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Abstract

In this paper we present an abstract agent programming
language and its operational semantics which can be used
to implement cognitive agents. This language consists of
programming constructs to implement both the agent’s men-
tal attitudes – interpreted as data structures – as well as
the agent’s deliberation process. The agent can observe the
environment, generate goal sets from desires, obligations,
and intentions, selects goals, generate plans, and execute
them. These actions can be combined in the deliberation
language in a variety of ways to program the agent’s delib-
eration process. At the level of abstraction of our delibera-
tion language, goal generation and planning are both char-
acterized as conflict resolution procedures. For goal gen-
eration, obligation, desire and intention rules can conflict
when the corresponding goals are incompatible. For plan-
ning, partial plans can be incompatible. In our approach,
the incompatibility of plans can be derived from more de-
tailed data structures such as resources of the agents, but
the conflict procedure can also be programmed directly by
the agent programmer.

1. Introduction

Agent programming languages need explicit mech-
anisms to balance mental attitudes like beliefs, desires,
goals, intentions and plans as studied in agent specifi-
cation languages [6, 10, 11] and characterized by for
example properties of realism and commitment strate-
gies. In this paper we generalize our earlier work on
3APL [7], which is based on refinement planning but nei-
ther incorporates goal generation, nor a goal selection
or plan selection mechanism. The framework of classi-
cal planning is not sufficient to study the balance in the
context of agent programming, because the planning al-
gorithm is only a part of the deliberation process of such
agents, and planning must be interleaved with for ex-
ample observations and intention reconsideration [2, 3].

The framework of decision-theoretic planning seems bet-
ter suited to model the balance, but it is not easily related
to agent implementation languages, because the develop-
ment of tools to study the balance between mental attitudes
in this setting is still unexplored [8].

We envision a programming language with primitives
such as observations of the environment, generation of
goal sets from desires, obligations, and intentions, selec-
tion of goals, generation of plans, and execution of plans.
We call such a programming language adeliberation lan-
guage[7, 8] to emphasize that it can be used to program
an agent deliberation process. Some of these primitives
are motivated by our earlier work on BOID agent archi-
tecture [4], though similar mechanisms can be found in
other languages and architectures. The BOID architecture
combines goal generation and planning in a fixed (non-
programmable) deliberation cycle. The problem of defin-
ing an agent deliberation language with operational seman-
tics breaks down in the following research questions.

1. How do we model the mental attitudes? In our setting,
inspired by the BOID architecture, the data structures
are defeasible mental attitudes represented by rules.

2. How do we characterize the primitive instructions at
the level of abstraction of a deliberation language? We
identify goal generation and planning as two primi-
tive instructions, which are both characterized as con-
flict resolution procedures. In this paper we do not de-
tail the planning algorithm of the agent, such that also
other planning algorithms can be incorporated.

3. How do we combine primitive instructions in a delib-
eration language?

The layout of this paper is as follows. In Section 2 we
discuss the role of conflict resolution, and introduce a run-
ning example. In Section 3 we discuss the syntax of the de-
liberation language, and in Section 4 we discuss its opera-
tional semantics.



2. Deliberation

We assume a separation between mental attitudes (data
structures) and deliberation instructions (programming in-
structions) that manipulate the mental attitudes. In our set-
ting, inspired by the BOID architecture, the data structures
are defeasible mental attitudes represented by rules. In other
programming languages mental attitudes are not defeasible
and not modelled as rules but for example as a set of formu-
lae closed under logical consequence.

The primitive instructions goal generation and planning
are both characterized as conflict resolution procedures.

• For goal generation, obligation, desire and intention
rules can conflict when the corresponding goals are in-
compatible.

• For planning, partial plans can be incompatible. In our
agent architecture, the incompatibility of plans can be
derived from more detailed data structures such as re-
sources of the agents, but the conflict procedure can
also be programmed directly by the agent programmer.

In this paper we show how these primitives can be com-
bined using standard programming constructs such as tests
and choice and iteration instructions. In particular, this en-
ables the programmer to implement a balance between goal
generation and planning. For example, a deliberation pro-
gram may consists of two conditional iterations (while-
loops) such that the condition of the first holds as long as
there is no emergency situation while the condition of the
second holds as long as there is an emergency situation.
Moreover, the body of the first iteration generates goals and
then plans them, while the body of the second can gener-
ate emergency plans and execute them. This example shows
that our language is expressive enough to implement im-
portant aspects of subsumption architectures [5], in which
emergency behavior can be realized at the reactive layer
while complex behavior can be realized at higher deliber-
ative layers.

