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ABSTRACT
This paper presents the specification of a programming lan-
guage for implementing the deliberation cycle of cognitive
agents. The mental attitudes of cognitive agents are as-
sumed to be represented in an object language. The imple-
mentation language for the deliberation cycle is considered
as a meta-language the terms of which denote formulae from
the object language. Without losing generality, we use the
agent programming language 3APL as the object language.
Using the meta-deliberation language, one can program the
deliberation process of a cognitive agent. We discuss a set of
programming constructs that can be used to program vari-
ous aspects of the deliberation cycle including the planning
constructs.

Categories and Subject Descriptors
I.2.11 [Artificial Intelligence]: Distributed Artificial In-
telligence—multi-agent systems; D.3.1 [Programming Lan-
guages]: Formal Definitions and Theory—Syntax, Seman-
tics

General Terms
Design, Languages, Theory

Keywords
Agent Programming, Agent Deliberation, Planning

1. INTRODUCTION
For many realistic applications, a cognitive agent should
have both reactive and deliberative behavior [6, 12]. The
first type of behavior concerns the recognition of emergency
situations in time and provides rapid responses whereas the
second type of behavior concerns the planning of actions
to achieve its long term goals. In order to implement an
agent’s deliberative behavior, its mental attitudes such as
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goals and beliefs as well as the interaction between these
attitudes should be implemented. Issues related to the im-
plementation of agents’ mental attitudes can be considered
as object-level concerns while issues related to the imple-
mentation of the interaction between mental attitudes form
meta-level concerns.

To illustrate these levels, consider the scenario [3] where
a cognitive mobile robot has a goal to transport boxes in
an office like environment as illustrated in figure 1. In par-
ticular, the goal is to transport boxes that are placed at
rooms 2,3, and 4 to room 1. The beliefs of the robot include
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Figure 1: An example of a mobile robot environment.

world knowledge such as the existence of a door between two
rooms, perceptual information such as the position of itself
and the boxes, the task knowledge such as how to transport
a box, the gain of transporting a box, and the cost of the
transportation. In this example, the gain of transporting a
box is assumed to be 5, the cost of moving between rooms
2 and 4 is 5, and the cost of moving between other rooms is
1. However, the robot aims to transport a box if its gain is
more that its costs. Therefore, the robot should deliberate
on different transportation routes (plans) and transport a
box if there is a route with higher gain than loss. The goals
and the beliefs of the robot form its object level concerns
while planning form its meta-level concerns.

Agent deliberation is not limited to the planning of the
tasks, but it includes various types of decisions at each mo-
ment of time [10] such as how to select a goal from a set of
possible goals, whether revising a plan or executing it, or be-
having more reactively or more deliberatively. These types
of decisions, which constitute the agent’s deliberation pro-
cess and determine the types of agent behavior, are usually
implemented statically in an interpreter and are not explic-
itly and directly programmable in an agent module. For
example, the decision on goal selection is usually based on
an assumed predefined ordering on goals such that the inter-
preter always selects the goal which has the highest rank. To
illustrate the problems related to this issue, imagine that the
robot in Figure 1 has an additional goal to clean the rooms
and that the decision to select a goal (transport or clean)



depends on the agent’s belief on a particular situation rather
than a predefined ordering. Of course, it may still be pos-
sible to implement some of these decisions implicitly in the
agent’s mental attitudes (object level) despite the way the
interpreter is implemented. For example, the decision on
goal selection can be implemented by making goals condi-
tional on beliefs, but as we will argue, this type of approach
shifts the problem rather than solves it. Moreover, we be-
lieve that doing so violates the basic programming principle
called separation of concerns. Therefore, we aim to dis-
tinguish the object-level concerns, which are related to the
mental attitudes of agents, from the meta-level concerns,
which are related to the agent’s deliberation process.

In this paper, we present the specification of a program-
ming language to implement the deliberation cycle of cog-
nitive agents. Although this programming language is de-
signed to implement the deliberation cycle of 3APL agents
[9], it can be used for other types of cognitive agents by
some modifications related to how mental attitudes are rep-
resented. The 3APL programming language provides a set
of programming constructs to implement agents’ mental at-
titudes such as its beliefs, goals, basic actions, and planning
rules. The aim of this paper is to extend this language with a
second set of programming constructs by means of which the
deliberation cycle becomes programmable. This extension
should make 3APL a programming language for cognitive
agents that respects the separation of concerns principle.

This paper is organized as follows. In section 2, we present
a cognitive agent architecture for which we develop a pro-
gramming language for its deliberation cycle. In section 3,
we briefly explain the syntax and semantics of the 3APL pro-
gramming language which can be used to implement men-
tal attitudes of cognitive agents. An example of a 3APL
program is proposed to explain the behavior of the trans-
port robot and to illustrate the problem of deliberation. In
section 4, we propose the meta-language that provides pro-
gramming constructs to implement the deliberation cycle of
cognitive agents. In section 5, the semantics of the pro-
gramming language for the deliberation cycle is presented.
Finally, in section 6, we conclude the paper.

