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Abstract

The 1990 papers of Cohen and Levesque (C&L) on ratio-
nal interaction have been most influential. Their approach
is based on a logical framework integrating the concepts of
belief, action, time, and choice. On top of these they define
notions of achievement goal, persistent goal, and intentio

We here revisit their approach in a simplified, propositiona
logic, for which we give complete axiomatization.

Within that logic we study the definition of achievement
goals, refining C&L's analysis. Our analysis allows us to
identify the conditions under which achievement goals per-
sist. We then discuss the C&L definition of intention as well
as a variant that has been proposed by Sadek and Bretier. We
argue that both are too strong and propose a weakened ver-
sion.

Introduction

The fundamental role of intention in communication and
more generally in interaction has been stressed by Bratman
(1987; 1990). Bratman’s analysis has inspired most of the
authors in the literature, starting with Cohen & Levesque
(1990a; 1990b) (C&L henceforth). Their approach has
been taken up by Perrault (1990), Rao and Georgeff (1991;
1992), Sadek (1992), Konolige and Pollack (1993), and is
the standard reference on BDI logics (Wooldridge 2000).
C&L and Sadek reduce intention to primitive concepts
of belief choice action, andtime In contrast, intention is
primitive in the other approaches. This is probably due to
Cé&L's rather complex framework, which requires a modal
predicate logic with equality and quantification over se-
guences of events, and includes a temporal logic with a bi-
nary ‘before’ operator. Moreover there is only part of the
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semantics: syntactical assumptions are postulated that ha

no semantical counterpart. Finally, the frame problem re-
mains unsolved, and attempts to fill that gap (Perrault 1990)
(Appelt & Konolige 1989) have turned out to be unsatisfac-

tory (Herzig & Longin 2000).

In this paper we simplify and perfect C&L's approach.
We first define and study a minimal propositional logic of
action, time, belief, and choice (that we calBC logic)
able to support C&L's approach. We here take advantage of
recent progress in reasoning about actions and beliefsiand i
product logics, and give a complete axiomatization. We then
study the definition of achievement goals, refining the C&L
analysis. Our analysis allows us to identify the conditions
under which achievement goals persist. We then discuss the
C&L definition of intention as well as a variant that has been
proposed by Sadek. We argue that both are too strong and
propose a weakened version.

The components oA BC' logic are introduced in the
next three sections. We then give a complete axiomatiza-
tion. Within ABC logic we define achievement goals, and
show under which conditions their persistence can be de-
duced. Finally we discuss how intentions can be defined
from achievement goals.

Action and time

We here introduce a simple logic of action and time. Gener-
ally speaking, events and actions can be interpreted as tran
sition relations on states, be it states of the world, mental
states, dialogue states, or a blend of them. This is the kind
of model that Dynamic Logic offers. We add to this logic a
unary modal operator “henceforth”.

Semantics of events and actions

We suppose there is a setafentsE VT = {a, 3,...} and a

set ofagentsAGT = {i,j,...}. Actions are events that are
brought about by agents. We sometimes witiieto identify

the agent ofv. EVT containgpurely epistemic eventghich

do not change the physical world, but only the agents’ men-
tal states. Epistemic events include observations and com-
munication actions.

The formulaa]¢ expresses that if happens then holds
aftera. The duala)¢ [a]—¢ expresses that happens
andg¢ is true afterwards. Hende] L expresses that does
not happen, an¢h) T expresses that happens.

= T
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Semantics of time

To speak about sequences of more than one event we use a

temporal operatdr]. (¢ expresses that henceforttholds.
A dual operator) is defined by0¢ = —[0-¢ (‘eventually

Models have a set of possible world$, and a mapping
V:W — (ATM — {0,1})
associating a valuatiovi,, to everyw € W. There are map-
pings
Ro: W —2W
and
R:EVT — (W — 2W)

associating sets of possible worl@s; (w) andR , (w) every
possible worldw. We indentify such mappings with acces-
sibility relations:wRpw’ iff w’ € Ro(w), etc. As usual,

w = [a]g if w' = ¢ for everyw’ € R, (w)
and

w = 0O¢ if w' = ¢ for everyw’ € Rg(w)
With C&L we suppose:

o if wRyw andwRgw” thenw' = w”;

e Ry is reflexivé, transitivé, and confluerit

o if wR,w' thenwRpow';

o if wRw', wRow” andw # w” thenw Row”.

It follows from the last two conditions that events are orga-
nized in histories: ifwR,w’ andwRsw” thenw’ = w”.

From that it follows that events are deterministic. (To see

this puts = «.)
Our semantics is slightly weaker than C&L's. Fir&g
is not necessarily linear. Secondmight be possible in the

Hence evenys; is a mapping
Bi W — 2W
For everyi € AGT there is a modal operatdBel;, and
Bel; ¢ expresses that agenbelieves thats. The truth con-
dition for the modal operataBel; stipulates thatv = Bel;¢
if ¢ holds in all worlds that are compatible witls beliefs,
ie.

w = Bel;¢ if v = Bel;¢ for everyv € B;(w)
B; can be seen as an accessibility relation, and it is standard
to suppose that

e every relations; is seria?, transitive, and euclididn
Bellf ;¢ abbreviateBel;¢ vV Bel;—¢.