2.1. Conflicts: reasoning or programming?

The agent deliberation cycle can generate many goals,
and for each goal it can generate many plans. It is crucial to
prune the number of generated goals and plans as soon as
possible. One way to do so is to check whether goals are fea-
sible, and whether plans are coherent, non-conflicting, etc.
We leave the determination of conflicts between plans to the
programmer. Programming conflicts explicitly also leads to
a more general and more flexible notion of plan rules. Be-
low is a non-exhaustive list of conflict patterns the program-
mer may use.

Consistency. An agent may have a goal forp and a goal for
¬p, stating that he should see to bothp and¬p (though

clearly at different times!). However, the programmer
can also decide to eliminate such goals.

Complexity. Various measures can be defined, such as for
example a maximum of five actions in a plan.

Resource constraints. The usual approach is to define the
resources of a plan, and check whether these resources
do not exceed the available set of resources. There are
several sophisticated algorithms available, which can
be incorporated. However, there are also drawbacks to
this approach. It is typically complex and expensive
to specify all resources needed in applications. More-
over, it is hard to debug programs that contain errors in
the specified sets of resources.

Temporal constraints. Although time may be seen as a re-
source itself, it is a resource with particular properties,
as they have been studied in scheduling. E.g., how to
include forecasts of the agent’s deliberation time?

2.2. Example

The following example will be used in the remainder of
the paper. Agentag believes that it is the time to go on hol-
iday or to the AAMAS’04 conference, desires to go to New
York or San Francisco if he believes it is time to go on hol-
iday, desires to go to New York for the conference and has
the obligation to pay the registration fee, if he believes it
is conference time. Moreover, agentag has specific (par-
tial) plans to achieve its desires. In particular, its (partial)
plans to realize its desires to go to New York or San Fran-
cisco is to desire first to have a ticket to New York or San
Francisco, respectively, followed by a desire to have a ho-
tel room in either of these cities. Finally, the plan of agent
ag to satisfy its obligation to pay the conference fee is to
transfer the registration fee, its plan to achieve its desires to
have a ticket is to buy tickets from either KLM or by British
Air, and its plan to achieve its desire to have a hotel room in
those cities is to contact hotel1 and hotel2 in these cities.

In this example, we assume that ifag believes that it is a
holiday time, then it does not believe that it is the conference
time and vise versa. Similarly, if the agent wants to go to
New York, then it does not want to go to San Francisco. As
it will be shown, these assumptions can be formally mod-
elled as integrity constraints on agent’s beliefs and goals.
Given these integrity constraints, many plans can be gen-
erated. However, since the agent has a limited amount of
money (resources), many of the possible plans become in-
coherent. We define the coherence of a plan in terms of re-
source constraint. In particular, we assume that a plan is co-
herent if its costs is lower or equal to$2000.



3. BOID: Syntax

We define languages to specify the agent’s mental atti-
tudes. We allow modal formulae with iterated modal oper-
ators to describe the mental state, though in practical ap-
plications we intend to use a fragment of this language, for
example based on literals and a bounded number of nested
modalities.

Definition 1 (domain language) LetP = {p, q, . . .} be a
set of propositional atoms, andLP be the propositional lan-
guage built up from these atoms in the usual way. The lan-
guageL is defined as follow:

• LP ⊆ L

• if φ ∈ L, thenB(φ), O(φ), I(φ), D(φ) ∈ L

• if φ, ψ ∈ L, then¬φ, φ ∧ ψ ∈ L.

The following definition introduces the language for par-
tial plans. Obligation, intention, and desire formulae are
considered as plans as well. A plan that contains such a for-
mula is called a partial plan, because the agent still has to
refine this plan before it can execute it. In a refinement step,
the formula is replaced by another partial plan.

Definition 2 (plan language) LetAct = {α, β, . . .} be a
set of basic actions,φ ∈ L, andψ ∈ {O(φ), I(φ), D(φ) |
φ ∈ L} be a goal (i.e. an obligation, intention, or desire).
The plan languageLplan is defined as follows:

• Act ⊆ Lplan (basic action)

• φ? ∈ Lplan (test action)

• ψ ∈ Lplan (partial plan)

• ε ∈ Lplan (empty action)
We assume∀λ ∈ Lplan : ε; λ = λ; ε = λ.

• if λ, λ′ ∈ Lplan, thenλ; λ′ ∈ Lplan (sequence)

• if λ, λ′ ∈ Lplan, then

– while φ do λ od ∈ Lplan (iteration)

– if φ then λ else λ′ fi ∈ Lplan (conditional
choice)

Given the languages to specify agent’s mental states, we
specify BOID agents. A BOID agent consists of belief, obli-
gation, desire, intention and planning rules, where we write
a ↪→ b for the rule ‘if a thenb’.

