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Abstract. It is commonly believed there is a big gap between agent logics and
computational agent frameworks. In this paper, we show thatthis gap is not as big
as believed by showing that GOAL agents instantiate Intention Logic of Cohen
and Levesque. That is, we show that GOAL agent programs can beformally
related to Intention Logic. We do so by proving that the GOAL Verification Logic
can be embedded into Intention Logic. It follows that (a fragment of) Intention
Logic can be used to prove properties of GOAL agents. The workreported is an
important step towards the application of standard tools from modal logic for e.g.
model checking agent programs. Our results also prove useful for extending the
expressiveness of the GOAL agent language. This is illustrated by incorporating
temporally extended goals into GOAL agents.

1 Introduction

As has been observed by many others, there is still a considerable gap between logical
theories of rational agents and most computational frameworks for such agents [10, 12].
Though it is generally hard to connect computational frameworks for rational agents to
logics for such agents, in this paper we show that it is possible to formally relate the
GOAL agent programming language [4, 8] and Intention Logic of Cohen and Levesque
[3]. The result proven establishes that GOAL agents instantiate the theory of rational
agents as proposed by Intention Logic, although we also argue that the theory needs
revision at a number of points.

The motivation behind our work is the observation that thereare a number of basic
similarities between Intention Logic and the GOAL Verification Logic (“GOAL Logic”
for short, see [4]). Most notably, both are based on linear time frames and both incorpo-
rate basic notions of a common sense perspective on rationalaction - beliefs and goals
in relation to action. Intention Logic has been proposed as atheory of the “rational
balance” of beliefs, goals, intentions and actions, inspired by Bratman’s theory of in-
tention. It thus proposes a set of rationality principles rational agents should comply
with. The GOAL agent programming language is based on and aspires to incorporate
similar rationality principles, and has been proposed as atheory of computationbased
on the common-sense notions of belief and goal. Relating both formally thus would be
a significant step in bridging the gap between agent theory and engineering.

Establishing a formal connection between GOAL and Intention Logic is useful for
a number of reasons. First of all, it connects the GOAL agent programming language
to an agent logic in a formally precise sense, contributing to one of the long-standing



2 Koen Hindriks and Wiebe van der Hoek

challenges of agent research of bridging the gap between agent theory and agent pro-
gramming [10]. It shows that agent logics such as Intention Logic can be applied and
used for the verification of properties of computational agents. Conceptually it is inter-
esting to compare the agent concepts and rationality principles incorporated in Inten-
tion Logic with those used by GOAL agents. Related to this we show that establishing
a formal connection turns out to be useful for extending GOALagents with temporally
extended goals [1]. On top of this, technically, the mappingof GOAL Logic into a stan-
dard modal logic is useful since it makes available the rich set of tools available for
such logics. These include, for example, tools for model checking, which can be used
to achieve one of the main goals of our work - to establish verification tools that can
be practically applied to computational rational agents. Finally, combining the frame-
works of two approaches also has an effect in the opposite direction: we will argue that
assumptions made for Intention Logic can be broadly categorised threefold: those that
constitute a basic logic for intention, those that can be conceived of as natural in special
situations, and those that seem to be not necessary, or even,not intuitive.

The paper is organized as follows. In Section 2 we briefly introduce the agent pro-
gramming language GOAL and its verification logic as proposed in [4]. In Section 3
the propositional fragment of Intention Logic used in this paper is introduced. In Sec-
tion 4 we show that GOAL Logic can be embedded into Intention Logic. In Section 5
we (re)use the embedding proof to show how to incorporate temporally extended goals
into GOAL agents. Finally, in Section 6 we conclude the paperand discuss possible
directions for future work.

2 The Agent Programming Language GOAL

GOAL agents derive their choice of action from theirbeliefsand theirgoals. GOAL
agents consist of four components: (i) a set of beliefs called abelief base, (ii) a set of
goals called agoal base, (iii) a set of action rules, called theagent program, and (iv) a set
of action specifications. The beliefs and goals are drawn from some logical language.
The basic ingredients needed are a knowledge representation language and associated
inference relation and update operators. Here we follow [4]and throughout the paper
we assume a propositional languageL0 (with typical elementsφ) defined over a set of
Atoms with entailment operator|=. The beliefs and goals of a GOAL agent define its
mental state, which needs to satisfy a number of rationality constraints.

