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Abstract. Defeasible logics have been mainly developed to reason about
beliefs but have been barely used to reason about temporal structures;
meanwhile, intentional logics have been mostly used to reason about in-
tentional states and temporal behavior but most of them are monotonic.
So, a defeasible temporal logic for intentional reasoning has not been
developed yet. In this work we propose a defeasible temporal logic with
the help of some temporal semantics and a non-monotonic framework in
order to model intentional reasoning. We also show the consistency and
soundness of the system.
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1 Introduction

Intentional reasoning is a form of logical reasoning that uses beliefs and intentions
during time. It has been mainly modeled via BDI logics, for instance [21,23,25];
however, there are two fundamental problems with such approaches: in first
place, human reasoning is not and should not be monotonic [17], and thus, the
logical models should be non-monotonic; and in second place, intentional states
should respect temporal norms, and so, the logical models need to be temporal
as well. Thus, the proof process of intentional reasoning has to have some sort of
control over time and has to take into account a form of non-monotonic reasoning
using beliefs and intentions.

In the state of the art defeasible logics have been mainly developed to reason
about beliefs [19] but have been barely used to reason about temporal struc-
tures [11]; on the other hand, intentional logics have been mostly used to reason
about intentional states and temporal behavior but most of them are monotonic.
In order to solve the double problem mentioned above, our main contribution is
the adaptation and extension for CT'L ggentSpear(r) [13] semantics with a non-
monotonic framework. So, a defeasible temporal logic for intentional reasoning
is proposed. We also show its consistency and soundness.
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The relevance of this work becomes clear once we notice that, although
intentions have received a lot of attention, their dynamic features have not
been studied completely [24]. There are formal theories of intentional reason-
ing [6,14,21,23,25] but very few of them consider the revision of intentions [24]
or the non-monotonicity of intentions [10] as legitimate research topics, which
we find odd since the foundational theory guarantees that such research is le-
gitimate and necessary [4]. Recent works confirm the status of this emerging
area [10,24,18].

In Section 2 we discuss the case of intentional reasoning as a case of non-
monotonic reasoning and we expose a non-monotonic framework for intentional
reasoning. In Section 3 we display the system, its consistency and soundness.
Finally, in Section 4 we discuss the results and we mention future work.

2 Non-monotonicity of Intentional Reasoning

The BDI models based upon Bratman’s theory [4] tend to interpret intentions
as a unique fragment [21,23,25] while Bratman’s richer framework distinguished
three classes of intentions: deliverative, non-deliverative and policy-based. In
particular, policy-based intentions are of great importance given their structure
and behavior: they have the form of rules and behave like plans. These remarks
are relevant because the existing formalisms, despite of recognizing the intimate
relationship between plans and intentions, seem to forget that intentions behave
like plans.

As Bratman has argued, plans are intentions as well [4]. In this way we can
set policy-based intentions to be structures te : ctx < body [2] (see Table 1).
Now, consider the next example for sake of argument: on(X,Y) < put(X,Y).
This intention tells us that, for an agent to achieve on(a,b), it typically has to
put a on b. If we imagine such an agent is immersed in a dynamic environment,
of course the agent will try to put, typically, a on b; nevertheless, a rational
agent would only do it as long as it is possible.

Thus, it results quite natural to talk about some intentions that are main-
tained typically but not absolutely. And so, it is reasonable to conclude that
intentions, and particularly policy-based, allow defeasible intentional reason-
ing [10]. However, the current BDI models are monotonic and non-monotonic
logics are barely used to reason about time [11] or intentional states. Thus, a de-
feasible temporal logic for intentional reasoning has not been developed yet. So,
for example, standard First Order Logic is an instance of monotonic atemporal
reasoning; default logic [22] is an instance of non-monotonic atemporal reasoning.
In turn, BDI logic [21,23,25] is an example of temporal but monotonic reasoning.
Our proposal is a case of temporal and non-monotonic reasoning.