Definition 3 (agent specification) A BOID agent is speci-
fied as a tuple∆ = 〈B,O, I,D,P, ρ〉 where:

• B ⊆ {φ ↪→ B(ψ) | φ, ψ ∈ L} represents agent’s belief
rules.

• O ⊆ {φ ↪→ O(ψ) | φ, ψ ∈ L} represents agent’s obli-
gation rules.

• I ⊆ {φ ↪→ I(ψ) | φ, ψ ∈ L} represents agent’s inten-
tion rules.

• D ⊆ {φ ↪→ D(ψ) | φ, ψ ∈ L} represents agent’s de-
sire rules.

• P ⊆ {φ ↪→ λ | φ ∈ L\LP , λ ∈ Lplan} represents
agent’s planning rules.

• ρ is a totally connected reflexive and transitive relation
on the set of rules, called the priority relation.

Consider again the example of agentag described in
section 2.2. Let the strings starting with a lower-case let-
ter be propositions fromL and strings starting with a
capital letter be an action. The agentag can be speci-
fied as∆ag = 〈B,O, I,D,P, ρ〉 where the priority order
on the rules is such that belief rules have the highest pri-
ority (representing a kind of realism, see [4]) and desire
rules have a higher priority than obligation rules (represent-
ing a kind of selfishness [4]):
B = {> ↪→ B(timeforholiday),

> ↪→ B(timeforconference)},
O = {B(timeforconference) ↪→ O(payregistration)}
I = ∅
D = {B(timeforholiday) ↪→ D(gotoNewY ork),

B(timeforholiday) ↪→ D(gotoSanFransisco),

B(timeforconference) ↪→ D(gotoNewY ork)},
P = {D(gotoNewY ork) ↪→ D(haveNY ticket); D(haveroomNY ),

D(gotoSanFransisco) ↪→ D(haveSFticket); D(haveroomSF ),

O(payregistration) ↪→ TransferMoney,

D(haveNY ticket) ↪→ BuyKLMticketNY,

D(haveNY ticket) ↪→ BuyBritishAirticketNY,

D(haveSFticket) ↪→ BuyKLMticketSF,

D(haveSFticket) ↪→ BuyBritishAirticketSF,

D(haveroomNY ) ↪→ ContactHotel1NY,

D(haveroomNY ) ↪→ ContactHotel2NY,

D(haveroomSF ) ↪→ ContactHotel1SF,

D(haveroomSF ) ↪→ ContactHotel2SF},
∀rb ∈ B, rd ∈ D, ro ∈ O : ρ(rb) > ρ(rd) > ρ(ro).

4. BOID: Semantics

A BOID agent, specified in terms of its mental attitudes,
has a mental state at each moment of time depending on the
input it receives and its deliberation process. The state of a
BOID agent consists of a set of facts (F ) observed from the
environment, which constitutes agent’s observations, a be-
lief base (σ) that constitutes agent’s beliefs, a goal base (γ)
that constitutes agent’s objectives, an intention base (δ) that
constitutes agent’s (new) intentions, and a plan base (π) that
constitutes agent’s ways to achieve objectives. The setA is
the union of the goal base and intention base, thus a set of
sets of B, O, I , and D formulas.

Definition 4 (Agent state) The state of a BOID agent is a
tupleS = 〈F,A, σ, γ, δ, π〉, where:

• F ⊆ LP is a set of facts;



• A ⊆ Pow({B(φ), O(φ), I(φ), D(φ) | φ ∈ L}).
• σ = {E ∩ {B(φ) | φ ∈ L} | E ∈ A} (beliefbase)

• γ = {E ∩ {O(φ), I(φ), D(φ) | φ ∈ L} | E ∈ A}
(goalbase)

• δ ⊆ γ (intentionbase)

• π ⊆ Pow(Lplan) (planbase)

Definition 6 uses normal default rules to specify agent’s
mental attitudes, and sets of extensions represent agent’s
mental states such as beliefs and goals. Definition 5 explains
that a rulea ↪→ b can be applied in contextE whenE im-
pliesa, but it does not implyb or¬b. If there are more than
one rule which can be applied, then we apply a rule with the
highest priority in the priority orderingρ; these rules are de-
noted in the following definitions bymax(E,S, R).

Definition 5 Let S be a BOID state,ρ be a priority rela-
tion, an extensionE be a consistent set ofL formulas, and
|= the satisfiability relation interpreting the modal opera-
tors ofL as normal modal operators (see e.g. [1]).