Definition 1. (Mental State)
A mental stateof a GOAL agent is a pair〈Σ,Γ 〉 with Σ a belief base andΓ a goal
base consisting of sentences drawn from a classical propositional languageL0, i.e.
Σ,Γ ⊆ L0. A mental state needs to satisfy the followingrationality constraints:

– Belief bases are consistent:Σ 6|= false,
– Individual goals are consistent:∀γ ∈ Γ : γ 6|= false,
– Goals are not believed to be achieved:∀γ ∈ Γ : Σ 6|= γ.

Rational agents are assumed to have consistent beliefs and goals that are not (logi-
cally) impossible to achieve which motivates the introduction of the first two rational-
ity constraints. Goals of a GOAL agent areachievement goalsthat the agent wants to
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achieve some time in the future. As such, an agent may have multiple achievement goals
that taken together are inconsistent but may be achieved in either order over time (cf. [4,
7, 8]). A GOAL agent is assumed to be committed to achieving these goals. A rational
agent however will not invest resources in pursuing goals that are already (completely)
achieved, which motivates the third rationality constraint.

In order to be able to decide on its next action a GOAL agent inspects its belief and
goal bases. To do so, so-calledmental state conditionsare introduced to reason about
the agent’s beliefs and goals. The languageLm of mental state conditions extendsL0

with a modal beliefB and goalG operator, which can be used to express conditions on
the mental state of an agent.

Definition 2. (Mental State Conditions: Syntax)
The languageLm (with typical elementsψ, ψ′) of mental state conditionsis defined by:

φ ∈ L0 ::= any element inL0

ψ ∈ Lm ::= Bφ | Gφ | ¬ψ | ψ ∧ ψ

The set of mental state conditions consists of Boolean combinations of formulae
of the formBφ andGφ with φ ∈ L0. It is not allowed to nest the operatorsB and
G in mental state conditions. Also note that simple propositional formulas without
occurrences ofB or G operators are not mental state conditions. These formulae are
calledobjectiveand are used to represent properties of the agent’s environment instead.
The semantics of mental state conditions is evaluated with respect to mental states.

Definition 3. (Mental State Conditions: Semantics)
The semantics of mental state conditions is defined relativeto a mental state〈Σ,Γ 〉.

〈Σ,Γ 〉 |= Bφ iff Σ |= φ,

〈Σ,Γ 〉 |= Gφ iff ∃γ ∈ Γ such thatγ |= φ andΣ 6|= φ,

〈Σ,Γ 〉 |= ¬ψ iff 〈Σ,Γ 〉 6|= ψ,

〈Σ,Γ 〉 |= ψ ∧ ψ′ iff 〈Σ,Γ 〉 |= ψ and〈Σ,Γ 〉 |= ψ′.

The semantics of the goal operatorG defines an agent’s achievement goals as those
propositions that follow from a single goal in the agent’s goal base that is not believed
to be the case; in other words,Gφ expresses thatφ is an achievement goal in this sense.

GOAL agents select actions using a rule-based action selection mechanism. In the
remainder, we assume a set of actionsA (with typical elementα, α′) has been pro-
vided. Action rulesof the form if ψ then α are used to specify that actionα can
be performed, or, isenabled, whenever conditionψ holds, whereψ is a mental state
condition. This mechanism allows agents to derive their choice of action from their be-
liefs and goals. The semantics of action selection and execution are formally specified
in GOAL by means of an operational semantics; here, however,we abstract from the
formal details (see [4]) and we will represent action selection implicitly by means of
action occurrences in a set of possible traces. Atracesimply is a sequence of mental
states and actions.

Definition 4. (Trace)
A tracet is an infinite sequencem0, α0,m1, α1, . . . of mental statesmi and actionsαi.
We also writetmi to denote theith mental state andtai to denote theith action.
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Intuitively, a trace corresponding to a possible computation of a GOAL agent needs
to start with a mental state that corresponds to the initial state of the GOAL agent. The
changes in mental states over time are the result of executing actions (which ideally
correspond to changes in the agent’s environment). Action rules and preconditions do
not need to determine a unique action to be taken by the agent at a time point. The
semantics associated with the action selection and execution of a GOAL agent thus
does not define a unique computation but corresponds to a set of computations. This
motivates defining the meaning of a GOAL agentA as a set of traces, in line with the
fact that we abstract from the semantics of action selectionand execution in this paper.

2.1 GOAL Logic

To obtain a verification logic for GOAL agents temporal operators are added on top of
mental state conditions to be able to express temporal properties over traces. Addition-
ally an operatorstart is introduced to be able to pinpoint the start of a trace.

