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Abstract
This paper presents a structural operational semantics for AgentS-
peak(L), a logic-based, agent-oriented programming language that is
grounded on the BDI model for cognitive agents. This language was
first presented by Rao in 1996 in a paper where he defined loosely an
interpreter for it, and also sketched its operational semantics. Further
formalisation was given by d’Inverno and Luck using the Z formal
specification language. A semantic description for AgentSpeak(L) fol-
lowing traditional approaches—which would allow further formal work
on it, such as comparison with other languages as well as facilitating
the proof of some of its properties—was still missing. This paper
makes up for that missing formal semantics using a standard notation
in the field of programming languages, and points out to future direc-
tions of theoretical research contributing to the incipient paradigm of

agent oriented programming languages.
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1 Introduction

In [8], a logic-based, agent-oriented programming language called AgentS-
peak(L), was introduced. This language is based on the BDI (Belief-Desire-
Intention) architecture [10] for cognitive agents. In that paper, Rao presented
the operation of an abstract interpreter for that language. He also defined
a proof theory for it with which, he claimed, it would be possible to prove
known properties that are satisfied by BDI systems, as proven with BDI
Logics [9, 12] previously. Further, he claimed that there is a one-to-one cor-
respondence between his interpreter and the proof system. In this way, he
proposed what can be considered as the first viable approach to bridging the
ever so quoted gap between BDI theory and practice: an old worry of the
BDI community.

Rao’s sketched proof system was in fact presented in the usual style of
the inference rules defining a transition relation between configurations of a
transition system that gives the structural operational semantics of a pro-
gramming language [7]. However, Rao only provided a few rules to give
a flavour of how that proof system should look like, so a complete formal
operational semantics was missing. Further formalisation of the abstract in-
terpreter and a few missing details were given in [3]. Their formalisation was
done using the Z formal specification language [14]. Those Z specifications,
so they claim, can also be used as a framework for the formal specification of
other BDI systems. They can be useful in the implementation of a prototype
AgentSpeak(L) interpreter (through animation), but still Z appears not the
best notation for, e.g., proving properties of a programming language. That
is the reason why we have chosen a traditional framework for this semantic
description. In this paper, we give formal semantics to AgentSpeak(L) using
the standard method of structural operational semantics.

AgentSpeak(L) has many similarities with traditional logic programming,
which is a trait that would favour its becoming a popular language: it should
prove quite intuitive for those familiar with logic programming. Besides, it
has a neat notation and provides quite elegant specifications of BDI agents.
This could contribute to its being considered also for the production of for-
mal, high-level specification of BDI systems. However, the fact that Rao’s
abstract interpreter had not, until very recently [6], been actually imple-
mented accounts for the language’s lack of popularity. A rigorous analysis of
the language would further increase interest in it, and would allow future ex-
tensions to be formally grounded. It would also make it possible to precisely



state and prove properties of the language, and show that it is consistent
with BDI logics. This is the rationale behind this paper.

Also, agent oriented programming [11] and agent oriented software engi-
neering [15] are becoming widely recognised as the potential basis for the im-
plementation of next generation computing systems. Even though the foun-
dations of agent oriented programming languages were proposed by Shoham
in 1993, few agent oriented languages have been put forward and they still
lack good formalisations and/or implementations. Agent oriented program-
ming is an incipient but very promising area of application for formal methods
supporting the implementation of large-scale working systems, and our work
contributes in that direction.

In previous papers, we concentrated on more practical aspects of AgentS-
peak(L). In order to be able to run our AgentSpeak(L) applications before
a purpose-built interpreter is available, we have found the means to running
AgentSpeak(L) programs within Sloman’s SIM_AGENT framework [13]. We
have implemented a tool which automatically converts AgentSpeak(L) pro-
grams into running code within SIM_AGENT: we call this tool SIM_Speak
[6], which was is fact the first (to the best of our knowledge) working inter-
preter for AgentSpeak(L). More recently, we developed an AgentSpeak(L)
interpreter from scratch (in C++) and we in fact extended the language
so that it is possible to specify certain relationships among plans. This al-
lows for the automatic generation of efficient intention selection functions by
using decision-theoretic scheduling; the extended language is called AgentS-
peak(XL) [1]. One of the future work that depends on this first complete
operational semantics, as we shall mention in the conclusion, deals precisely
with proving the correctness of such an implementation, and extending the
semantics to account for the language extensions.