2. AN ARCHITECTURE FOR COGNITIVE
AGENTS

The cognitive agent that we consider has a mental state
consisting of beliefs, goals, basic actions, reasoning rules,
and an interpreter. The beliefs represent the agent’s gen-
eral world knowledge as well as its knowledge about the
surrounding environment. In contrast to the BDI tradi-
tion [11], where goals are to-be-goals and thus considered
as states to be reached by the agent, the goals here are to-
do-goals that can be considered as processes to be executed
by the agent. The basic actions are the actions that the
agent can perform. These actions may be cognitive actions
such as belief updates or external actions such as moving in
a certain direction. The reasoning rules can be used for var-
ious ends such as generating, revising, optimizing, dropping,
and planning goals. Finally, the interpreter determines the
flow of control among the above mentioned ingredients, the
selection of goals, actions, and reasoning rules, and query-
ing the belief base. The interpreter is usually based on a
deliberation cycle [6, 7]. This cognitive architecture, which
we call the 3APL architecture, is illustrated in Figure 2.
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Figure 2: The 3APL architecture.

Although the 3APL architecture has many similarities
to other cognitive architectures such as PRS, proposed for
the BDI agents [7], they differ from each other in many
ways. For example, the PRS architecture is designed to
plan agents’ goals (desires) while the 3APL architecture is
designed to control and revise agents’ to-do-goals. In fact,
a goal in the 3APL architecture is a program which can be
compared to partial plans in the PRS architecture. More-
over, there is no ingredient in the PRS architecture that cor-
responds to the practical reasoning rules, which are a pow-
erful mechanism to revise mental attitudes. Finally, the de-
liberation cycle in 3APL is supposed to be a programmable
component while the deliberation cycle in PRS is integrated
in the interpreter.

In the basic implementation of 3APL the interpreter com-
ponent is not programmable but implemented statically. Like
the PRS interpreter this interpreter is a simple fixed loop
consisting of the following steps:

1- Find Reasoning Rules of which the head Matches a Goal
2- Find Reasoning Rules of which Beliefs satisfy the Guard
3- Select Practical Reasoning Rules to Apply to Goals
4- Apply Practical Reasoning Rules to Goals
5- Find Goals to Execute
6- Select Goal to Execute
7- Execute the prefix of the Goal consisting of Basic Actions

This loop illustrates very clearly that the interpreter con-
sists of two parts. One part is the deliberation about goals
and rearranging of the goals by rewriting them using the
reasoning rules (steps 1 to 4). The second part deals with
the execution of selected goals (steps 5 to 7). The first part
is closely related to planning. However, in 3APL we only
apply one reasoning rule at the time. We do not apply new
reasoning rules on the resulting new goals of the agent. This
means that we only generate a first part of a plan, which
is immediately executed. Only after this execution a next
planning step is performed by applying (newly) applicable
reasoning rules to the remaining goal of the agent. The ad-
vantage of this method is that the agent is very reactive to
the environment because execution and planning are inter-
leaved. A disadvantage is that no ”real” planning is possible.
The advantage of a real planning stage is that plans can be
developed and evaluated and subsequent backtracking over
the plans can take place when the plan was not satisfactory.
In 3APL there is no backtracking! Whenever a PR rule is
applied, the goal has changed and the agent has to move
from that new situation. We cannot roll back the reasoning
rules and try alternative rules if the first rules do not lead
to the desired result.

In the next sections we will elaborate a bit more on this
feature. Here we only mention it because it highlights a hid-
den choice that is made in the basic 3APL implementation
and other agent systems in which the deliberation cycle is
predefined and implemented statically. Besides fixing the



order in which reasoning rules and goals are selected and
executed it was also determined that the interpreter has to
interleave the application of reasoning rules with the exe-
cution of goals (and we cannot iterate those components a
number of times before switching to the other component).
From the above very simple loop we do already find most
of the basic elements needed to program the deliberation of
the agents. We need to select reasoning rules to rearrange
the current goals, to apply one or more reasoning rules, to
select goals to execute, and to execute the goals. Later on
we will argue that we also need an explicit step to form a
plan on the deliberation level.

In this paper we argue that we cannot just fix the way in
which these steps are used in the interpreter, but that the in-
terpreter itself should also be programmed. Of course we are
not the first to introduce this type of meta-level program-
ming. Some traditional programming languages already in-
corporate this feature. For example, Haskell but even Prolog
have self referencing and modifying features. But also in the
area of agent research this feature can be found in, for in-
stance, the agent design tool DESIRE [5]. In DESIRE one
can explicitly program a component to control a number of
other components. However, this meta-level technique has
not been proposed in agent programming. Our work can
be considered as introducing meta-level techniques in an
agent-programming language 3APL. Of course, one might
argue that the interpreter itself could be programmed us-
ing 3APL. In this case the basic actions would be things like
select-goal, apply-rule, etc. The goal would be to achieve the
goals of the goal base or to apply as many reasoning rules
or something like that. However, we feel that the number
of actions on this level is too small and the programs (for
the moment) are too simple to warrant the use of a powerful
mechanism like 3APL on this level. Instead we will intro-
duce a restricted number of instructions with which most
situations that we encountered up till now can be easily and
compactly programmed. An explicit argument is also the
programmability of the complete system. One should have
enough expressive power on each level, but having too much
expressive power makes it harder to program those things
one needs to do. (e.g. although Java is a nice and power-
ful language it takes an awful amount of code to program
simple things like a ”hello world” program.) So, one should
provide the right tools for the right goals.

3. 3APL PROGRAMMING LANGUAGE
3APL [9] consists of languages for beliefs, basic actions,
goals, and practical reasoning rules. A 3APL agent can be
programmed by expressions of these languages. A set of ex-
pressions of a language implements a 3APL module. Below
is an overview of the languages to program each module.

Definition 1. Given a set of domain variables and func-
tions, the set of domain terms TD is defined as usual. Let
t1, . . . , tn ∈ TD, and Predb be the set of predicates that con-
stitute the belief expressions. A belief language LB is defined
as follows: LB = φ ::= p(t1, . . . , tn) | ¬φ | φ ∧ ψ. All vari-
ables in φ ∈ LB are universally quantified with maximum
scope. The belief-base module of a 3APL program is a set of
belief formulae.