Traditional BDI models formalize intentional reasoning in a monotonic way
[6,14,21,23,25], while our proposal aims to do it non-monotonically. As a working
example consider the following scenario under the traditional approach: an agent
intends to acquire its PhD, INT(phd), and there is a rule phd = exam, then it
follows that INT(exam). It is not hard to notice that this reasoning schema
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looks familiar. In knowledge bases it is known as the problem of logical omni-
science [15]. Around intentions is it called the problem of collateral effect [4,16].
The schema above, INT(¢) A ¢ = ¢ - INT(¢)), is an example of collateral effect
that does not allow us to distinguish between intentions that are maintained
typically but not absolutely.

Despite great avances in this area, if we take into account the philosophical
foundations of rational agency [4], it is not hard to see that most BDI logics
fail to grasp all the properties of intentions: functional properties like proactiv-
ity, admissibility and inertia; descriptive properties like partiality, hierarchy and
dynamism; and of course, the normative properties: internal consistency, strong
consistency and means-end coherence. The explanation of these properties can
be found in [4]. Following these ideas we propose the next framework:

Definition 1 (Non-monotonic intentional framework) A non-monotonic inten-
tional framework is a tuple (B,I, Fp, Fr,b, |~ , -, ~, =) where:

— B denotes the belief base.

— I denotes the set of intentions.

Fp C B denotes the basic beliefs.

F; C I denotes the basic intentions.

F and H are strong consequence relations.
o and ~ are weak consequence relations.
— =C I? s.t. = is acyclic.

With the help of this framework we can represent the non-monotonic nature
of intentional reasoning. We assume a commitment strategy embedded in the
agent architecture, i.e, we assume the inertia of intentions by a fixed mechanism
that is single-minded [20], because if there is no commitment or the agent is
blindly-committed, there is no sense in talking about inertia [12,13], i.e., in
reconsidering intentions.

As usual, B denotes the beliefs base, which are literals. Fig stands for the
beliefs that are considered basic; and similarly F; stands for intentions considered
as basic. Each intention ¢ € [ is a structure te : ctx < body where te represents
the goal of the intention —so we preserve proactivity—, ctz a context and the rest
denotes the body. When ctx or body are empty we write te : T <— T or just te.

We also preserve internal consistency by allowing the context of an intention,
ctx(9), ctx(¢) € B and by letting te be the head of the intention. So, strong
consistency is implied by internal consistency (given that strong consistency is
ctx(¢) € B). Means-end coherence is implied by admissibility and the hierarchy
of intentions is represented by the order relation, which we require to be acyclic
in order to solve conflicts between intentions. Again, all these features can be
found in [4]. And with this framework we can arrange a notion of inference where
we say that ¢ is strongly (weakly) derivable from a sequence A iff there is a proof
of Ak ¢ (A |~ ¢). And also, that ¢ is not strongly (weakly) provable iff there
is a proof of A 4 ¢ (A ~ ¢), where A = (B, I).
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3 Formal Model

In this work we adopt AgentSpeak(L) [21] because it has a well defined op-
erational semantics. The problem, however, is that these particular semantics
exclude modalities which are important to represent intentional states. To avoid
this problem we use CTL gentspeak(r) [13] as a logical tool for the formal spec-
ification. Of course, initially, the approach is similar to a BDI¢TT system de-
fined after BEP45 DED KD with the temporal operators: next (), eventually
(©), always (O), until (U), optional (E), inevitable (A), and so on, defined after
CTLx [7,9]. In this section we are going to expose the syntax and semantics of
CTLAgentSpsuk(L) .

3.1 Syntax of AgentSpeak(L)

An agent ag is formed by a set of plans ps and beliefs bs (grounded literals).
Each plan has the form te : ctx < h. The context ctx of a plan is a literal or
a conjunction of them. A non empty plan body A is a finite sequence of actions
A(ty,...,tn), goals g (achieve ! or test ? an atomic formula P(t1,...,¢,)), or
beliefs updates u (addition 4 or deletion —). T denotes empty elements, e.g.,
plan bodies, contexts, intentions. The trigger events te are updates (addition or
deletion) of beliefs or goals. The syntax is shown in Table 1.

ag ==bs ps h w=hy;;T|T

bs u=bi...b, (n>0) hiz=al|g|ul|hi;h

ps n=pr...pn (n>1) at = P(t1,...,tn) (n >0)
p u=te:ctr < h a == A(ti,...,tn) (n >0)
te uz=+at| —at| +g| —g g ==lat | ?at

ctx un=ctwy | T u =+4b| —0b

ctx1 == at | Dat | ctx1 A ctx

Table 1. Sintax of AgentSpeak(L) adapted from [2].