• a rule (φ ↪→ ψ) is strictly applicable to an extension
E in S, iff E |= φ, E 6|= ψ andE 6|= ¬ψ

• max(E,S, R) is the set of rules(φ ↪→ ψ) fromR that
are strictly applicable toE in S such that there does
not exists a(φ′ ↪→ ψ′) ∈ R strictly applicable toE in
S with ρ(φ′ ↪→ ψ′) > ρ(φ ↪→ ψ)

Definition 6 defines the belief and goal states by itera-
tively applying the rules with the highest priority. In partic-
ular, we define agent’s belief state in terms of its observa-
tion state and its belief rules, and we define the goal state
in terms of its belief, obligation, desire, and intention rules.
The observation state, the intention state, and the plan state
should then be determined by means of agent deliberation
as we explain after the following definition.

Definition 6 Let ∆ = 〈B,O, I,D,P, ρ〉 be the specifi-
cation of a BOID agent, andS = 〈F, A, σ, γ, δ, π〉 a
state of the agent. Given∆ and S, the belief extension,
BelExt(∆,S), and the goal extension,GoalExt(∆,S), of
agent∆ in stateS are specified as follows:

• BelExt(∆,S) = 〈F, Ai, σi, γ, δ, π〉 iff Ai = Ai−1

for the following procedure:

i := 0;
Ai := A;
repeat

Ai+1 := ∅;
for all E ∈ Ai do

if exists(φ ↪→ ψ) ∈ B strictly applicable to
E in 〈F,Ai, σi, γ, δ, π〉 then

for all (φ ↪→ ψ) ∈
max(E, 〈F, Ai, σi, γ, δ, π〉,B)

do

Ai+1 := Ai+1 ∪ { E ∪ ψ};
end for

else
Ai+1 := Ai+1 ∪ {E};

end if
end for
i:=i+1;

until Ai = Ai−1;

• GoalExt(∆,S) = 〈F, Ai, σi, γi, δ, π〉 iff Ai = Ai−1

for the following procedure:

i := 0;
Ai := A;
repeat

Ai+1 := ∅;
for all E ∈ Ai do

if exists(φ ↪→ ψ) ∈ B ∪ O ∪ I ∪ D strictly
applicable toE in 〈F, Ai, σi, γi, δ, π〉 then

for all (φ ↪→ ψ) ∈
max(E, 〈F, Ai, σi, γi, δ, π〉,

B ∪ O ∪ I ∪ D) do
Ai+1 := Ai+1 ∪ { E ∪ ψ};

end for
else

Ai+1 := Ai+1 ∪ {E};
end if

end for
i:=i+1;

until Ai = Ai−1;

Note in the above algorithms that for each applicable
rule in max one extension is added. Consider again the ex-
ample of agentag from section 2.2 and its specification
∆ag as given in section 3. Then, the goals of the agent
ag at the initial stateS = 〈∅, ∅, ∅, ∅, ∅, ∅〉 is indicated by
GoalExt(∆ag,S) = 〈∅, A, σ, γ, ∅, ∅〉, where:
A = {{B(timeforholiday), D(gotoNewY ork)},

{B(timeforholiday), D(gotoSanFransisco)},
{B(timeforconference), D(gotoNewY ork),

O(payregistration)}},
σ = {{B(timeforholiday)}, {B(timeforconference)}},
γ = {{D(gotoNewY ork)}, {D(gotoSanFransisco)},

{D(gotoNewY ork), O(payregistration)}}
Definition 5 and 6 assume that rules are applied for each

extension separately. Alternatively, a more global rule appli-
cation mechanism can be defined. For example, we can use
a rule application mechanism in which the clauseE |= φ in
the first item of definition 5 is replaced byS |= φ for a suit-
able definition of|=. Definition 7 distinguishes between a
credulous and sceptical variant.

Definition 7 Let S = 〈F, A, σ, γ, δ, π〉 be a BOID state.
The credulous entailment relation between state and formu-
las is defined as follows:

• S |= B(φ) ⇔ ∃E ∈ σ : E |= B(φ)



• S |= X(φ) ⇔ ∃E ∈ γ : E |= X(φ) for X ∈ {O, I , D}
A cautious entailment relation is defined as follows:

• S |= B(φ) ⇔ ∀E ∈ σ : E |= B(φ)