The set of basic actions is a set of (parameterized) actions
that can be executed if certain preconditions hold. After
execution of an action certain post-conditions must hold.

Definition 2. Let Act be an action name t1, . . . , tn ∈
TD, and φ, ψ ∈ LB. Then, an action langauge LA is defined
as follows: LA = α ::= 〈φ,Act(t1, . . . , tn), ψ〉. The basic
action module of a 3APL program is a set of basic actions.

The set of goals consists of different types of goals: Basic
action goals (BactionGoal), predicate goal (PredGoal), Test
goal (TestGoal), skip goal (SkipGoal), sequence goal (Seq-
Goal), if-then-else goal (IfGoal), and while-do goal (While-
Goal).

Definition 3. Let t1, . . . , tn ∈ TD, P redg be the set of
predicates such that Predb ∩ Predg = ∅, q ∈ Predg, α ∈
LA, φ ∈ LB. Then, the set of goals LG is defined as follows:
LG = π ::= α | q(t1, . . . , tn) | φ? | skip | π1 ; . . . ; πn |

IF φ THEN π1 ELSE π2 | WHILE φ DO π.
The goal base module of a 3APL program is a set of goals.

Before we define practical reasoning rules, a set of goal
variables, GV AR, is introduced. These variables are differ-
ent from the domain variables used in the belief language.
The goal variables may occur in the head and the body of
practical reasoning rules and will be instantiated with a goal.
Note that the domain variables are instantiated with the be-
lief terms. We extend the language LG with goal variables.
The resulting language LGv extends LG with the following
clause: if X ∈ GV AR, then X ∈ LGv .

Definition 4. Let πh, πb ∈ LGv and φ ∈ LB, then a
practical reasoning rule is defined as: πh ← φ | πb.
This practical reasoning rule can be read as follows: if the
agent’s goal is πh and the agent believes φ, then πh can be
replaced by πb. The practical reasoning module of a 3APL
program is a set of practical reasoning rules.

A practical reasoning rule can be applied to a goal by unify-
ing the head of the rule with (a part of) the goal. Since goal
variables may occur in the head and the body of practical
reasoning rules, the unification results in a substitution for
goal variables. The resulting substitution will be applied to
the body of the practical reasoning rule and the resulting
goal will replace (part of) the goal to which the rule was
applied. For example, consider the practical reasoning rule
A();X;C() ← 	 | X;X and the goal π = A();B();C().
The application of the rule to π results the substitution
[X/B()] which, when applied to the body of the rule, re-
sult the goal B();B(). This goal will replace π since the
head of the rule was unified with the whole π and not with
a part of it. Of course, there are many different choices for
how to unify the head of a rule with a goal. A discussion of
this issue is out of the scope of this paper.

3.1 3APL Semantics
In [9] an operational semantics for the 3APL language is pro-
posed which is defined by means of a transition system. This
semantics specifies transitions between the agent’s states by
means of transition rules. The state of an agent is defined
as follows:

Definition 5. The state of a 3APL agent is defined as
a 4-tuple < Π, σ,Γ, θ >, where Π is the set of the agent’s
goals, σ is the agent’s beliefs, Γ is the set of practical rea-
soning rules, and θ is a substitution consisting of binding of
variables that occur in the agent’s beliefs and goals. (In the
sequel we leave out Γ from the agent’s states since this part
does not change by transitions.)



The bindings of variables θ are passed through from one
state to the next state by means of transition rules. Some
transition rules update the variable binding before passing
them through the next state, other transition rules pass it
through the next state without an update. For example, the
bindings are updated by the transition rules for the execu-
tion of test goals and the application of practical reasoning
rules and they are not updated by the transition rules for
sequence and choice operators. In this section, we illustrate
only some of the transition rules that help the understand-
ing of this paper. The reader will find the complete set of
transition rules in [9].

The first transition rule is for the execution of the set Π of
agents’ goals. This transition rule states that the execution
of a set of goals can be accomplished by the execution of
each goal separately. Let Π = {π0, . . . , πi, . . . πn} ⊆ G, and
θ and θ′ be ground substitutions. Then,

< {πi}, σ, θ >→< {π′
i}, σ′, θ′ >

< {π0, . . . , πi, . . . πn}, σ, θ >→< {π0, . . . , π′
i, . . . πn}, σ′, θ′ >

The transition for basic actions updates the belief base

but does not update the variable bindings. Let A(
−→
t ) be

a basic action with a sequence of domain terms
−→
t and τ

be an update function that specifies the effect of the basic
action on agent’s beliefs. The semantics of basic actions is
captured by the following transition rule.

τ (A(
−→
t )θ, σ) = σ′

< {A(
−→
t )}, σ, θ >→< ∅, σ′, θ >

3.2 Example of a 3APL Program
The example of the mobile robot, mentioned in the intro-
duction, can be implemented in 3APL as follows.

