also facilitates the development of more sophisticated or
general approaches while remaining consistent with both AgentSpeak and Jason
in providing user de�nable behaviour. Future work will aim to generate empirical
evidence towards the assessment of the validity of the approaches detailed.
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They’re giving bank robbing a bad name.

John Dillinger, on Bonnie and Clyde 5
Belief Revision

Hypothesis:
It is rational for an agent to revise its beliefs in accordance with the intended outcomes
and constraints of its behaviours.

The mental attitudes involved in the practical reasoning of an autonomous
entity are interdependent. Perception and belief in�uence the opportuni-
ties an agent considers available to it.  e behaviours to which an agent

is committed are tracked by its ongoing perception and belief revisions.  e be-
haviours an agent pursues a�ect its place in its environment and subsequently the
perceptions and beliefs it holds. In scenarios in which an agent has uncertainty
about the true state of the environment, means of belief acceptance are required
for the progress of practical reasoning. In this chapter the role of intention dy-
namics in the dynamics of belief will be investigated. As evolving beliefs change
the commitments an agent holds, this evolution can be controlled to ensure that,
whenever rational, the agent’s beliefs evolve to support its commitments[19]. ree
di�erent classes of interaction between intention and belief will be considered:�
 �	1. Each intention that an agent holds is dependent on the agent holding a given

belief. Should the agent cease to believe a depended upon belief, then all the
dependent intentions must be dropped. (See section 5.1).�
 �	2. Each intention that an agent holds persists by default, contains a condition
which when believed by the agent indicates that the intention has been suc-
cessful and contains a condition which when believed indicates the failure or
invalidity of the intention. (See section 5.2).�
 �	3. Additional structure is imposed on the intention base by assuming that there
is a priority relation over the intentions. Intentions and beliefs are related as
described above. (See section 5.3).
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In each of these scenarios the relationship between beliefs and intentions will
be formalized. Based on this relationship a preference ordering over potential belief
revisions based on their e�ects on the intentions of the agent will be de�ned.  e
validity of this doxastic preference relation will then be assessed. In doing so, the
rationality of each with respect to the classical belief revision framework outlined
in section 2.3.1 will be established.

5.1 Maintenance Conditions

Below, the mechanisms by which an intentional agent’s intentions relate to its be-
liefs are formalized and a number of auxiliary concepts necessary for establishing
the rationality of the preference relations proposed are presented.
Firstly, the conditions under which it is valid to say that the intentions held by

an agent are grounded in its beliefs is de�ned (de�nition 5.1.1). For an agent to
hold belief grounded intentions it is necessary for all of its held intentions to be
conditional on some subset of the agent’s currently held beliefs. Intentions cannot
be adopted without their condition upon the agent’s beliefs being satis�ed. Should
the agent’s beliefs be revised so as to no longer support a given intention, the depen-
dent intention must be dropped.  us, an intention can only be rationally retained
while ever its associated belief is held. For the remainder of this section, we will
be concerned only with agents whose intentions are grounded in its beliefs at all
times.�
 �	5.1.1 Definition (Agent with Belief Grounded Intentions):
An agent’s intentions (I) are grounded in (conditional with respect to) its beliefs (B)
if and only if:�
 �	1. they are of the form [ι ∶ while(β)] where β ∈ LB and ι ∈ LI�
 �	2. for all [ι ∶ while(β)] ∈ I , if B is the agent’s current belief base and β ∈ Cn(B),

then [ι ∶ while(β)] ∈ I ′where I ′ is the current set of intentions revised relative
to the agent’s new beliefs.�
 �	3. Alternatively, for all [ι ∶ while(β)] ∈ I , if β /∈ Cn(B) then [ι ∶ while(β)] /∈
I ′.
Next, the subset of a set of intentions that are supported by a given set of beliefs

is de�ned (de�nition 5.1.2). Unlike the de�nition for agent belief grounded inten-
tions, there are no constraints imposed on valid agent con�gurations.  is de�ni-
tion pertains to arbitrary sets of belief conditional intentions and beliefs, regardless
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of the set of beliefs or intentions currently held by any given agent. It should be
noted that for agents with belief grounded intentions, at all times (I⍊B) = I pro-
vided B and I are the agent’s beliefs and intentions, respectively, at the beginning
of each of its reasoning cycles (before the agent has revised its beliefs in accordance
with any new perceptions).�
 �	5.1.2 Definition (Belief Supported Intentions):
 e set of intentions supported given a belief base (B), an initial set of intentions
(I) and the consequence operator used to derive new beliefs from old (Cn) is the set
(I⍊B) where:

(I⍊B) = {[ι ∶ while(β)] ∈ I ∣ β ∈ Cn(B)}

Given a pair of belief bases and a set of intentions, a relation that orders the
belief bases according to the support they provide for the input intention set is
de�ned. A belief base is more preferred than another provided it provides more
support for the input set of intentions than the other.  is preference relation will
provided themechanism by which belief bases are compared by the selection func-
tion below.�
 �	5.1.3 Definition (Minimal Intention Change Relation):
If B and B′ are belief bases and I is an intention base then (⊑dif

I
) is a preference

relation over belief bases given I if:

B ⊑difI B′ if and only if (I⍊B) ⊆ (I⍊B′)

Now that arbitrary belief bases can be compared according to the support they
provide for arbitrary intention sets, a function that will select the subset of these
belief bases thatmost support the aforementioned intention set can be constructed.
 is function will return a subset of the input set of belief bases.  is is necessary
as it is possible that di�erent belief bases may support the same number of inten-
tions. For example, if two belief bases di�er only in their valuation of beliefs that
are unrelated to any of the input intentions then both will support the same inten-
tions though their contents di�er. Alternatively, it is possible that two belief bases
support the same number of intentions, but di�erent subsets of the input intention
set.�
 �	5.1.4 Definition (Minimal Intention Change Selection Function):
A selection function (γIdif) is a minimal intention change selection function given
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a set of belief bases (B) and an intention base (I) based on a minimal intention
change relation if and only if:

γIdif(B, I) = {B ∈ B ∣ B′ ⊑difI B for all B′ ∈ B}

Finally, it is possible to de�ne a revision based on the selection function above.
 is revision is de�ned accordance with the belief revision framework presented
in section 2.3.1. In particular, it is an external partial meet revision operator de�ni-
tion 2.3.12.  is is necessary so that the selection function has access to the belief
added as well as any that must be dropped in order to maintain consistency. Were
it an internal partial meet revision then the selection function would have access
only to the belief bases with the inconsistencies removed but not the new belief.�
 �	5.1.5 Definition (Minimal Intention Change Belief Revision):

A minimal intention change belief revision (B ±γIdif β) given an intention base (I)
is the external partial meet of the selected belief bases as selected via a minimal in-
tention change selection function (γIdif)where each option is an element of the belief
remainder set (Bá¬β)[2] union the new belief (β):

B ±γIdif β = (B +γIdif β)∼γIdif ¬β
�
 �	5.1

B +γIdif β = B ∪ {β}
�
 �	5.2

B ∼γIdif β =⋂ γIdif(Báβ, I)
�
 �	5.3

Applying this belief revision operator to example 3.1.1 it can be seen that:�
 �	1. Tom’s initial beliefs are:

B =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

¬‘Savings increase’,¬‘Mortgage increase’,
‘Interest rate rise’→ ‘Savings increase’,
‘Interest rate rise’→ ‘Mortgage increase’

⎫⎪⎪⎪⎬⎪⎪⎪⎭�
 �	2. His intentions are:

I = {[‘Minimal repayments’ ∶ while (¬‘Mortgage increase’)]}
�
 �	3. He is making the following revision:

B ±γIdif ‘Interest rate rise’
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�
 �	4. A�er expanding his beliefs with ‘Interest rate rise’ in accordance with equa-
tion 5.2 his beliefs are:

B∪{‘Interest rate rise’} =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

¬‘Savings increase’,¬‘Mortgage increase’,
‘Interest rate rise’→ ‘Savings increase’,
‘Interest rate rise’→ ‘Mortgage increase’

‘Interest rate rise’

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭�
 �	5. In order to generate the remainder set

(B ∪ {‘Interest rate rise’})á¬‘Interest rate rise’

as required by equation 5.3, it is necessary to �nd the subsets B′ of

B ∪ {‘Interest rate rise’}

such that:

(a) B′ ⊆ B ∪ {‘Interest rate rise’}
(b) Cn(B′) ∩ ¬‘Interest rate rise’ = ∅
(c)  ere is no set B′′ such that B′ ⊂ B′′ ⊆ (B ∪ {‘Interest rate rise’}) and

Cn(B′′) ∩ ¬‘Interest rate rise’ = ∅

Since¬‘Savings increase’ ∈ Cn(B∪{‘Interest rate rise’}) and ‘Savings increase’ ∈
Cn(B ∪ {‘Interest rate rise’}) it is necessary to remove either:

¬‘Savings increase’, ‘Interest rate rise’→ ‘Savings increase’,

or,

‘Interest rate rise’

from B ∪ {‘Interest rate rise’} to restore consistency.  is is because from
contradiction anything can be derived (� → β for all β ∈ LB).  is in-
cludes ¬‘Interest rate rise’ which in turn violates the requirement expressed
by item 5b. Similar reasoning applies to the contradiction surrounding the
derivability of both ‘Mortgage increase’ and ¬‘Mortgage increase’. Conse-
quently, the set (B∪{‘Interest rate rise’})á¬‘Interest rate rise’ is the set con-
taining:

B1 = { ‘Interest rate rise’,¬‘Mortgage increase’,‘Interest rate rise’→ ‘Savings increase’ }
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B2 = { ‘Interest rate rise’,¬‘Savings increase’,‘Interest rate rise’→ ‘Mortgage increase’ }

B3 =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

‘Interest rate rise’→ ‘Mortgage increase’,
‘Interest rate rise’→ ‘Savings increase’,

‘Interest rate rise’

⎫⎪⎪⎪⎬⎪⎪⎪⎭

B4 = { ‘Interest rate rise’,¬‘Savings increase’,¬‘Mortgage increase’ }

�
 �	6.  e intention remainder sets given the above belief remainder sets are:

I⍊B1 = {[‘Minimal repayments’ ∶ while (¬‘Mortgage increase’)]}
since ¬‘Mortgage increase’ ∈ Cn(B1). By the same reasoning:

I⍊B2 = ∅, I⍊B3 = ∅,
I⍊B4 = {[‘Minimal repayments’ ∶ while (¬‘Mortgage increase’)]}�
 �	7.  eabove intention remainder sets satisfy the following subset relationships:

I⍊B2 = I⍊B3 ⊂ I⍊B1 = I⍊B4

and therefore satisfy the followingminimum intention change relationships:

I⍊B2 ⊑difI I⍊B3 ⊏difI I⍊B1 ⊑difI I⍊B4�
 �	8.  e minimum intention change selection function based on the above or-
dering of intention remainder sets will select B1 and B4:

γIdif({B1,B2,B3,B4} , I) = {B1,B4}�
 �	9. Finally, to generate the resulting revision it is necessary to take the intersec-
tion of the selected belief remainder sets.  us, Tom’s revised beliefs will be:

B ±γIdif ‘Interest rate rise’
=⋂ γIdif((B ∪ {‘Interest rate rise’})á¬‘Interest rate rise’, I)
=⋂{B1,B4}
= B1 ∩ B4
= {‘Interest rate rise’,¬‘Mortgage increase’}

Consequently, Tomwill be rational in retaining his intention towardsmaking
minimal mortgage repayments.
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Notice that if the set of intentions is empty, then all belief revisions are equally pre-
ferred. If all revisions are equally preferred then the selection function will return
all the revisions generated by the remainder set operator.  us, when there are no
intentions the agent will execute a full meet revision (with all the problems of over
cautiousness that full meet entails).�
 �	5.1.1 Observation:
If the set of intentions is empty then all potential revisions are equally preferred by
⊑dif
I
.

Proof. It is necessary to show that if I = ∅ then for all belief bases B and B′, B ⊑dif
I

B′ and B′ ⊑dif
I
B. By de�nition 5.1.3, B ⊑dif

I
B′ if and only if (I⍊B) ⊆ (I⍊B′). If

I = ∅ then by de�nition 5.1.2 (I⍊B) = ∅ for all belief bases. Since ∅ ⊆ ∅ the proof
is complete.

It must now be veri�ed that ⊑dif
I
provides a valid doxastic preference relation.

To do so it is necessary to verify that it is transitive and weakly, if not completely,
maximizing.  ese properties are important for the rationality of preference re-
lations. Recall that, as discussed in section 2.3.1 on page 68, selection functions
based on relations that are transitive andmaximizing satisfy conjunctive inclusion,
conjunctive factoring and conjunctive trisection1 in addition to those rationality
constraints satis�ed by arbitrary partial-meet revisions (observation 2.3.12).�
 �	5.1.1 Theorem:

⊑difI is transitive.
Proof. It is crucial to prove that if B ⊑dif

I
B′ and B′ ⊑dif

I
B′′, then B ⊑dif

I
B′′. By

de�nition 5.1.3 if B ⊑dif
I
B′ then (I⍊B) ⊆ (I⍊B′) and similarly if B′ ⊑dif

I
B′′ then

(I⍊B′) ⊆ (I⍊B′′)).  erefore, (I⍊B) ⊆ (I⍊B′′) and B ⊑dif
I
B′′ as required.�
 �	5.1.2 Theorem:

⊑difI is weakly maximizing.

Proof. It must be shown that if B ⊂ B′, then B ⊑dif
I
B′. If B ⊂ B′ then Cn(B) ⊂

Cn(B′) by the monotonicity of Cn.  us:

{[ι ∶ while(β)] ∈ I ∣ β ∈ Cn(B)} ⊆ {[ι ∶ while(β)] ∈ I ∣ β ∈ Cn(B′)}

By de�nitions 5.1.2 and 5.1.3, B ⊑dif
I
B′ follows as required.

1Provided some additional conditions are met.
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It is not possible to strengthen this to show that ⊑dif
I
is maximizing.�
 �	5.1.3 Theorem:

⊑difI is not maximizing.

Counter-Example. B and B′ must be de�ned such that B ⊂ B′ but B ⊑dif
I
B′ and

B′ ⊑dif
I
B. Let:

B = {β} B′ = {β, β′} β′ /∈ Cn(β) I = {[ι ∶ while(β)]}

As can be seen from the de�nitions of B and B′ that B ⊂ B′ and the same number
of intentions will be retained given either belief base by de�nition 5.1.2.  us, both
(I⍊B) ⊆ (I⍊B′) and (I⍊B′) ⊆ (I⍊B) and de�nition 5.1.3 establishes B ⊑dif

I
B′

and B′ ⊑dif
I
B as required.�
 �	5.1.4 Theorem (Hansson [51]):

∼γIdif satis�es the properties of success, inclusion, relevance, uniformity, failure, closure,
relative closure, core-retainment, vacuity, extensionality and conjunctive overlap by
virtue of being a transitive weakly maximizingly relational partial meet contraction.�
 �	5.1.5 Theorem (Hansson [52]):
±γIdif satis�es the properties of consistency, inclusion, relevance, success, weak unifor-
mity and pre-expansion by virtue of being an external partial meet revision.

 e relationship between intentions and beliefs as advocated in this section is
not the traditional relationship between beliefs and intentions. It does not capture
the inherent stability of intentions as each intention is only as stable as the belief it
utilizes as its maintenance condition.

5.2 Outcome Conditions

In this section the case where the beliefs and intentions of an agent are related via
success and failure conditions is investigated. Intentions persist by default. Each in-
tention has a success and failure condition associated with it.  e success condition
is a condition on the agent’s beliefs that when satis�ed indicates that the intention
has been successful. At this point the agent can drop the intention and continue in
the knowledge that the intention achieved its ends. Similarly, the failure condition
of an intention indicates the conditions under which the intention has failed.  us,
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the agent may take remedial steps, execute a recovery procedure or accept the fail-
ure of its intention as an outright loss and move on to other behaviours. Given
that the beliefs of an agent, at a minimum, encapsulate its information regarding
the environment, this relationship between intentions and beliefs ensures that the
agent retains a realistic perspective on its progress towards its ends.
Example 3.2.1 motivates the following relationship between an agent’s inten-

tions and beliefs and its preferences towards the e�ect of belief revision on its in-
tentions.�
 �	5.2.1 Definition (Belief Grounded Intentions):
An agent’s intentions (I) are grounded in (conditional with respect to) its beliefs (B)
if and only if:�
 �	1. they are of the form [ι ∶ suc(β), fail(β′)] where β ∈ LB, β′ ∈ LB and ι ∈ LI�
 �	2. for all [ι ∶ suc(β), fail(β′)] ∈ I if β ∈ Cn(B) or β′ ∈ Cn(B), then ι /∈ I ′

where I ′ is the intention base revised to account for the changes in the agent’s
beliefs.

An agent can select the belief revision that, given a set of intentions:�
 �	1. maximizes the number of successful intentions, thenwithin thosemaximally
successful intentions minimizes the number of failed intentions (>suc) >
(<fail). If both the success and failure conditions are satis�ed by the agent’s
beliefs then the intention is considered successful, or�
 �	2. minimizes the number of failed intentions prior to maximizing the success-
ful intentions within the minimally failing intentions (<fail) > (>suc). If
both the success and failure conditions are satis�ed by the agent’s beliefs then
the intention is considered to have failed, or�
 �	3. minimizes the change required of its intentions in the hope that further infor-
mation will become available so that it need not decide prematurely (<dif).

Alternative 3 may appear to be a strange strategy for an agent to adopt. How-
ever, there may be a number of situations in which it is the most appropriate. In
environments in which perception is noisy, placing a priority on the stability of
the agents intentions over success may prevent over-optimism and bu�er the agent
against faulty changes in its intentions due to incorrect perception. In situations
in which an agent must interact and cooperate with other agents, the additional
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predictability of the agents behaviour subsequent to prioritizing the stability of in-
tention over success may be the determinant factor in whether cooperation is at-
tempted or successfully achieved.
It is necessary to de�ne the sets of intentions rendered a success/failure by a

given belief base, the duals of these sets, the set of beliefs relevant for a given in-
tention base, preference relations over belief bases, selection functions based on
these preference relations and belief revision operators in terms of these selection
functions:�
 �	5.2.2 Definition (Intention Remainder Operators):

A successful/failure intention remainder operator ( ⍊suc) / ( ⍊fail) is an in�x operator that
requires an intention base (I) and a belief base (B) as input and returns the elements
of the intention base for which the success/failure condition do not follow from the
belief base:

(I ⍊sucB) = {[ι ∶ suc(β), fail(β′)] ∈ I ∣ β /∈ Cn(B)}

and

(I ⍊failB) = {[ι ∶ suc(β), fail(β′)] ∈ I ∣ β′ /∈ Cn(B)}

 e dual of these operators are the successful/failure intention operators:

(I ⍊sucB) = {[ι ∶ suc(β), fail(β′)] ∈ I ∣ β ∈ Cn(B)}

and

(Ifail
⍊
B) = {[ι ∶ suc(β), fail(β′)] ∈ I ∣ β′ ∈ Cn(B)}

�
 �	5.2.3 Definition (Intention Relevant Beliefs):
 e beliefs relevant to the success of the agent’s intentions I2:

BIsuc = {β ∣ [ι ∶ suc(β), fail(β′)] ∈ I }

and, to their failure:

BIfail = {β′ ∣ [ι ∶ suc(β), fail(β′)] ∈ I }
2 e set of success and failure conditions are each being treated as a single condition to simplify

their presentation. Extending the de�nitions to cater for sets of conditions is trivial, however.
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�
 �	5.2.4 Definition (Successful Intentions):
B ⊑suc

I
B′ if the successful intention remainder set given B and I is a superset of

the successful intention remainder set given B′ and I . Otherwise, B ⊑suc
I
B′ if the

successful intention remainder set given B and I is equal to the successful intention
remainder set given B′ and I and the failure intention remainder set resultant from
the successful intention remainder set given B and I is a subset or equal to the failure
intention remainder set applied to the successful intention remainder set givenB′ and
I .

B ⊑sucI B′ =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

⊺ if (I ⍊sucB) ⊃ (I ⍊sucB′)
⊺ if (I ⍊sucB) = (I ⍊sucB′) ∧ (I ⍊sucB) ⍊failB ⊆ (I ⍊sucB′) ⍊failB′

� otherwise

 is captures the intuition that B ⊑suc
I
B′ if the set of successful intentions

given B is a strict subset of those rendered a success by B′, or, the set of successful
intentions is the same for both belief bases and the set of failed intentions among
those remaining a�er removing the successful ones for B is a superset of those for
B′. Conversely:�
 �	5.2.5 Definition (Failed Intentions):
B ⊑fail

I
B′ if the failure intention remainder set givenB and I is a subset of the failure

intention remainder set given B′ and I . Otherwise, B ⊑fail
I
B′ if the failure intention

remainder set given B and I is equal to the failure intention remainder set given B′
and I and the successful intention remainder set resultant from the failure intention
remainder set given B and I is a subset or equal to the successful intention remainder
set applied to the failure intention remainder set given B′ and I .