Semantics of choice

Among all the worlds ir3;(w) that are possible for ageit
there are some thatprefers. C&L say that choosesome
subset of3;(w). Semantically, these worlds are identified
by yet another accessibility relation
CZ‘ W — 2W
Choice; ¢ expresses that agehthooses thap. We some-
times also say that prefersthat ¢.” Without surprises,
w = Choice;¢ if ¢ holds in all preferred worlds, i.e.
w |= Choice; ¢ if w' |= ¢ for everyw’ € C;(w)
We suppose that
e C; is serial, transitive, and euclidian.

This differs from C&L, who only have supposed seriality,
and follows Sadek’s approach. The latter has argued that
choice is a mental attitude which obeys to principles of in-
trospection that correspond with transitivity and eudiae

ity.

future without there being a particular sequence of actions Choice and belief

leading tow: ¢ will be eventually true without necessarily
having a sequence of actions which will achigveT his will

be relevant when it comes to intentions, because an agen

might believew can be achieved without having a plan to
reachw.

Mental attitudes

What is the relation between choice and belief? As said

tabove, an agent only chooses worlds he considers possible:

o CL(U)) - Bl(w)

Hence belief implies choice, and choice is a mental attitude
that is weaker than belief. This corresponds to validity of
the (ncchoice;) principle Bel;¢p — Choice;¢. We more-

We now add the basic mental attitudes of belief and choice ©Ver require that worlds chosen bgre also chosen froii's

to the picture.

Semantics of belief

Under thedoxastic logicslenomination, modal logics of be-
lief are popular in philosophy and Al, and the system KD45
is widely accepted.In the models, for each ageiand pos-

sible worldw there is an associated set of possible worlds

B;(w) C W: the worlds that are compatible witls beliefs.

'For everyw € W, wRpw.

2|f w1RDU}2RD’u)3 thenwlRDwg.

3If wRow1 andwRows then there is as such thatvs Rows
andngDwg.

“The most important criticism that has been made to KD45 is

that it accepts omniscience, i.e. an agent’s beliefs aseedlander
tautologies, conjunction, and logical consequences. ttiqoar
the latter point, viz. that an agent believes all the conerges of
his beliefs, has been considered to be unrealistic. We foeepa
omniscience to simplify the framework.

528 KR 2004

possible worlds, and vice versa:
o if wB;w’ thenC;(w) = C;(w").
(See Figure 1.)
Such a semantics validates the equivalences

Choice;¢p < Bel; Choice;p (1)
—Choice;¢p — Bel;—Choice; 7))
Choice;¢ «» Choice; Choice;¢ (3
~Choice;¢p «— Choice;—Choice; 4)

The implication Choice; Bel;¢p — Choice;¢ is also valid,
but not the converse.

SForeveryw € W, B; # ()

bfor all w € W, if v,v' € B;(w) thenv' € B;(v) andv €
Bi(v').

"While C&L use a modal operator ‘goal’ (probably in order
to have a uniform denomination w.r.t. the different versiaf
goals they study), it seems more appropriate to us to usesthre t
‘choice’.



Figure 1: Belief and choice

The kinematics of mental attitudes

Several proposals were made in the beginning of the 90s
concerning the relation between action and belief. They
built on what was state of the art in the reasoning-about-
actions field in the 80s, and used complex default or au-
toepistemic logics (Perrault 1990; Appelt & Konolige 1989)
In the beginning of the 90s, Scherl and Levesque (1993)
have proposed simple principles that can be integratetyeasi
into the original C&L framework, which is what we under-
take here.

We first make some hypotheses on the perception of
events. Then we state general principles governing rekatio
ships between belief, choice, action and time.

Hypotheses on perception

We suppose that an event occurs iff every agepgrceives

it. More precisely, we suppose thi& perception is correct
(in the sense that if believes thaty has occurred thea in-
deed occurred) and complete (in the sense thatdatcurs
thena is perceived by). Hence event occurrences are pub-
lic.

HYPOTHESIS All event occurrences are perceived correctly
and completely by every agent.

We note that this hypothesis just aims at simplifying our
exposition, and that misperception can be integratedviello
ing ideas of Bacchus et al. (1995; 1999) and Baltag et col.
(1998; 2000).

While an agent perceives the occurrence of an event, or

more precisely of an event token, we suppose that he does

not learn anything beyond that about the event’s particular
effects. We therefore defingninformative eventas event

toss he believes thafieads v Tails holds, but neither be-
lieves Heads nor Tuails. It is only the observation that the
coin fell heads which may make the agent start to believe
that Heads.

We suppose the observation @dhever occurs when is
false. To learn that the observationghas occurred means
to learn thatp (supposing observations are reliable). Thus,
observation actions are uninformative: all the relevafurin
mation is encoded in the notification of the event occurrence
Then to take into account the observationgodmounts to
incorporatep into B;(w).