PROGRAM ”transport robot 1”
CAPABILITIES:

{pos(R1),cost(X),not forbid(R1, R2)}
Go(R1, R2)

{not pos(R1),pos(R2),cost(X+1)},

{pos(R1),cost(X),forbid(R1, R2)}
Go(R1, R2)

{not pos(R1),pos(R2),cost(X+5)},

{box(self),delpos(R),pos(R)}
PutBox()

{not Box(self),box(R)},

{pos(R),box(R)}
GetBox()

{not box(R), box(self)}
BELIEFBASE:

pos(r4),box(r2),delpos(r1),gain(5),cost(0),forbid(r4 , r2),

door(r1, r2),door(r1, r3),door(r2, r4),door(r3, r4),

door(R1, R2):-(R2, R1),forbid(R1, R2):-forbid(R2, R1)

GOALBASE:

transportBox()

RULEBASE:

transportBox() ←− pos(R1),box(R2),delpos(R3) |
goxy(R1 , R2);GetBox();goxy(R2 , R3);PutBox(),

goxy(R1 , R2) ←− pos(R1),door(R1, R3),not R1 = R2 |
Go(R1, R3);goxy(R3 , R2),

goxy(R1 , R2) ←− R1 = R2 | SKIP.

The first basic action states that the robot can go from
room R1 to room R2 if the robot is in room R1 (pos(R1))
and if it is not forbidden to go from room R1 to R2 (not
forbid(R1, R2)), and its accumulated costs before this action
(cost(X)). After the execution of the action, the robot is
not in room R1 (not pos(R1)), but in room R2 (pos(R2))
and its accumulated cost is increased by one (cost(X + 1)).
The second basic action differs from the first since going
from one to the other room while it is forbidden increases
the accumulated cost with 5. Other basic actions should be
interpreted in similar ways.

The statement in the belief base module states that the
robot is initially in room r4 (pos(r4)), box is in room r2
(box(r2)), the box should be delivered in room r1 (delpos(r1)),
the utility gained by transporting a box is 5 (gain(5)), the
initial accumulated cost of the transport is 0 (cost(0)), it
is forbidden to go from room r4 to room r2 (forbid(r4, r2)),
and between which rooms is a door. Note also that the
belief base can also contain rules such as door(R1, R2):-
door(R2, R1).

The robot has only one goal which is to transport boxes
(i.e. transportBox()). Note that this is a predicate goal
which can be achieved by applying practical reasoning rules
to it.

The practical reasoning rules are in fact planning rules
that indicate how the transport goal can be achieved. The
first planning rule states that the robot should go first to
the room where there is a box, get the box, then go to the
delivery room and put the box in the delivery room. The
guard in this rule is used to instantiate a number of domain
variables needed to determine how to achieve the transport
goal. Other planning rules can be interpreted in a similar
way.

In order to execute an agent (3APL program) many is-
sues should be decided continually. For example, at each
moment of the execution it should be decided which rules
to select and apply and which goals to select and execute.
Also, it should be decided if rules should be applied be-
fore goals are executed or vice versa. These decisions are
usually implemented in the interpreter which implies that
many deliberation choices are decided statically and thus
hardwired in the interpreter. The fact that these decisions
are pre-programmed in the interpreter makes it hard, if not
impossible, to program or influence the deliberation process
of an agent. As the deliberation process involves various
processes such as reasoning about plans, norms, goals, and
commitments and since agent programmers may want to
influence these processes, it is essential to allow agent pro-
grammers to program the agent deliberation process. With
a static deliberation cycle it is not easy to program agents
with reasonable complex behavior.

For example, consider the 3APL program for the trans-
port robot where the planning rules are specified based on
a general model of the environment. This model is defined
in terms of the relation between rooms and the movements
through the doors. If this program is executed by selecting
the beliefs, goals and rules in the order they occur, the robot
may move between two adjacent rooms indefinitely. This
is related to the recursive way the subgoal goxy(R1, R2) is
defined and the way the guards are unified with belief for-
mulae. Of course, this problem can be solved by modelling
the environment and following more specific planning rules.



RULEBASE:

transportBox() ←− pos(R1) , box(R2) , delpos(R3) |
goxy(R1 , R2);GetBox();goxy(R2 , R3);PutBox(),

goxy(r1, r2) ←− pos(r1) | Go(r1, r2),

goxy(r3, r2) ←− pos(r3) | Go(r3, r1);Go(r1, r2),

goxy(r2, r1) ←− pos(r2) | Go(r2, r1),

goxy(r4, r2) ←− pos(r4) | Go(r4, r2),

goxy(r4, r2) ←− pos(r4) | Go(r4, r3);Go(r3, r1);Go(r1, r2).
This set of planning rules solves this new problem of indefi-
nite moves between adjacent rooms, but the result is a less
general program since it can only behave in the specific en-
vironment as illustrated in Figure 1. Moreover, neither of
the two 3APL programs will transport the box from room
r4 to room r1 with the lowest cost. This problem is related
to the order of planning rules. Of course, this program can
still be modified in the following way such that the robot
will transport the box with the lowest cost.
RULEBASE:

transportBox() ←− pos(R1) , box(R2) , delpos(R3) |
goxy(R1 , R2);GetBox();goxy(R2 , R3);PutBox(),

goxy(r1, r2) ←− pos(r1) | Go(r1, r2),

goxy(r3, r2) ←− pos(r3) | Go(r3, r1);Go(r1, r2),

goxy(r2, r1) ←− pos(r2) | Go(r2, r1),

goxy(r4, r2) ←− pos(r4),not(forbid(r4, r2)) | Go(r4, r2),

goxy(r4, r2) ←− pos(r4),forbid(r4, r2) |
Go(r4, r3);Go(r3, r1);Go(r1, r2).

Like the previous formulation, this set of practical reason-
ing rules models the environment in a specific way. But,
unlike the previous formulation, it models also a part of the
task as well, i.e. it specifies the cheapest ways to transport
boxes from any room to room r1 and r2. This model is thus
specific to both the environment and the task.