This paper is structured as follows. In the next section we discuss the
syntax and the basic intuitions behind AgentSpeak(L) constructs (such as
beliefs, plans, and goals), while in Section 3 we give the rules of the opera-
tional semantics for the language and we explain the intuitions behind each
of the rules. We conclude with comments on the various intended uses of
this formal semantics for AgentSpeak(L).



2 Syntax of AgentSpeak(L)

2.1 Beliefs

The atomic formulas of the language are predicates given by the following
grammar:
at = P(t1,...,t,) (n>0)

where P is a predicate symbol and t1,...,t, are standard terms of first order
logic. We use at as a metavariable for atomic formulas. The subset of for-
mulas of first order predicate logic that is used in AgentSpeak(L) programs
is given by the following grammar:

p u= at|-at| A

We call a belief an atomic formula at with no variables and we use b as
a metavariable for beliefs. An AgentSpeak(L) program consists of a set of
beliefs and of a set of plans. Syntactically, the set of beliefs of an AgentS-
peak(L) program is a sequence of beliefs:

beliefs = by...b, (n>0).

When a programmer specifies a set of beliefs in an AgentSpeak(L) pro-
gram, he is defining what the agent initially believes about the environment
where it is situated. As the environment changes, this set of beliefs changes
accordingly (through perception). This generates events which can trigger
the execution of plans.

2.2 Plans

Besides beliefs, a programmer also specifies a set of plans. Plans determine
a course of action to be pursued in case certain events occur. When writing
a plan the programmer should state which event the plan is supposed to
deal with. More than one plan can be associated with an event; if that event
occurs, it is necessary to check whether the conditions under which each plan
is considered applicable to handling the event; then the body of one of these
applicable plans can be executed.

In summary, when writing a plan, the programmer has to define: the
event te that can trigger the plan, called the plan’s triggering event; the
conditions ¢ that must hold for this plan to be considered applicable, called



the context of the plan; and finally a sequence h of formulae to be executed.
These formulae can be goals to pursue, the updating of beliefs (as explained
later), or actions to be performed, in order for the agent to act properly on
the triggering event. We now discuss each of these parts in turn.

Triggering Events The first component in the head of a plan is a trigger-
ing event. Triggering events are given by the following grammar:

te == +at | —at | +g | -—g.

A triggering event can then be the addition or the deletion of a belief
from an agent’s belief base (4at and —at, respectively), or the addition or
the deletion of a goal (+¢ and —g, respectively).

Context As we said before, for a plan to be applicable it must be in agree-
ment with the agents’s beliefs. Each plan then, have in its head a formula ¢
that specifies the condition that must be a logical consequence of the agent’s
beliefs if the plan is to be considered.

Actions, Goals, and Belief Updating AgentSpeak(L) is concerned
specifically with agent’s reasoning. Because of that, we abstract away from
the details of which actions are available and how they are actually per-
formed. We assume the agent has at its disposal a set of actions and we use
a as a metavariable ranging over them.

A goal in AgentSpeak(L) is given by the following grammar:

g == lat | 7.

A goal !at is called an achievement goal. A goal 7 is called a test goal
(or a query goal). Achievement goals have to do with the execution of
subplans whilst test goals are used to instantiate variables from unification
with current beliefs of the agent while the plan is being executed.

Unlike Rao [8], we allow the body of plans to include the updating of
the agent’s own beliefs. (Although Rao pointed out to these constructs, he
did not include them in the presentation of his abstract interpreter). This
updating of beliefs is given by the grammar:

v = +b | —b



A sequence h of actions and goals of a plan (forming a plan’s body) is
then given by the grammar:

h == a | g | w | h;h.
A plan in AgentSpeak(L) is then given by the following grammar:
p = te:p <+ h,

where te : ¢ is the plan’s head; we use head as a metavariable for plan heads.
The set of plans of an agent is written as a list of plans:

plans == p;...p, (n>1).