Definition 5. (Temporal Language: Syntax)
Thetemporal languageLG (with typical elementsχ, χ′) is defined by:

χ ∈ LG ::= start | ψ ∈ Lm | ¬χ | χ ∧ χ | χ until χ | [α ∈ A]χ

The semantics ofLG is defined relative to an agentA, tracet ∈ A and time pointi.

Definition 6. (Temporal Language: Semantics)
The truth conditions of sentences fromLG given a GOAL agentA, trace t ∈ A and
time pointi are inductively defined by:

A, t, i |= start iff i = 0,
A, t, i |= Bφ iff tmi |= Bφ,

A, t, i |= Gφ iff tmi |= Gφ,

A, t, i |= ¬ϕ iff A, t, i 6|= ϕ,

A, t, i |= ϕ ∧ ψ iff A, t, i |= ϕ andA, t, i |= ψ,

A, t, i |= ϕ until ψ iff ∃j ≥ i : A, t, j |= ψ and∀i ≤ k < j : A, t, k |= ϕ,

A, t, i |= [α]ϕ iff ∀t ∈ A(tai = α⇒ A, t, i+ 1 |= ϕ).

Note that formulas of the form[α]ϕ specify universal action postconditions, in
particular, we haveA, t, i |= [α]ϕ iff A, t′, i′ |= [α]ϕ iff A |= [α]ϕ. This operator
allows to define the Hoare system for GOAL which was proven complete in [4] and
facilitates reasoning about actions. This operator is crucial in GOAL Logic to be able
to compositionally prove properties of all traces induced by a GOAL agent [4].

3 Basic Intention Logic

Our interest in this paper is in thesingle-agent, propositional fragmentof Intention
Logic without dynamic (composition) operators such as sequential composition. In
essence, Intention Logic can be considered a single-agent logic (cf. [12]) and the sin-
gle agent restriction boils down to excluding multiple agent labels and variables ranging
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over such labels from the logical language. The restrictionto the propositional fragment
implies that we do not introduce quantifiers and variables ranging over events, agents or
domains. Temporal operators are also introduced explicitly in the language rather than
defining these as rather complex quantifications over events. The fragment of Intention
Logic introduced here is referred to henceforth asBasic Intention Logic, or sometimes
also simply as Intention Logic.

Definition 7. (Basic Intention Logic: Syntax)
The languageLBI is defined by:

α ::= any element fromA | IF ϕ THEN α ELSE NIL,

φ ::= any element fromAtom,

ϕ ::= φ | ¬ϕ | ϕ ∧ ϕ | BEL ϕ | GOAL ϕ | HAPPENS α |
DONE α | t | BEFORE ϕ ϕ | Eϕ,

t ::= any non-negative numeral(0,1, . . .)

The main modification made to Intention Logic is the additionof a global modal
operatorE (cf. [2]). The operatorHAPPENS is too weak to reason aboutall possible
effectsof executing an action which is crucial for verifying properties of the behaviour
of an agent program (compare the dynamic operator[α]χ introduced above and the
usual dynamic modality in Dynamic Logic [6]). The standard abbreviations are used
for true and disjunction∨. Some additional abbreviations used are:

UNTIL ϕ ψ
df
= ¬(BEFORE ψ ¬ϕ), 3ϕ

df
= (true UNTIL ϕ), 2ϕ

df
= ¬3¬ϕ

KNOW ϕ
df
= ϕ ∧ BEL ϕ, KNOWIF ϕ

df
= KNOW ϕ ∨ KNOW ¬ϕ.

After introducing the fragment we refer to asBasic Intention Logic, the question
remains how much of thetheoryof Intention Logic about rational agency survives. As
it will turn out, a large part can be (re)formulated by using temporal operators only.
This issue will be revisited at the end of this Section.

3.1 A Run-Based Semantics for Intention Logic

Semantically we first introduce a run-based semantics for Intention Logic and then
discuss how our semantics relates to that introduced in [3].Different from [7] we use
standard linear ordersL to define models for Intention Logic to ensure our models have
the same basic structure as traces of GOAL agents. Here, we will restrict ourselves to
L = 〈N, <〉 andL = 〈Z, <〉. We use linear orders to define the concept of arun.