3.2 Semantics of AgentSpeak(L)

The operational semantics of AgentSpeak(L) are defined by a transition system,
as showed in Figure 1, between configurations (ag, C, M, T, s), where:

— ag is an agent program formed by beliefs bs and plans ps.

— An agent circumstance C' is a tuple (I, E, A) where I is the set of intentions
{i,7,...,n} s.t. i € I is a stack of partially instantiated plans p € ps; F is a
set of events {(te, i), (te/,i'),...,n}, s.t. te is a trigger Event and each 7 is
an intention (internal event) or an empty intention T (external event); and
A is a set of actions to be performed by the agent in the environment.
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Rely
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Fig. 1. The interpreter for AgentSpeak(L) as a transition system.

— M is a tuple (In, Out, ST) that works as a mailboz, where In is the mailbox
of the agent, Out is a list of messages to be delivered by the agent and
ST is a register of suspended intentions (intentions that wait for an answer
message).

— T isatuple (R, Ap, ¢, €, p) that registers temporal information: R is the set of
relevant plans given certain trigger Event; Ap is the set of applicable plans
(the subset of R s.t. bs |= ctx); ¢, € and p register, respectively, the intention,
the event and the current plan during an agent execution.

— The label s € {SelEv, Rel Pl, AppPl, Sel Appl, SelInt, AddIM, ExecInt,
Clrint, ProcMsg} indicates the current step in the reasoning cycle of the
agent.

Under such semantics a run is a set Run = {(0;,0;)|I' - 0; — o} where I
is the transition system defined by AgentSpeak(L) operational semantics and o,
o; are agent configurations.

3.3 Syntax of BDIXg(Ii)

CTL pgentspeak(L) May be seen as an instance of BDI CTL  Similar approaches
have been accomplished for other programming languages [8]. The idea is to
define some BDI“TL semantics in terms of AgentSpeak(L) structures. So, we
need a language able to express temporal and intentional states. Thus, we require
in first place some way to express these features.

Definition 2 (Syntaz of BD gg(LL)) If ¢ is an AgentSpeak(L) atomic formula,
then BEL(¢), DES(¢) and INT(¢) are well formed formulas of BDI Cg(li)

To specify the temporal behavior we use CT'L* in the next way.
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Definition 3 (BDIgg(LL) temporal syntaz) Every BDIgg(LL) formula is a state
formula s:

— su=¢lsAs|ms
— p = s|=plp A p|Ep|Ap| O p[Op|Oplp U p

3.4 Semantics of BDIgg(Ij;)

Initially the semantics of BEL, DES and INT is adopted from [3]. So, we use the
next function:

agoals(T) = {},
o J{at} Uagoals(i) if p=+lat:ct < h,
agoals(ip]) = { agoals() otherwise

which gives us the set of atomic formulas (at) attached to an achievement goal
(+!) and i[p] denotes the stack of intentions with p at the top.

Definition 4 (BDIEg(LL) semantics) The operators BEL, DES and INT are de-
fined in terms of an agent ag and its configuration (ag,C, M,T,s):

BEL(ag,C,M,T,s)<¢) =¢ € bs

INT (ag.car.7.0)(8) = ¢ € | agoals(i)v | ] agoals(i)
1€Cr (te,i)eCE

DES (ag,c.m.7.5)(¢) = (+19,7) € Ci V INT(9)

where C1 denotes current intentions and Cg suspended intentions.

We have a defeasible framework for intentions that lacks temporal repre-
sentation; while the BDI temporal model described before grasps the temporal
representation but lacks non-monotonicity. The next step is a system denoted by

NBDI because it has a non-monotonic behavior. An intention ¢ in NBDI gg"(LL)

is a structure (g : ctx < body) where ¢ is the head, ctx is the context and body is
the body of the rule. We will denote an intention ¢ with head g by ¢[g]. Also, a
negative intention is denoted by ¢[g¢], i.e., the intention ¢ with —g as the head.