• S |= X(φ) ⇔ ∀E ∈ γ : E |= X(φ) for X ∈ {O, I , D}
An agent commits itself to a subset of the generated goal

extensions. The set of committed goals is called intention.
The selection of the goals is done by a selection function
at the deliberation level as we will see in the next section.
Once the intentions are generated, they need to be planned.
Given the intentions, the set of plans that can achieve them
can be constructed by generating plan extensions based on
the set of planning rules. A plan extension is generated in a
similar way as belief and goal extensions. The only differ-
ence is that the plan extension can be extended with the con-
sequent of a planning rule, which is a plan, if this plan does
not make the plan extension incoherent. Note that the be-
lief and goal extensions could be extended if the extension
did not become inconsistent. For plan extension we do not
use the notion of consistency, but rather the notion of co-
herence which can be defined, for example, in terms of re-
source conflicts or possibility of its execution. The idea is
that the plan extension can be considered as one (parallel
or sequential) plan in the same way as a goal extension was
considered as one (conjunctive) goal. Extending a plan ex-
tension with a plan means then extending a plan. Definition
8 extends a plan extension with a plan.

Definition 8 Let occurs(φ, λ) be a sentence which is
true if and only if the planλ is a partial plan and the
goal φ occurs in λ. Let also sub(λ′, φ, λ) be the oper-
ation which substitutes the planλ for the goal φ that
occurs in the planλ′. Finally, let E be a plan exten-
sion, i.e., a set of plans. The plan extensionE can
then be extended with a planλ, which achievesφ, de-
noted byadd(E, λ, φ), as follows:

add(E, λ, φ) =
− E\{λ′} ∪ {sub(λ′, φ, λ)} if ∃λ′ ∈ E : occurs(φ, λ′)
− E ∪ λ otherwise

The extended plan should be coherent which can be defined
in various ways in terms of resource conflicts, etc. In the fol-
lowing, we assume a decision method that decides whether
a plan is coherent.

Definition 9 Let ∆ = 〈B,O, I,D,P, ρ〉 be a BOID agent
andS = 〈F,A, σ, γ, δ, π〉 be a BOID state, a plan exten-
sionE ∈ π be a set of plan expressions, andcoherent(λ)
will be a predicate that is true when the planλ is coher-
ent.

• a planning rule(φ ↪→ λ) is strictly applicable to a
plan extensionE in S, iff δ |= φ or ∃λ′ ∈ E :
occurs(φ, λ′) andcoherent(add(E, λ, φ)).

• max(E,S, R) is the set of planning rules(φ ↪→ λ)
fromR that are strictly applicable to plan extensionE
in S such that there does not exists a(φ′ ↪→ λ′) ∈ R
strictly applicable toE in S with ρ(φ′ ↪→ λ′) >
ρ(φ ↪→ λ)

We now define agent’s plan state in terms of its goal state.

Definition 10 Let ∆ = 〈B,O, I,D,P, ρ〉 be the speci-
fication of a BOID agent, andS = 〈F, A, σ, γ, δ, π〉 a
state of the agent. Given∆ and S, the plan extension,
planExt(∆,S), of agent∆ in stateS is specified as fol-
lows:

PlanExt(∆,S) = 〈F, A, σ, γ, δ, πi〉 iff πi = πi−1 for
the following procedure:

i := 0;
πi := π;
repeat

πi+1 := ∅;
for all E ∈ πi do

if exists(φ ↪→ λ) ∈ P strictly applicable toE in
〈F, A, σ, γ, δ, πi〉 then

for all (φ ↪→ λ) ∈ max(E, 〈F, A, σ, γ, δ, πi〉,P)
do

πi+1 := πi+1 ∪ {add(E, λ, φ)};
end for

else
πi+1 := πi+1 ∪ {E};

end if
end for
i:=i+1;

until πi = πi−1;

Consider again the example of agentag from section
2.2, its specification∆ag as given in section 3, and its gen-
erated goalsGoalExt(∆ag,S) as explained in section 4.
Let the coherence of a planp be defined by the following re-
source constraint:p is coherent iff Price(p) < $2000
where the function Price is recursively defined as fol-
lows: Price(X; Y ) = Price(X) + Price(Y ). Assume
that the price function is defined on primitive actions as fol-
lows:
−Price(BuyKLMticketNY ) = $500

− Price(BuyBritishAirticketNY ) = $800

− Price(BuY KLMticketSF ) = $1000

− Price(BuyBritishAirticket− SF ) = $1300

− Price(ContactHotel1NY ) = $400

− Price(ContactHotel2NY ) = $500

− Price(ContactHotel1SF ) = $800

− Price(ContactHotel2SF ) = $1100

− Price(TransferMoney) = $800

For these generated goals, the procedurePlanExt(∆,S)
generate the following sets of plans:
{{BuyKLMticketNY ; StayHotel1NY } ,