Definition 8. (Run-Based Model)
Let an arbitrary set of labelsS also calledstatesbe given. Arun based onS andA is
a functionr : L → (S × A) that assigns to every time point a state-action pair. Given
n ∈ L, we will writerst

n for the first component ofr(n), andrac
n for the second. The set

of runs based onS andA is denotedR(S,A).
A run-based modelM (overAtoms) is a tupleM = 〈S,L, B,G, V 〉, where

– S is a non-empty set ofstates;
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– L is a linear order;
– B ⊆ R × L × R × L is a Euclidean, transitive and serial belief accessibility

relation,
– G ⊆ R× L ×R× L is a serial goal accessibility relation, and
– V : S → Atoms.

The semantics of Basic Intention Logic can now be defined using run-based models.

Definition 9. (Run-Based Semantics for Basic Intention Logic)
LetM = 〈S,L, B,G, V 〉 be a run-based model,r ∈ R, andn ∈ L. Then the satisfac-
tion relation|= relative toM is defined by:

M, r, n |= p iff p ∈ V (rst
n )

M, r, n |= ¬ϕ iff M, r, n 6|= ϕ

M, r, n |= ϕ ∧ ϕ′ iff M, r, n |= ϕ andM, r, n |= ϕ′

M, r, n |= t iff t denotesn,
M, r, n |= DONE α iff ∃j ∈ L M, r, j[[α]]n
M, r, n |= HAPPENS α iff ∃j ∈ L M, r, n[[α]]j
M, r, n |= BEL ϕ iff ∀r′, n′(B(r, n, r′, n′) ⇒M, r′, n′ |= ϕ)
M, r, n |= GOAL ϕ iff ∀r′n′(G(r, n, r′, n′) ⇒ M, r′, n′ |= ϕ)
M, r, n |= BEFORE ϕ ψ iff ∀j ≥ n(M, r, j |= ψ ⇒ ∃i ≤ j(M, r, i |= ϕ))
M, r, n |= Eϕ iff ∃r′, n′ M, r′, n′ |= ϕ

whereM, r, n[[α]]n′, to interpretDONE α andHAPPENS α, is defined as follows:

1. M, r, n[[α]]n′ iff rac
n = α andn′ = n+ 1.

2. M, r, n[[IF ϕ THEN α ELSE NIL]]n′ iff M, r, n |= ϕ⇒M, r, n[[α]]n′.

Note in particular the definition of semantics of the global modality E, which is an
extension of Intention Logic: this operator allows inspection of arbitrary states within
a model, which is useful to translate the dynamic operator[α]χ of GOAL Logic into
Intention Logic.

3.2 CL Models for Intention Logic

How do our Run-Based Models (RBM, from now) compare to the Cohen & Levesque
Models, as presented in [3] (CLM, henceforth)?

Observation 1. The following relatesRBM with CLM:

1. CLM models are a special case ofRBM models in the following sense: InCLM

models,
(a) L is taken to beZ
(b) agents know the correct time:If B(r, n, r′, n′) thenn = n′

(c) agents “want” the current time:If G(r, n, r′, n′) thenn = n′

(d) G andB are related throughrealism: G ⊆ B

(e) a run is of typeL → A
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(f) runs are determined by their action part, i.e.,

∀r, r′(∀n : rac
n = r′ac

n ⇒ ∀n V (rst
n ) = V (r′st

n )

(g) agents remember the last atomic action they have done: ifB(r, n, r′, n′) then
n = n′ andrac

n = r′ac
n .

(h) assume the property ofNo persistence / deferral forever, see below.
2. However,RBM models are also a specialisation ofCLM models:

(a) CLM allows for quantification over a domain of objects and events;
(b) CLM models have a richer notion of composed actions, and accordingly an

extended definition ofM, r, n[[α]]n′.
(c) CLM models are defined for multiple agents.

Some of the differences mentioned above are merely a matter of choice or design.
For instance, it is straightforward to extend the notion of Run-Based Model in such a
way that they encompass item 2(b,c) of Observation 1. As regarding item 1, there are
some deeper issues involved. As to 1a, it seems natural for computational systems to
assume that computations have a start somewhere. Syntactically, item 1a amounts to
the requirement that there is always some atomic actionα for which DONE α holds.3

To assume that agents know the correct time (1b) makes sense in many scenario’s, and,
given that an agent knows the time, it does not make sense to have a “goal” that the time
were different. Where realism ofCLM ensuresBEL ϕ → GOAL ϕ, the weak realism
of RBM amounts toBEL ϕ→ ¬GOAL ¬ϕ. We don’t think realism is a very realistic(!)
assumption, and we even think that Cohen and Levesque hadweak realismin mind
when they presented their semantics ([3][p. 227]):

. . . ‘the worlds that are consistent with what the agent has chosen are not ruled
out by his beliefs. Without this constraint, the agent couldchoose world involv-
ing (for example) future events that he believes will never happen.’