There are a number of drawbacks for such solutions. The
first problem is that the agent program becomes too specific
to the given situation and therefore loses its generality such
that the agent cannot operate in another office like environ-
ment and for other tasks. Also, the agent program becomes
too complex and unreadable since too many details are in-
cluded in the program. Finally, the agent programmer is
forced to implement the desired behavior of the agent in an
implicit way instead of programming them by explicit state-
ments. For this example, an agent programmer would like
to have explicit planning constructs in order to implement
a search algorithm in the space of possible plans to find the
best plan. Programming this type of agent activities implic-
itly in terms of details of the task and the environment does
not respect the programming principle called the separation
of concerns.

4. A PROGRAMMING LANGUAGE FOR
THE DELIBERATION CYCLE

The specification of 3APL [9] includes a meta-language to
implement some parts of the deliberation cycle. The pro-
posed meta-language can express decisions such as whether
goals should be revised before getting executed, as well as
the selection mechanism, i.e. which goals should be selected
and executed and which rules should be selected and ap-
plied. The meta-language is imperative and set-based. It is
imperative because it is used to program the flow of control
and it is set-based because it is used to select goals and rules
from the set of goals and rules.

The proposed meta-language is not expressive enough to

program a selection mechanism for goals and rules that is
based on the agent’s beliefs. According to the existing meta-
language a goal or a rule can be selected only on the basis
of an ordering that is defined on them; the beliefs can only
be incorporated in the selection of rules (and not goals) by
means of the guard of the rules in the object language. How-
ever, there are situations in which the deliberation process
in general, and the selection mechanism in particular, de-
pend on agent’s beliefs. For example, consider the transport
robot and suppose that it has, besides the transport goal, a
number of other goals including the cleaning of the rooms.
Suppose also that the robot can be in an emergency situa-
tion where it should only select and execute the transport
goal without applying any revision rule. In a normal situ-
ation, the robot should select and apply revision rules and
select and execute both goals without preferring one over
the other.

As noted in the previous section, an important part of the
agent deliberation concerns its capabilities to represent and
reason about possible plans. The existing meta-language
does not include artifacts to generate and manipulate plans.
Therefore, we extend the 3APL meta-language with new
programming constructs to generate and execute new plans,
replanning an existing plan based on some criteria, and
backtracking in the space of possible plans. In the following
we consider a plan as a sequence of planning rules which,
when applied to a goal consecutively, result in a sequence of
actions.

Definition 6. A plan is a sequence 〈ρx
1 , . . . , ρ

y
n〉 of prac-

tical reasoning rules with n ∈ N . The practical reasoning
rules are assumed to be planning rules, i.e. they have the
form πh ← φ | πb, where πh is an predicate goal, φ is a
belief formula, and πb is a goal in which no goal variable
occurs. The indices x and y are used to express the identity
of the planning rules. The subscripts refer to their place in
the plan.

As in the existing 3APL meta-language and as we need
means to access goals, rules, and plans, we introduce terms
that denote goals, rules, and plans. Here we use sorted terms
because we need terms to denote different entities such as
sets of goals, individual goals, sets of rules, individual rules,
numbers, etc. These terms can be used as arguments of pro-
gramming constructs that implement the deliberation cycle.

Definition 7. Let S be a set of sorts including sorts for
sets of goals (sg), set of practical reasoning rules (sr), in-
dividual goals (ig), individual practical reasoning rules (ir),
individual plans (p), set of plans (sp), numbers (N), and
boolean (B). Let also V ars be a set of countably infinite
variables for sort s, and F be a set of sorted functions. The
sorted terms for the meta-language are then defined as fol-
lows:
- Π ∈ Tsg and Γ ∈ Tsr.
- V ars ⊆ Ts for all sort s ∈ S.
- if s1, . . . , sn ∈ S, ti ∈ Tsi and f : s1 × . . . × sn → s ∈ F ,
then f(t1, . . . , tn) ∈ Ts.

Typical functions that are defined on goals are max : sg →
sg that selects the subset of most preferred goals from the
set of goals, based on an ordering on the goals, empty :
sg → B that determines whether the set of goals is empty,
sel trans : sg → ig that selects an individual goal (in this
case the transport goal) from a set of goals, or gain : ig → N



that determines the utility (a number) of an individual goal.
Note that nested applications of functions can be used as
well. For example, gain(max(Π)) indicates the utility of
the most preferred goal. Similar functions can be defined
for practical reasoning rules and individual plans.

In general, practical reasoning rules can be classified ac-
cording to the purpose of their use. As mentioned, they can
for example be used to revise goals that are not achievable,
or actions that are blocked, to plan goals, or to optimize
goals. The types of practical reasoning rules can be used to
select them. For example, rules that generate reactive be-
havior can be selected preferably to make an agent behave
more reactively. Similarly, rules that generate plans can be
selected preferably to make an agent more deliberative. A
different classification of rules can be defined based on their
structural properties such as having a head, a body, or a
condition. For example, a preference to apply rules without
body makes the agent drop its goals preferably. It is clear
that a more refined classification of practical reasoning rules
results in a variety of agent types.

Given the meta-terms for goals, practical reasoning rules,
and plans, the set of meta-formulae can be defined. Since
the goal and the rule selection mechanism may depend on
agent’s beliefs, we include the belief base of the agent in the
set of meta-formulae.