{BuyKLMticketNY ; StayHotel2NY },



{BuyBritishAirticketNY ; StayHotel1NY },
{BuyBritishAirticketNY ; StayHotel2NY },
{BuyKLMticketNY ; StayHotel1NY ; TransferMoney},
{BuyKLMticketNY ; StayHotel2NY ; TransferMoney},
{BuyBritishAirticketNY ; StayHotel1NY ; TransferMoney},
{BuyKLMticketSF ; StayHotel1SF}}

5. Deliberation language

The observation, intention, and plan states of a BOID
agent are determined by agent deliberation. In particular,
the agent should deliberate to observe the environment after
which the agent’s observation state will be updated. Also,
the agent decides to update its belief and goal states as
these depend directly or indirectly on the agent’s observa-
tion. The intention state of the agent is determined by a se-
lection function which updates the intention state based on
a subset of the agent’s goal base. Finally, the plan state is
determined by generating plans based on the agent’s inten-
tion base and executing the plans. These decisions are spec-
ified by a deliberation program.

Definition 11 A BOID deliberation program is an expres-
sion of the BOID deliberation languageΘ defined as fol-
lows:

• Observe , UpdateBel , GenGoals ,
SelGoals , GenPlans , ExPlan ∈ Θ

• if φ ∈ L andµ, µ′ ∈ Θ, then

– if φ then µ else µ′ ∈ Θ

– while φ do µ ∈ Θ

Definition 12 (agent configuration) Let S =
〈F, A, σ, γ, δ, π〉 be a BOID state ands be a BOID deliber-
ation program. A configuration of a BOID agent is a tuple
〈s,S〉.

A BOID agent configuration indicates the state of a
BOID agent and the process that should transform the state.
In this way, we consider the BOID state as the semantics of
agent data (mental attitude) and the BOID deliberation pro-
gram as the process that change the BOID state.

Definition 13 Let P be a set of propositions,env ⊆ P be
the agent’s environment at a certain moment, andsense :
P → Pow(P ) be the sense function such thatsense(env)
indicates the data obtained by sensing the environment. Let
alsoUpdateSense : P × P → Pow(P ) be the operator
that updates the observation stateF with the sensed data.
Then, the semantics of the deliberation actionObserve
can be specified as follows:

UpdateSense(sense(env), F ) = F ′

〈Observe, 〈F, A, σ, γ, δ, π〉〉 → 〈ε, 〈F ′, A, σ, γ, δ, π〉〉

A BOID agent may update its beliefs in a certain state.
The belief update changes the belief state of the agent when
agent has made new observations through which new be-
lief rules can be applicable. The update of agent’s beliefs
is defined in terms of belief extension function which ex-
tends existing belief state.

Definition 14 Let∆ = 〈B,O, I,D,P, ρ〉 be the specifica-
tion of a BOID agent, andS = 〈F, A, σ, γ, δ, π〉 a state of
the agent. Then, the semantics of theUpdateBel deliber-
ation statement is defined by the following transition:

BelExt(∆,S) = 〈F, A′, σ′, γ, δ, π〉
〈UpdateBel, 〈F,A, σ, γ, δ, π〉〉 → 〈ε, 〈F,A′, σ′, γ, δ, π〉〉

Similarly, an agent may generate its goals based on new ob-
servations and belief updates. The goal generation is de-
fined in terms of the goal extension function which extends
agent’s goals.

Definition 15 Let∆ = 〈B,O, I,D,P, ρ〉 be the specifica-
tion of a BOID agent, andS = 〈F, A, σ, γ, δ, π〉 a state of
the agent. Then, the semantics of theGenGoals delibera-
tion statement is defined by the following transition:

GoalExt(∆,S) = 〈F, A′, σ′, γ′, δ, π〉
〈GenGoals, 〈F,A, σ, γ, δ, π〉〉 → 〈ε, 〈F,A′, σ′, γ′, δ, π〉〉

Note that this transition updates the agent’s belief state as
well. This is because generated goals may trigger new belief
rules the application of which extends the belief state of the
agent. Moreover,GenGoals;UpdateBel = GenGoals .

In this paper, we assume that intentions are goals (obli-
gations, intentions, and desires) that are chosen by the agent
and to which the agent commits [6].

Definition 16 Let selgoal be a selection function which se-
lects a goal (an extension) from the set of goals (set of ex-
tensions), andUpdateInt be the intention update function.
Then, the semantics of theSelGoals deliberation state-
ment is defined by the following transition:

UpdateInt(selgoal(γ), δ) = δ′

〈SelGoals, 〈F,A, σ, γ, δ, π〉〉 → 〈ε, 〈F,A′, σ, γ′, δ′, π〉〉
whereA′ = A\E such thatE ∩ {B(φ) | φ ∈ L} =
selgoal(γ) andγ′ = {E′ ∩ {O(φ), I(φ), D(φ) | φ ∈ L} |
E′ ∈ A′}.