The semantics of this theory requires a Kripke structure K = (S, R, V) where
S is the set of agent configurations, R is an access relation defined after the tran-
sition system I" and V' is a valuation function that goes from agent configurations
to true propositions in those states.
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Definition 5 Let K = (S, I, V), then:

S is a set of agent configurations ¢ = {ag,C, M, T, s).
— I' C S? is a total relation s.t. for all c € I there is a ¢’ € I' s.t. (¢,c’) € I.
V' is valuation s.t.:
- VeeL(c, ) = BEL.(¢) where ¢ = {ag,C, M., T, s).
- Vbes(c, ¢) = DES.(¢) where ¢ = {ag,C, M, T, s).
- Vint(c,¢) = INT(¢) where ¢ = (ag,C, M, T, s).
Paths are sequences of configurations co, ..., ¢y, S.t. Vi(c;, civ1) € R. We use
x' to indicate the i-th state of path x. Then:
S1 K,c EBEL(¢) & ¢ € VgeL(c)
52 K,c |= DES(¢) < ¢ € Vpes(c)
S3 K,c = INT(¢) & 6 € Vint(c)
S, K,cEEpedr=c,...c K|IK,x = ¢
S5 K,cEAd & Ve =c,... e K|IK,z =09
Pl K,cl= ¢ & K,2° = ¢ where ¢ is a state formula.
P2 K,cl= ¢ < K,z = ¢.
P K cEOpe K a" ¢ forn>0
Pj K,cEO¢p < K,z" = ¢ for alln
P5 KcEdpUy e Ik>0st K.2¥ = and forall j, k, 0 < j < k|K,d | ¢
orVi>0: K,z = ¢

We have four cases of proof: if the sequence is A - ¢, we say ¢ is strongly
provable; if it is A 4 ¢ we say ¢ is not strongly provable. If is A |~ ¢ we say ¢
is weakly provable and if it is A ~ ¢, then ¢ is not weakly provable.

Definition 6 (Proof) A proof of ¢ from A is a finite sequence of beliefs and
intentions satisfying:

1. AF ¢ iff
1.1. OA(INT(¢)) or
1.2. DAGdlg] € Fi : BEL(ct(9)) A Vilg'] € body(6) - lg')
2. A ¢ iff
2.1. A ¢ or
2.2. A —-¢ and
2.2.1. QE(INT(¢) U =BEL(ctz(¢))) or
2.2.2. OE(3¢[g] € I : BEL(ctz()) AVY[g'] € body(9) I~ [g']) and
2.2.2.1. Vv[¢¢] € I, v[g°] fails at A or
2.2.2.2. Y[g'] = ~[g°]
3. Adéiff
3.1. OE(INT(=¢)) and
3.2. OE(Volg] € Fy : =BEL(ctz(8)) V 3[¢] € body(e) 1 ¢)
4. A~ ¢ iff
4.1. A= ¢ and
4.2. Ak =¢ or
4.2.1. OA=(INT(¢) U =BEL(ctz(¢))) and
4.2.2. OA(Volg] € I : =BEL(ctz(¢)) vV Flg'] € body(¢) ~ ¥lg']) or
4.2.2.1. Ivy[g°) € I s.t. v][g°] succeds at A and

4.2.2.2. Plg'] # 7lg°]
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3.5 Consistency

The next statements are quite straightforward.
Proposition 1 (Subalternsy) If b ¢ then |~ ¢.

Proof. Let us assume that - ¢ but not |~ ¢, i.e., ~ ¢. Then, given b ¢ we have
two general cases. Case 1: given the initial assumption that F ¢, by Definition 6
item 1.1, we have that A(INT(¢)). Now, given the second assumption, i.e., that
~| ¢, by Definition 6 item 4.1, we have 4 ¢. And so, QE(INT(—=¢)), and thus, by
the temporal semantics, we get —¢; however, given the initial assumption, we
also obtain ¢, which is a contradiction.