Hence, we will assume thatR andG satisfyweak realism: for everyr ∈ R, and
n ∈ L, there is ar′ ∈ R andn′ ∈ L such that(r, n, r′, n′) ∈ G ∩B.

Let us now consider item 1f, which is related to item 1e which restricts runs to
L → A. Suppose we take runs as basic entities, like inCLM. This does not do justice
to the intensional notion of the logic, as can be seen as follows. Suppose that we have
only one atomp ∈ Atoms, and two basic actionsα, α′. Let B̂EL ϕ be¬BEL ¬ϕ: the
agent considersϕ doxastically possible. Letψ be0 ∧ 2(p ∧ DONE α). Now consider

B̂EL (ψ ∧ GOAL p) ∧ B̂EL (ψ ∧ ¬GOAL p). This is not satisfiable inCLM, sinceψ
determines a unique run, and what the goals and beliefs of an agent are is determined by
the run. More natuaral examples present themselves in the multi-agent case, where we
would have for instance that̂BEL 1(ψ∧BEL 2p)∧B̂EL 1(ψ∧¬BEL 2p) is unsatisfiable4.

3 Since we do not have quantification over events in the propositional version of IL, we assume
that all transitions are labeled with an atomic action.

4 for readers familiar with modal epistemic logic, this is exactly the reason why states are not
identified with valuations: there would not be enough valuations (in case of one atom) to satisfy
¬K1¬(p ∧ K2p) ∧ ¬K1¬(p ∧ ¬K2p)
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Given thatCLM models identify runs and paths, and a run inCLM is of typeL → A,
already brings a problem to the fore that is more basic than onthe intensional level. In
CLM, a valuationΦ checks whetherΦ(p, σ, n) holds, wherep is an atomic proposition,σ
is a ‘event-run’:Z → A andn ∈ Z. But this implies that the truth of atomic propositions
(and hence, of objective formulas) is compeletely determined once we know which
actions are taken alongσ. In other words, it is not possible to have two event-runs that
agree on all the actions, but still objective formulas alongthem differ. Suppose the event
α represents the throwing of a dice, (σ(n) = α, for all n) and thatpi(i ≤ 6) represents
the outcome. Now, letΦ determine how the propositionspi are distributed overσ, say
Φ(pi, σ, n) iff i = n mod 6. Now, the type ofΦ dictates that therecannotbe another
event runσ′ in which a dice is continuously thrownbut the outcomes are different!In
particular, this implies that if our agent knows thatα always happened and will always
happen, he will also know all the outcomes (there is no alternative run with the same
actions and different outcomes). Summarising (letG−1 refer to the past):

KNOW (2 HAPPENS α ∧ G
−1

DONE α) → KNOWIF ϕ (1)

Property 1g of Observation 1 is implicitly imposed by [3] since they require

[3, Assumption 3.20] |= (DONE α) ↔ (BEL (DONE α))

Let us now look at 1h. This is the semantic counterpart of another assumption made in
[3], motivated by the fact that an agent should not endlesslypursue the same goal:

[3, Assumption 3.25] |= 3¬(GOAL (¬ϕ ∧ 3ϕ))

Writing ĜOAL ϕ for ¬GOAL ¬ϕ, it is not hard to see that this is equivalent to:

|= 3 ĜOAL (ϕ→ 2ϕ) (2)

However, (2)as a schemecorresponds, in the sense of modal logic [2] to a semantic
property that is incompatible with the models we are currently looking at. Note that for
ϕ→ 2ϕ to be true in a worldx corresponds to the fact that∀y(x ≤ y → y = x) (there

is at most one instance that is later thanx, and this isx itself. Then for3 ĜOAL (ϕ →
2ϕ) to be true in all worldsz corresponds to

∀z∃u∃x(z ≤ u & (Gux & ∀y(x ≤ y → y = x))) (3)

In words: for every time point, there is a future time point with a GOAL-accessible
point, such that the latter point only has itself as a future successor. This property is in-
compatible with our models (and indeed, withCLM models), since (1) time is supposed
to go on forever, and (2) we have ‘nominals’ that are true at only one time point: in the
x state above, some time expressionx must be only inx itself, and not its successors.