B ⊑failI B′ =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

⊺ if (I ⍊failB) ⊂ (I ⍊failB′)

⊺ if (I ⍊failB) = (I ⍊failB′) ∧ (I ⍊failB) ⍊sucB ⊇ (I ⍊failB′) ⍊sucB′

� otherwise

�
 �	5.2.6 Definition (Minimal Intention Change Ralation):
B ⊑dif

I
B′ if the failure intention remainder set given B and I is a subset or is equal

to the failure intention remainder set given B′ and I and the successful intention re-
mainder set givenB and I is a subset or is equal to the successful intention remainder
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set given B′ and I .

B ⊑difI B′ =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

⊺ if (I ⍊failB) ⊆ (I ⍊failB′) ∧ (I ⍊sucB) ⊆ (I ⍊sucB′)
� otherwise

 is captures the fact that B ⊑dif
I
B′ if both the set of successful and failed

intentions for B′ is a subset of those for B.�
 �	5.2.7 Definition (Intention Change-based Selection Function):
A selection function (γ⋆) is an intention change selection function given a set of belief
bases (B) and an intention base (I) based on an intention change relation (⊑⋆)3 if:

γ⋆(B, I) = {B ∈ B ∣ B′ ⊑⋆ B for all B′ ∈ B}�
 �	5.2.8 Definition (Intention Change-based Belief Revision):
An intention change belief revision (B ±⋆ β) given an intention base (I) is the partial
meet of the selected belief bases as selected via an intention change selection function
(⋆) where each option is an element of the belief remainder set (Bá¬β) union the
new belief (β)4:

B ±⋆ β = (B +⋆ β) -⋆ ¬β
�
 �	5.4

B +⋆ β = B ∪ {β}
�
 �	5.5

B -⋆ β =⋂⋆(Báβ, I)
�
 �	5.6

To demonstrate the above revision operators, it is necessary to apply them to
an example. Consider example 3.2.1 in which Tom is attempting to maximize the
success of his intentions. Tom’s intentions in this case are:

I = {[‘Save money’ ∶ suc(‘Savings increase’), fail(‘Mortgage increase’)]}

Again, Tom is revising his beliefs to integrate the fact that interest rates have risen:

B ± γIsuc ‘Interest rate rise’

 e belief remainder sets are the same as for the minimum intention change revi-
sion operator (±γIdif) discussed prior.

(B ∪ {‘Interest rate rise’})á¬‘Interest rate rise’ = {B1,B2,B3,B4}
3Where ⋆ is either suc (I), fail (I) or dif (I).
4Where ⋆ is γIsuc, γIfail or γIdif.
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 e successful intention remainder sets are:

I ⍊sucB1 = ∅, I
⍊
sucB2 = I , I

⍊
sucB3 = ∅, I

⍊
sucB4 = I

 e failure intention remainder sets given the successful intention remainder sets
are:

(I ⍊sucB1)
⍊

failB1 = ∅, (I ⍊sucB2)
⍊

failB2 = ∅,

(I ⍊sucB3)
⍊

failB3 = ∅, (I ⍊sucB4)
⍊

failB4 = I

Based on the intention remainder sets above it can be seen that the successful in-
tentionmaximizing relation will order the belief remainder sets as below. Note that
=suc
I
is a shorthand for B ⊑suc

I
B′ ∧ B′ ⊑suc

I
B for arbitrary belief bases B and B′.

B2 ⊑sucI B1, B1 =sucI B3, B4 ⊑sucI B1,
B2 ⊑sucI B3, B2 ⊑sucI B4, B4 ⊑sucI B3

Which can be more compactly expressed:

B2 ⊑sucI B4 ⊑sucI B1 =sucI B3

 us, the intention success maximizing selection function will select B1 and B3:

γIsuc({B1,B2,B3,B4} , I) = {B1,B3}

Finally, to generate the resulting revision it is necessary to take the intersection of
the selected belief bases:

B ± γIsuc ‘Interest rate rise’
=⋂ γIsuc((B ∪ {‘Interest rate rise’})á¬‘Interest rate rise’, I)
=⋂{B1,B3}
= B1 ∩ B3
= {‘Interest rate rise’}

Notice that whenever the agent does not have any intentions all belief revisions
are equally preferred.�
 �	5.2.1 Observation:
If the set of intentions is empty then all belief bases are equally preferred by ⊑suc

I
, ⊑fail
I

and ⊑dif
I
.
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Proof. It is required to show that ifI = ∅ then for all belief basesB andB′,B ⊑suc
I
B′

and B′ ⊑suc
I
B. By de�nition 5.2.4 there are two ways that B ⊑suc

I
B′ can hold and

vice versa. Only one case need hold for the relation to hold:�
 �	Case 1: B ⊑suc
I
B′ if (I ⍊sucB) ⊃ (I ⍊sucB′). Since I = ∅ then (I ⍊sucB) = ∅ for any

B. Since ∅ /⊃ ∅ it is known that the �rst case does not hold for B ⊑suc
I
B′.

 rough symmetry it is also established that B′ ⊑suc
I
B does not hold via

(I ⍊sucB′) ⊃ (I ⍊sucB).
�
 �	Case 2: B ⊑suc

I
B′ if (I ⍊sucB) ⍊failB ⊆ (I ⍊sucB′) ⍊failB′. Since I = ∅

(I ⍊sucB) ⍊failB = ∅

for any B. Since ∅ ⊆ ∅ then B ⊑suc
I
B′ by this case.  rough symmetry it is

the case that B′ ⊑suc
I
B as required.

 e proofs for ⊑fail
I
and ⊑dif

I
are analogous.

Now it is necessary to demonstrate that the above relations are transitive and
at least weakly, if not, completely maximizing.�
 �	5.2.1 Theorem:

⊑sucI is transitive.

Proof. It need be shown that if B ⊑suc
I
B′ and B′ ⊑suc

I
B′′ then B ⊑suc

I
B′′.  ere are

four cases to consider:�
 �	Case 1: B ⊑suc
I
B′ by (I ⍊sucB) ⊃ (I ⍊sucB′) and B′ ⊑suc

I
B′′ by (I ⍊sucB′) ⊃ (I ⍊sucB′′).

 e transitivity of ⊑suc
I
follows from the transitivity of ⊃.�
 �	Case 2: B ⊑suc

I
B′ by (I ⍊sucB) ⊃ (I ⍊sucB′) and B′ ⊑suc

I
B′′ by (I ⍊sucB′) ⍊failB′ ⊆

(I ⍊sucB′′) ⍊failB′′. Given de�nition 5.2.4 (I ⍊sucB′) ⍊failB′ ⊆ (I ⍊sucB′′) ⍊failB′′ is only
used in the case that (I ⍊sucB′) = (I ⍊sucB′′) (otherwise B′′ ⊑suc

I
B′). Since

(I ⍊sucB) ⊃ (I ⍊sucB′) and (I ⍊sucB′) = (I ⍊sucB′′), it follows that (I ⍊sucB) ⊃ (I ⍊sucB′′)
and B ⊑suc

I
B′′ as required.
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�
 �	Case 3: B ⊑suc
I
B′ by (I ⍊sucB) ⍊failB ⊆ (I ⍊sucB′) ⍊failB′ and B′ ⊑suc

I
B′′ by (I ⍊sucB′) ⊃

(I ⍊sucB′′). Given de�nition 5.2.4 (I ⍊sucB) ⍊failB ⊆ (I ⍊sucB′) ⍊failB′ is used only
in the case that (I ⍊sucB) = (I ⍊sucB′) (otherwise B′ ⊑suc

I
B). Since (I ⍊sucB) =

(I ⍊sucB′) and (I ⍊sucB′) ⊃ (I ⍊sucB′′) it is established that (I ⍊sucB) ⊃ (I ⍊sucB′′)
and B ⊑suc

I
B′′ as required.�
 �	Case 4: B ⊑suc

I
B′ by (I ⍊sucB) ⍊failB ⊆ (I ⍊sucB′) ⍊failB′ andB′ ⊑suc

I
B′′ by (I ⍊sucB′) ⍊failB′

⊆ (I ⍊sucB′′) ⍊failB′′.  e transitivity of ⊑suc
I
follows from the transitivity of ⊆.

�
 �	5.2.2 Theorem:

⊑sucI is not weakly maximizing.

Counter-Example. It must be shown that if B ⊂ B′ then it need not be the case
that B ⊑suc

I
B′. To do so it is necessary to construct B and B′ such that B ⊂ B′

and B′ ⊑suc
I
B but not B ⊑suc

I
B′. Since B ⊂ B′, Cn(B) ⊂ Cn(B′) follows by

the monotonicity of Cn. By de�nition 5.2.2, it follows that (I ⍊sucB) ⊇ (I ⍊sucB′). By
de�nition 5.2.4, if (I ⍊sucB) ⊃ (I ⍊sucB′) then B ⊑suc

I
B′.  erefore, it is necessary to

construct B and B′ so that (I ⍊sucB) = (I ⍊sucB′) in order to prevent B ⊑suc
I
B′ yet

maintain B ⊂ B′. Since it is required that (I ⍊sucB) = (I ⍊sucB′), B and B′ must be

such that (I ⍊sucB′) ⍊failB′ ⊂ (I ⍊sucB) ⍊failB by de�nition 5.2.4 (it cannot be ⊆ lest it also
satisfy the condition for B ⊑suc

I
B′).  is means that there must be at least one

β′ ∈ B′ such that: β′ /∈ B and [ι ∶ suc(β), fail(β′)] ∈ I where β /∈ B. Let:

B = {β} B′ = {β, β′} β′ /∈ Cn(β) I = {[ι ∶ suc(β′′), fail(β′)]}

It can easily be seen that the above satis�es the constraints required to demonstrate
that ⊑suc

I
is not a weakly maximizing relation.

It can be seen that ⊑suc
I
is anti-monotonic with respect to failure. By adding be-

liefs which cause intentions to fail (without a�ecting the success of any intentions),
the belief base is made less preferred.
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�
 �	5.2.3 Theorem:

⊑failI is transitive but not weakly maximizing.

Proof. Proofs are analogous to theorems 5.2.1 and 5.2.2.�
 �	5.2.4 Theorem:

⊑difI is transitive.

Proof.  e proof is analogous to theorem 5.1.1.�
 �	5.2.5 Theorem:

⊑difI is not weakly maximizing.

Counter-Example. It is necessary to de�ne B and B′ such that B ⊂ B′ yet B′ ⊑dif
I
B

but not B ⊑dif
I
B′. If B ⊂ B′ then Cn(B) ⊂ Cn(B′) by the monotonicity of Cn. By

de�nitions 5.2.2 and 5.2.6 it is clear that it is necessary to construct B and B′ such
that B′ results in the success or failure of more intentions than B.  us, let:

B = ∅ B′ = {β} I = {[ι ∶ suc(β), fail(β′)]}

From the above constructions it can be seen that B ⊂ B′. Now it is necessary to
show that these de�nitions lead to B′ ⊑dif

I
B. From de�nition 5.2.2 it must be

shown (I ⍊sucB′) ⊆ (I ⍊sucB) and (I ⍊failB′) ⊆ (I ⍊failB). Since B = ∅ it is known that

(I ⍊failB) = BIfail and (I ⍊sucB) = BIsuc. As can be seen from the construction that

(I ⍊failB′) = BIfail since B′ contains no beliefs relevant to the failure conditions
of the agent’s intentions. However, since B′ does contain elements relevant to the
success conditions of the agent’s intentions it follows that (I ⍊sucB′) ⊂ (I ⍊sucB).  us,

(I ⍊sucB′) ⊆ (I ⍊sucB) and (I ⍊failB′) ⊆ (I ⍊failB) are established as required.

 e intuition underlying the above proof is that ⊑dif
I
prefers belief revisions

that result in belief bases that are less relevant to the agent’s current intentions.
Each intention relevant belief added to the agent’s beliefs will result in a change in
the agent’s intentions.
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�
 �	5.2.6 Theorem (Hansson [51]):
∼γIsuc , ∼γIfail and ∼γIdif satisfy the properties of success, inclusion, relevance, uniformity,
failure, closure, relative closure, core-retainment, vacuity and extensionality by virtue
of being transitive relational partial meet contractions.�
 �	5.2.7 Theorem (Hansson [52]):
±γIsuc , ±γIfail and ±γIdif satisfy the properties of consistency, inclusion, relevance, success,
weak uniformity and pre-expansion by virtue of being external partial meet revisions.

5.3 Prioritized Intentions

Although the above formalization captures the relationship between intentions and
beliefs in amore �exible way, it fails to address the relationships between intentions
themselves. Typically, an intention base is not simply just a set of intentions but
has more structure.  is additional structure will be captured through the use of
a preference relation over intentions. Example 3.2.2 motivates the need for such
additional structure.
De�nitions 5.2.2, 5.2.3, 5.2.7 and 5.2.8 and the constraints imposed by de�ni-

tion 5.2.1 are retained but it is necessary to modify de�nitions 5.2.4 and 5.2.5 to
integrate the preference relation over intentions.�
 �	5.3.1 Definition (Preferential Intentional Agent):
A preferential intentional agent is a tuple: ⟨LB ,B,Cn,LI , I , ⊴, tI⊴⟩ where:�
 �	LB, B, Cn, LI and I are as de�nition 2.1.2.�� ��⊴ is a transitive and complete preference order5 over the agent’s intentions.�
 �	tI⊴ is a function that given an intention base and an ordering over intentions pro-

duces an ordering6 over all subsets of the intention base.�
 �	5.3.2 Definition (Prioritized Success Maximizing Relation):
B ⊴⊑sucI B′ if the set of intentions that B′ renders successful is more preferred than the
set of intentions rendered successful by B or, the set of intentions rendered successful
by B and B′ are equally preferred and the set of intentions deemed a failure by B′
(disregarding those intentions that have been rendered successful) is less preferred

5 is preference order is re�exive, transitive and antisymmetric.
6 e resulting generalized order is also re�exive, transitive and antisymmetric.
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than the set of intentions deemed a failure by B (again disregarding those intentions
that had been rendered successful)7.

B ⊴⊑sucI B′ =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

⊺ if (I ⍊sucB) ⋖I⊲ (I ⍊sucB′) ,
⊺ if (I ⍊sucB) ≑I⊴ (I ⍊sucB′) ∧ ((I ⍊sucB′) fail

⍊
B′) tI⊴ ((I ⍊sucB) fail

⍊
B)

� otherwise�
 �	5.3.3 Definition (Prioritized Failure Minimizing Relation):
B ⊴⊑failI B′ if the set of intentions that B′ renders a failure is less preferred than the
set of intentions rendered a failure by B or, the set of intentions rendered a failure
by B and B′ are equally preferred and the set of intentions deemed successful by B
(disregarding those intentions that have been rendered a failure) is less preferable to
the set of intentions deemed successful by B′ (again disregarding those intentions that
had been rendered a failure).

B ⊴⊑failI B′ =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

⊺ if (Ifail
⍊
B′) ⋖I⊲ (Ifail

⍊
B) ,

⊺ if (Ifail
⍊
B′) ≑I⊴ (Ifail

⍊
B) ∧ ((I ⍊failB) ⍊sucB) tI⊴ ((I ⍊failB′) ⍊sucB′)

� otherwise

 e above de�nitions 5.3.2 and 5.3.3 assume that the importance of success and
failure is equal.  at is, for all intentions, an agent attempts to ensure their suc-
cess and avoid their failure with equal ferocity. However, there may be situations
in which this assumption is invalid. In particular, scenarios in which there are be-
haviours such that the cost of failure is negligible yet the reward is signi�cant or
the price of failure is dramatic yet the bene�ts of success slight. Removing this as-
sumption will not be attempted in this thesis, however, it remains a topic of future
work.
Notice, again, that if the intention base is empty then all belief revisions are

equally preferred.�
 �	5.3.1 Observation:
If the set of intentions is empty then all belief bases are equally preferred by ⊴⊑sucI
and ⊴⊑failI .

Proof.  e proof for ⊴⊑sucI and ⊴⊑failI are analogous to observation 5.2.1.
7Note that ≑I

⊴
is shorthand for I tI

⊴
I ′ ∧ I ′ tI

⊴
I for arbitrary I and I ′.
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�
 �	5.3.1 Theorem:

⊴⊑sucI is transitive.

Proof.  e proof is analogous to theorem 5.2.1�
 �	5.3.2 Theorem:

⊴⊑sucI is not weakly maximizing.

Counter-Example. To see this, it is su�cient to construct a scenario where B ⊂ B′
but it is not the case that B ⊴⊑sucI B′ and B′ ⊴⊑sucI B. It is necessary to construct B,
B′ and tI⊴ such that B ⊂ B′ and (I ⍊sucB′) tI⊴ (I ⍊sucB) to show that B′ ⊴⊑sucI B. Let:

B = {β} B′ = {β, β′}
I = {[ι ∶ suc(β), fail(β′′)] , [ι′ ∶ suc(β′), fail(β′′′)]}

I ′ tI⊴ I ′′ =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

⊺ if I ′ ⊇ I ′′
⊺ if ∃ι ∈ I ′ . ι /∈ I ′′ ∧ ∀ι′ ∈ I ′′ . ι′ /∈ I ′(ι ⊴ ι′)
� otherwise

It can be seen that tI⊴ is a transitive and complete generalized preference relation
over 2I , that orders, �rstly, according to intention set size and, secondly, according
to the ordering of the least preferred intention that is not shared in both sets. It is
clear from the construction of B and B′ that B ⊂ B′. Furthermore it is known
from the construction that B′ renders at least one intention successful beyond
the intentions that B renders successful. Since (I ⍊sucB) ⊂ (I ⍊sucB′), it follows that
(I ⍊sucB′) ⋖I⊲ (I ⍊sucB) by the �rst clause of de�nition 5.3.2.  us, B′ ⊴⊑sucI B follows
as required.

 e counter-example used to demonstrate that ⊴⊑sucI is notweakly maximizing
(theorem 5.3.2) relies on a con�ict between the preferences outlined in the de�ni-
tion of ⊴⊑sucI and the preference relation generated by tI⊴ .  is arises due to ⊴⊑sucI
aiming towards the revision that maximizes the number of success conditions that
follow from the resulting belief base and, therefore, a larger decrease in the num-
ber of intentions held and tI⊴ generating a preference relation which prefers larger
intention bases and thus minimum change in the number of intentions held.  us,
the rationality behind such an example is questionable. Whether requiring con-
sistency between ⊴⊑sucI and tI⊴ is su�cient to ensure the weak maximizability of
⊴⊑sucI remains an open question.
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�
 �	5.3.3 Theorem:

⊴⊑failI is transitive but not weakly maximizing.

Proof. Proofs are analogous to theorems 5.3.1 and 5.3.2.�
 �	5.3.4 Theorem (Hansson [51]):
∼γIsuc and ∼γIfail satisfy the properties of success, inclusion, relevance, uniformity, fail-
ure, closure, relative closure, core-retainment, vacuity and extensionality by virtue of
being a transitive weakly maximizingly relational partial meet contraction.�
 �	5.3.5 Theorem (Hansson [52]):
±γIsuc and±γIfail satisfy the properties of consistency, inclusion, relevance, success, weak
uniformity and pre-expansion by virtue of being an external partial meet revision.

 e proofs outlined in this chapter have demonstrated that it is possible to uti-
lize an agent’s intentions to guide the revision of it’s beliefs.  rough the particular
constructions employed, an analysis of the rationality of such revisions utilising
the rationality postulates of classical belief revision was conducted. Traditionally,
however, the informational content of the belief bases in question have provided the
guiding principle by which beliefs are revised.  is informational content has been
measured using multiple approaches.  e most widely known technique is known
as epistemic entrenchment.  is approach aims to retain the beliefs with the max-
imal explanatory power for reasoning and planning problems. Two measures of
such explanatory power have been advocated: Gärdenfors’s entrenchment[40, chap-
ter 1] and Rott’s entrenchment [89] orderings.  e di�erence lies in the reversibility
of the revisions resultant to the two approaches. Another rational approach is that
of Levi’s contraction operators based on saturatable subsets.  ese contractions, like
Rott’s entrenchment, are not reversible by simply expanding the belief base by the
formulæ by which it was contracted. Further approaches advocate the selection of
the beliefs to be removed, not the beliefs to be retained. Such approaches include
safe contraction and kernel contraction.
Of the aforementioned techniques for selecting rational revisions, the intention

guided approach articulated above shares most in spirit with entrenchment order-
ings. Entrenchment aims to retain the beliefs most useful for problem solving, re-
gardless of the particularities of the problems to be solved.  e approach utilizing
intentions and their behavioural knowledge, however, maximizes the retainment
of the beliefs that are most valuable in the practical reasoning of the agent.  is
value is based on maximizing the retainment of the existing intentions, or maxi-
mizing their success while minimizing their failure. By specializing the revisions
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according to the agent’s current intentions, there is a risk that beliefs that are valu-
able for future decisions will be sacri�ced. Whether this trade-o� is, on-average,
bene�cial remains an open question. Additionally, approaches that balance the in-
formational content and, thus, future value against their current value with respect
to the agent’s intentions deserves future attention and development.