This transition rule specifies the update of the intention
state by a subset of goals. The selected subset of goals are
removed from the agent’s goals. One may think that the
committed goals should remain a part of agent’s goal state
in which case they should not be removed from the goal
state. This transition rule should then be modified appropri-
ately.

In order to generate plans for an agent, the plan exten-
sion function is used to extend the agent’s plan state.



Definition 17 Let ∆ be the specification of a BOID agent,
andS = 〈F, A, σ, γ, δ, π〉 a state of the agent. Then, the se-
mantics of theGenPlans deliberation statement is defined
by the following transition:

PlanExt(∆,S) = 〈F, A, σ, γ, δ, π′〉
〈GenPlans, 〈F, A, σ, γ, δ, π〉〉 → 〈ε, 〈F,A, σ, γ, δ, π′〉〉

This transition generate plans without removing the corre-
sponding intentions from the intention state of the agent.
One may argue that the planned intentions are not inten-
tions anymore in which case this transition rule should be
modified.

Plans can be selected from the agent’s plan state and ex-
ecuted. We assume that an agent has a plan selection func-
tion. The execution of a plan depends on the structure of the
plan. Therefore, we define several transition rules that spec-
ify the operational semantics of a type of plan.

Definition 18 Let selplan be a function that selects one
plan from a set of plans,post(α) be the post-condition or
effect of actionα, andUpdate be an operator that updates
the set of formulae fromL with another set of formulae.
Then, the semantics of execution of plans (primitive and
composed) are defined as follows:

• Primitive actions are assumed to have effects on only
the belief state of the agent. Alternatively, one may al-
low changes to other mental states of the agent as the
effect of primitive actions.

selplan(π) = {α} & Update(A, post(α)) = A′

〈ExPlan, 〈F, A, σ, γ, δ, π〉〉 → 〈ε, 〈F, A′, σ′, γ, δ, π′〉〉
whereσ′ = {E′ ∩ {B(φ) | φ ∈ L} | E′ ∈ A′}
andπ′ = π\{{α}}.

• Test actions have no effect on the agent’s state. It can
only blocks the execution if the test does not succeed.

selplan(π) = {φ?} & 〈F,A, σ, γ, δ, π〉 |= φ

〈ExPlan, 〈F, A, σ, γ, δ, π〉〉 → 〈ε, 〈F, A, σ, γ, δ, π′〉〉

whereπ′ = π\{{φ?}}.
• The execution of partial plans (goal formula) is ac-

complished by planning the goal, i.e. by applying a
planning rule. Note that the agent continues with the
execution of the plan.

selplan(π) = {ψ} & ψ ↪→ λ ∈ P
〈ExPlan, 〈F, A, σ, γ, δ, π〉〉 → 〈ExPlan, 〈F, A, σ, γ, δ, π′〉〉

whereπ′ = (π\{{ψ}}) ∪ {{λ}}.
• The execution of (sequence) planα; λ is accom-

plished by executingα first andλ thereafter.

selplan(π) = {α;λ} &
〈ExPlan, 〈F, A, σ, γ, δ, π ∪ {{α}}〉〉 →

〈ExPlan, 〈F, A′, σ′, γ, δ, π〉〉
〈ExPlan, 〈F, A, σ, γ, δ, π ∪ {{α; λ}}〉〉 →
〈ExPlan, 〈F, A′, σ′, γ, δ, π ∪ {{λ}}〉〉

• The execution of if-then-else plan depends on the satis-
fiability of the condition. If condition of the if-then-else
plan is derivable from agent’s state, then the execu-
tion of the plan continues with the ’then’ part of the
plan. Lets = ( if φ then λ else λ′), then,

selplan(π) = {s} & 〈F, A, σ, γ, δ, π〉 |= φ
〈ExPlan, 〈F,A, σ, γ, δ, π〉〉 →
〈ExPlan, 〈F, A, σ, γ, δ, π′〉〉

whereπ′ = (π\{{s}}) ∪ {{λ}}.
• If condition of the if-then-else plan is not deriv-

able from the beliefbase, the execution of the plan
continues with the ’else’ part of the plan. Let
s = ( if φ then λ else λ′), then,