[3, Assumption 3.25] expresses that ‘there is a future point such that in some goal-
accessible world, no goal is true anymore’, while the intuition [3] seem to want to
capture is ‘for every goal there will be a time point in the future that it is dropped’. The
latter seems hard to be conceived of as a structural propertyon models, and indeed, we
think it should be a property of the protocol, or behaviour, of the agent.
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Summarising, for our semantics, we assume time has a starting point, and that
agents know and want the time. The other restrictions 1d - 1h are either properties
that give undesired properties (1d, 1e, 1f, 1h), or can be added on top of a basic class of
models (1g).

Definition 10 (Run-Based IL-Models).The class of Run-Based Basic Intention Logic
Models,RBBILM for short, is the class of Run-Based ModelsM = 〈S,L, B,G, V 〉
such that:

1. L = Z

2. agents know the correct time
3. agents want the correct time
4. B andG are connected through weak realism.

Validity in the classRBBILM is denoted|=BI .

4 Connecting GOAL and Intention Logic

In this Section we show how to formally relate GOAL and Intention Logic. First, we
define a translation function from GOAL into Intention Logic. Except for the goal oper-
ator and the dynamic modality of GOAL Logic this is straightforward. The main result
we want to prove is that properties proven to hold in one logicare preserved under trans-
lation from that logic to the other. We do so by showing that satisfaction of a formula is
preserved under translation.

Definition 11. (TranslatingLG intoLBI )
The translation functionτ mapping GOAL Logic formulae and action rules onto Inten-
tion Logic formulae is defined by:

τ(start) = 0,

τ(Bφ) = BEL φ,

τ(Gφ) = GOAL 3φ ∧ ¬BEL φ,

τ(¬χ) = ¬τ(χ),
τ(χ1 ∧ χ2) = τ(χ1) ∧ τ(χ2),
τ(χ1 until χ2) = τ(χ1)UNTIL τ(χ2),
τ([α]χ) = U(DONE α→ τ(χ)),
τ(if ψ then α) = IF τ(ψ) THEN α ELSE NIL.

The most interesting case in the definition of the translation functionτ is the trans-
lation ofGφ. An achievement goal in GOAL requires that the agent does notbelieveφ
to be the case, whereas [3] require the agent to believe thatφ is not the case. Whereas
the goal operatorG does not satsify axiom D (cf. [4]; see also [7] for a discussion), the
achievement goal operator of [3] does, implying that an agent cannot have inconsistent
achievement goals.

The proof showing that satisfaction is preserved under translation is based on model
constructions. Lemma 1 shows how to derive a GOAL Logic model(a trace) from
an RBBILM model that preserves satisfaction of formulae from GOAL Logic, whereas
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Lemma 2 shows how to construct anRBBILM model from a GOAL trace. Theorem 2
states our main result that satisfaction is preserved undertranslation, which shows that
Basic Intention Logic can be used to prove properties of GOALagents.

Lemma 1. Let M = 〈S,L, B,G, V 〉 be anRBBILM model. Then there is a GOAL
agentA and a functionf from runs to traces such that the set of traces inA is {f(r) |
r ∈ R(S,A)} and for allϕ ∈ LG:

M, r, n |=BI τ(ϕ) iff A, f(r), n |=G ϕ

Proof. We need to construct a GOAL tracef(r) = t = m0, α0,m1, α1, . . . for every
runr ∈ R, where each mental statemi is of the form〈Σi, Γi〉. The components can be
derived fromr as follows:

– Σi = {φ ∈ L0 |M, r, i |=BI BEL φ},
– Γi = {φ ∈ L0 |M, r, i |=BI GOAL 3φ ∧ ¬BEL φ}, and
– αi = rac

i .

Since the relationB in RBBILM models is serial, eachΣi is consistent. For a similar
reason everyγ ∈ Γi is consistent. Moreover, by constuction ofΓi, we have∀γ ∈
Γi, Σ 6|= γ. We now show the equivalence ofτ(ϕ) in M, r, n with that off(r), n in A
by induction onϕ as follows.