5.4 Summary

For a belief revision operation to be rational it must satisfy the basic postulates as
outlined in section 2.3.1. Adherence to additional postulates ensures rational belief
change under broader circumstances, in particular, when revisions involve con-
junctions or disjunctions.  e above proofs demonstrate that, in circumstances in
which there are multiple valid revisions of a belief base by a given formula, it is
rational to select the intersection of those that maximize the bene�cial outcome on
the agent’s intentions. It was demonstrated that revisions based on maintenance
conditions o�er additional rationality guarantees than those based on outcome
conditions.  is is likely due to the tighter relationship that holds between the cur-
rent contents of the beliefs and themaintenance conditions of an agent’s intentions.
Maintenance conditions tie the stability of the agent’s intentions to the stability of
it’s beliefs. As more beliefs are adopted the more likely it is that the maintenance
conditions are satis�ed and their corresponding intentions retained. Conversely,
the more beliefs the agent is required to give up, the more likely it is that corre-
sponding intentions will be required to be relinquished.  is contrasts with the
revisions aiming to maximise success or minimize failure. Belief bases with addi-
tional beliefs will not automatically be preferred by these revision operators. Any
additional intention failure conditions satis�ed by a given revision decreases that
revision’s desirability. Subsequently, more comprehensive belief bases are not au-
tomatically more preferential given the agent’s intentions. Because of this, an agent
may need to trade the rationality of belief revision against its a�ect on intention
dynamics.
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In America, any boy may become president and
I suppose that’s just one of the risks he takes.

Adlai Stevenson 6
Intention Revision

Hypothesis:
 e explicit modelling of the dependencies between intentions that arise as a conse-
quence of consistency maintenance during decision making facilitates both the quan-
ti�cation of commitment and mechanisms for intention reconsideration propagation.

This chapter will detail a theory of intention and commitment based on the
intuition that the commitment an agent has towards an intention is propor-
tional to the cost of dropping it.  is cost is derived from the dependen-

cies between intentions that arise as a consequence of decision making[20].  ese
dependencies arise as a product of intention consistency maintenance in light of
intentions with expected outcomes and known side-e�ects (as discussed in chap-
ter 3).  e role of this theory in the revision of intentions will then be examined.
In particular, the cost attributable to a given intention will be utilized to determine
the appropriateness of its reconsideration.
An optimal intention reconsideration strategy grounds the agent’s behaviour

in its environment while minimizing the reasoning required to do so. If an agent
reconsiders its intentions too infrequently then its behaviour can diverge from that
required by the environment. If it reconsiders its intentions too o�en then its be-
haviour may become undirected, ine�cient and opportunities for action may be
missed.  e structure of an agent’s intentions and its commitments to achieve these
greatly in�uence the nature of a rational policy an agent adopts. By quantifying
commitment an agent is able to reason about its preferences to retain its intentions
in circumstances in which it may revise them.
Firstly, the change in the commitment towards a given intention resulting from

a number of identi�ed intention change operations will be detailed.  en amethod
to approximate the initial costs of individual intentions will be presented. Follow-
ing this, an approach to calculate the overall commitment an intention entails given
its relationship to the other adopted intentions is developed. Based on this theory
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of commitment, a number of approaches to evaluate the desirability of reconsid-
ering an intention in light of changing intentions are then presented. Finally, the
approach is specialized for integration into the semantics of an AgentSpeak (see
section 2.1.3) agent.

6.1 Intention Dynamics

Because the commitment an agent places in a given intention changes with the
evolution of its other intentions, it is necessary to identify the operations by which
intentions change. Given a comprehensive set of such operations it is then neces-
sary to characterize the change in the commitment placed in all intentions a�ected
by, or related to intentions a�ected by, the operation in question. A number of such
operations have been identi�ed and each discussed, individually, below.

6.1.1 Intention Adoption�
 �	6.1.1 Example:
Imagine an o�ce assistant robot whose jobs include fetching co�ee, delivering hard-
copies of documents, vacuuming carpets and guiding o�ce guests. One of these robots
is unoccupied when it receives a request for co�ee. Since the robot is otherwise unoc-
cupied it chooses to deliver the co�ee.  e robot has two means of satisfying this op-
portunity: deliver the co�ee itself, or cooperate with another robot to do so.  e robot
chooses to deliver the co�ee itself resulting in a commitment towards this behaviour. A
short time later, a request to relocate a document is made of the robot.  e robot has
two means of satisfying this request: deliver the document itself, or, request the ser-
vices of another agent. Because the robot is already committed to delivering the co�ee
and the document requires delivery to a distant area of the building, it cannot com-
patibly deliver both the co�ee and the document.  erefore, it negotiates with another
agent to jointly handle the task instead. Because the robot’s commitment towards de-
livering co�ee in�uenced its decision to request the services of another robot to handle
the document delivery request, there is a dependency between the two commitments.

Every time an intention plays an active role in a decision an agent should in-
crease its commitment towards this intention. Should the agent retract this in-
tention at some future point, doing so would contribute to the reasons why the
agent should reconsider decisions in which it a�ected the outcome. For an exist-
ing intention to play an active role in a particular decision it must invalidate one
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or more of the options over which the agent is contemplating. However, for each
option that is invalidated by the agent’s current intentions, multiple intentions may
invalidate it.  us, there is a potentially many-to-many relationship between op-
tions and the intentions that invalidate them.  e agent should, therefore, dis-
tribute the cost of such a decision to each intention in a way that is proportional to
its contribution.
 e process of adopting an intention to satisfy a goal can be divided into three

stages:
�
 �	1. Option Generation;

�
 �	2. Option Filtering; and
�
 �	3. Option Selection.

Firstly, an agent generates the set of options for achieving its current goal.  is
may involve extracting relevant and applicable plans from a �xed plan library or
planning from �rst principles. For the present purposes, it is safe to assume that
this is a �xed but arbitrary cost. Regardless of the source of the alternatives, it is
necessary to �lter the generated options to the subset that is compatible with the
agent’s existing intentions.  is is because it is demonstrably irrational to adopt in-
tentions that are not internally consistent.  e �ltering process, in the worst case,
requires comparing each option against each intention. Again, this is a �xed cost
that is, in the worst case, proportional to the number of options and intentions in-
volved1. Finally, one of the options consistent with the agent’s existing intentions
must be selected and adopted as the intention by which the goal is to be achieved.
To make such a selection, the set of options consistent with the agent’s intentions
need to be ordered according to some suitability metric and the most suitable op-
tion subsequently selected.  e nature of the metric is unimportant.  e crucial
aspect is that the options consistent with the agent’s intentions must be ordered.
Such a process will be proportional to the number of options to order.  us, the
more options that are consistent with the agent’s intentions that the selection pro-
cess must order, the more costly the selection process is. Conversely, the higher the
proportion of options that are incompatible with the agent’s intentions, the easier
the selection will be.
Figure 6.1 depicts a scenario in which the cost of adopting a given intention

is distributed amongst the involved intentions.  e black lines indicate con�icts
between intentions and options. ω4 is the selected option. Two out of the four
options are invalidated by the agent’s intentions (namelyω1, ω2).  us, 1/2 of the cost
of adopting ω4 is assignable to these intentions and 1/2 to the ω4 itself. Had there
been no con�icts between the options available and the agent’s intentions, then
the agent’s intentions would have been irrelevant in the decision to adopt ω4 and
consequently the entire cost of adopting ω4 is attributable to ω4. In this example,

1 ough this �xed cost di�ers for each adoption.
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however, there are three con�icts: between ω1 and ι2; ω2 and ι2; and, between ω2
and ι3.  us, each con�ict is weighted 1/3 of the 1/2 assignable to the intentions as a
whole. Since ι2 is involved in two of these con�icts, its cumulative weight is 2 × 1/6,
i.e. 1/3. Because ι3 is involved in only one con�ict, only 1/6 of the total cost of adopting
ω4 is attributable to it.

ι3

Options
Intentions

1
3
1
6

ω1

ω3

ω2

ω41
2

ι1

ι2

Figure 6.1: Intention-Option Con�icts

Imagine an agent is adopting an intention to satisfy some goal.  e agent has
a set of options for satisfying this goal and the selected option must be compatible
with it’s intentions.  e agent must check each option for consistency against all
currently held intentions. Assume that a subset of these options is found to be in-
compatible with at least one intention using its con�ict recognition function (ΞO

I
).�
 �	6.1.1 Definition (Intention Inconsistent Options):

 e subset of options that are inconsistent with the agent’s currently held intentions:

Ot≀I t = {ω ∈ Ot ∣ ∃ι . ι ∈ I t ∧ ΞOI (ω, ι) = ⊺}

where:�� ��I : is the agent’s currently held intentions.�
 �	O : is the set of options under consideration to satisfy a particular goal.
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�� ��t : the time at which the options were generated.�� �ΞO
I
(ω, ι) : is a function that maps an option and an intention to true (⊺) if they are
not simultaneously adoptable, and false (�) otherwise.�
 �	6.1.2 Definition (Option Inconsistent Intentions):

 e subset of intentions that are in con�ict with one or more options under consider-
ation:

I t≀Ot = {ι ∈ I t ∣ ∃ω . ω ∈ Ot ∧ ΞOI (ω, ι) = ⊺}

where:�� ��I : is the agent’s currently held intentions.�
 �	O : is the set of options under consideration to satisfy a particular goal.�� ��t : the time at which the options were generated.�� �ΞO
I
(ω, ι) : is a function that maps an option and an intention to true (⊺) if they are
not simultaneously adoptable, and false (�) otherwise.

Assume that an agent makes a selection from the compatible options available
to it.  e agent has a proportion of the cost of intending the selection to distribute
among the intentions involved in the decision.  is proportion is the number of
inconsistent options given the agent’s intentions over the total number of options
under consideration.  us, the initial commitment towards intending the selected
option is:�
 �	6.1.3 Definition (Base Commitment):
 e base commitment placed in a newly adopted intention σ is the cost (Ω) of adopt-
ing σ provided the set of intention inconsistent options is empty. Otherwise, it is 1 -
the proportion of options invalidated by the agent’s intentions (∣Ot ≀I t ∣/∣O∣) applied to
the cost of adopting it (Ω).

Π(σ) =
⎧⎪⎪⎨⎪⎪⎩

Ω(σ) ifOt≀I t = ∅
(1 − ∣Ot ≀I t ∣

∣O∣
) ×Ω(σ) otherwise

where:
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�� ��σ : is the selected option for which the base commitment is being calculated.�
 �	Π(σ) : is the initial commitment associated with the selected option σ .�
 �	Ot≀I t : are the alternative options that were discarded in the decision to adopt σ due
to con�ict with the agent’s intentions (see de�nition 6.1.1).�
 �	O : is the set of options generated to satisfy the new goal.�
 �	Ω(σ) : is the initial cost of adopting σ . An example mechanism to calculate this and
further discussion are provided in section 6.2.1.

In other words, the base commitment placed in an intention ι is the cost of
adopting the intention (Ω) if the agent’s prior intentions played no role in its adop-
tion. If the agent’s existing intentions played a role in the adoption of ι, then the
base commitment placed in ι is the cost of its adoption not attributable to the agent’s
prior intentions.

ι1
Π
Λ

Π
Λ

Π
Λ

Π
Λ

Π
Λ

Ψ(ι4, ι5)

Ψ(ι3, ι5)

Ψ(ι1, ι4)

Ψ(ι1, ι2) Ψ(ι1, ι3)

Ψ(ι2, ι4)

ι5

ι4

ι2 ι3

Figure 6.2: Commitment Calculation
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Figure 6.2 highlights the role of the intention dependencies in the calculation
of the commitment an agent holds towards a given intention. Each intention has
a base (Π) and accumulated (Λ) component to this commitment. To calculate the
overall commitment placed in intention ι1, the base and accumulated commitment
towards it are utilized in addition to the dependencies between it and ι2, ι3 and
ι4. Similarly, ι2 is depended upon by ι4 and the commitment held towards ι4 con-
tributes to the overall commitment ι2 entails.  us, ι4 contributes multiple times
towards the commitment held in ι1. Firstly, it contributes directly through its de-
pendence upon ι1. Secondly, through the dependencies between ι4 and ι2 and ι2
and ι1.
 e weight of the dependency between each intention (I t≀Ot) involved in the de-
cision to intend σ is:�
 �	6.1.4 Definition (Intention Dependency Weights):

Ψ(σ , ι) = ∣Ot≀{ι} ∣ × ∣Ot≀I t ∣
∣Ot ∣ ×∑ω∈Ot ≀I t ∣I t≀{ω}∣

where:�� ��σ : is the option selected fromOt to satisfy the goal in question.�
 �	Ψ(σ , ι) : is the weight assigned to the dependency between the option selected (σ)
and the intention ι.�
 �	∣Ot≀{ι} ∣ : is the number of options that con�ict with intention ι.

�
 �	∣Ot≀I t ∣ : is the number of options that have been invalidated by the agent’s intentions
(see de�nition 6.1.1).�
 �	∣Ot ∣ : is the number of alternative options among which the agent is contemplating.�
 �	∣I t≀{ω}∣ : is the number of intentions that are in con�ict with option ω.�� ��t : is the time at which the decision to adopt σ was made.

It is necessary to utilize ∑ω∈Ot ≀I t ∣I t≀{ω}∣ and not I t≀Ot as I t≀Ot discards duplicate
uses of a given intention in the invalidation of one or more options.
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 e weight of the dependency between the selected option and each intention
is the proportion of the cost inherent in the adoption of the selection attributable
to the given intention.  is is equivalent to the contribution of the intention in
question in making the selection towards the selected option over the agent’s other
options. Each intention may invalidate one or more options under consideration.
Each option may be invalidated my one or more intentions. Each option is con-
sidered equally applicable prior to any being invalidated.  e proportion of the
commitment attributable to all the participating intentions is the number of op-
tions invalidated over the total number of intentions. For the given intention, its
role is the proportion of the number of options it invalidates over the total number
of options invalidated (including duplicates) by the agent’s intentions. By multi-
plying these proportions, the contribution of the intention towards the resulting
selection, given the total number of options invalidated, the number of options the
given intention invalidates and the number of other intentions which may have
also contributed to the invalidation of common options, is derived.
 e base commitment, as de�ned above, is justi�ed by observing that this is the

commitment remaining a�er assigning the appropriate portions to the intentions
that played an active role in the decision process. A�er discarding those options
that were in con�ict with the agent’s existing intentions, for this option to be se-
lected, it must be based on its merits relative to the other remaining valid options.
 erefore, the fewer options that are invalidated by the context in which the deci-
sion is made, the more commitment is made towards the outcome of the decision
making process. Conversely, the more options invalidated by the context the less
commitment is attributable to the actual result of the decision process.  is means
that in situations in which there are few consistent options, the initial commitment
towards the selected option will be slight.
 ere is a competing intuition that the above formalization does not capture.

When there are few options between which to deliberate, the commitment should
be high.  is is due to the assumed stability of the agent’s intentions against which
the decision is to be made. Given a largely similar set of intentions and few options
between which to deliberate, the likelihood is that the same outcome of delibera-
tion will result.  erefore, the commitment should be high so as to avoid the need
for such repetitive and unproductive reasoning. However, this analysis fails to con-
sider the cost of deliberation. Making a selection amongst few options is less costly
thanmaking a selection amongstmany.  e commitment attributed to an intention
aims to be proportional to the cost in making the selection.  us, the commitment
should be low. Furthermore, since, as argued, such repetitious deliberation will
result in the same conclusions, the resultant repeatedly adopted intention will ac-
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cumulate commitment as a result (see de�nition 6.1.5).  is obviates the need for
a high level of initial commitment.  us, the approach advocated promotes a pref-
erence towards repeated simple decisions over single simple decisions at the cost
of repeated di�cult decisions.
In order to apply the above formalization to the o�ce robot example, it is nec-

essary to de�ne the agent’s con�ict function.  e following matrix does so.2

ΞO
I

‘outsource document’ ‘deliver document’ ‘deliver co�ee’ ‘vacuum’ ’guide guest’

‘guide guest’ � ⊺ ⊺ � �
‘vacuum’ � � � �
‘deliver co�ee’ � ⊺ �
‘deliver document’ ⊺ �
‘outsource document’ �

When the o�ce assistant robot is faced with the initial decision (at time t1) as to
how to address the need to deliver co�ee, it generates the following options:

Ot1 = {‘deliver co�ee’, ‘outsource co�ee’}
Because the o�ce assistant robot is otherwise uncommitted, its initial intentions
are empty:

I t1 = ∅
Subsequently, the set of options that are in con�ict with the agent’s intentions is
empty:

Ot≀I t = ∅
Additionally, because it was previously unoccupied, the agent chooses to deliver
the co�ee itself:

σ = ‘deliver co�ee’
Finally, due to the agent’s lack of prior intentions, the agent was not able to discard
any of its alternatives for satisfying its goal of delivering co�ee.  us, the agent had
to make a selection between all the alternatives available to it. Because of this, the
selection was made based solely on the quality of the di�erent alternatives.  e
subsequent selection was simply the best alternative available and all of the cost of
making the selection is attributable to it.

Π(‘deliver co�ee’) = Ω(‘deliver co�ee’)
2For the purposes of this running example, it is assumed that the only documents in question

are those explicitly mentioned and going to di�erent physically distant locations. A more realistic
approach would parameterize the intentions with the document instances to which they refer and
take this parameterization into account when determining con�ict.
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When selecting a behaviour to handle the request for document delivery at time
t2, the initial set of options are to deliver or outsource the document:

Ot2 = {‘deliver document’, ‘outsource document’}

However, at this point, the agent already intends to deliver co�ee:

I t2 = {‘deliver co�ee’}

Because of this and the agent’s con�ict function, the option to deliver the document
itself is detected as incompatible with the agent’s existing intention to deliver the
co�ee:

Ot2 ≀I t2 = {‘deliver document’} ,
I t2 ≀{‘deliver document’} = {‘deliver co�ee’} ,
Ot2 ≀{‘deliver co�ee’} = {‘deliver document’} ,

 is leaves outsourcing the document as the only compatible option available for
the agent to select to handle the goal of delivering the document:

σ = ‘outsource document’

Because the agent’s intention towards delivering co�ee simpli�ed the decision to-
wards how to handle the need to deliver the document by half, half of the cost of
this decision is attributable to it.  is is achieved by creating a dependency between
the agent’s intention to deliver co�ee and to outsource the document which has a
weight of half.

Ψ(‘deliver co�ee’, ‘outsource document’) = 1/2
Ψ(‘outsource document’, ‘deliver co�ee’) = 0

As a consequence of attributing half of the cost of adopting the intention to out-
source the document to the agent’s existing intention, only half remains to attribute
to the intention to outsource the document directly:

Π(‘outsource document’) = Ω(‘outsource document’)
2
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6.1.2 Intention Revision

�
 �	6.1.2 Example:
Imagine the robot as per example 6.1.1 has been acting in such a way as to deliver the
co�ee requested of it. Because it needs to collect the document and deliver it to the
robot with whom it is cooperating, it has decided and committed to getting the co�ee
from the co�ee machine between its current location and the meeting place instead of
the closer gourmet co�ee dispenser in the cafeteria. A�ermaking progress towards the
co�ee machine the other agent informs the robot that it will not be able to meet at the
agreed time to accept the document due to unexpected circumstances. Consequently
the agent reconsiders its intention to get the co�ee from the co�ee machine and in-
stead sources the co�ee from the cafeteria, committing to meet the robot at a later
time. Because this change in behaviour has wasted the agent’s time and energy it now
commits itself more strongly to its new intention to source the co�ee from the cafeteria
in order to minimize the chance of further reconsideration and wasted e�orts.

Should an agent revise an intention, the commitment the agent adopts towards
the replacement should be greater than the commitment it had towards the origi-
nal.  is is because the agent has made a choice to drop the existing intention and
accepts all the costs related in doing so (as the cost should be a consideration in
the decision to reconsider).  is is important in maintaining the stability of the
new intention. If it were not to inherit the commitment from the intention it re-
placed, then it is likely that the new intentionwould quickly become a candidate for
further revision. As a newly adopted intention, the replacement intention would
have no dependants. As will be seen in section 6.3 intentions without dependants
are considered signi�cantly easier to revise than those with.  is is because newly
adopted intentions have not had any opportunity to play any role in the agent’s
decision making.  e imposition of such a constraint also has a stabilizing e�ect
on the agent’s intentions. An agent is less likely to revise an intention knowing that
the commitment itmust hold towards the replacement intentionwill be signi�cant,
particularly given the replacement will only accrue additional commitment as it is
used in decision making over time.

147



CHAPTER 6. INTENTION REVISION

�
 �	6.1.5 Definition (Accumulated Commitment):
 e commitment towards an intention adopted consequent to the revision of another
accumulates the commitment held in the previous intention.