In AgentSpeak(L), an agent is simply a specified of a set of beliefs (the
agent’s initial belief base) and a set of plans (the agent’s plan library). An
agent specification is therefore given by the following grammar:

agent ::= beliefs plans.

3 Operational Semantics for AgentSpeak(L)

An AgentSpeak(L) configuration C is a tuple C = (I,E, A, R, Ap,t,p,¢)
where:

e [ is aset of intentions {i,7',...}. Each intention i is a stack of partially
instantiated plans [p; { p2...p,]. We use the symbol I to separate the
plans in an intention.

e F is a set of events {(te,i),(t¢,d),...}. Each event is a pair (te, 1),
where te is a triggering event and the intention z has the plans associ-
ated with te.

e A is a set of actions.

e R is a set of relevant plans. In Definition 1 bellow we state precisely
how the set of relevant plans is obtained.

e Apis a set of applicable plans. The way this set is obtained is given in
Definition 2 bellow.

e Each configuration C' also has three components called ¢, £, and p.
They keep a record of a particular intention, event and applicable plan
(respectively) being considered along the execution of an agent.
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A plan is considered relevant in relation to a triggering event if it has
been written to deal with that event. In practice, that is verified by trying
to unify the triggering event part of the plan with the triggering event that
has been selected from E for treatment. In the definition bellow we write
mgu for the unifying procedure that computes the most general substitution
of two triggering events.

Definition 1 Given the plans of an agent and a triggering event te, the set
RelPlans(plans, te) of relevant plans is given as follows:

RelPlans(plans, te) = {po | p € plans A o = mgu(te, TrEv(p))}

A plan of an agent is applicable if it is both relevant and its context is a
logical consequence of the agent’s beliefs.

Definition 2 Given a set of relevant plans R and the beliefs of an agent,
the set of applicable plans AppPlans(R, beliefs) is defined as follows:

AppPlans(R, beliefs) = {pf | p€ R N 0 is s. L. beliefs = Ctxt(p)f}

An agent can also perform a test goal. The evaluation of a test goal 7¢
consists in testing if the formula ¢ is a logical consequence of the agent’s be-
liefs. One of the effects of this test is the production of a set of substitutions:

Definition 3 Given the beliefs of an agent and a formula ¢ the set of sub-
stitutions Test(beliefs, @) produced by testing ¢ against beliefs is defined as
follows:

Test(beliefs, p) = {0 | beliefs = p0}.

We now present the semantic rules for AgentSpeak(L). In order to keep
the rules neater we adopt the following notations:

e If C'is an AgentSpeak(L) configuration, we write C'z to make reference
to the component F of C'. Similarly for all the other components of C'.

e We write C, = _ (the underline symbol) to indicate that there is no
intention being considered in the agent’s execution. Similarly for C,
and C..

e We write i[p] to denote the intention that has plan p on its top.



We also define some auxiliary syntactic functions to be used in the se-
mantics. If p is a plan of the form ¢ : ¢ < h, we define:

e TrEv(p) =t (returns the triggering event of p)

e Ctxt(p) = ¢ (returns the context of p)

We have organised the presentation of the semantics in groups of related
rules. We next discuss each of these groups.

Event selection: the rule below assumes the existence of a selection func-
tion Sk that selects events from a set of events E. The selected event is
removed from E and it is assigned to the € component of the configuration.

SE(CE) = (te, Z)

SelBY  Fhelicfs — O belies "= Cw=Cr=1)
where: Cp = Cg — (te,i)
cl o= (te,i)

Relevant plans: the rule Rel; initialises the R component with the set of
relevant plans. If no plan is relevant, the event is discarded from € by Rels.