If ϕ is start, we haveM, r, n |=BI 0 iff n = 0 iff A, f(r), 0 |=G start. For the
intensional operators, the equivalence follows immediately from the definition of men-
tal states in the tracef(r). Finally, letϕ = [α]χ. ThenM, r, n |=BI U((DONE α) →
τ(χ)) iff for every runr′ andn′, we haveM, r′, n′ |=BI DONE α → τ(χ). Now let
t′ be an arbitrary trace inA, and supposet′ai = α. Obviously, this trace must be the
image of a runr′ for which r′ac

i = αi. But then,M, r′, i + 1 |=BI DONE α and,
henceM, r′, i + 1 |=BI τ(χ). By induction,A, t′, i + 1 |=G χ. This demonstrates
A, t, n |=G [α]χ. The other direction is similar. �

Lemma 2. LetA be an agent, that is, a set of traces. Then we can construct anRBBILM

modelM = 〈S,L, B,G, V 〉 such that there is a functiong : A → R satisfying, for
everyϕ ∈ LG and everyn ∈ N:

A, t, n |=G ϕ iff M, g(t), n |=BI τ(ϕ)

Proof. Let Constraints = {[α]χ | A |=G [α]χ}. Let ε be an action symbol not
occurring inLG. Call a runr minimal if for all n, V (rst

n ) = ∅ and rac
n = ε. Call

a runr peak-onceif it is like a minimal run, except that for at most onek ∈ N, we
can haveV (rst

k ) 6= ∅. Given a tracet, we have to find its associated rung(t). Let
t = m0, α0,m1, α1, . . .. For the rung(t), we putg(t)ac

i = αi. Let the mental state
at ti be 〈Σi, Γi〉. For every valuationπ for which π |= Σi, add a state〈t, i, π〉. Put
V (〈t, i, π〉) = π and, for every such state〈t, i, π〉, add a peak-once runr′ such that
r′st
i = 〈t, i, π〉. PutB(g(t), i)(r′, i) for each such run. This procedure guarantees that

For allφ M, g(t), i |=BI BEL φ iff φ ∈ Σi (4)
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For the goalsΓi, we distinguish two cases. First, supposeΓi = ∅. Then, for the
goal-associated runs ing(t), i we take exactly the belief-associated runs as described
above. Apart from weak realism, this guarantees

Γi = ∅ ⇔ for noφ : M, g(t), i |=BI GOAL 3φ ∧ ¬BEL φ (5)

Now, if Γi 6= ∅, letγ1, γ2, . . . be an infinite enumeration of all elementes ofΓi: if Γi

only has a finite numberh of elements, we putγh+j = γj . Since eachγj is consistent, it
comes with a set of propositional valuationsΠj . Letk be the biggest cardinality of those
setsΠj , which could be an element ofN or else∞. Now we associatek goal-accessible
runsr with g(t), i such that for everym,m′ > i, V (rst

m), V (rst
m′) are valuations from

Πm, wheneverγm = γm′ thenV (rst
m) = V (rst

m′), and, conversely, every valuation
in Πm occurs in at least one goal-accessible run. Since the languageLG cannot talk
about the past, it does not matter how such a run looks like atj ≤ i, although, in
order to obtain weak realism, we take care that there is at least one of the goal-runsrg
just created for whichrg(i) = rb(i), whererb is one of the belief-accessible runs. We
finally specifyrac

n = ε for all n, for all such runsr. Since we know that〈Σi, Γi〉 |= Gφ

implies thatφ 6∈ Σi, this procedure guarantees that

For allφ φ ∈ Γi iff M, g(t), i |=BI GOAL 3φ ∧ ¬BEL φ (6)

Now, the modelM is built by taking all runsg(t) from t ∈ A, and adding the associated
goal and belief runs (the states that we need are defined when we defined the runs).

The proof of the overall claim again follows using inductionon ϕ, where the in-
tensional operators follow directly from (4), (5) and (6). The only interesting remain-
ing case areConstraints. So let us considerϕ = [α]χ, and the property proven
for χ. Suppose furthermoreA, t, n |=G [α]χ. This means that for allt′ andm that
t′am = α ⇒ A, t′,m+ 1 |=G χ. InM , the only runsr for which there is ani such that
M, r, i+1 |=BI DONE α holds, are runs for which there is a tracet such thatr = g(t)
and int, αi equalsα (since the constructed goal and belief runs only refer to action ε).
But using induction, we haveM, g(t),m+ 1 |=BI τ(χ), which completes the proof.�

Theorem 2. GOAL semantics|=G and semantics of Run-Based Basic Intention Logic
|=BI are equivalent for theLG andτ(LG).

Proof. Imediate from Lemma 1 and 2. �

5 Extending GOAL agents with Temporally Extended Goals

The mapping of goals in the GOAL language onto Intention Logic as in Definition 11
shows that these are naturally interpreted asachievement goals, as originally intended
[4, 8]. The future-directed interpretation of such goals isleft implicit in GOAL whereas
it is made explicit in the definition of such goals in Intention Logic. By making the
temporal component explicit it is straightforward to defineother goal types in Intention
Logic. For example,maintenance goalscan be defined asGOAL (2φ). The idea to
introduce a primitive “goal” operatorGOAL (orChoice as [7] call it) in Intention Logic
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that allows defining various goal types can be introduced in GOAL as well to increase
expressivity [9]. In this Section we show how we can apply theresult of the previous
Section to extend GOAL withtemporally extended goals[1] while still maintaining the
connection between GOAL Logic and Intention Logic.