selplan(π) = {s} & 〈F, A, σ, γ, δ, π〉 6|= φ
〈ExPlan, 〈F,A, σ, γ, δ, π〉〉 →
〈ExPlan, 〈F, A, σ, γ, δ, π′〉〉

whereπ′ = (π\{{s}}) ∪ {{λ′}}.
• The execution of while-do plan depends on the sat-

isfiability of the condition. If the condition is deriv-
able from the beliefbase, the plan is prefixed with its
body. Lets = ( while φ do λ), then,

selplan(π) = {s} & 〈F, A, σ, γ, δ, π〉 |= φ
〈ExPlan, 〈F,A, σ, γ, δ, π〉〉 →
〈ExPlan, 〈F, A, σ, γ, δ, π′〉〉

whereπ′ = (π\{{s}}) ∪ {{λ; s}}.
• If the condition of the while-do plan is not deriv-

able from the beliefbase, the plan is removed. Let
s = ( while φ do λ), then,

selplan(π) = {s} & 〈F, A, σ, γ, δ, π〉 6|= φ
〈ExPlan, 〈F, A, σ, γ, δ, π〉〉 → 〈ε, 〈F, A, σ, γ, δ, π′〉〉

whereπ′ = (π\{{s}}).
The above definitions specified the semantics of the

primitive deliberation statement. The semantics of the com-
posed deliberation statements can now be defined in stan-
dard way as follows:

Definition 19 Let φ ∈ L and µ, µ′ ∈ Θ be deliberation
programs. The semantics of if-then-else and while-do de-
liberation programs are based on the agent’s state.

〈F, A, σ, γ, δ, π〉 |= φ
〈 if φ then µ else µ′, 〈F, A, σ, γ, δ, π〉〉 →

〈µ, 〈F, A, σ, γ, δ, π〉〉



〈F, A, σ, γ, δ, π〉 6|= φ
〈 if φ then µ else µ′, 〈F, A, σ, γ, δ, π〉〉 →

〈µ′, 〈F, A, σ, γ, δ, π〉〉
〈F, A, σ, γ, δ, π〉 |= φ

〈while φ do µ, 〈F, A, σ, γ, δ, π〉〉 →
〈µ; while φ do µ, 〈F,A, σ, γ, δ, π〉〉

〈F, A, σ, γ, δ, π〉 6|= φ
〈while φ do µ, 〈F, A, σ, γ, δ, π〉〉 →

〈ε, 〈F, A, σ, γ, δ, π〉〉
The above transitions allow the agent’s deliberation to

depend on the agent’s state. In this case, one can program
an agent whose deliberation depends on its senses, beliefs,
goals, intentions, etc. For example, one may implement an
agent in such a way that when the agent believes that re-
sources are running out, then the agent will not generate a
plan anymore and try to execute as many of its plans as pos-
sible.

6. Concluding remarks

In most traditional agent programming languages, such
as agentspeak [12] or the original 3APL agent programming
language proposed by Hindriks et al [9], the agent program-
mer can program initial mental states like the beliefs, de-
sires, goals, and plans. Only in a few of them the agent pro-
grammer can implement the deliberation process, such as in
the most recent version of 3APL [7]. However, the deliber-
ation instructions in 3APL are limited to goal selection, ap-
plying planning rules to selected goals, and executing par-
tial plans. There is no programming instruction available
to generate the sets of possible goals from which one can
be selected. One reason for this is related to the fact that
the goals are assumed to be compatible such that there al-
ways exists only one set of goals. There is also no program-
ming instruction to generate possible sets of plans, such that
it is not possible to consider and evaluate plans before se-
lecting them. In this paper we extend 3APL in the following
ways:

1. We introduce so-called generate and select delibera-
tion, with programming primitives such as observe,
generate goal sets, select goal sets, generate plans, se-
lect plans, and execute plans.

2. The programmer can determine the order of these
primitives in the deliberation cycle, which may de-
pend on the context. For example, in some contexts
the agent may spend time on deliberating about new
goals, whereas in other contexts the agent should only
plan, or only execute actions. The context is here the
agent’s mental state, typically its beliefs. For example,
when the agent believes to be in a state of emergency,
he should not think but act. This allows the program-

mer to balance these primitives, and in particular the
goal generation and planning process.

3. Moreover, the agent programmer can define subrou-
tines used in the generate and select procedures. For
example, the programmer can define how many new
goals or new plans must be generated, and he can add
routines that determine whether a goal or a plan is co-
herent or not.

Alternatively, from the perspective of the BOID archi-
tecture, which is based on propositional rule based logic,
we have defined an operational semantics for BOID agents
defined in [4], and we have extended BOID agent reason-
ing with modal operators.
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