Definition 8. Let s ∈ S be a sort, t, t′ ∈ Ts be meta-
terms of sort s, ϕ be a belief sentence,1 and φ and ψ be
meta-formulae. We define the set of meta-formulae MF as
follows:
- t = t′, t ≥ t′, B(ϕ) ∈MF
- if φ, ψ ∈MF , then ¬φ, φ ∧ ψ ∈MF

This set of programming constructs, which can be used to
program a 3APL deliberation cycle, includes those proposed
in [9], but also the programming constructs for the planning
purposes. The programming constructs for implementing
the deliberation cycle of cognitive agents are defined as fol-
lows:

Definition 9. Let s ∈ S, ts ∈ Ts and Vs ∈ V ars. The
set of meta-statements MS is defined as follows:
- Vs := ts ∈MS
- exgoal(tig, Vig),
selrule(tsg, tsr, Vig , Vir),
applyrule(tir, tig, Vig) ∈MS

- plan(tig, Vp, tN ),
replan(tig, tsp, Vp, fc, tN ),
explan(tp),
btplan(tig, tp, Vp) ∈MS

- if φ ∈MF, α, β ∈MS, then
α;β,
IF φ THEN α ELSE β,
WHILE φ DO α ∈MS

The meta-statement Vs := ts is designed to assign a sorted
term ts to a variable Vs of the same sort. The meta-statement
exgoal(tig, Vig) is designed to execute an individual goal de-
noted by the term tig. As a goal may not be fully executable,
some part of it may remain unexecuted. This remaining part
is itself a goal which is assigned to the variable Vig . The

1We restrict ourselves to belief sentences to simplify the se-
mantic definition of the meta-language. This restriction al-
lows us to ignore the problem of substitution of object-level
terms.

meta-statement selrule(tsg, tsr, Vig , Vir) selects a rule and a
goal from the set of rules denoted by the terms tsr and the
set of goals denoted by the term tsg, respectively. The se-
lected rule should be applicable to the selected goal. The
selected rule and goal are assigned to variables Vir and Vig,
respectively. The meta-statement applyrule(tir, tig, Vig) ap-
plies a rule denoted by the term tir to a goal denoted by the
term tig. The resulting revised goal is assigned to variable
Vig.

The meta-statement plan(tig, Vp, tN) generates a plan Vp

to achieve goal tig. The length of the plan is bounded to tN .
The meta-statement replan(tig, tsp, Vp, fc, tN ) generates a
new plan to replace plans tsp that were generated to achieve
goal tig. The new plan is assigned to variable Vp and satis-
fies the criteria fc. The function fc maps plans to boolean
values indicating whether the plan satisfies a criterium c.
The length of the new plan is bounded by tN . The meta-
statement explan(tp) executes the plan denoted by the term
tp. Finally, the last meta-statement for the planning pur-
poses is btplan(tig, tp, Vp), which does the same as replan,
except that btplan uses the order of planning rules and gen-
erates the next plan according to that order. The existing
plan denoted by tp, which was generated to achieve the goal
denoted by tig, is replaced by a new plan which is assigned
to variable Vp.

Let trans(Π) = transportBox() be the term denoting the
transport goal, cost(P ) be the term that determines how
expensive is the plan that is assigned to variable P , and
gain(trans(Π)) be the term that determines the utility of
the goal trans(Π). The deliberation cycle of our example
3APL agent can now be programmed as follows:

plan(trans(Π),P,maxlength)

WHILE (cost(P) > gain(trans(Π))) OR empty(Π) DO

BEGIN

btplan(trans(Π),P,P’,maxlength);

P:=P’;

END

IF gain(trans(Π)) > cost(P) THEN

explan(P)

This deliberation cycle initially finds a plan P , whose length
is bounded to maxlength, to achieve the goal denoted by the
term trans(Π). While the cost of this plan is higher than the
utility of achieving the goal (gain(trans(Π))), it attempts
to find a new plan by backtracking in the space of possible
plans.

5. SEMANTICS OF META-LANGUAGE
Before we specify the semantics for the meta-level program-
ming constructs, the following auxiliary notations are in-
troduced. The transition that is derived in the transition
system by executing the basic actions that are the prefix of
a goal is called an execution transition and it can be ex-

pressed as 〈Π ∪ {π1}, σ1, θ1〉 π1,π2−→ 〈Π ∪ {π2}, σ2, θ2〉. This
transotion indicates that transition 〈Π ∪ {π1}, σ1, θ1〉 −→
〈Π ∪ {π2}, σ2, θ2〉 can be derived in the transition system
by executing the sequence of basic actions and tests that
are the prefix of π1. In this case, π1 = a1; . . . ; an; π2 where
a1, . . . , an ∈ BactionGoal ∪ TestGoal.

The transition that is derived in the transition system by
applying a practical reasoning rule to a goal is called an
application transition and it can be expressed as follows:



〈Π ∪ {π1}, σ1, θ1〉 π1,ρx
i ,π2−→ 〈Π ∪ {π2}, σ1, θ2〉 which indicates

that transition 〈Π ∪ {π1}, σ1, θ1〉 −→ 〈Π ∪ {π2}, σ1, θ2〉 can
be derived in the transition system by applying PR-rule ρx

i

to (the prefix of) π1.
We consider a 3APL goal as a partial plan. Such a partial

plan gets more specific by planning the predicate goals that
occur in the partial plan. This can be done by the consecu-
tive application of planning rules (PR-rule) to the predicate
goals in the order of their occurrence in the partial plan.
Since a PR-rule can be applied if and only if the condition
in its guard is satisfied and because this condition can be af-
fected by the actions that precede it, we need to execute the
preceding actions. Therefore, we define a pair of transitions
called a transition cycle. A transition cycle consists of an
execution transition followed by an application transition.