To this end, we now allowpure temporal formulaeϕ in the belief and goal base of
GOAL agents. As the idea is to define achievement and other goals now in GOAL in
the same way as in Intention Logic, the semantics of the goal operatorG in GOAL is
modified analogously, and is now simply defined as:

〈Σ,Γ 〉 |= Bφ iff Σ |=LTL φ,

〈Σ,Γ 〉 |= Gφ iff Γ |=LTL φ.

As we now allow temporal formulaeφ without occurrences of other modal operators
in both the belief and goal base, the entailment relation of linear temporal logic is used
[5]. It is clear that with these operators we can reintroducethe notion of an achievement
goal by definition asG3φ∧¬Bφ. Moreover we no longer require as in Definition 1 that
individual goals in a goal baseΓ are consistent (this is now taken care of by the temporal
operators) but instead require thatΓ itself is consistent. A further simplification as a
result of this modified setup is that the rationality constraint of Definition 1 that goals
are not believed to be the case is no longer needed as this now follows by definition.5

It turns out that to show that the connection with Intention Logic is maintained
requires only minor modifications of the proofs provided in Section 4 and actually sim-
plifies matters somewhat. The proof of Lemma 1 only requires amodification of the
derivation of mental states from a runr, as follows:

– Σi = {φ ∈ LLTL | M, r, i |=BI BEL φ},
– Γi = {φ ∈ LLTL |M, r, i |=BI GOAL φ}.

As for Lemma 2, since in the new setup (see definitions above) belief and goal bases
have the same logical properties there is no need anymore to distinguish them in the
proof. It thus suffices to show how to construct a runr such that we have (4∗)M, g(t), i |=BI

BEL φ iff Σi |=LTL φ (cf. Lemma 2). As before, for a given tracet we have to find an
associated rung(t). Call a runr silent if it consists ofε-steps only, i.e.rac

n = ε for all
n. Then putB(g(t), i, r, i) for each silent run such thatM, r, i |= Σi. This procedure
guarantees (4∗). The same procedure can be used to prove (5∗)M, g(t), i |=BI GOAL φ

iff Γi |=LTL φ, and we are done. Finally, by changing the translation mapping of Defi-
nition 11 forGφ to GOAL φ we obtain:

Theorem 3. The GOAL semantics|=G and semantics of Run-Based Basic Intention
Logic |=BI are equivalent for the languagesLLTL

G andτ(LLTL
G ) that include tempo-

rally extended goals and beliefs.

5 There remains however the problem of how and when to remove goals from the goal base of
an agent. In [9] a progression operator has been introduced as a solution to this problem (see
also [1]). In the setup of this Section the main difference between the belief and goal base is
this automatic mechanism of removing goals from the goal base, which represents the default
commitment strategyof an agent (cf. [4, 8, 11]).
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6 Conclusion

We showed that GOAL agents instantiate Intention Logic and can be formally related by
means of translating GOAL Logic into Intention Logic. Two important results follow:
(i) GOAL Logic is equivalent to a propositional fragment of Intention Logic, and (ii)
this fragment - a standard normal tense logic - can be used toverifyGOAL agents using
a Hoare logic for actions performed by GOAL agents (using additional derivation rules
for verification introduced in [4]). The result proved useful for incorporating temporally
extended goals into GOAL while maintaining the connection with Intention Logic.

We argued that Intention Logic at a number of points needs revision. In particular,
we argued that the principle of No Persistence Forever that requires an agent to drop
every one of its goals sometime is too strong. Moreover, the notion of achievement
goals used in GOAL is slightly different from that of [3] and more in line with that
proposed in [7].

Future work will involve applying our results in model checking of GOAL agents.
Conceptually we are interested in including preferences into the language while main-
taining a logical connection with a standard modal logic, which involves extensions to
the programming language GOAL [9] as well as to Basic Intention Logic. The addi-
tional expressivity introduced by incorporating temporally extended goals and tempo-
ral formulae into the belief base of GOAL agents also raises many new questions about
goal persistence and the operationalization of, for example, maintenance goals [9].
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