Case 2: given the assumption that F ¢, by Definition 6 item 1.2, we have
that 3¢[g] € Fr : BEL(ctxz(9)) AVY[g'] € body(¢) F 1[¢']. Now, given the second
assumption, that ~| ¢, we also have 4 ¢ and so we obtain OE(Ve[g] € FJ :
-BEL(ctx(¢)) V IP[¢'] € body(¢) - 1), and thus we can obtain Ve[g] € Fr :
-BEL(ctz(¢)) vV F[¢'] € body(¢) 4 ¢) which is =(3¢p[g] € Fr : BEL(ctz(¢)) A
Viplg'] € body(¢) F ¥[g']). W

Corollary 1 (Subalternss) If ~ ¢ then - ¢.
Proposition 2 (Contradictoriesy) There is no ¢ s.t. b ¢ and - ¢.

Proof. Assume that there is a ¢ s.t. = ¢ and - ¢. If 4 ¢ then, by Definition 6
item 3.1, OE(INT(—¢)). Thus, by proper semantics, we can obtain —¢. However,
given that F ¢ it also follows that ¢, which is a contradiction. B

Corollary 2 (Contradictoriess) There is no ¢ s.t. |~ ¢ and ~ ¢.
Proposition 3 (Contraries) There is no ¢ s.t. = ¢ and ~ ¢.

Proof. Assume there is a ¢ such that F ¢ and ~ ¢. By Proposition 1, it follows
that |~ ¢, but that contradicts the assumption that ~ ¢ by Corollary 2. B

Proposition 4 (Subcontraries) For all ¢ either |~ ¢ or - ¢.

Proof. Assume it is not the case that for all ¢ either |~ ¢ or 4 ¢. Then there
is ¢ s.t. ~ ¢ and F ¢. Taking ~ ¢ it follows from Corollary 1 that - ¢. By
Proposition 2 we get a contradiction with - ¢. B

Considering these results, we get the next square of opposition where ¢ de-
notes contradictories, s subalterns, k contraries and r subcontraries.
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These results represent the following properties: Proposition 1 and Corol-
lary 1 represent supraclassicality; Proposition 2 and Corollary 2 stand for con-
sistency while the remaining statements specify the coherence of the square, and
thus, the overall coherence of the system.

If we recover our working example, the scenario in which an agent intends to
acquire its PhD, and we set the next configuration A of beliefs and intentions:
Fg = {T}, B = {scolarship}, Fr = {research : T < T}, I = {phd : T «
thesis, exam; thesis : scolarship < research;exam : T + research}. And sup-
pose we send the query: phd? The search of intentions with head phd in Fy fails,
thus the alternative b ¢[phd] does not hold. Thus, we can infer, by contradiction
rule (Proposition 2), that it is not strongly provable that phd, i.e., that eventu-
ally in some state the intention phd does not hold. Thus, the result of the query
should be that the agent will get its PhD defeasibly under the A configuration.
On the contrary, the query research? will succedd as - ¢[research], and thus,
we would say research is both strongly and weakly provable (Proposition 1).

3.6 Soundness

The idea is to show the framework is sound with respect to its semantics. Thus,
as usual, we will need some notions of satisfaction and validity.

Definition 7 (Satisfaction) A formula ¢ is true in K iff ¢ is true in all config-
urations o in K. This is to say, K F ¢ = K,0 = ¢ forallo € S.

Definition 8 (Run of an agent in a model) Given an initial configuration 3, a
transition system I' and a valuation V, Kﬁ = <S§i, R/Ii, V> denotes a run of an

agent in a model.

Definition 9 (Validity) A formula ¢ € BDIELZ(LL) is true for any agent run in
T ifvK ¢

Further, we will denote (HKﬁ E ¢ U -BEL(ctz(¢)))V = ¢ by R ¢. We
can observe, moreover, that = ¢ >k ¢ and & ¢ >= ¢. With these remarks
we should find a series of translations s.t.: - ¢ — VK? E ¢ —F ¢ and
—o— ko

Proposition 5 If+ ¢ then = ¢.