Definition 10. Let π1 = a1; . . . ; an;π3 and π2 be goals.
Then, a transition cycle, labelled by c, is defined as follows:

〈Π ∪ {π1}, σ1, θ1〉 c(π1,ρx
i ,π2)−→ 〈Π ∪ {π2}, σ2, θ2〉 ⇔

〈Π∪{π1}, σ1, θ1〉 π1,π3−→ 〈Π∪{π3}, σ2, θ3〉 π3,ρx
i ,π2−→ 〈Π∪{π2}, σ2, θ2〉.

In the following definitions, −→ρn =< ρx
1 , . . . , ρ

y
n−1 > is a se-

quence of practical reasoning rules and L is the maximum
depth of the tree obtained by applying the sequence −→ρn to
the (partial plan) goal π1. A partial plan gets more specific
by a sequence of transition cycles.

Definition 11. A sequence of transition cycles, labelled
by c∗, is defined as follows:

〈Π ∪ {π1}, σ1, θ1〉 c∗(π1,−→ρn,πn,L)−→ 〈Π ∪ {πn}, σn, θn〉 ⇔

〈Π ∪ {π1}, σ1, θ1〉 c(π1,ρx
1 ,π2)−→ 〈Π ∪ {π2}, σ2, θ2〉

...

〈Π ∪ {πn−1}, σn−1, θn−1〉
c(πn−1,ρ

y
n−1,πn)−→ 〈Π ∪ {πn}, σn, θn〉

Let π1 ∈ Π. We write 〈Π, σ1, θ1〉 c∗(π1,−→ρn,πn,L)−→ to indi-
cate that there exists a computation sequence transition for
3APL agent configuration 〈Π, σ1, θ1〉 where L is the maxi-
mum depth of the tree obtained by applying the sequence −→ρn

to the goal π1.

In order to define the semantics of the meta-language, we
need to define meta-state and meta-configuration.

Definition 12. A meta-state is a tuple 〈〈Π, σ, θ,Γ〉,D, O, I〉,
where 〈Π, σ,Γ, θ〉 is 3APL object state consisting of the set
of goals, beliefs, practical reasoning rules, and the substi-
tutions, D = {Ds1 , . . . , Dsn} is the set of domains of the
sorts s1, . . . , sn, O = {≥s1 , . . . ,≥sn} is a set of orderings
defined on domains Ds1 , . . . ,Dsn , and I is a variable valu-
ation I : V ar → D. Note that Π ∈ Dsg ,Π = Dig ,Γ ∈ Dsr,
and Γ = Dir. Note also that the domain Dip of individual
plans contains sequences −→ρ of planning rules, i.e. Dip =
{−→ρn | −→ρn = 〈ρx

1 , . . . , ρ
y
n〉 & ρv

i ∈ Dir & 1 ≤ i ≤ n & n ∈ N}.
In the following, we will not mention the set of practical

reasoning rules Γ, the set of domains D, and orderings O
in the meta-states since they are assumed not to change.
We present a meta-state as the nested tuple 〈〈Π, σ, θ〉, I〉.
The terms and formulae of the meta-language are evalu-
ated in meta-states. The evaluation function can be defined
in a standard way which we will not present for the sake

of space. The semantics of the meta-language is an oper-
ational semantics and the transition relation of the meta-
transition system is denoted by ⇒. The transition rela-
tion is defined on the meta-configuration which is a tuple
〈S , 〈Π, σ, θ〉, I〉 consisting of a meta-statement S and a meta-
state τ = 〈〈Π, σ, θ〉, I〉. In the following, we present only the
transition for the planning meta-statements. Other transi-
tions are already presented in [9].

Let g be the goal term that denotes the goal π1, ri be the
rule term that denotes the planning rule ρx

i for 1 ≤ i ≤ n,
and [〈r1, . . . , rn〉/P ] indicates that the sequence 〈r1, . . . , rn〉
is assigned to the plan variable P . The following tran-
sition states that if the sequence of planning rules −→ρn =
〈ρx

1 , . . . , ρ
y
n〉 can be applied consecutively to the predicate

goal π1 to achieve it, then the meta-statement plan(g,P, L)
can be applied successfully and the result is an assignment
of the goal variable P . Note that planning does not change
the object state, but only the meta-variable bindings.

Definition 13. The semantic rule for the planning con-
struct can now be defined as follows:

〈Π, σ, θ〉 c∗(π1,−→ρn,πn,L)−→
〈plan(g,P, L), 〈Π, σ, θ〉, I〉 ⇒ 〈E, 〈Π, σ, θ〉, I ′〉

where |[g]|τ = π1 ∈ Π and I ′ = I ∪ {[〈r1, . . . , rn〉/P ]}, and
|[ri]|τ = ρv

i for i = 1, . . . , n, and −→ρn = 〈ρx
1 , . . . , ρ

y
n〉. A plan

P is called a concrete plan whenever πn = E.

The idea of replanning is to generate, for a predicate goal
π1 and a set of plans {−→ρk, . . . ,

−→ρl} that achieve it, a new but
different plan −→ρm which achieves π1 and satisfies the criteria
encoded by the function fc. Note that replanning does not
change the object state, but only the meta-variable bindings.