Λ(ι′) =
⎧⎪⎪⎨⎪⎪⎩

Θ(ι) if ι was revised to ι′

0 otherwise

where:�� ��ι′ : is the newly adopted intention.�� ��ι : is the original intention that was reconsidered and replaced with ι′.�
 �	Θ(ι) : is the total commitment the agent directed towards ι (see de�nition 6.2.4).

ι1
Π
Λ

Π
Λ

Π
Λ

Π
Λ

Π
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Ψ(ι4, ι5)

Ψ(ι3, ι5)

Ψ(ι1, ι4)

Ψ(ι1, ι2) Ψ(ι1, ι3)

Ψ(ι2, ι4)

Π
Λ

Ψ(ι4, ι6)

Accumulated
Commitment

ι6
ι5

ι4

ι3ι2

Figure 6.3: Commitment Accumulation subsequent to Intention Revision

Figure 6.3 exempli�es the case where one intention (ι2) is revised and subse-
quently replaced with another (ι6). As can be seen, ι5 is dependent on ι4 and ι4 is
dependent on the replaced intention (ι2).  us, the commitment the agent holds to-
wards ι2, including that contributed by the aforementioned dependencies, is trans-
ferred to the new intention (ι6).
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Returning to the example above, the agent’s intentions during the decision to source
the co�ee from the co�ee machine (at time t3) are:

I t3 = {‘deliver co�ee’, ‘outsource document’}

 e set of options for sourcing the co�ee are:

Ot3 = {‘co�ee from machine’, ‘co�ee from cafeteria’}

 esubset of these options that are incompatiblewith the agent’s existing intentions
are:

Ot3 ≀I t3 = {‘co�ee from cafeteria’}

 is is due to the incompatibility between the intention to ‘outsource document’
and ‘co�ee from cafeteria’:

I≀t3 {‘co�ee from cafeteria} = {‘outsource document’}
O≀t3 {‘outsource document’} = {‘co�ee from cafeteria’}

As before, compatibility with agent’s intentions have constrained this decision to
triviality.  ere is only one remaining option which the agent may adopt to satisfy
its goal of sourcing the co�ee:

σ = ‘co�ee from machine’

Subsequently, the cost of this decision is divided equally among the decision rele-
vant intentions and the resulting selection:

Ψ(‘outsource document’, ‘co�ee from machine’) = 1/2
Ψ(‘co�ee from machine’, ‘outsource document’) = 0

Π(‘co�ee from machine’) = Ω(‘co�ee from machine’)
2

 us, at the point prior to revising its intentions to accommodate the news that the
agent to which it outsourced the document delivery to will not meet at the agreed
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upon time (time t4), the agent’s intentions are:

I t4 = {‘outsource document’, ‘deliver co�ee’, ‘co�ee from machine’} ,

Π(‘co�ee from machine’) = Ω(‘co�ee from machine’)
2

Π(‘outsource document’) = Ω(‘outsource document’)
2

Π(‘deliver co�ee’) = Ω(‘deliver co�ee’)
Ψ(‘deliver co�ee’, ‘outsource document’) = 1/2
Ψ(‘deliver co�ee’, ‘co�ee from machine’) = 0
Ψ(‘outsource document’, ‘deliver co�ee’) = 0
Ψ(‘outsource document’, ‘co�ee from machine’) = 1/2
Ψ(‘co�ee from machine’, ‘deliver co�ee’) = 0
Ψ(‘co�ee from machine’, ‘outsource document’) = 0
Λ(‘deliver co�ee’) = 0
Λ(‘outsource document’) = 0
Λ(‘co�ee from machine’) = 0

 e agent’s intentions subsequent (at time t5) to the revision of the intention to-
wards ‘co�ee from the machine’ to a new intention to ‘co�ee from cafeteria’ can be
seen below. Given the change in circumstances, it is assumed that the agent now
considers sourcing the co�ee from themachine incompatible with outsourcing the
document and sourcing the co�ee from the cafeteria as compatible. As a result of
dropping the intention towards sourcing the co�ee from the machine, any depen-
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dencies it was involved in are reset to zero.

I t5 = {‘outsource document’, ‘deliver co�ee’, ‘co�ee from cafeteria’} ,
Ot5 = {‘co�ee from cafeteria’, ‘co�ee from machine’}
Ot5 ≀I t5 = {‘co�ee from machine’}
I t5 ≀Ot5 = {‘outsource document’}

Π(‘co�ee from cafeteria’) = Ω(‘co�ee from cafeteria’)
2

Π(‘outsource document’) = Ω(‘outsource document’)
2

Π(‘deliver co�ee’) = Ω(‘deliver co�ee’)
Ψ(‘deliver co�ee’, ‘outsource document’) = 1/2
Ψ(‘deliver co�ee’, ‘co�ee from cafeteria’) = 0
Ψ(‘deliver co�ee’, ‘co�ee from machine’) = 0
Ψ(‘outsource document’, ‘co�ee from cafeteria’) = 1/2
Ψ(‘outsource document’, ‘deliver co�ee’) = 0
Ψ(‘outsource document’, ‘co�ee from machine’) = 0
Λ(‘deliver co�ee’) = 0
Λ(‘outsource document’) = 0

Λ(‘co�ee from cafeteria’) = Ω(‘co�ee from machine’)
2

6.1.3 Intention Completion
While it is clear that the completion and subsequent removal of an individual in-
tention is an intention changing operation, it is one that plays no role in the dy-
namics of commitment when the only structure imposed on intentions is that of
dependencies arising from consistency maintenance. While the commitment held
in a dependent intention is increased as a result of the adoption of dependent in-
tentions, this additional commitment is abandoned with the completion of the de-
pendent intention.  is is due to the subsequent decrease in cost of abandoning the
previously depended upon intention.  e previously depended upon intention no
longer needs to be maintained to prevent reconsideration of the now abandoned
intention, and consequently the commitment it requires is lessened. No additional
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explicit commitment modi�cation is required for this decline in commitment to-
wards previously depended upon intentions, it follows automatically from the def-
initions for the attribution of commitment (section 6.2.2).

6.2 Calculating Commitment

Given the mechanisms above to handle the e�ect of the identi�ed operations of
intention change on the agent’s commitments, it is now necessary to complete the
picture by describing how these can be amalgamated to quantify the commitment
an agent places in a given intention.

6.2.1 Intention Cost

 e theory presented thus far is agnostic to the methodology for calculating the
cost of adopting a given intention. To demonstrate the feasibility of such a cost
function an example approach is presented below.
When adopting an intention, an agent must make a selection between com-

peting options. In so doing, an agent consciously discourages the pursuit of any
desires that con�ict with the newly intended option. To pursue such desires would
require a reconsideration of the agent’s newly adopted intention to accommodate
this. It also strengthens any con�icts with desires that are shared with other pre-
existing intentions. Intuitively, the cost of adopting a given intention is a measure
of the desires that the agent is unable to pursue due to intending it. Multiple inten-
tions may con�ict with a given desire and an intention may con�ict with multiple
desires.  erefore, it is necessary to distribute the cost of each unful�llable desire
among the intentions that prevent the adoption of intentions towards their realiza-
tion, including the newly adopted intention.
In order to formalize this it is assumed that there is a set of the agent’s desires.

 ese need not be consistent. For a given intention, there is a subset of the desires
with which it is inconsistent:
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�
 �	6.2.1 Definition (Intention Inconsistent Desires):
 e set of desires inconsistent with a given intention:

Dt≀I t = {δ ∈ D ∣ ∃ι . ι ∈ I ∧ ΞID(ι, δ) = ⊺}

where:�
 �	D : are the agent’s desires.�� ��I : is the intentions to calculate the cost of adopting.�� �ΞI
D
(ι, δ) : is a function that maps an intention and a desire to true (⊺) if they are
not simultaneously adoptable, and false (�) otherwise.�
 �	6.2.2 Definition (Desire Inconsistent Intentions):

 e set of intentions inconsistent with a given desire:

I t≀Dt = {ι ∈ I ∣ ∃δ . δ ∈ D ∧ ΞID(ι, δ) = ⊺}

where:�� ��I : the agent’s intentions.�
 �	D : the desires for which the inconsistent intentions are to be calculated.�� �ΞI
D
(ι, δ) : is a function that maps an intention and a desire to true (⊺) if they are
not simultaneously adoptable, and false (�) otherwise.

Given this set of con�icting desires and the agent’s other intentions, the cost of
an intention ι is:�
 �	6.2.3 Definition (Intention Cost):
 e cost of adopting intention ι:

Ω(ι) =
⎧⎪⎪⎨⎪⎪⎩

0 if Dt≀{ι} = ∅
∑δ∈Dt ≀{ι}

1
∣I t ≀{δ}∣ otherwise

where:�
 �	Ω(ι) : is the cost associated with intention ι.
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�
 �	I t≀{δ} : is the set of intentions in con�ict with a given desire δ (see de�nition 6.2.2).

Each desire is considered equally valid and important to pursue. If the inten-
tion is consistent with all of the agent’s desires then there is no cost involved in
adopting it. Otherwise, the cost is proportional to the number of desires that it
renders unrealisable, given that other intentions may do so also.
To apply the above to the example o�ce robot both prior to and a�er its adop-

tion of the commitment to outsource the delivery of the document, assume the
agent’s set of desires are:

Dt1 = {‘guide guest’, ‘vacuum’, ‘deliver co�ee’, ‘deliver document’}

and its desire con�ict function is de�ned by the following matrix, which mirrors
its intention con�ict function:

ΞI
D

‘outsource document’ ‘deliver document’ ‘deliver co�ee’ ‘vacuum’ ’guide guest’

‘guide guest’ � ⊺ ⊺ � �
‘vacuum’ � � � �
‘deliver co�ee’ � ⊺ �
‘deliver document’ ⊺ �
‘outsource document’ �

 is results in the following prior (at time t2) to adopting a commitment to out-
source the document delivery:

I t2 = {‘deliver co�ee’}
Dt2 = {‘guide guest’, ‘vacuum’, ‘deliver co�ee’, ‘deliver document’}
Dt2 ≀‘deliver co�ee’ = {‘guide guest’, ‘deliver document’}
I t2 ≀‘guide guest’ = {‘deliver co�ee’}
I t2 ≀‘deliver document’ = {‘deliver co�ee’}
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and thus:

Ω(‘deliver co�ee’) = ∑
δ∈Dt2 ≀{‘deliver co�ee’}

1
∣I t2 ≀{δ} ∣

= ∑
δ∈{‘guide guest’,‘deliver document’}

1
∣I t2 ≀{δ} ∣

= 1
∣I t2≀{‘guide guest’} ∣ +

1
∣I t2 ≀{‘deliver document’} ∣

= 1
∣ {‘deliver co�ee’} ∣ +

1
∣ {‘deliver co�ee’} ∣

= 1
1
+ 1
1

= 2

It leads also to the following subsequent to the commitment to outsource the doc-
ument delivery at time t3:

I t3 = {‘deliver co�ee’, ‘outsource document’}
Dt3 = {‘guide guest’, ‘vacuum’, ‘deliver co�ee’, ‘deliver document’}
Dt3 ≀‘deliver co�ee’ = {‘guide guest’, ‘deliver document’}
I t3 ≀‘guide guest’ = {‘deliver co�ee’}
I t3 ≀‘deliver document’ = {‘deliver co�ee’, ‘outsource document’}

and thus:

Ω(‘deliver co�ee’) = ∑
δ∈Dt3 ≀{‘deliver co�ee’}

1
∣I t3 ≀{δ} ∣

= ∑
δ∈{‘guide guest’,‘deliver document’}

1
∣I t3 ≀{δ} ∣

= 1
∣I t3≀{‘guide guest’} ∣ +

1
∣I t2 ≀{‘deliver document’} ∣

= 1
∣ {‘deliver co�ee’} ∣ +

1

∣ { ‘deliver co�ee’,
‘outsource document’ } ∣

= 1
1
+ 1
2

= 11/2
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and:

Dt3 ≀‘outsource document’ = {‘deliver document’}
I t3 ≀‘deliver document’ = {‘deliver co�ee’, ‘outsource document’}

and thus:

Ω(‘outsource document’) = ∑
δ∈Dt3 ≀{‘outsource document’}

1
∣I t3 ≀{δ} ∣

= ∑
δ∈{‘deliver document’}

1
∣I t3 ≀{δ} ∣

= 1
∣I t3 ≀{‘deliver document’} ∣

= 1
∣ {‘deliver co�ee’, ‘outsource document’} ∣

= 1/2

6.2.2 Relative Commitment

Intentions are related by their use in decision making. When an agent makes a
decision towards the adoption of a new intention, the outcome of such a decision
is dependent on the agent’s existing intentions.  is dependency arises due to the
consistency required of intentions. An agent with inconsistent intentions is likely
to act in a way that prevents the achievement of its ends.  e dependencies be-
tween intentions are not all equivalent. Some intentions may play a stronger role
in invalidating the options available in a given decision than others.  is strength
is re�ected in the weights associated with each dependency.  e commitment an
agent places in a given intention is heavily reliant on the weight of its dependencies
and the commitment the agent places in the dependent intentions.  is is formal-
ized as follows:
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�
 �	6.2.4 Definition (Commitment):
 e commitment an agent holds towards a given intention is de�ned according to:

Θ(ι) = (∑
ι′∈I

Θ(ι′) ×Ψ(ι, ι′)) + Λ(ι) +Π(ι)

where:

�� ��ι : is the intention in question.
�� ��ι′ : is an intention dependent on ι.
�
 �	Ψ(ι, ι′) : is a function that returns the weight of the dependency between intentions

ι and ι′ (see de�nition 6.1.4).

�
 �	Λ(ι) : is any commitment the agent has accumulated and attributed directly to in-
tention ι (see de�nition 6.1.5).

�
 �	Π(ι) : is the initial cost associated in adopting the intention (see de�nition 6.1.3).

Notice the utilization of the de�nition of cost in the calculation of total com-
mitment.  at is because as an agent behaves this cost changes also. Should a
dependency be broken for any reason the commitment the agent has towards the
involved intention is automatically adjusted accordingly.

Returning again to the o�ce robot example, the state of the agent’s intentions a�er
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the decision to source the co�ee from the cafeteria is:

I t5 = {‘outsource document’, ‘deliver co�ee’, ‘co�ee from cafeteria’}

Π(‘co�ee from cafeteria’) = Ω(‘co�ee from cafeteria’)
2

Π(‘outsource document’) = Ω(‘outsource document’)
2

Π(‘deliver co�ee’) = Ω(‘deliver co�ee’)
Ψ(‘deliver co�ee’, ‘outsource document’) = 1/2
Ψ(‘deliver co�ee’, ‘co�ee from cafeteria’) = 0
Ψ(‘deliver co�ee’, ‘co�ee from machine’) = 0
Ψ(‘outsource document’, ‘co�ee from cafeteria’) = 1/2
Ψ(‘outsource document’, ‘deliver co�ee’) = 0
Ψ(‘outsource document’, ‘co�ee from machine’) = 0
Ψ(‘co�ee from cafeteria’, ‘deliver co�ee’) = 0
Ψ(‘co�ee from cafeteria’, ‘outsource document’) = 0
Ψ(‘co�ee from cafeteria’, ‘co�ee from machine’) = 0
Λ(‘deliver co�ee’) = 0
Λ(‘outsource document’) = 0

Λ(‘co�ee from cafeteria’) = Ω(‘co�ee from machine’)
2

 is leads to the agent placing the following commitment in its intention towards
sourcing co�ee from the cafeteria:

Θ(‘co�ee from cafeteria’) =
⎛
⎝ ∑ι′∈I t5

Θ(ι′) ×Ψ(‘co�ee from cafeteria’, ι′)
⎞
⎠

+ Λ(‘co�ee from cafeteria’) + Π(‘co�ee from cafeteria’)

= Θ(‘deliver co�ee’) ×Ψ(‘co�ee from cafeteria’, ‘deliver co�ee’)
+Θ(‘outsource document’)×Ψ(‘co�ee from cafeteria’, ‘outsource document’)
+Θ(‘co�ee from machine’)×Ψ(‘co�ee from cafeteria’, ‘co�ee from machine’)

+ Λ(‘co�ee from cafeteria’) + Π(‘co�ee from cafeteria’)
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= Θ(‘deliver co�ee’) × 0 +Θ(‘outsource document’) × 0
+Θ(‘co�ee from machine’) × 0 + Λ(‘co�ee from cafeteria’)

+ Π(‘co�ee from cafeteria’)

= Λ(‘co�ee from cafeteria’) +Π(‘co�ee from cafeteria’)

= Ω(‘co�ee from machine’)
2

+Π(‘co�ee from cafeteria’)

= Ω(‘co�ee from machine’)
2

+ Ω(‘co�ee from cafeteria’)
2

= (Ω(‘co�ee from machine’) +Ω(‘co�ee from cafeteria’)) × 1/2
It also leads to the agent placing the following commitment in its intention to out-
source the document delivery:

Θ(‘outsource document’) =
⎛
⎝ ∑ι′∈I t5

Θ(ι′) ×Ψ(‘outsource document’, ι′)
⎞
⎠

+ Λ(‘outsource document’) +Π(‘outsource document’)

= Θ(‘deliver co�ee’) ×Ψ(‘outsource document’, ‘deliver co�ee’)
+Θ(‘co�ee from cafeteria’)×Ψ(‘outsource document’, ‘co�ee from cafeteria’)
+Θ(‘co�ee from machine’)×Ψ(‘outsource document’, ‘co�ee from machine’)

+ Λ(‘outsource document’) +Π(‘outsource document’)

= Θ(‘deliver co�ee’) × 0 +Θ(‘co�ee from cafeteria’) × 1/2
+Θ(‘co�ee from machine’) × 0 + Λ(‘outsource document’)

+ Π(‘outsource document’)

= Θ(‘co�ee from cafeteria’) × 1/2 + Λ(‘outsource document’)
+ Π(‘outsource document’)

= Θ(‘co�ee from cafeteria’) × 1/2 +Π(‘outsource document’)

= Θ(‘co�ee from cafeteria’) × 1/2 + Ω(‘outsource document’)
2
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= (Θ(‘co�ee from cafeteria’) +Ω(‘outsource document’)) × 1/2
Finally, the commitment the agent places in delivering the co�ee is :

Θ(‘deliver co�ee’) =
⎛
⎝ ∑ι′∈I t5

Θ(ι′) ×Ψ(‘deliver co�ee’, ι′)
⎞
⎠

+ Λ(‘deliver co�ee’) + Π(‘deliver co�ee’)

= Θ(‘outsource document’) ×Ψ(‘deliver co�ee’, ‘outsource document’)
+Θ(‘co�ee from machine’) ×Ψ(‘deliver co�ee’, ‘co�ee from machine’)
+Θ(‘co�ee from cafeteria’) ×Ψ(‘deliver co�ee’, ‘co�ee from cafeteria’)

+ Λ(‘deliver co�ee’) + Π(‘deliver co�ee’)

= Θ(‘outsource document’) × 1/2 +Θ(‘co�ee from machine’) × 0
+Θ(‘co�ee from cafeteria’) × 0 + Λ(‘deliver co�ee’) +Π(‘deliver co�ee’)

= Θ(‘outsource document’) × 1/2 + Λ(‘deliver co�ee’) +Π(‘deliver co�ee’)
= Θ(‘outsource document’) × 1/2 +Π(‘deliver co�ee’)
= Θ(‘outsource document’) × 1/2 +Ω(‘deliver co�ee’)

6.3 Propagating Revision

In section 6.1 a methodology for capturing the commitment an agent has towards
its evolving intentions was proposed. One of the primary uses for such a method-
ology is in the speci�cation of when it is rational for an agent to reconsider these
intentions in light of changing commitments.  is takes the form of an intention
revision predicate that holds of an intention and a set of intentions whenever the
intention should be reconsidered given the set of intentions provided. Initially, a
number of revision predicates are de�ned that revise an intention dependent on
changes of the given intentions dependencies.  e revision predicates are pre-
sented in order of sophistication with subsequent predicates overcoming a limi-
tation with the predicates presented prior.  is is followed by revision predicates
where the e�ect on dependent intentions is the primary consideration in deciding
whether to revise a given intention. Again, this sequence of predicates is presented
in such a fashion that later predicates overcome the limitations of those presented
earlier.
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6.3.1 Changed Dependencies Reconsideration

ι1

Ψ(ι4, ι5)

Ψ(ι3, ι5)

Ψ(ι1, ι4)

Ψ(ι1, ι2) Ψ(ι1, ι3)

Ψ(ι2, ι4)

ι5

ι4?