Proof. Base case. Taking A; as a sequence with i = 1. If we assume F ¢, we
have two subcases. First subcase is given by Definition 6 item 1.1. Thus we have
OA(INT(¢)). This means, by Definition 5 items P4 and S5 and Definition 4, that
for all paths and all states ¢ € C; V Cg. We can represent this expression, by
way of a translation, in terms of runs. Since paths and states are sequences of
agent configurations we have that VK fi = ¢, which implies = ¢. Second subcase
is given by Definition 6 item 1.2, which in terms of runs means that for all runs
g[g] € Fr : BEL(ctz(¢)) AV[g'] € body(¢) F ¥[¢']. Since A; is a single step,
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body(p) = T and for all runs BEL(cta(¢))), ctax(¢) € Fp. Then VKﬁ = ¢ which,
same as above, implies = ¢.

Inductive case. Let us assume that for n < k, if A, F ¢ then A = ¢. And
suppose A, 11. Further, suppose A,, F ¢, then we have two alternatives. First
one being, by Definition 6 item 1.1, that we have an intention ¢ s.t. ctz(¢) =
body(¢) = T. Since body(¢) is empty, it trivially holds at n, and by the induction
hypothesis, body(¢) C A,+1, and thus = ¢. Secondly, by Definition 6 item 1.2,
for all runs 3¢[g] € I : BEL(ctz(¢)) AV[g'] € body(d) F ¥[g']. Thus, for all runs
n, Vip[g'] € body(¢) F 1[g’], and so by the induction hypothesis, body(¢p) C A, 41,
ie., A ¢[g']. Therefore, = ¢. B

Proposition 6 If | ¢ then k= ¢.

Base case. Taking A; as a sequence with ¢ = 1. Let us suppose |~ ¢. Then
we have two subcases. The first one is given by Definition 6 item 2.1. So, we
have that - ¢ which, as we showed above, already implies = ¢. On the other
hand, by item 2.2, we have 4 —¢ and two alternatives. The first alternative, item
2.2.1, is OE(INT(¢) U =BEL(ctz(¢))). Thus, we can reduce this expression by
way of Definition 5 items P3 and S4, to a translation in terms of runs: 3K l’q =
¢ U ~BEL(ctz(¢)), which implies = ¢. The second alternative comes from item
2.2.2, OE(3p|g] € I : BEL(ctz(¢)) AVY[g'] € body(¢) b~ 1[¢’']) which in terms of
runs means that for some run 3¢[g] € I : BEL(ctz(¢))AVY[¢'] € body(¢) I~ ¥[d],
but A4; is a single step, and thus body(¢) = T. Thus, there is a run in which
g[g] € I : BEL(ctz(¢)), i.e., (EIK? = (¢ U =BEL(ctz(¢))) by using the weak
case of Definition 6 P5. Thus, by addition, (EKI’CZ E (¢ U =BEL(ctz()))V = ¢,
and therefore, k= ¢.

Inductive case. Let us assume that for n <k, if A, |~ ¢ then A R ¢. And
suppose A, 1. Assume A, |~ ¢. We have two alternatives. The first one is given
by Definition 6 item 2.1, i.e., F ¢, which already implies |= ¢. The second alterna-
tive is given by item 2.2, A 4 =¢ and two subcases: QE(INT(¢) U =BEL(ctz(¢)))
or OE(3¢[g] € I : BEL(ctz(¢)) A Velg'] € body(¢) b ¥[¢']). If we consider the
first subcase there are runs n which comply with the definition of R ¢. In the
remaining subcase we have Vip[g'] € body(¢) I~ v[¢’], since body(¢p) C A, by
the induction hypothesis A |~ ¥[¢'], and thus, A,41 |~ ¢, ie., & ¢. R

Also, we can find a series of translations for the remaining fragments:

Corollary 3 If 1 ¢ then = ¢; and if ~ ¢ then ~ ¢

4 Conclusion

The formal model described above attempts to represent temporal and non-
monotonic features of intentional reasoning. We observed the model preserves
supraclassicality, consistency and soundness.

Currently we are trying to find relations between the notion of inference of
this system and a notion of intention revision [5]. For example, is it the case
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that intentions strongly proved cannot be contracted? And is it the case that
intentions weakly proved can be revised? Conversely, revised intentions are defea-
sible? And so on. Plus, since the model of revision is related to AgentSpeak(L),
we foresee implementations that may follow organically.

Acknowledgements. The authors would like to thank the anonymous review-
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