Definition 14. Let LP denote the set {−→ρk, . . . ,
−→ρl} and

k ≤ i ≤ l. The semantic rule for the replanning construct
can now be defined as follows:

∀i〈Π, σ, θ〉 c∗(π1,−→ρi,πn,L)−→ &〈Π, σ, θ〉 c∗(π1,−→ρm,πm,L)−→ & |[fc(P
′)]|τ

〈replan(g,LP, P ′, fc, L), 〈Π, σ, θ〉, I〉 ⇒ 〈E, 〈Π, σ, θ〉, I ′〉
where |[g]|τ = π1 ∈ Π, and −→ρi = 〈ρx

1 , . . . , ρ
y
i 〉 and −→ρm =

〈ρx′
1 , . . . , ρ

y′
m〉, and ∀i −→ρi �= −→ρm, and |[rj ]|τ = ρv

j and |[r′j ]|τ =

ρv′
j , and I ′ = I∪{[〈r′1, . . . , r′m〉/P ′]}, and [〈r1, . . . , rn〉/Pn] ∈
I.

The execution of a plan can be specified in a step by step
fashion. The execution of the plan does change the object
state, but leaves the meta-state unchanged. The idea of
executing a plan −→ρn is to apply the first planning rule ρ1 to
achieve goal π1. The application of this rule transforms the
object state 〈Π, σ, θ〉 to a next object state 〈Π′, σ′, θ′〉 and
proceeds with executing with the rest of the plan which is
〈ρ2, . . . , ρn〉. The sequence of terms 〈r2, . . . , rn〉 that denote
the rest of the plan is assigned to the plan variable P ′.

Definition 15. The semantic rule for the plan execution
statement is defined based on executing one planning rule per
step as follows:

〈Π, σ, θ〉 c∗(π1,−→ρn,πn,L)−→ &〈Π, σ, θ〉 π1,ρ1,π2−→ 〈Π′, σ′, θ′〉
〈explan(P ), 〈Π, σ, θ〉, I〉 ⇒ 〈explan(P ′), 〈Π′, σ′, θ′〉, I〉

where [〈r1, . . . , rn〉/P ] ∈ I and [〈r2, . . . , rn〉/P ′] ∈ I ′ and
|[ri]|τ = ρi for i = 1, . . . , n and −→ρn = 〈ρ1, . . . , ρn〉, and
Π′ = (Π\{π1}) ∪ {π2}.



The backtrack plan is a meta-statement that, given a goal
π1 and a plan −→ρn that achieves it, finds the next plan −→ρm to
achive π1 in the space of possibe plans. In order to specify
the next plan, we use the ordering in the space of possible
plans and demand that there is no other plan −→ρk which is
closer to the −→ρn.

Definition 16. The semantic rule for the backtrack con-
struct defined as follows:

〈Π, σ, θ〉 c∗(π1,−→ρn,πn,L)−→ & 〈Π, σ, θ〉 c∗(π1,next(−→ρn),πm,L′)−→
〈btplan(g,P, P ′), 〈Π, σ, θ〉, I〉 ⇒ 〈E, 〈Π, σ, θ〉, I ′〉

where |[g]|τ = π1 ∈ Π and −→ρn =< ρx
1 , . . . , ρ

y1
i , ρy2

i+1, . . . , ρ
z
n >

and next(−→ρn) =< ρx
1 , . . . , ρ

y1
i , ρ

y′
2

i+1, . . . , ρ
z′
m > and with y′2 >

y2 and � ∃ρy′′
2

i+1 with y′2 > y′′2 > y2 and |[ri]|τ = ρv
i and

|[r′i]|τ = ρv′
i and I ′ = I ∪ {[〈r1, . . . , ri, r

′
i+1, . . . , r

′
m〉/P ′]},

and [〈r1, . . . , rn〉/P ] ∈ I.
The proposed semantics of the planning constructs assume
a certain planning algorithm, which is based on systematic
search through the space of all possible plans specified by
the set of planning rules. Of course, this is only one possible
way to define the semantics of the planning constructs. Al-
ternative planning algorithms and planning styles can be as-
sumed, and consequently alternative semantics for the pro-
posed planning constructs can be given [1, 2, 4]. Our claim
is not that the assumed planning algorithm is desirable, but
that it is desirable to make the proposed planning constructs
available to the agent programmers in order to implement
various types of agent deliberation.

6. CONCLUSION
In this paper, we presented the specification of a program-

ming language to implement the deliberation cycle of cog-
nitive agents such as 3APL agents. The programming lan-
guage can be used to implement high level control of cogni-
tive agents and software agents. The proposed language is
considered as a meta-language the terms of which are formu-
lae from an object language. We have assumed 3APL as the
object language which provides programming constructs to
implement object level concerns such as the mental attitudes
of the agent.

In contrast to other programming languages designed to
implement high level control of cognitive agents, such as
ConGolog, the 3APL goals are deterministic programs and
do not allow the choice and parallel operator. Instead, deter-
ministic goals can be revised by applying practical reasoning
rules to those goals. The application of practical reason-
ing rules to deterministic goals is equivalent to allowing the
choice operator in goals and using backtracking mechanism
to meet the choices. Note that elsewhere [8] it is proven that
ConGolog can be embedded in 3APL.

At this moment we have a static 3APL interpreter im-
plemented as a JAVA class, which has private attributes for
each of the 3APL modules. This class has at least two meth-
ods, one method for creation of the 3APL object through
which the private attributes are set, and one method for
running the object. The latter method corresponds to the
3APL interpreter which implements the deliberation cycle.
We also have a prototype version of a meta-interpreter writ-
ten in Haskell. This prototype version contains the meta-
level constructs which can be used to select and execute

goals, select and apply rules, plan a goal, replan an existing
plan, backtrack in the space of possible plans, and execute
plans.
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