ι3
ι2

Figure 6.4: Changed Dependencies

 e simplest policy is to reconsider an intention when any of its dependencies
change. In the case of �gure 6.4, upon the removal of ι2, the reconsideration of
ι4 would be necessary.�
 �	6.3.1 Definition:

revise(ι, I t) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if ∃ι′ . ι′ ∈ I t′≀Ot′ ∧ ι′ /∈ I t
� otherwise

where:�
 �	I t : is the agent’s current set of intentions.�� ��ι : is the intention that is the topic of the reconsideration process.�� ��ι′ : is an intention that was used in the decision to adopt ι but is no longer held.
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�
 �	I t′≀Ot′ : is the set of intentions that were in con�ict with any of the options under
consideration during the selection of ι at time t′.�� ��t : is the current time.�� ��t′ : the time at which the decision to adopt ι was made.

If this is applied to the o�ce robot scenario at the point at which the agent has
committed to outsource the document delivery request (t2):

Ot2 = {‘deliver document’, ‘outsource document’}
I t2 = {‘deliver co�ee’}
Ot2 ≀I t2 = {‘deliver document’}
I t2 ≀Ot2 = {‘deliver co�ee’}

the e�ect of the agent dropping the commitment to deliver co�ee on the commit-
ment towards outsourcing the delivery of the document is:

revise(‘outsource document’, {‘outsource document’}) = ⊺

that the agent will reconsider its commitment towards outsourcing the document.
 is is because:

‘deliver co�ee’ ∈ I t2 ≀Ot2 ∧ ‘deliver co�ee’ /∈ {‘outsource document’}

Conversely, the e�ect ondropping the intention towards outsourcing the document
delivery:

revise(‘deliver co�ee’, {‘deliver co�ee’}) = �

is to not reconsider its intention towards the delivery of co�ee because at the time
(t1) the agent adopted the intention to ‘deliver co�ee’ the agent had no existing
intentions to in�uence this decision:

Ot1 = {‘deliver co�ee’, ‘outsource co�ee’} I t1 = Ot1 ≀I t1 = I t1 ≀Ot1 = ∅

While the above formalisation3 utilises the agent’s intentions and the options it
considers in adopting it’s intentions over time, an implementation need not retain
these sets to achieve equivalent decisions. By associating the weights of the depen-
dencies with both depending and dependant intentions and updating these weights
to sentinel values when an intention is revised that breaks such a dependency, an
implementation can reconstruct the required sets as necessary.

3 is holds true for all the revision predicates in this section.
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6.3.2 Proportional Changed Dependencies Reconsideration

Alternatively, an agent could wait until a �xed proportion (p) of the intentions used
in the adoption of ι have been dropped before reconsidering:�
 �	6.3.2 Definition:

revise(ι, I t) =
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

� if I t′≀Ot′ = ∅
⊺ if ∣I t′ ≀Ot′∩I t ∣/∣I t′ ≀Ot′ ∣ < p
� otherwise

where:�� ��t : is the current time.�� ��t′ : was the time at which ι was adopted.�
 �	I t′≀Ot′ : is the set of intentions that were in con�ict with any of the options under
consideration during the selection of ι at time t′.�� ��p : is the reconsideration threshold (a real number in the range [0, 1]).
 e�rst case handles scenarios in which the intention under consideration was

adopted in isolation or the agent’s prior intentions had no impact on the decision
process. Given there were no relevant intentions in e�ect when the decision to
adopt ι was made, changes to the subsequent intentions are irrelevant in deciding
whether to reconsider ι.  us, irrespective of these changes, ι should be retained.
 e second case captures scenarios in which the agent held a number of inten-
tions and these intentions were a consideration throughout decision making.  e
decision is then based upon the proportion of commonality between the current
intentions and those applicable to the time of decision making.  e intersection of
the intentions that were utilized during decision making (I t′≀Ot′) and those in the
agent’s current intentions (I t) represents the intentions that have not changed.  e
larger the proportion of retained intentions given the decision relevant intentions
for the intention in question the less that has changed.  us, it is only once this
proportion falls below the speci�ed threshold that su�cient change has occurred
to warrant reconsideration.  e �nal case captures scenarios in which none of the
others are applicable.
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Again, when applied to the o�ce robot scenario at the point at which the agent
has committed to outsource the document delivery request (t2):

Ot2 = {‘deliver document’, ‘outsource document’}
I t2 = {‘deliver co�ee’}
Ot2 ≀I t2 = {‘deliver document’}
I t2 ≀Ot2 = {‘deliver co�ee’}

the e�ect of the agent dropping the commitment to deliver co�ee on the commit-
ment towards outsourcing the delivery of the document is:

revise(‘outsource document’, {‘outsource document’}) = ⊺

that the agent will reconsider its commitment towards outsourcing the document.
 is is due to I≀t′ ‘outsource document’ = {‘deliver co�ee’}which results in the sec-
ond clause of the de�nition being applicable.
Conversely, the e�ect on dropping the intention towards outsourcing the doc-

ument delivery:

revise(‘deliver co�ee’, {‘deliver co�ee’}) = �

is to not reconsider its intention towards the delivery of co�ee.  is follows from
the �rst clause of the de�nition which applies when there were no intentions uti-
lized in the decision making process.

6.3.3 Weighted Proportional Reconsideration
However, utilizing such policies fails to take into account how much of the cost of
intending a given intention was based on the existing intentions and how much
relates to its merits.  is cost is distributed between the new intention and those
pre-existing proportionally to the role they played in the adoption process.  ese
weights are stored in the dependencies between intentions.�
 �	6.3.3 Definition:

revise(ι, I t) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if (∑ι′∈I t′ ≀Ot′∩I t
Ω(ι) ×Ψ(ι′, ι)) +Π(ι) < p ×Ω(ι)

� otherwise

where:
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�
 �	Ω(ι) : is a function that can calculate the total cost of intending ι (see section 6.2.1
for an example).

�
 �	Ψ(ι′, ι) : is a function that returns the weight of the dependency between intentions
ι and ι′ (see de�nition 6.1.4).

�
 �	Π(ι) : is the initial cost associated in adopting the intention (see de�nition 6.1.3).

�� ��p : is the reconsideration threshold (a real number in the range [0, 1]).
Intuitively, if the commitment the agent has towards an intention falls below

a proportion of the cost of intending it then the agent should reconsider. Given
that the commitment towards an intention contains a base commitment such a
condition may never be met. It may be the case that for all time the base com-
mitment exceeds the reconsideration threshold. In such cases, the agent does not
consider the intentions dependencies when deciding whether to reconsider. How-
ever, when the base commitment falls below the reconsideration threshold then the
agent allows for some changes to the intentions dependencies before reconsidering.
As time passes, the intentions relevant to the decision to adopt a given intention
will either complete or fail. As these intentions are dropped, the le� side of the
inequality above approaches the value of the base commitment (the commitment
accumulates in the intention in question). Provided the base commitment is less
than the reconsideration threshold, once su�cient dependent intentions have been
dropped, the depending intention will be reconsidered.
 e application of this propagation strategy to the o�ce robot domain yields, ini-
tially:

I t1 = ∅ I t1 ≀Ot1 = ∅
Π(‘deliver co�ee’) = Ω(‘deliver co�ee’)
Ω(‘deliver co�ee’) /< p ×Ω(‘deliver co�ee’) for any p ∈ [0, 1]
∴ revise (‘deliver co�ee’, {‘deliver co�ee’, ‘outsource document’}) = �

a decision not to revise the intention towards delivering co�ee. It also follows that
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the intention towards outsourcing the document won’t be reconsidered either:

Ot2 = {‘deliver document’, ‘outsource document’}
I t2 = {‘deliver co�ee’}
Ot2 ≀I t2 = {‘deliver document’}
I t2 ≀Ot2 = {‘deliver co�ee’}
Π(‘outsource document’) = Ω(‘outsource document’) × 1/2
Ψ(‘deliver co�ee’, ‘outsource document’) = 1/2
I t2 ≀Ot2 ∩ {‘deliver co�ee’, ‘outsource document’} = {‘deliver co�ee’}

Ω(‘outsource document’) ×Ψ(‘deliver co�ee’, ‘outsource document’)
= Ω(‘outsource document’) × 1/2

Ω(‘outsource document’) × 1/2 +Π(‘outsource document’)
= Ω(‘outsource document’) × 1/2 +Ω(‘outsource document’) × 1/2

= Ω(‘outsource document’)

Ω(‘outsource document’) /< p ×Ω(‘outsource document’) for any p ∈ [0, 1]

∴ revise (‘outsource document’, {‘deliver co�ee’, ‘outsource document’})
= �

In the scenario in which the intention towards ‘outsource document’ fails or com-
pletes �rst, the following is entailed:

Π(‘deliver co�ee’) = Ω(‘deliver co�ee’)

and thus, for any value of p, due to the empty set of intentions at the time the
intention to ‘deliver co�ee’ was adopted:

revise (‘deliver co�ee’, {‘deliver co�ee’}) = �

In the scenario in which the intention towards ‘deliver co�ee’ fails or completes �rst
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and p > 1/2:

Ot2 = {‘deliver document’, ‘outsource document’}
I t2 = {‘deliver co�ee’}
Ot2 ≀I t2 = {‘deliver document’}
I t2 ≀Ot2 = {‘deliver co�ee’}
Π(‘outsource document’) = Ω(‘outsource document’) × 1/2
Ψ(‘deliver co�ee’, ‘outsource document’) = 1/2
I t2 ≀Ot2 ∩ {‘outsource document’} = ∅

0 +Π(‘outsource document’) = 0 +Ω(‘outsource document’) × 1/2
= Ω(‘outsource document’) × 1/2

Ω(‘outsource document’) × 1/2 < p ×Ω(‘outsource document’) for any p ∈ (1/2, 1]
∴ revise (‘outsource document’, {‘deliver co�ee’, ‘outsource document’}) = ⊺

In the scenario in which p < 1/2 and the completion or failure of the intention to-
wards ‘deliver co�ee’ precedes that of ‘outsource document’:

revise(‘outsource document’, {‘outsource document’}) = �

as

Π(‘outsource document’) = Ω(‘outsource document’) × 1/2

and

Ω(‘outsource document’) × 1/2 /< p ×Ω(‘outsource document’) for any p ∈ [0, 1/2)
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6.3.4 Dependent Non-Reconsideration
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Figure 6.5: Intention Dependants

Although changes in the dependencies of an intention motivate reconsideration,
the intentions dependent on it justify its non-reconsideration.  is is because the
dependants of a given intention require its stability. If the agent reconsiders, this
further motivates the agent to reconsider all dependent intentions.  us, an agent
should take the potential cost of such a reconsideration into account when decid-
ing to reconsider. One simple policy is to not reconsider any intention which has
dependants. Given such a policy, ι4 of �gure 6.5 would be retained regardless of the
changes to either ι2 or ι1 due to the commitment towards ι5:�
 �	6.3.4 Definition:

revise(ι, I t) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if {ι′ ∈ I t ∣ Ψ(ι, ι′) > 0} = ∅
� otherwise

where:�
 �	I t : is the agent’s current set of intentions.
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�� ��ι : is the intention that is the topic of reconsideration.�
 �	Ψ(ι, ι′) > 0 : indicates that there is a dependency between ι and ι′.

Applying this to the o�ce robot scenario at the point a�er the agent adopted an
intention towards outsourcing the document (t3), the e�ect of the agent dropping
the commitment to deliver co�ee on the commitment towards outsourcing the de-
livery of the document is:

revise(‘outsource document’, {‘outsource document’}) = ⊺

as

{ι ∈ {‘outsource document’} ∣ Ψ(‘outsource document’, ι) > 0} = ∅

 us, the agentwill reconsider its commitment towards outsourcing the document.
Similarly, the e�ect on dropping the intention towards outsourcing the document
delivery:

revise(‘deliver co�ee’, {‘deliver co�ee’}) = ⊺

is for the agent to reconsider its intention towards delivering co�ee.  is is because
neither commitment has any dependencies at this point.
However, when applied to the above prior to dropping either mentioned commit-
ment:

{ ι′ ∈ { ‘deliver co�ee’,
‘outsource document’ }∣Ψ(‘outsource document’, ι′) > 0} = ∅

∴ revise (‘outsource document’, {‘deliver co�ee’, ‘outsource document’})
= ⊺

and

Ψ(‘deliver co�ee’, ‘outsource document’) = 1/2

{ι′ ∈ {‘deliver co�ee’, ‘outsource document’} ∣ Ψ(‘deliver co�ee’, ι′) > 0}
= {‘outsource document’}
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∴ revise (‘deliver co�ee’, {‘deliver co�ee’, ‘outsource document’}) = �
the agent will reconsider its intentions towards outsourcing the document but not
towards the delivery of co�ee because its intention towards delivering co�ee is a
dependency of outsourcing the document, but outsourcing the document is not a
dependent of any other intentions.
 e requirement expressed by the above reconsideration rule is extreme. It is

presented only as a simple starting point for reconsideration predicates that uti-
lize the dependants of intentions. A more plausible reconsideration predicate is
presented below.

6.3.5 Proportional Dependent Non-Reconsideration
Alternatively, an agent could only reconsider an intention provided that doing so
will not result in more dependent intentions than a prede�ned limit being recon-
sidered:�
 �	6.3.5 Definition:

revise(ι, I) =
⎧⎪⎪⎨⎪⎪⎩

⊺ if ∣{ι
′∈I∣ Ψ(ι,ι′)>0∧revise(ι′ ,I∖{ι})=⊺}∣

∣{ι′′∈I∣ Ψ(ι,ι′′)>0}∣ < p
� otherwise

where:�� ��I : is the agent’s current set of intentions.�� ��ι : is the intention that is the topic of reconsideration.�� ��p : the proportion of intentions that the agent is willing to potentially reconsider
should it reconsider and drop the intention over which it is contemplating.

 is is illustrated through the use of the o�ce robot example at time t3:

I t3 = {‘deliver co�ee’, ‘outsource document’}

ι = ‘deliver co�ee’
Ψ(‘deliver co�ee’, ‘outsource document’) = 1/2
{ι′ ∈ I t3 ∣ Ψ(‘deliver co�ee’, ι′) > 0} = {‘outsource document’}

{ι′ ∈ I t3 ∣ Ψ(‘outsource document’, ι′) > 0} = ∅
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revise(ι, I t3) =
∣{ι′ ∈ I t3 ∣ Ψ(ι, ι′) > 0 ∧ revise(ι′, I t3 ∖ {ι}) = ⊺}∣

∣{ι′′ ∈ I t3 ∣ Ψ(ι, ι′′) > 0}∣

=

RRRRRRRRRRRRRR

⎧⎪⎪⎪⎨⎪⎪⎪⎩
ι′ ∈ { ‘deliver co�ee’,

‘outsource document’ }∣
Ψ(ι, ι′) > 0∧

revise(ι′,{ ‘deliver co�ee’,
‘outsource document’ } ∖ {ι}) = ⊺

⎫⎪⎪⎪⎬⎪⎪⎪⎭

RRRRRRRRRRRRRR

∣{ ι′′ ∈ { ‘deliver co�ee’,
‘outsource document’ }∣Ψ(ι, ι′′) > 0}∣

=

RRRRRRRRRRRRRR

⎧⎪⎪⎪⎨⎪⎪⎪⎩
ι′ ∈ { ‘deliver co�ee’,

‘outsource document’ }∣
Ψ(‘deliver co�ee’, ι′) > 0∧

revise(ι′,{ ‘deliver co�ee’,
‘outsource document’ } ∖ {‘deliver co�ee’}) = ⊺

⎫⎪⎪⎪⎬⎪⎪⎪⎭

RRRRRRRRRRRRRR

∣{ ι′′ ∈ { ‘deliver co�ee’,
‘outsource document’ }∣Ψ(‘deliver co�ee’, ι′′) > 0}∣

=
∣{ ι′ ∈ { ‘deliver co�ee’,

‘outsource document’ }∣
Ψ(‘deliver co�ee’, ι′) > 0∧

revise(ι′, {‘outsource document’}) = ⊺ }∣

∣{ ι′′ ∈ { ‘deliver co�ee’,
‘outsource document’ }∣Ψ(‘deliver co�ee’, ι′′) > 0}∣

=
∣{ ι′ ∈ { ‘deliver co�ee’,

‘outsource document’ }∣
Ψ(‘deliver co�ee’, ι′) > 0∧

revise(ι′, {‘outsource document’}) = ⊺ }∣

∣{‘outsource document’}∣

= ∣{ι′ ∈ {‘outsource document’} ∣ revise(ι′, {‘outsource document’}) = ⊺}∣
∣{‘outsource document’}∣

= ∣{ι′ ∈ {‘outsource document’} ∣ revise(ι′, {‘outsource document’}) = ⊺}∣
∣{‘outsource document’}∣

= ∣{‘outsource document’}∣
∣{‘outsource document’}∣

= 1
1

1 /< p
∴ revise (‘deliver co�ee’, {‘deliver co�ee’, ‘outsource document’}) = �

and4 subsequent (t3′)5 to the agent dropping its intention towards delivering co�ee
(assuming p > 0):

I t3′ = {‘outsource document’}
4 e derivation of revise(‘outsource document’, {‘outsource document’}) = ⊺ is shown below.
5 e time is designated t3′ instead of t4 so as to avoid confusion with the alternative evolution

of the agent’s intentions given previously.
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ι = ‘outsource document’

{ι′ ∈ I t3′ ∣ Ψ(‘outsource document’, ι′) > 0} = ∅

revise(ι, I t3′) =
∣{ι′ ∈ I t3′ ∣ Ψ(ι, ι′) > 0 ∧ revise(ι′, I t3′ ∖ {ι}) = ⊺}∣

∣{ι′′ ∈ I t3′ ∣ Ψ(ι, ι′′) > 0}∣

=
∣{ι′ ∈ {‘outsource document’} ∣ Ψ(ι, ι′) > 0∧

revise(ι′, {‘outsource document’} ∖ {ι}) = ⊺ }∣

∣{ι′′ ∈ {‘outsource document’} ∣ Ψ(ι, ι′′) > 0}∣

=
∣{ι′ ∈ {‘outsource document’} ∣ Ψ(‘outsource document’, ι′) > 0∧

revise(ι′, {‘outsource document’} ∖ {‘outsource document’}) = ⊺ }∣

∣{ι′′ ∈ {‘outsource document’} ∣ Ψ(‘outsource document’, ι′′) > 0}∣

= ∣∅∣
∣∅∣ = 0

0
0 < p

∴ revise(‘outsource document’, {‘outsource document’}) = ⊺

Clearly an agent should balance the required stability of its intentions against the
opportunities arising due to its changing intentions. While the above reconsidera-
tion predicates utilize both the dependants and dependencies of intentions in the
decision to reconsider, they do not utilize the commitment an agent places in each
intention.  is is because to do so requires an evaluation of the bene�ts of such a
reconsideration to compare with the existing cost/commitmentmeasurement.  e
measure of the bene�t of a particular revision is an open question.  us, utilizing
the cost/commitmentmeasurement developed above in reconsideration predicates
and balancing opportunities against the stability of the agent’s intentions remains
an avenue of future work.

6.4 Intention Structure

When additional structure, beyond that generated through consistency mainte-
nance, is present in an agent’s intentions, such structure must be respected and
modelled within any theory of commitment.  e interpretation of intentions in
AgentSpeak (section 2.1.3) provides such additional structure (see �gure 6.6a). It
models the interleaving execution of goals and the plans adopted for their achieve-
ment. In �gure 6.6a ðx ,y,z represents the zth goal of the yth plan in intention x
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and ρx ,y represents the yth plan of intention x. Plans are adopted for the achieve-
ment of goals. Goals are embedded as steps within plans. Dependencies may exist
between the goals within plans (see �gure 6.6b), in addition to those arising from
consistency maintenance (see �gure 6.6c).  ese dependencies between goals are
represented as maintenance conditions where µ i , jx ,y is a maintenance condition (as
per de�nition 2.1.3) instantiated a�er goal i and holding until goal j of the yth plan
on intention x. Goals are entirely dependent on the plans in which they lie. Plans
are entirely dependent on the goals they are adopted to achieve. If a plan is revised
or dropped then any embedded goals, too, will be dropped. In order to capture this
relationship, the weight of the dependencies between plans and the goals adopted
as part of their execution is the maximum possible (1)6.  is ensures, when using
any of the revision predicates (de�nitions 6.3.1 to 6.3.3) based on changing depen-
dencies, that whenever a goal or plan is dropped the goals and plans adopted as
part of their execution are dropped also.

�
 �	6.4.1 Definition (Inter-Plan Dependencies):

Ψ(ρ, ρ′) = 1

where:

�� ��ρ : is an intended plan.�
 �	ρ′ : is a plan intended to achieve a goal that is embedded in the intended plan ρ.

Aplan completes execution when there are nomore goals in its body to execute
or one of its success conditions is met. A plan fails when one of the goals in its
body fails, its maintenance conditions are not satis�ed or one of its listed failure
conditions follows from the agent’s beliefs. Both completion and failure provide
motivation for the agent to drop the plan. In dropping the plan an agent �nalizes
its commitment towards it and propagates this to the plan in which the goal for
which it was adopted is embedded.