RelPlans(plans, te) # {}

Rel & etiefs — O peliegs = = (10 Cap=Cr=10)
where: Cp = RelPlans(plans, te)
RelPI =

Rel, ~oaneltlons 1 = o (o), Cap=Ca=1)

C, beliefs — C', beliefs

where: C! = _

Applicable plans: the rule Appl; initialises the Ap component with the
set of applicable plans. If no plan is applicable, the event is discarded from
€ by Appls. In either case the relevant plans are also discarded.

AppPlans(Cr, beliefs) # {}
C, beliefs — C", beliefs

{}
AppPlans(Cr, beliefs)

Appl,

CE # ) CAP = {}vCR # {}

where: Cp
Ch

P
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AppPlans(Ckr, beliefs) = {}

APPL = iefs — O belieps . O 7 Car={hCr A}
where: Cp = {}
o=

Selection of applicable plan: this rule assumes the existence of a selec-
tion function S4, that selects a plan from a set of applicable plans Ap. The
plan selected is then assigned to the p component of the configuration and
the set of applicable plans is discarded.

Sap(Cap) = p

SelApplic iy -7 Cw Al
where: C, = p
Chy = {}

Preparing the set of intentions: events can be classified as external
or internal (depending one whether they were generated from the agent’s
perception, or whether they were generated by the previous execution of
other plans, respectively). Rule ExtEv says that if the event € is external
(that is indicated by T in the intention associated to €) a new intention is
created and its single plan is the plan p annotated in the p component. If
the event is internal, rule Int Ev says that the plan in p should be put on top
of the intention associated with the event. Either way, both the event and
the plan can be discarded from the € and + components, respectively.

ExtE = (te,T), _
Xtk C, beliefs — C", beliefs Ce = (te,T), Cp=p
where: Cy = Cru{[p]}
cl = _
c, = -
IntE = ) _
ntkv C, beliefs — C’, beliefs C (te7l)7 Cp p
where: C} = Cru{ilp|}
¢! = _
c, = -



Note that, in rule Int Ev, the whole intention i that generated the internal
event needs to be inserted back in C7, with p on its top. This is related to
suspended intentions and will be explained further when we present rule
Achieve.

Selection of intention: this rule uses a function that selects an intention
(that is, a stack of plans) for processing.
Si(Cy) =i

Sellnt C, beliefs — C", beliefs Co=-

where: C] = 1

Executing the body of plans: this group of rules expresses the effects of
executing the body of plans. The plan being executed is always the one on
the top of the intention that has been previously selected. Observe that all
the rules in this group discard the intention ¢. After that, another intention
can be eventually selected. We discuss each of the rules in this group in turn,
according to formula that is selected (the one in the beginning of the plan
on the top of the intention):

Basic Actions — the action a on the body of the plan is added to the set
of actions A. The action is removed from the body of the plan and the
intention is updated to reflect this removal.

. . .
Action & belicls — O beliefs O~ 1lhead < il
where: C] = _
¢, = CsU{a}
C; = (Cr—{C.}) U {i[head <~ W]}

Achievement Goals — this rule register a new internal event in the set of
events E. This event can then be eventually selected (see rule SelEv).

. _ s
Achieve Cobeliefs — O beliefs C, = i[head <~ lat; h]
where: C] = _
Cr = CgU{(+lat,C,)}
Cr = (Cr={G})



Note how the intention that generated the internal event is removed
from the set of intentions C;. This denotes the idea of suspended in-
tentions. If the formula being executed in a plan is an achievement
goal, a plan (i.e., an intended means) for that goal needs to be pushed
on top of that intention. Only when that plan is finished, execution
can be resumed to the point after the achievement goal in the previous
plan. This is the reason why rule IntEv inserts back in C7 the whole
intention with the new plan on its top.

Test Goals — these rules are used when a test goal 7y should be executed.
Both rules try to produce a set of substitutions that can make ¢ a
logical consequence of the agent’s beliefs. The rule Test; says basically
that nothing is done if no substitution is found, and the rule Tests says
that one of the substitutions is applied to the plan.