6In AgentSpeak, there are no intentions as such, only intention stacks, plans, goals and mainte-
nance conditions.  us, the abstract concept of intention utilized thus far is extended to include the
intended plans of an AgentSpeak agent.
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Figure 6.6: AgentSpeak Intention Structures
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�
 �	6.4.2 Definition (Plan Completion):

Λ(ρ) ∶∶= Λ(ρ) + Λ(ρ′) +Ω(ρ′)
where:�� ��ρ : is the intended plan in which the goal for which the dropped plan was adopted.�
 �	ρ′ : is the plan adopted and subsequently dropped or revised to achieve a goal em-

bedded in ρ.�
 �	Λ(ρ) : is the commitment the agent has accumulated towards ρ.�
 �	Λ(ρ′) : is the accumulated commitment the agent has accrued throughout the life-
time of the plan ρ′.�
 �	Ω(ρ′) : is the cost incurred to adopt the plan ρ′ (see section 6.2.1).

Intuitively, this models the fact that adopting and executing a plan ρ′ with the
intention of achieving goal ð embedded in plan ρ furthers the agent’s commitment
towards ρ upon ρ′s completion. Only the commitment the plan ρ′ has accumulated
directly, including the initial cost of adoption, is propagated. Once dropped, or
revised, any dependencies existent on ρ′ become invalid.  us, propagating com-
mitment from these sources would over commit the agent to ρ.
If the achievement and �nalization of goal ð causes the completion of plan ρ,

then the procedure de�ned in de�nition 6.4.2 repeats until an incomplete intended
plans is found or the independent originating intention is reached.

6.5 Related Work

Similar intuitions pertaining to the relationship between cost and consistency were
developed in [53]. A theory by which options are evaluated in the context of an
agent’s existing plans was presented.  e plans considered were non-hierarchical
and completely speci�ed with actions with deterministic and instantaneous out-
comes. Actions within plans were related by both temporal and causal constraints.
 us, the order of execution of the actions within plans were only partially spec-
i�ed. A number of degrees of consistency between such plans were de�ned: per-
fectly, strongly and weakly consistent. Two plans were deemed perfectly consistent
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if there was a linearization of the actions within both plans without the need to
modify the properties of the plans in any way. Strongly consistent plans are such
that the actions within each plan can by linearly scheduled through the addition of
temporal constraints between the execution of actions. Two plans were de�ned as
weakly consistent provided the actions contained within were linearly executable
given freedom to add temporal constraints, causal constraints or additional time
points.
 e cost of a planwas de�ned as the least expensiveway inwhich it could be lin-

early scheduled given real valued costs for the constituent actions.  e contextual
cost of a plan that is strongly consistent with an agent’s existing plans was de�ned
as the cost of the linearization of the plan within the agent’s existing plans less the
cost of the agent’s existing plans alone. Because the context may be such that a
given option can be merged and the execution of actions shared, the contextual
cost of a plan may be less than the sum of the independent cost of the option and
the cost of the agent’s context. Conversely, because the integration of an option into
the agent’s plans may require the addition of constraints or actions, the contextual
cost can be greater than the sum of the option’s independent cost and the cost of
the agent’s existing plans. Given a measure of the bene�t of a particular option,
a means of determining the value of adopting a particular option was presented.
 is mechanism was shown to be robust against errors in the estimation of cost es-
timates. Any-time algorithms were developed to calculate both independent and
contextual costs for options.
 ere are a number of factors that di�erentiate the work described within this

chapter from that of [53].  is work considers the dynamic and ongoing cost and
commitment an agent holds towards a given adoption.  e plans are considered
as unmodi�able for the purposes of adoption and thus do not facilitate degrees of
consistency.  e plans are also both abstract and hierarchical and therefore some
of the considerations with regard to scheduling individual actions lie outside the
adoption process and cost calculation.

6.6 Summary

 is chapter presents mechanisms for deciding whether to reconsider intentions,
in light of their relation to other intentions, and the extent to which they a�ected
earlier decisions.  ese relations between intentions arise as a consequence of the
requirement that an agent’s intentions be consistent. Using these relations as a basis,
a technique to calculate the commitment an agent should hold toward its intentions
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was presented. A number of intention changing operations were identi�ed and for
each operation of intention change, a mechanism to update the agent’s commit-
ments appropriately was developed.  rough the application of both the reconsid-
eration policies and commitment calculations to a running example based on an
o�ce robot, the plausibility of the approach was argued.  ese techniques were
then specialized to capture the model of intentions utilized in AgentSpeak agents.
 is approach to quantifying commitment and intention revision propagation

di�ers signi�cantly from the intention reconsideration policies outlined in sec-
tion 2.1.3.  e agents under consideration there are planning agents that gener-
ate, adapt and adopt a single complete plan for the achievement of their intentions.
 e agents considered here are those that adoptmultiple independent, though con-
sistent, intentions. Consequently the intention structure considered is richer and
facilitates additional relationships between intentions.  e dynamics of these rela-
tionships were used to identify new intention reconsideration policies.
Another aspect unique to the approach above is the explicit modelling of the

commitments an agent makes towards its intentions. Typically, commitment is an
emergent property of the intention revision policy of the agent. Without explicit
representation, reasoning about the commitment an agent places in an intention is
impossible. Although the theory presented has this commitment explicitly repre-
sented, an interpretation of these commitment values that is compoundable is lack-
ing. Consequently, it is not possible to reason about the commitment towards com-
pound intentions by way of the commitments towards the constituent intentions.
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A hermit is a deserter from the army of human-
ity.

Unknown. 7
Implementation

In the course of developing and testing the ideas presented in chapters 3, 4 and 6a new implementation of the AgentSpeak language was developed.  is was
necessary due to the perceived de�ciencies of the implementations of the time.

Many of the existing AgentSpeak-like implementations were concerned primarily
with the development of a single “authoritative” language. New syntax and seman-
tics were integrated into these preferred implementations, making the previous ap-
proaches obsolete. However, the need for evaluating these di�ering alternatives and
facilitating additional experimentation, with both syntax and semantics, required
a much more modular approach and philosophy. As such, the implementation de-
veloped possesses a number of unique characteristics that are worth noting.  ese
include the use of island grammars to dynamically build syntactic analysers for
a variety of AgentSpeak-like dialects, extensive use of the proxy pattern to con-
struct classes dynamically, dependency injection to handle con�guration and cus-
tomization, a multi-language and thus layered development approach and unique
network-aware control and debugging facilities.  is chapter will discuss these
techniques in some detail before detailing how these unique features facilitated im-
plementation of the core concepts of chapters 3, 4 and 6 and the degree to which
these are complete.

7.1 Techniques

 is section will detail the unique aspects of the new implementation. Some of
these techniques, such as immutable objects and dependency injection, are well-
known and widely utilized for the implementation of modular systems. Others,
such as island grammars anddynamic object construction, are less common1. How-

1 is is particularly so given Java as the chosen implementation language.
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ever, it is the particular combination that di�erentiates the new implementation
from the current state of the art in AgentSpeak interpreters. In some respects, the
implementation, although new, shares characteristics with existing systems. It is
written in the Java programming language and as such the so�ware design is pri-
marily object-oriented in nature. It provides support for the originalAgentSpeak(L)
language in addition to multiple new dialects. However, it is the novel aspects of
the implementation that bears emphasis.

7.1.1 Island Grammars
Island grammars are a mechanism by which the state of lexical analysers (lexers)
and syntactic analysers (parsers) may be shared across language de�nitions to fa-
cilitate the embedding of one language in another. A lexical analyser is a function
that maps a stream of input characters into a stream of semantic tokens. A syn-
tactic analyser is an implementation of a grammar that accepts only token streams
that match the rules of the grammar.  e output of a syntactic analyser match is
an abstract syntax tree (AST) that provides an unambiguous structural description
of the input. Such a tree can then be traversed to construct the semantic objects of
the language parsed or execute the language directly. By utilizing island grammars
in the development of syntactic analysers for the AgentSpeak and AgentSpeak-
like languages it is possible to decompose the syntactic analyser problem into sub-
languages that can be individually modi�ed or replaced.  e AgentSpeak language
is made up of 6 such sub-languages:�
 �	1.  e language of stored beliefs.  is language describes the objects that can

be stored directly in the belief base of the agent2.�
 �	2.  e language to query an agent’s beliefs.  is language describes the struc-
ture of valid queries that can be posed to a given belief base. In many cases
this will be equivalent to the language of stored beliefs, but in the case of
AgentSpeak proper the two di�er.  e query language of an AgentSpeak
agent’s beliefs additionally supports variables, conjunction and default nega-
tion.�
 �	3.  e language of actions.  is de�nes the syntax used to describe the actions
that are directly executable within the environment.

2Technically, the language of stored beliefs supports variables, but will issue a run-time error
when a variable isn’t ground.
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�
 �	4.  e language of goals.  is language details the syntax used to express the
various goals types that constitute the body of plans.�
 �	5.  e language of triggers.  is describes the language used to match against
the events generated throughout the execution of an AgentSpeak agent.�
 �	6.  e language of plans.  is language provides the syntax that separates the
trigger, context and body elements of an AgentSpeak plan. It passes control
of the syntactic analyser state to the syntactic analysers of the appropriate
sub-languages as necessary.

Figure 7.1 demonstrates the embedding of the multiple sub-languages to con-
struct the resulting AgentSpeak grammar.  e syntactic analyser used is indicated
by the numbering of the bracketing.  e numbers are as per the list above.
 is feature was utilized to build syntactic analysers that extended the syntax

of plans to include the speci�cation of e�ects without need to modify the syntactic
analysers for goals, beliefs or events. In so doing, an additional syntactic analyser
was developed for the language of e�ects and a new plan syntax analyser developed
to call into this sub-language as necessary.
Extending the modularity provided by the use of island grammars is the com-

plete separation of the syntactic form of a semantic object from the representation
of the semantic object itself.  is was achieved through the use of separate ab-
stract syntax tree walkers.  ese traverse the syntax tree constructing the semantic
objects separately from the construction of the syntax tree by the syntactic anal-
yser.  is facilitates the modular development of the syntactic analysers and the
semantic objects.  us, the same semantic objects can be constructed from dif-
fering syntax and the same syntactic analyser can be brought to bare to construct
di�ering semantic objects.
 ere are some issues that the use of island grammars entail. Because of the

additional layers of abstraction throughout the parsing process and the mainte-
nance of the state of multiple analysers, there is a computational cost involved.
However, because AgentSpeak agents are intended as long lived processes the ad-
ditional parsing cost is negligible, particularly considering the advantages such an
approach provides in a language research platform. Another problem lies in the
de�nition of the grammars themselves. All sub-languages must be self-contained.
It is not possible to have rules that require an arbitrary number of tokens. Each rule
must contain a token by which the end of an arbitrary sequence can be detected.
 is can o�en require the addition of arti�cial tokens, that in the context of the re-
sulting grammar seem redundant. Furthermore, the current implementation does
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Rubbish Robot Example

1 ⌈1adjacent(a,b).
2 adjacent(b,c).
3 adjacent(c,d).
4 adjacent(d,a).
5 location(robot,a).
6 location(bin,d).1⌋
7

8 ⌈6⌈5+!⌈1location(robot,X)1⌋5⌋ : ⌈2location(robot,X)2⌋
9 <-
10 ⌈4TRUE4⌋.6⌋
11

12 ⌈6⌈5+!⌈1location(robot,X)1⌋5⌋ : ⌈2location(robot,Y)
13 & adjacent(Y,Z)
14 & not(location(robot,X))2⌋
15 <-
16 ⌈4⌈3move(Y,Z)3⌋4⌋;
17 ⌈4!⌈1location(robot,X)1⌋4⌋.6⌋
18

19 ⌈6⌈5+⌈1location(waste,X)1⌋5⌋ : ⌈2not(location(robot,X))
20 & location(bin,Y)2⌋
21 <-
22 ⌈4!⌈1location(robot, X)1⌋4⌋;
23 ⌈4⌈3pick(waste)3⌋4⌋;
24 ⌈4!⌈1location(robot, Y)1⌋4⌋;
25 ⌈4⌈3drop(waste)3⌋4⌋.6⌋

Figure 7.1: Island Grammars applied to AgentSpeak

not support look-ahead and backtracking of tokens across grammar boundaries.
 us, whenever a grammar must make a choice towards which island-grammar to
apply, there must be an element of syntax by which the grammar can detect the
correct grammar.  is can require the insertion of arti�cial tokens.  is issue is
manifest when dealing with parsing goal types. Each unique goal type requires a
unique pre�x to ensure the correct goal type is instantiated. Because of this a cus-
tom goal parser is required for every combination of compatible goal types that a
user wishes to utilize.
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7.1.2 Dynamic Class Construction

Multiplying the utility of constructing syntactic analysers at run-time, is the ex-
tensive use of dynamically constructed classes.  is enables the semantic objects
constructed in the application of dynamically constructed syntactic analysers to
be decorated with the semantic processes supporting the syntactic additions. An
example from the AgentSpeak interpreter, as previously discussed (section 2.1.3),
is the way the plan semantic objects are built.  e body of AgentSpeak plans are
sequences of goals3.  us, there is a corresponding goal sequence object. Such goal
sequences are only applicable given a condition on the agent’s beliefs holds.  ere
is, therefore, a guarded plan decorator object that encapsulates the process of test-
ing this condition.  is decorator can be applied to the goal sequence object to
produce an object that satis�es the interfaces of both goal sequences and guarded
plans. Furthering this, is the need for AgentSpeak plans to declare the events to
which they respond. To capture the process of doing so is the event handler deco-
rator.  is decorator is applied to the object resulting from the application of the
guarded plan decorator to the goal sequence object to produce the �nal AgentSpeak
plan object. Such decorators constitute an interface, an implementation object, a
wrapped object and a dynamically created proxy object.  e interface de�nes the
methods to decorate the wrapped object with.  e implementation object provides
the implementation of these new methods.  e dynamically created proxy object
is an intermediary object that has an interface that is the union of the interfaces
implemented by the wrapper object and the decorator interface (see �gure 7.2 for a
UML depiction of these relationships). It dispatches method calls on the decorator
interface to the implementation object, and the remaining method invocations to
the wrapped object.  us, caremust be taken to ensure the correctmethod is called
during manual dispatch.

3To simplify the implementation and the discussion actions are wrapped in “do” goals for which
there is no syntax.
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Figure 7.2: Decorator UML

 e application of the decorators are independent of each other.  us it is pos-
sible to construct goal sequences that declare the event to which they respondwith-
out declaring the context in which they are applicable. Similarly, it is possible to
use goal trees, goal graphs, or any other body structure in place of goal sequences,
and construct plans with additional capabilities analogously. In the sameway using
island grammars removes the need to explicitly write syntactic analysers for each
combination of syntactic features of a given language, the use of dynamic proxy
objects obviates the requirement to explicitly write the corresponding semantic ob-
jects.
Because dynamic proxy objects bypass much of the Java compiler’s control on

object construction, some di�culties arise from their use. Custom method dis-
patch code on the generated classes must be written.  is code is heavily reliant
on re�ection and type introspection and as a result will be slower than the inbuilt
equivalents. Care must be taken in the declaration of the interfaces fromwhich the
dynamically generated class will be built to ensure there are no naming con�icts.
When problems arise, the lack of support in the Java infrastructure for the debug-
ging of dynamically constructed classes becomes a hindrance to their resolution.

7.1.3 Dependency Injection
Dependency injection is a program design technique that favours the injection of
dependencies into an object at the time of construction in preference to the use
of “setter” methods.  is has a number of advantages. For example, once con-
structed, an object will be known to be fully instantiated and ready for use. It also
eases testing as stub objects can be utilized in place of the more complicated imple-
mentations utilized in the �nal product. It also facilitates the automatic deduction
of the order of object construction and there are tools available that do just this.
Provided with a set of classes, such tools can automatically instantiate a requested
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object type with its dependencies ful�lled.  is is utilized in the implementation of
AgentSpeak as the means for constructing customized architectures. Custom se-
lection functions for events, options and intentions can be automatically injected
based on con�guration �les. Custom syntactic analysers for each of the compo-
nents discussed in section 7.1.1 can be injected to customize the AgentSpeak gram-
mar. Custom belief, intention, or plan bases can be injected to take advantage of
the extra featuresmade available by the aforementioned custom syntactic analysers.
As a consequence of the adherence to the philosophy of dependency injection, im-
mutable objects are used throughout the new implementation of AgentSpeak.  is
is advantageous in that it makes the use of AgentSpeak semantic objects in the stan-
dard collection classes safe and reduces the di�culty of their use in multi-threaded
architectures4.

7.1.4 Layered Implementation
Each agent corresponds to a process in the newAgentSpeak implementation. Com-
munication and control of an agent is facilitated by network protocols as discussed
section 7.1.5.  is facilitates the construction of multi-agent systems via scripting
languages that issue commands and requests using the aforementioned protocols.
 is clearly separates the logic of multi-agent systems from that of a single agent.
 is is advantageous over threaded solutions as standard operating system facilities
can be utilized to manage agents and faults in various components of a multi-agent
system are isolated.  e cost of taking such an approach is that each agent utilizes
more memory and requires its own instance of the Java Virtual Machine. Sub-
sequently, the total number of agents that can be utilized in a given multi-agent
system is more restricted compared to a threaded architecture.

7.1.5 Network Controls
By default, communication with individual agents is conducted via simple network
protocols, although the network implementation can be replacedwith othermeans.
Each agent accepts control messages; can establish debug connections from which
it can receive debug information requests; responds to these debug requests; and,
communicates bi-directionally with the environment to which it is con�gured to
connect.

4“Immutable objects are always thread-safe.”
(Goetz, Peierls, Bloch, Bowbeer, Holmes, and Lea [49, Page 46])
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Control messages allow the agent to be:
�
 �	1. started,

�
 �	2. stopped,
�
 �	3. stepped,�
 �	4. cycled, and

�
 �	5. paused. Starting an agent directs it to continuously execute its
reasoning cycle, waiting only to synchronize communications with the environ-
ment. Stopping an agent causes the agent to break out of its reasoning cycle and
for the agent process to exit. Stepping an agent causes it to execute the next step
of its reasoning cycle and return to the paused state waiting for further direction.
Cycling an agent causes it to execute an entire reasoning cycle and return to the
paused state, again, waiting further instruction. Should the agent be paused mid
reasoning cycle, then cycling the agent will cause it to execute the remaining el-
ements in the current reasoning cycle before waiting for user input. Pausing an
agent only has meaning in the context of a started agent. Pausing an agent causes it
to complete the pending reasoning step and await further instruction.  is di�ers
from stopping in that stopping an agent causes it to cease execution and no longer
accept further commands.

Debugging sessions are also controlled by simple network messages. Each ses-
sion requires two communication channels: a control channel that allows the de-
bugging client to request information about the available targets to receive data
about and then to subsequently request such data; and a data channel on which
the debugging information is returned. Each debugging target is an element of
the agent’s state that is exposed via the debugging protocol. Such targets include,
but are not limited to: the current reasoning step of the agent; its belief set; its
intention set; its set of pending events; the selected event, option and intention;
and the agent’s plans. Once a control connection is established between the agent
and the debugging client, the agent establishes the additional data communication
channel. In this way, the communication between debugging client and agent is
bi-directional. In combination with an appropriate controller, the state of an agent
can be monitored as the agent’s state changes, per reasoning cycle or per reasoning
step.

Communication between an agent and the environment in which it is embed-
ded is, by default, conducted over a simple text-based network protocol much like
the control and debug protocols.  is allows agents to enter and leave environ-
ments arbitrarily. It also provides clear separation of the interaction cycle of the en-
vironment and the agents contained therein.  is communication is synchronous
from the perspective of an agent. An agent requests perception information and
blocks waiting for a response.  e reasoning cycle continues once the perception
data has been received.  e raw protocol data is converted into the belief represen-
tation through adapter classes.  ese adapter classes must be developed for each
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protocol and belief representation combination. Once the reasoning cycle of the
agent completes it must send an action to the environment. Again, the internal ac-
tion representation is converted into an appropriate protocol message by adapter
classes. Given not every reasoning cycle of the agent produces an action to be ex-
ecuted, the no operation action (“no-op”) must be sent on such occasions.  e
agent will block until the execution result of the action is returned from the envi-
ronment.  is interaction cycle between the agents and the environment continues
until both the agents and the environment are stopped.
Environments can execute in both a synchronous and asynchronous fashion.

When operating synchronously, an environment will provide one set of percep-
tions and accept a single action from each agent known to the environment at the
beginning of that interaction cycle. Alternatively, when operating asynchronously,
each perception and action request from an agent will be processed in the order in
which they are received.  is allows agents with shorter reasoning cycles to inter-
act more quickly with the environment than those with longer cycles. In so doing,
such environments facilitate execution of both timing controlled experiments as
well as those in which the order of interactions can be arbitrary.

7.2 AgentSpeak(L)

As discussed in section 7.1.1, one of the dialects of AgentSpeak that is supported
on the new interpreter is AgentSpeak(L)[77]. In many ways, however, the original
presentation was under speci�ed5. Subsequent implementations, such as Jason, ex-
tend beyond the original presentation to o�er the lacking facilities. Some of these
underspeci�ed elements are amenable to multiple implementation strategies and
depending on the application domain and environmental constraints the appro-
priate choice of which implementation is most e�ective di�ers. Jason handles this
situation by o�ering a number of (user extensible) con�guration options.  ese op-
tions control aspects of the interpreter such as whether events should be discarded,
returned to the event queue or a request posed to other agents in the multi-agent
system whenever the agent has no applicable plans for a given event.  e new im-
plementation handles options di�erently. Rather than o�er an extensible con�g-
uration �le that is backed at run-time by a “settings” object, the con�guration �le
is used to control which Java objects are instantiated by the dependency injection
framework. Each such object implements a particular strategy.  us in the new

5As noted previously (see section 2.1.3), this was intentional so as to generalize the systems on
which AgentSpeak was based.
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implementation, the strategy to handle situations in which the agent has no appli-
cable plans for a given event is implemented via a failure handler interface. Users
can then implement this interface and the dependency injection framework will
instantiate and inject the implementation into the agent’s architecture.  is mech-
anism is also used to instantiate the event selection strategy (γE), option selection
strategy (γO), intention selection strategy (γI), the strategy to handle cases where
the agent is unable to successfully select an intention to execute and the strategy to
handle the failure of an intention to execute.
 e new implementation is like Jason in that it o�ers the ability to annotate

beliefs with additional information. Unlike Jason, however, the new implementa-
tion does not support belief rules nor internal actions. In place of internal actions,
the new implementation o�ers the ability to utilize custom goal parsers and in-
terfaces to implement arbitrary goals. Currently implemented are goals to: post
achieve events, execute actions, assert beliefs, drop events, drop all the pending
events, drop intentions, drop all intentions, fail a plan, retract a belief, revise the
belief base, test the agent’s beliefs and update the agent’s beliefs6. Notable omis-
sions from this list include inter-agent communication primitives, inter-intention
coordination mechanisms and re�ection facilities.
 is dialect is currently working. To demonstrate this a simple agent program

to successfully navigate and satisfy the requirements of the Tileworld test domain
has been implemented. However, this agent program itself is relatively simple and
the agent remains prone to making poor decisions. Consequently, some work is
required to improve the performance of the agent program.  is dialect will act as
a benchmark againstwhich the extensions proposed in this thesis will be compared.
 us, this agent programmust be as robust and performant as is possible to ensure
a fair baseline to compare against.

7.3 Monitoring

A dialect that extends the traditional AgentSpeak syntax and semantics with the
speci�cation andmonitoring of success and failure conditions has also been imple-
mented.  e implementation di�ers from the semantics of chapter 4 in that main-
tenance conditions andmodi�ers remain unimplemented. However, the represen-
tation of section 3.2 is fully supported by the syntax.  is was achieved through

6Note that updating a belief base and revising it can be considered distinct logical operations
(see [60]).
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the embedding of island grammars as per �gure 7.3 in which ⌈ξ and ξ⌋ delimits the
e�ect island grammar and the other delimiters are as before (see �gure 7.1).

Rubbish Robot Example

1 ⌈6⌈5+!⌈1location(robot,X)1⌋5⌋ : ⌈2location(robot,Y)
2 & adjacent(Y,Z)
3 & not(location(robot,X))2⌋
4 <-
5 ⌈4⌈3move(Y,Z)3⌋4⌋;
6 ⌈4!⌈1location(robot,X)1⌋4⌋
7 <∼ ⌈ξ(
8 (⌈1location(robot,X)1⌋):
9 suc(⌈2location(robot,X)2⌋);
10 fail(⌈2false2⌋)
11 )ξ⌋.6⌋

Figure 7.3: Island Grammars applied to AgentSpeak Plans with Outcome Condi-
tions

 e architecture implemented to support the monitoring of success and failure
conditions extends that of the traditional AgentSpeak dialect.  us, all the ways of
customizing the architecture discussed in section 7.2 are applicable to this extended
implementation. Beyond these, the new architecture supports user de�nable mon-
itoring strategies.  ese strategies de�ne the circumstances in which a particular
e�ect should be monitored (see section 4.2). A number of these strategies have
been implemented:�� ��● always monitor every e�ect (de�nition 4.2.8);�� ��● monitor the e�ects of the most recently executed plan (de�nition 4.2.5);�� ��● monitoring all the e�ects of all plans on the currently selected intention (def-

inition 4.2.6 and �gure 7.4); and,�� ��● never monitoring (de�nition 4.2.9).
However, a number of strategies are yet to be implemented:�� ��● monitoring on plan completion (de�nition 4.2.1)
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�� ��● monitoring post plan completion (de�nition 4.2.2)�� ��● monitoring all plans on the intention stack of a just completed plan (de�ni-
tion 4.2.3)�� ��● monitoring all plans on the selected intention stack post plan completion
(de�nition 4.2.4)

In addition to the implementation of the listed unrealized monitoring strate-
gies, the implemented strategies are largely untested and the implementation of
an agent program for the Tileworld domain using these extensions remains future
work.

7.4 Managing Commitment

In order to evaluate the intuitions of chapter 6, a new architecture that further ex-
tends the implementation above was developed. It was extended to support the
propagation of intention revision based on the dependencies that arise between
intentions as a consequence of decision making. A prerequisite for doing so is to
ensure that the agent only adopts consistent intentions. To achieve this, an addi-
tional reasoning step was added to the agent’s reasoning cycle.  is step �lters the
set of applicable plans for handling the selected event by the agent’s current inten-
tions.  e �nal selection for handling the selected event is then made from this
consistent set.
In order to identify the options that are inconsistent with the agent’s existing in-

tentions, a consistency detectionmechanism is necessary. Given the representation
of goals, success and failure upon which such a consistency checker operates, there
are a number of alternative means of testing for consistency and di�erent degrees
of consistency that can be guaranteed.  is is supported in this architecture in the
same manner as multiple monitoring strategies were supported in the architecture
upon which this builds.
A number of consistency checking mechanisms have been implemented:�
 �	Content Checking :  is strategy ensures that the goals within two plans are com-
patible. Two goals are deemed incompatible whenever: both are achieve
goals and one aims to achieve the strong negation of the other; both are test
goals and onewill only succeed provided it is the string negation of the other;
or �nally, one is an achieve goal and the other a test goal and the achievement
goal achieves the strong negation of the condition of the test goal.
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package agent.architecture.agentspeak.e;

import agent.component.plans.effective.Plan;

import agent.component.intentions.Intention;

import agent.architecture.agentspeak.SelectedIntention;

/**
* The selected intention monitoring strategy checks only those plans on the
* currently selected plan stack.
*
* @author Timothy Cleaver
*/
public final class SelectedStrategy implements MonitoringStrategy {

/**
* The agents selected intention.
*/
private final SelectedIntention<?, ?, ?> selectedIntention;

/**
* Constructor.
*
* @param intention
* the agents selected intention.
*/
public SelectedStrategy(final SelectedIntention<?, ?, ?> intention) {

selectedIntention = intention;
}

/**
* Test whether to check the effects of the plans in this plan stack.
*
* @param <V>
* the variable type of the intention
* @param <D>
* the value type of the intention
* @param intention
* the intention we are testing
* @return
* true if the input plan should be checked this cycle, false otherwise.
*/
public <V, D> boolean monitor(final Intention<?, V, D> intention) {

return intention.equals(selectedIntention.intention());
}

/**
* Test whether this plans effects should be checked.
*
* @param <T>
* the concrete type of the effective plan
* @param <V>
* the variable type of the effective plan
* @param <D>
* the value type of the effective plan
* @param plan
* the effective plan we are testing
* @return
* true if the input plan should be checked this cycle, false otherwise.
*/
public <T extends Plan<T, ?, ?, ?, V, D>, V, D>

boolean monitor(final T plan) {
return true;

}
}

Figure 7.4: Example Monitoring Strategy Implementation
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�
 �	Direct Effect Checking :  is strategy compares the e�ects of the involved plans.
 is strategy ensures that none of the success conditions of one plan are fail-
ure conditions of the other. It also ensures that none of the success condi-
tions of one plan are the strong negation of any of the success conditions of
the other and conversely that none of the failure conditions of one plan are
the strong negation of any of the failure conditions of the other.�
 �	Necessary Effect Checking :  is strategy poses the same constraints as above but
instead considers necessary success and failure conditions.  e success and
failure conditions of the e�ects of a given plan are necessary conditions. For
each goal in the plan, if all options for its achievement declare a particular
success or failure condition then this to is a necessary condition.  us, this
strategy checks not only for current consistency but future consistency and
discards options that will necessarily result in an inability to �nd a consistent
option in the future.�
 �	Possible Effect Checking :  is strategy ismuch like necessary e�ect checking ex-
cept that possible success and failure conditions are checked instead. Any
necessary condition is a possible condition. For each goal in a plan, if any
options for its achievement declare a particular success or failure condition
then this is a possible condition.

Given an appropriate consistency checking mechanism, it is possible to de-
tect the intentions that are involved in a given decision and make these depen-
dencies explicit. Based on these explicit dependencies it is possible to propagate
changes in dependent intentions to their dependencies. Section 6.3 discussed a
number of strategies for doing so. Of those, dependent non-reconsideration (def-
inition 6.3.4), proportional dependent non-reconsideration (de�nition 6.3.5) and
non-reconsideration have been implemented.  e remaining strategies remain fu-
ture work. Given this architecture is based on that described above for monitoring
e�ects and that architecture is still under active development and testing, the same
holds true for the architecture underlying these extensions.

7.5 Summary

 is chapter outlined the novel properties of the implementation of AgentSpeak
developed as a sanity checkingmechanismand experimental platform for the propo-
sitions of this thesis. Although these aspects were discussed in relative isolation,
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their combination leads to a highly modular and extensible platform. It is hoped it
will provide the infrastructure for signi�cant empirical investigations, both syntac-
tically and semantically, towards AgentSpeak like agents in the future.  e prop-
erties discussed ranged from implementation techniques to design decisions and
philosophies that emphasize extensibility over e�ciency and simplicity, while at-
tempting to retain all three. Like any implementation, issues and work remains to
bring it in line with both the semantics presented in chapters 4 and 6, and that of
[10].
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Demographic polls show that you have lost
credibility across the board. Especially with
those 14 year-old Valley girls.

Unknown. 8
Conclusion

Three primary hypotheses were investigated throughout the course of this
thesis.  e results subsequent to these investigations will be summarized
below. Following this, a number of directions for future work will be out-

lined. Many of these will constitute direct extensions and completions of the work
presented in this thesis. Others will require a greater departure from the method-
ologies utilized here.

8.1 Summary

Intention has been argued to play a central functional role in the reasoning per-
taining to action and behaviour of intelligent agents. Similarly, causal reasoning
and the study of the e�ects of action have long been core to the advancement of
intelligent machines. Little work has concentrated on the intersection of these dis-
ciplines and the opportunities for reasoning that lie in this space.  is thesis begins
an exploration into this area by providing an initial investigation into three related
hypotheses.

Hypothesis:
 e successful monitoring of the e�ects and validity of intentional behaviour requires
mechanisms to:

�
 �	1. resolve the con�ict for the success or failure of a behaviour given
evidence for both; and

�
 �	2. balance the time spent monitoring against other mental
tasks.

Hypothesis:
It is rational for an agent to revise its beliefs in accordance with the intended outcomes
and constraints of its behaviours.
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Hypothesis:
 e explicit modelling of the dependencies between intentions that arise as a conse-
quence of consistency maintenance during decision making facilitates both the quan-
ti�cation of commitment and mechanisms for intention reconsideration propagation.

 e underlying concept that connects these hypotheses is the reasoning op-
portunities presented when the intended e�ects and side-e�ects entailed by inten-
tions are known. In the �rst instance, the requirement of monitoring for these
intentional outcomes is investigated.  is investigation was conducted through
the extension of the syntax and semantics of an existing and widely studied agent
architecture and language called AgentSpeak. A number of issues relating to the
resolution of con�icting evidence for both the success and failure of given inten-
tions were uncovered and preliminary solutions proposed. In the second case, the
opportunity to utilize the intended e�ects of intentions on resolving problems in
the revision of beliefs was examined. Classical belief revision was utilized in the
determination of the rationality of the belief revision operators proposed. It was
demonstrated that, although not ideal, the operators produce revisions that satis-
�ed the primary requirements of rationality.  e third hypothesis lead to inquiry
into the inter-dependencies generated through the maintenance of consistency of
intentions in light of their intended e�ects.  ese dependencies facilitated the de-
velopment of a theory to quantify the commitment an agent places in a given inten-
tion and rationalmechanisms to propagate reconsideration from revised intentions
to their dependencies.
 e contributions subsequent to the investigations into the �rst hypothesis was

previously presented in a series of papers [21, 23, 22].  ese papers introduced the
representation, as utilized in the extension to the syntax of the AgentSpeak pro-
gramming language, to capture the success and failure conditions of behaviours.
Included alsowas the identi�cation of the di�culties of resolving the con�icting ev-
idence that may arise subsequent to the use of the advocated representation. With
the development of several strategies to overcome this issue, the challenge of bal-
ancing the e�ort expended in monitoring against other reasoning processes was
addressed. Multiple approaches that trade the accuracy of the monitoring process
against its complexity to di�erent degrees were outlined. With these di�culties
overcome, the semantics of the traditional AgentSpeak architecture was general-
ized and extended to facilitate the integration of these monitoring strategies.  ese
semantics were then implemented, in a preliminary way, in the manner outlined
in chapter 7.  is implementation, pending additional work, will be tested using
the Tileworld domain as discussed in section 2.1.3. An analysis of the strategies for
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both con�ict resolution and monitoring e�ciency will result.
 e contributions central to chapter 5 were previously made public in [19]. In-

cluded therein was the formal description of the relationship between intention
and belief. Crucial to this formalization was the role changes in belief imposes on
the validity of intention. Also included, were the formal de�nitions of a number of
belief revision operators that respect the role of beliefs on the validity of intentions.
 e proofs of the rationality of the operators de�ned, according to the traditional
interpretation of belief change rationality, were established. Belief revision opera-
tors that aim towards the minimization of changes to the intentions, maximization
of the success of held intentions and minimization of failed intentions were de-
�ned.  ese respected both the maintenance conditions and e�ect speci�cations
developed as extensions to AgentSpeak central to the previous contributions.
Two major contributions underlie the work of chapter 6.  ese contributions

are central to [20]. Firstly, techniques to calculate the commitment an agent should
hold towards its intentionswere proposed.  ese techniqueswere based on two ob-
servations: that intentions are related through their role in decision making; and
that the commitment an agent places in a given intention is fundamentally related
to the cost of adopting it. Secondly, a number of decision procedureswere proposed
to de�ne the circumstances under which it is rational to propagate the reconsid-
eration of a particular intention to the other intentions that are related to it. To
demonstrate the plausibility of these mechanisms, they were applied to a running
example involving an o�ce robot.
As a means of evaluating the proposed solutions, particularly those pertaining

to the �rst and third hypotheses, a new, and in some ways novel, implementation
of the AgentSpeak language was developed.  e unique properties of this imple-
mentation were discussed.

8.2 Future Directions

Although progress was made and contributions produced, these initial �ndings
lead to signi�cant opportunities for future work.  ese issues will be recounted in
order of the hypothesis to which they pertain.
 ere are known theoretical issues implied by the representation and seman-

tics developed in the investigation of the �rst hypothesis. Partial solutions have
been developed; however, none are su�ciently advanced as to warrant inclusion in
this document. Strategies for the balance of the accuracy of monitoring against its
cost need development. While a number of generic approaches were discussed, the
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structure supplied by the implementation of intention in the AgentSpeak architec-
ture a�ords avenues of further research. Furthermore, empirical demonstrations
of the advantages of the monitoring advocated remains absent.  us, one obvious
avenue of future work is to improve the reliability and robustness of the prototype
implementation, which has shown promise, to a level be�tting the object of repeat-
able experimentation.
 ere remains a disconnect between how intention and belief relate in the in-

vestigation of the second hypothesis and their relationship in BDI logic (see sec-
tion 2.1.2). Subsequently, the generalization of the approach advocated to a logic of
multiple modalities, as per section 2.3.2, seems a fertile source of opportunity.
As discussed in section 5.4 the operators of belief revision presented in this the-

sis sacri�ce the future utility of beliefs in favour of maintaining the agent’s current
intentions. Empirical evaluation of the rationality of such a prioritization is neces-
sary. Such an evaluation would need to be relative to the axis on which environ-
ments may vary (as discussed in chapter 1). Such a study would aim to determine
the environmental conditions under which such a prioritization is rational. How-
ever, in some domains, such as those that require signi�cant hypothetical reasoning
to enable the correct selection and monitoring of behaviour, such a prioritization
may be found entirely inappropriate. Under such circumstances, disregarding the
informational content of belief in favour of the maintenance of intention when re-
vising beliefs may be sub-optimal. Given that an environment may evolve from
situations in which existing behaviour is of primary concern to those in which
hypothetical reasoning is paramount, techniques that balance the informational
content of beliefs and their use in controlling behaviour are necessary. Further,
dynamic policies that can adapt the agents belief revision priorities between main-
taining intentions and hypothetical reasoning dependent on environmental factors
would represent a signi�cant improvement.
Much of the intuition of the theory of commitment developed with respect

to the third hypothesis is hidden through the attribution of numerical quantities.
 ese intuitions would, in all likelihood, be better presented using a qualitative
approach.  is is exacerbated by the need to provide intuitive numerical interpre-
tations of the quantities de�ned that are compoundable such that the commitment
an agent should hold towards compound intentions can be straightforwardly cal-
culated based on the commitment held in the constituent intentions. A qualitative
approach requires no such interpretations. Given that a qualitative approachwould
reduce to providing a priority ordering over intentions according to the commit-
ment they entail, such an ordering could be utilized in providing additional struc-
ture to the revisions of belief as discussed in the examination of the second hypoth-
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esis.  e integration of the solutions proposed to the second and third hypotheses
o�ers an exciting direction for further exploration.
While a number of reconsideration predicates were de�ned in the exploration

of the third hypothesis, these predicates were simple and in many ways extreme.
More sophisticated reconsideration strategies are necessary that take into account
the commitment values an agent holds towards the involved intentions. One of
the primary factors preventing the development of such strategies is the lack of a
technique for estimating the bene�t of holding or adopting a particular intention.
Again, an initial prototype of the reasoning encompassed in the discussion of

intention revision propagation has been developed. Like that developed for moni-
toring, indications are positive but the implementation is insu�ciently reliable for
the elimination of outliers in any data collected utilizing it.  is speaks purely to
the lack of maturity of the implementation and does not indicate an inherent dif-
�culty in the ability to implement the concepts proposed. One di�culty of the in-
tegration of intention revision propagation is the de�nition/implementation of an
appropriate initial intention revision operator to instigate such propagation. Given
intention revision itself remains an open question and the sensitivity of the e�ec-
tiveness of propagation to the revision operator utilized, progress in this direction
is di�cult. Work continues on stabilizing the implementation, however, and opti-
mism surrounds the resolution of these problems.
 e implementation developed as a sanity checking mechanism for the solu-

tions proposed in the investigation of the �rst and third hypotheses is yet to be
applied to a benchmark domain to evaluate the intuitions contained therein. Be-
yond its direct application to the hypotheses of this thesis, the implementation de-
veloped o�ers a number of independent research trajectories.  e embodiment of
AgentSpeak in autonomous robotic applications remains a little explored topic.  e
exploitation of the modularity of the new architecture to test the assumption that
the e�ciency gained by the use of limited belief languages adequately compensates
for the additional burdens of their use compared to more expressive approaches
warrants study. Given the philosophy of experimentation enabled by the chosen
design of the architecture and syntactic analysers, there are a number of uses to
which it may be placed in future.
In conclusion, while notable contributions have been made as a consequence

of these investigations, like any endeavour of discovery, more questions have been
raised than answers provided.
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Glossary

Notation Description
Λ A function that de�nes how the commitment an agent has in

a given intention accumulates over time . 142, 143, 148, 150, 151,
157–160, 175

! Syntax for an Achieve goal/event . 30, 35, 43, 47, 85, 92, 101, 105,
106

AchvGl  e achieve goal rule of an AgentSpeak agents semantics . 43
α An action . 30, 35, 36, 43, 50, 51, 85, 92
A  e agents scheduled actions . 28, 29, 32, 33, 35, 36, 38, 39, 43,

50, 51
Action  e action execution rule of an AgentSpeak agents semantics

. 43
AddBel  e add belief rule of an AgentSpeak agents semantics . 44
AddIM  e intention adoption state of an AgentSpeak agents reason-

ing cycle . 39, 41, 96
agent An agent . 30, 38–45, 85, 92, 96–105
A Modality of all paths. 19–22, 25
(◻) Temporal modality of always. 19, 22
ApplPlans A function to generate the set of plans applicable to satisfying

the agents selected event . 34, 40, 41, 46
ApplPl  eoption generation rule of anAgentSpeak agents semantics

. 40, 41
ApplPl  e option generation state of an AgentSpeak agents reason-

ing cycle . 39–41, 96
∶∶= Assignment . 30, 85, 92, 175

Π A function that de�nes the innate cost of an intention . 141–
143, 145, 146, 148–151, 157–160, 164–167

BDI  e multi-modal logic of beliefs, desires and intentions . iv,
16–18, 21, 22, 25, 26, 28, 33, 36, 42, 47, 75, 78, 198, 203, 206, 207,
210, 212

β A belief held by the agent . 30, 35, 44, 63–72, 75–77, 83, 85, 90,
92, 112, 116–119, 121–124, 126, 129, 130, 133

LB  e language of the logic of belief . 28, 29, 63, 70, 83, 90, 116,
119, 123, 131
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GLOSSARY

Notation Description
(Bel) Modality of belief. 16, 18–23, 25, 27, 47, 48, 77
B  e belief relation of an agent that maps propositions to truth

values in the context of a belief modality . 17–21, 24, 25, 27, 206
á  e belief remainder operator that generates the set of beliefs

remaining a�er removing su�cient beliefs to ensure that a
given proposition no longer follows . 64, 65, 68, 70, 118–120,
126, 127

BRF A belief revision function . 31, 33, 36, 107
ω∗B
t

BDI belief revision operator. 24, 25, 206
B  e set of belief sets . 118, 126
B  e agents beliefs . 27–31, 33–36, 38–41, 43, 44, 46, 47, 51, 63–

77, 81–83, 85, 88–90, 92, 100, 101, 104, 105, 107, 112–114, 116–133,
205, 208, 215

B↦
D

Function to map belief accessible world to desire accessible
worlds. 25, 206

B↦
I

Function to map belief accessible worlds to intention accessi-
ble worlds. 25, 206

↔ Logical Equivalence . 66
π  e body of a plan . 29, 30, 43–47, 84, 85, 91, 92, 97–99, 101,

102, 104–106, 109, 110, 207, 210, 212
body A function to extract the body of a plan from a plan structure

. 34, 35

C  e circumstance of an agent.  ese are the elements of its
mental state that are retained through multiple reasoning cy-
cles . 38–45, 47, 96–105, 109–112

ClrInt  e clear completed intentions rule of an AgentSpeak agents
semantics . 45

ClrInt  e clear completed intentions state of an AgentSpeak agents
reasoning cycle . 39, 43–45

Θ A function that de�nes the commitment an agent places in an
intention . 148, 157–160

χ A con�ict . 96, 104, 105, 107, 112–114, 207
Ξ A function that de�nes when two behaviors are in con�ict .