Test (beliefs, ©) = {}

=1 - ?0p:

Tests G eliefs — O/ beliefs O~ head <= Toshl
where: C] = _

Cr = (Cr—{C.}) U {i[head <= B}

Test(beliefs, ) # {} .
Test , = ilhead <- 2p;h
Ot T heliefs — O beliefs Ot ihead <= Tpsh]

where: C)

Cr

_ (Cr —{C.}) U {i[(head <= h)8]} O € Test(beliefs, ©)

Updating Beliefs — the rule AddBel simply adds a new event to the set
of events E. The goal +at is removed from the body of the plan and the
set of intentions is updated properly. The rule DelBel works similarly.
In both rules, the set of beliefs of the agent should be modified in a

way that either the predicate at follows from the new set of beliefs (rule
AddBel) or it does not (rule DelBel).

AddBel - iThead < i
© C, beliefs — C", beliefs' C. =ilhead <= + at;h]
where: C| -
beliefs = at
Cg = COpU{(+at,C,)}
i = (Cr—{C.}) U {i[head <= ']}
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DelBel C, = i[head <~ — at; '
B beliefs — O, belicfs ilhea at; ]

where: C| = _
beliefs' W at
Cl, = Cpu{(-aC)}
Cs = (Cr—{C.}) U {i[head <- h']}

Any formula in the body of a plan fits in one of the cases above. There is
only two final rules to conclude the semantics.

Removing intentions: the two rules below can be seen as clearing house
rules. The rule ClearInt; simply removes an intention from the set of inten-
tions of an agent when there is nothing left (goal or action) in that intention.
The rule ClearInt, removes from the intention what is left from the plan
that had been put on the top of the intention on behalf of the achievement
goal lat (which is also removed as it has been accomplished).

Clearlnty G ey O = [head <= ]
where: C] = _
C; = Cr—{C}
— e Vgt b -
Clearlnt. Cobeliefs — O beliefs C, =i'[head <-lat;h' 1 head <~ ]
where: C] = _
C; = (Cr—{C})u{i'head <- K]}

4 Conclusion

Agent oriented programming and agent oriented software engineering are
becoming widely recognised as important contributions of the Multi-Agent
Systems research community to the conception and the implementation of the
next generation computing systems. Agent oriented programming languages
are, however, in their infancy. So far, they have been mostly considered
within the multi-agent systems community, and at a conceptual level. This
means that they lack both good formalisations and/or implementations. In
our research, we have tackled both aspects: this paper is an initial contribu-
tion to the former, and we dealt with the latter in [1, 6].
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Although this paper provides only a new start to the formal aspects of
AgentSpeak(L), it sets the ground for important theoretical work in the area
of agent oriented programming languages. In effect, we presented here the
first complete formalisation of the basic AgentSpeak(L) language given with
traditional tools in formal semantics of programming languages; this has the
advantage of allowing the use of well know techniques for proving properties
of the language. This semantics will also be instrumental in varied future
work, e.g., in comparing this language and its extensions (see below) with
other programming languages for which structural operational semantics ex-
ist. In [4], it has been shown that 3APL [5] can simulate AgentSpeak(L);
an operational semantics to extensions of AgentSpeak(L) will facilitate fur-
ther comparison with 3APL as well as comparison with other agent oriented
programming languages [11, 2.

Another use that we have planned for this operational semantics is to
prove that the AgentSpeak(L) interpreters we have implemented are correct
and complete in relation to it. Next, it would be interesting to use this formal
semantics of AgentSpeak(L) to prove known properties of BDI system. This
way, we would be pursuing the solution that Rao proposed for grounding
implementations of BDI agents on the well studied BDI logics. The impossi-
bility of doing so at present is frequently mentioned as one serious drawback
in multi-agent systems practice [8].

In [1] we introduced an extension to AgentSpeak(L) called AgentS-
peak(XL); that paper concentrated on one particular extension of the lan-
guage that allows the automatic generation of efficient intention selection
functions. Several other extensions of AgentSpeak(L) were mentioned in
that paper, which we have already informally defined, and others are being
designed. However, the formal specification of the semantics of these exten-
sions is yet to be done. This planned work of giving formal semantics to such
extensions can be firmly grounded on the operational semantics given in this

paper.
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