140, 141, 145, 153, 154
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GLOSSARY

Notation Description
≀ Con�ict Operator . 140–143, 145, 146, 149, 151, 153–156, 161–167,

207, 209, 212
Φχ  e con�ict resolution strategy . 96, 104, 105, 107, 112–114
Cn Logical consequence operator . 28, 29, 43, 44, 46, 47, 63, 64,

66, 67, 71, 72, 76, 77, 100, 101, 112–114, 116, 117, 119–124, 129–131
ϖ  e context of a plan.  ismust follow from the agent’s beliefs

for the plan to be applicable . 29, 30, 32, 43–47, 84, 85, 91, 92,
97–99, 101, 102, 104–106, 109, 110, 207, 210, 212

− Belief contraction operator . 63, 65–67, 70, 74, 75, 126
Ω A function that de�nes the cost of an intention . 141, 142, 145,

146, 149–151, 153, 155, 156, 158–160, 164–167, 175
CTL Computation Tree Logics . 19, 203

Dt≀I t  e subset of desires that are in con�ict with a set of intentions
at time t. 153

Dt≀ι  e subset of desires that are in con�ict with a given intention
at time t. 153

DelBel  e remove belief rule of an AgentSpeak agents semantics . 44
δ A state of a�airs the agent deems desirable . 153–156
(Des) Modality of desire. 16, 18–22, 25, 47, 48
D  e desire relation of an agent that maps propositions to truth

values in the context of a desire modality . 17–21, 24, 25, 206,
207

ω∗D
t

BDI desire revision operator. 24, 25, 207
D  e agents desires . 36, 153–156, 207, 209
dif Di�erence . 117, 118, 120–123, 125–128, 130, 131, 211, 214

ξ An e�ect . 91, 92, 97, 98, 104, 105, 109–112, 189
τ ∶ ϖ ← π.є  e structure of a plan with e�ects . 91, 92
є  e e�ects of a plan . 91, 92, 96–99, 101–107, 109–112, 207, 208,

210, 212
λ ∶ ⟨suc, fail⟩  e structure of an e�ect . 112–114
⋂  e intersection of sets of sets . 65, 70, 118, 120, 126, 127
≑I⊴ Shorthand for I tI⊴ I ′ ∧ I ′ tI⊴ I . 132
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GLOSSARY

Notation Description
=suc
I

Relation that de�nes when one belief base is equally successful
with respect to the set of intentions I as another.  is is simply
a shorthand for B ⊑suc

I
B′∧B′ ⊑suc

I
B for arbitrary belief bases

B and B′. . 127
ε An event . 31, 34, 38–41, 96, 107, 213
E  e agents pending events . 28, 29, 31–35, 38–40, 43, 44, 47, 96,

101, 105, 107, 188, 214
⟨τ, ι⟩  e structure of an event . 29, 34, 39–41
ExecInt  e intention execution state of an AgentSpeak agents reason-

ing cycle . 39, 42–44, 96, 100, 101
E Modality of path existence. 19–21, 25
+ Belief expansion operator . 63, 64, 70–72, 77, 118, 126, 211
± External belief revision operator where the contraction is ex-

ecuted a�er the expansion . 118, 120, 122, 126, 127, 131, 134, 211
ExtEv  e AgentSpeak semantic rule to process external events . 41

fail
⍊

 e intention remainder operator that generates the set of in-
tentions whose failure conditions follow from the input beliefs
. 124, 132

⍊

fail  e intention remainder operator that generates the set of in-
tentions remaining a�er removing those that have failed as a
result of applying the input belief base . 124–130, 132

BIfail  e beliefs that are relevant to the failure conditions of the
intentions in I . 124, 130

fail Failure . 87–92, 112–114, 123–134, 207, 208, 211
� False . 16, 29, 34, 41, 44, 47, 48, 51, 62, 77, 105, 109–114, 119, 125,

126, 132, 133, 141, 145, 153, 154, 161–168, 170, 171
ϝ An arbitrary �lter function . 96–98, 100, 103, 208, 209
first A function that returns the �rst element of a sequence . 34–36,

51

ϝє  e e�ect �lter function that �lters to the e�ects to monitor in
the agents current reasoning cycle . 96, 97, 103

GenE�  e AgentSpeak semantic rule to generate the set of e�ects to
monitor in the current reasoning cycle . 103
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Notation Description
GenEff  e generate the set of outcome conditions to monitor this

reasoning cycle state of an AgentSpeak agents reasoning cy-
cle . 96, 102, 103

ϝI  e intention �lter function that �lters out intentions whose
bodies are empty . 97, 98

ϝϰ  e maintenance condition �lter function that �lters to the
e�ects to monitor in the agents current reasoning cycle . 96,
97, 100

GenMnt  e AgentSpeak semantic rule to generate the set of mainte-
nance conditions to monitor in the current reasoning cycle .
100, 102

GenMnt  egenerate the set ofmaintenance conditions tomonitor this
reasoning cycle state of an AgentSpeak agents reasoning cycle
. 96, 98–100, 102

ð A goal . 30, 35, 45, 84, 85, 92, 99, 102, 104, 172, 174, 175
g⃗ A sequence of ground terms. Ground terms contain no vari-

ables . 30, 35, 85, 92

head A function to extract the head of a plan from a plan structure
. 34, 35

I t≀Dt  e subset of intentions that are in con�ict with a set of desires
at time t. 153

I t≀Dt  e subset of intentions that are in con�ict with a given desire
at time t. 153–156

I t≀Ot  e subset of intentions that are in con�ict with the set of op-
tions at time t. 141, 143, 151, 161–167

I t≀{ω}  e subset of intentions that are in con�ict with a given option
at time t. 143

→ Material Implication . 16, 18–23, 25, 27, 48, 77, 81, 82, 118–120
µ A maintenance condition within a plan . 84, 96, 97, 99–102,

107, 110–112, 173, 174, 212
ϰ A set of maintenance conditions . 84, 96–102, 104, 105, 107,

109, 110, 209, 210
Init  e initialization rule of an AgentSpeak agents semantics . 39
Init  e initialization state of an AgentSpeak agents reasoning cy-

cle . 39, 96

217



GLOSSARY

Notation Description
ι An intention adopted by the agent . 29, 31, 34, 38–45, 47, 83, 90,

96–102, 104–107, 109–112, 116, 117, 121–124, 129, 130, 133, 140–
143, 148, 149, 153, 157–165, 168–172, 174, 207, 208, 212, 213

LI  e language of the logic of intention . 28, 29, 83, 90, 116, 123,
131

(Int) Modality of intention. 16, 18–23, 25, 27, 47, 48
⊴ A preference relation over intentions . 131–133, 207, 210, 211
I  e intention relation of an agent that maps propositions to

truth values in the context of an intention modality . 17–21,
24, 25, 27, 206, 210

⍊  e intention remainder operator that generates the set of in-
tentions remaining a�er removing those whose maintenance
condition does not follow from the input beliefs . 117, 120–122,
124–130, 132, 133, 208, 215

ω∗I
t

BDI intention revision operator. 24, 25, 210
I  e agents intentions . 27–29, 31–36, 38, 39, 41–45, 47, 51, 82,

83, 87–90, 96–105, 107, 111, 116–118, 120–134, 140–143, 145, 146,
149–151, 153–168, 170–172, 188, 207–212, 214, 215

tI⊴ A preference relation generator function for sets of intentions
given a preference relation over individual intentions . 131–133,
207

∩ Set Intersection . 18–21, 25, 27, 64, 66, 67, 70–72, 76, 119, 120,
127, 163, 164, 166, 167

IntEv  e AgentSpeak semantic rule to process internal events . 41

L A logical language . 28, 29, 63, 70, 77, 83, 90, 116, 119, 123, 131,
205, 210

∧ Logical Conjunction . 20–23, 25, 27, 40–46, 54, 66, 67, 72, 77,
97, 100, 101, 104, 105, 109, 110, 112, 125–127, 132, 133, 140, 153, 161,
162, 170–172, 207, 208

∨ Logical Disjunction . 23, 27, 36, 47, 54, 69, 72

while Maintenance . 82, 83, 116–118, 120–122
τ ∶ ϖ ∥ ϰ ← π.є  e structure of a plan with both maintenance conditions and

e�ects . 97, 98, 101, 104, 105, 109, 110
τ ∶ ϖ ∥ ϰ ← π  e structure of a plan with maintenance conditions . 84
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GLOSSARY

Notation Description
⊴⊑sucI Relation that de�nes when one belief base is more successful

with respect to the set of intentions I and the preference rela-
tion over the intentions ⊴ than another . 131–133

∼γIsuc Success maximizing partial-meet contraction operator . 131,
134

γIsuc A selection function that targets themaximumnumber of suc-
cessful intentions as a result of belief revision . 126, 127, 131, 134,
211

>suc Success maximizing operator . 123
⊑suc
I

Relation that de�nes when one belief base is more successful
with respect to the set of intentions I than another . 125, 127–
129, 208

±γIsuc Successmaximizing external belief revision operator . 126, 127,
131, 134

∼γIdif Change minimizing partial-meet contraction operator . 118,
122, 131

+γIdif Change minimizing belief expansion operator . 118
γIdif A selection function that targets the minimal change in inten-

tions as a result of belief revision . 117, 118, 120, 122, 126, 131,
211

<dif Change minimizing operator . 123
⊑dif
I

Relation that de�nes when one belief base produces less
changes in I than another . 117, 118, 120–122, 125–128, 130

±γIdif Changeminimizing external belief revision operator . 118, 120,
122, 126, 131

<fail Failure minimizing operator . 123
⊑fail
I

Relation that de�nes when on belief base produces less failed
intentions from I than another . 125, 127, 128, 130

∼γIfail Failureminimizing partial-meet contraction operator . 131, 134
γIfail A selection function that targets the minimum number of

failed intentions as a result of belief revision . 126, 131, 134,
211

±γIfail Failure minimizing external belief revision operator . 131, 134
⊴⊑failI Relation that de�nes when one belief base produces less dam-

aging failed intentions from I given ⊴ than another . 132, 133
M A model . 24, 27
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GLOSSARY

Notation Description
Φє  e e�ect monitoring strategy . 96, 97, 107, 109–112
MonE�  e AgentSpeak semantic rule to update the e�ects of a mon-

itored plan to remove those that have succeeded . 104, 105
MonEff  e monitor outcome conditions state of an AgentSpeak

agents reasoning cycle . 96, 103–105
Φµ  e validity monitoring strategy . 96, 97, 107, 110–112
MonMnt  e AgentSpeak semantic rule to monitor a single mainte-

nance condition . 100–102
MonMnt  e check maintenance conditions state of an AgentSpeak

agents reasoning cycle . 96, 100, 101

λ  e name of an e�ect . 91, 112–114, 207
(◻) Modality of necessity. 15–17
(○) Temporal modality of next. 19, 23, 25

Ot≀I t  e subset of options that are in con�ict with the set of inten-
tions at time t. 140–143, 145, 146, 149, 151, 162, 164, 166, 167

Ot≀{ι}  e subset of options that are in con�ict with a given intention
at time t. 143

(⌈Bel⌋) Modality of only-belief. 24, 25
(⌈Des⌋) Modality of only-desire. 24, 25
(⌈Int⌋) Modality of only-intend. 24, 25
ω An option available to an agent to satisfy a need . 38, 41, 96,

139–141, 143, 209, 213
O  e options available to an agent to achieve an intended ends

. 28, 29, 31, 32, 34, 38, 40, 41, 96, 107, 140–143, 145, 146, 149, 151,
161–167, 188, 209, 212, 214

∼ Partial-meet belief contraction operator . 65, 70, 118, 122, 131,
134, 211, 213

℘ A function that extracts the set of paths from a BDI logic se-
mantic structure . 25

ρ A plan . 30, 36, 41, 46, 47, 51, 85, 92, 97, 100, 104, 105, 109–112,
172–175

P  e agents known plans . 28–34, 38–40, 46, 83, 85, 92, 96, 107
τ ∶ ϖ ← π  e structure of a plan . 29, 30, 43, 46, 85
pop A function to pop an element o� a stack . 34, 35
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GLOSSARY

Notation Description
(◇) Modality of possibility. 15, 16
push A function to push an element onto a stack . 34, 35

R A relation . 16, 75, 76
R  e plans relevant to the agents selected event . 31, 32, 34, 38,

40, 41, 46, 96, 107
RelPlans A function to generate the set of plans relevant to the agents

selected event . 34, 40, 46
RelPl  e relevant plan generation rule of an AgentSpeak agents se-

mantics . 40
RelPl  e relevant plan generation state of an AgentSpeak agents

reasoning cycle . 39, 40, 96
rest A function that removes the �rst element of a sequence and

returns the remaining elements of the sequence . 34–36
revise A function that de�nes the circumstances in which intention

revision is rational . 161–172
∗ Belief revision operator . 24, 25, 70–72, 74, 75, 77, 82, 206, 207,

210

SelAppl  e option selection rule of an AgentSpeak agents semantics .
41

SelAppl  e option selection state of an AgentSpeak agents reasoning
cycle . 39–41, 96

σ ε  e event the agent has selected to process in the current rea-
soning cycle . 31, 38–41, 96, 107

±γ External belief revision operator where the contraction is exe-
cuted a�er the expansion and the contraction is de�ned using
selection function γ . 70

σ ι  e intention the agent has selected to process in the current
reasoning cycle . 31, 38, 42–45, 96, 98, 99, 102, 107, 110, 111

∓γ Internal belief revision operator where the expansion is exe-
cuted a�er the contraction and the contraction is de�ned us-
ing selection function γ . 70

σω  e option the agent has selected to have the selected event .
38, 41, 96

∼γ Partial-meet belief contraction operator generated by selec-
tion function γ . 65, 70
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Notation Description
σ A selection . 31, 38–45, 96, 98, 99, 102, 107, 110, 111, 141–143, 145,

146, 149, 213
γ An arbitrary selection function . 28–32, 34, 35, 38, 39, 41–43,

45, 51, 65, 68, 70, 96, 98, 104, 107, 109, 117, 118, 120, 122, 126, 127,
131, 134, 188, 211, 213, 214

γE A selection function for the event to process during the agents
current reasoning cycle . 28, 29, 31, 32, 34, 38, 39, 96, 107, 188

SelEv  e event selection rule of an AgentSpeak agents semantics .
39, 40

SelEv  e event selection state of an AgentSpeak agents reasoning
cycle . 39, 40, 42, 43, 45, 96, 102, 103, 105

γI A selection function for the intention to process during the
agents current reasoning cycle . 28, 29, 31, 32, 35, 38, 42, 51, 96,
98, 107, 188

SelInt  e intention selection rule of an AgentSpeak agents seman-
tics . 42, 98

SelInt  e intention selection state of an AgentSpeak agents reason-
ing cycle . 39–42, 96, 98

γO A selection function for the option to adopt to satisfy the se-
lected event during the agents current reasoning cycle . 28, 29,
31, 32, 34, 38, 41, 96, 107, 188

γθ A selection function for uni�ers . 30, 38, 43, 45, 104
(◇) Temporal modality of eventually. 19
⊙ A sphere de�ning the proximity of a set of propositions to an-

other . 76
⊚ A set of spheres de�ning the proximity between all elements

of a power set of propositions . 76
S  e set of mental states that an agent may be in . 38, 39, 50, 51,

75, 76, 96
Φ An arbitrary strategy function . 96, 97, 104, 105, 107, 109–114,

207, 212
⊲ A strict preference relation over intentions . 89, 132, 133, 214
⋖I⊲ A strict preference relation generator function set of inten-

tions given a preference relation over individual intentions .
132, 133

⊏dif
I

Relation that de�nes when one belief base produces strictly
less changes in I than another . 120
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Notation Description
suc Success . 87–92, 112–114, 123–134, 207, 208, 211, 215
⍊
suc  e intention remainder operator that generates the set of in-

tentions whose success conditions follow from the input be-
liefs . 124, 132, 133

⍊
suc  e intention remainder operator that generates the set of in-

tentions remaining a�er removing those that have succeeded
as a result of applying the input belief base . 124–130, 132

BIsuc  e beliefs that are relevant to the success conditions of the
intentions in I . 124, 130

T  e temporary store of an agent.  ese are elements of its
mental state that are cleared at the end of each reasoning cycle
. 38–45, 96–105, 109–112

t⃗ A sequence of terms . 30, 35, 85, 92
? Syntax for a Test goal/event . 30, 35, 43, 44, 85, 92
TestGl  e test goal rule of an AgentSpeak agents semantics . 43, 44
t A time-point . 24, 25, 140–143, 145, 146, 149–151, 153–156, 158–

172, 206, 207, 209, 210, 212
top A function to access the top element of a stack without remov-

ing it . 34, 35
τ  e trigger of a plan . 29, 30, 34, 39–41, 43–47, 84, 85, 91, 92,

97–99, 101, 102, 104–106, 109, 110, 207, 208, 210, 212
⊺ True . 30, 33–36, 39, 45, 48, 51, 62, 85, 92, 97, 102, 104, 106, 109–

114, 125, 126, 132, 133, 140, 141, 145, 153, 154, 161–164, 167–172

θ A uni�er that maps variables to the values they are bound to .
30, 34, 35, 38, 41, 43–46, 104, 214

∪ Set Union . 27, 33–35, 41, 43–45, 47, 64, 66, 67, 71, 99, 101, 102,
104, 105, 118–120, 126, 127

⊣ Unknown . 105, 112–114
(U) Temporal modality of until. 19
update A function that can update the e�ects of a plan in light of the

agents current beliefs . 98, 104
UpdPostMnt  e AgentSpeak semantic rule to update maintenance condi-

tions post goal execution . 102
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UpdPostMnt  e update maintenance conditions post goal execution state

of an AgentSpeak agents reasoning cycle . 96, 102
UpdPreMnt  e AgentSpeak semantic rule to update maintenance condi-

tions pre goal execution . 99
UpdPreMnt  e update maintenance conditions prior to goal execution

state of an AgentSpeak agents reasoning cycle . 96, 98, 99
U A function that de�nes the utility of a given intention . 50, 51

Ψ A function that de�nes the weight of a dependency between
intentions . 142, 143, 146, 148–151, 157–161, 164–174

ω A possible world in a possible worlds semantic structure . 24,
25, 27, 75, 76, 206, 207, 210

W A set of worlds in a possible worlds semantic structure . 24,
26, 27
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