In the same way, we can suppose thiataction of in-
forming that¢ is uninformative (both for the speakéeand
the hearer). There are perception actions which do not sat-
isfy our hypothesis, such &ssting-if<. Such tests can nev-
ertheless be reduced to uninformative actiotesting-if¢
is the nondeterministic composition olbserving-thats and
observing-that=¢.

HypPOTHESIS All events are uninformative.

Our second hypothesis is deeper than the first: with-
out presenting a formal proof here, we suppose that ev-
ery event can be constructed from uninformative events by
means of dynamic logic nondeterministic compositias “
and sequencing;”. For example the everyday action of
tossing corresponds to the compliss; (observe Heads U
observe Tuails). In fact such a hypothesis is often made in
reasoning about actions, e.g. in (Scherl & Levesque 1993)
or (Shapircet al. 2000, footnote 10).

Mental attitudes and action

Suppose the actual world is, and some evernt: occurs
leading to a new actual world’. Which worlds are possible
for agent: at w’? According to Moore (1985) and Scherl
and Levesque (1993; 2003) makes ‘mentally happent

in all his worldsv € B;(w), and then collects the resulting
worlds R, (v) to form the new belief state. We thus have
Bi(w') = (Ra o B;)(w) = Uyep, w) Ra(v). This identity
must be restricted in order to keép beliefs consistent, i.e.
to avoidB;(w’) = (. We thus obtain:

o If wR w and(R, o B;)(w) # 0
thenB;(w') = (Ra o B;)(w).

This relies on our hypothesis that events are uninformative
apart from the mere occurrence @fagent: should learn
nothing aboutx's particular effects that obtain in’, and
B;(w") only depends oif§;(w) andc.

Note that such an explanation is in accordance with our
hypotheses. Syntactically, this makes the principle of no
forgetting (NFBei;) Bel;[a]¢p A —Bel;[a]l — [a]Bel;¢

tokens whose outcome is not perceived by the agents. Whenvalid, as well as the dual principle of no learningL(se;)
an agent learns that such an event has occurred, he is nev-{a]|Bel;¢ A =[a] L — Bel;[a]é.

ertheless able to predict its results according to the mactio
laws he believes to hold. Consider e.g. the action of tossing
a coin. Suppose the agent learns tlkas has occurred. As

he cannot observe the effects, he predicts them an@niori

way, according to his mental state and the action laws. The
agent might thus be said to ‘mentally execuiess. After

How do an agent’s choices evolve? We recall that for each
possible world there is an associated temporal structtge (i
history). Therefore ageris choices concern not only possi-
ble states of the world, but also possible histories. Westher
fore suppose thats preferences after are just the images
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Figure 2: Action and belief

by « of its preferred worlds before. Just as for belief, this
identity must be restricted in order to keép choices con-
sistent. We thus obtain the constraint:

o If wR,w' and(Ry 0 C;)(w) # B
thenC;(w’) = (Rq 0 C;)(w).

Figure 3: Action, belief, and choice

Again, note that such an explanation is in accordance with
our hypotheses. Syntactically, this makes valid the ppieci
(NFChoice;) Choice;[a]¢ A —Choice;[a] L — [a] Choice; ¢,
and (NL choice;) [a] Choice;¢p A =[] L — Choice;[a]o.

Mental attitudes and time

Which constraints can be formulated &al; and(1?

First, note that fromNF Bel,) it follows that Bel;(0¢ A
—Bel;[a] L — [a]Bel;¢, i.e. beliefs about invariants per-
sist as long as there are no surprises.

What about a ‘no forgetting’ principle for the temporal
operatorBel;[J¢ — OBel;¢? In fact this would be too
strong: suppose that for some reaséonyrongly believes

e if wB;vthen(Rg o B;)(v) = (B; o Ro)(v)

This constraint can also be interpreted as a form of intro-
spection through time. Indeed, the introspection prirspl
for belief correspond t#; o B; = B;, and it can be shown
that due to transitivity and euclideanity Bf our condition is
equivalent taB; o RpoB; = B;oRg. Note that correspond-
ing principles of negative introspection cannot be motdat

Similar to belief we impose for choice:
o if wC;vthen(RpoC;)(v) = (C; 0o Rp)(v)

This makes the principle IV Choice;)
Choice;(0Choice;¢p «+ Choice;0¢) valid. It follows
that Choice;[dChoice;¢p «+ Choice;0¢, which says that if
an agent preferg to be invariant then he chooses that he
will always preferg, and vice versa.

Comments: revision of beliefs and choices

Our conditions say nothing aboil$ beliefs after a surpris-
ing action occurrence, i.e. whéf®R,, o B;)(w) = 0. In this
casei must revise his beliefs. Integrations of belief revi-
sion into a logic of action and belief have been proposed in
(Shapiroet al. 2000). In (Herzig & Longin 2002) we have
proposed an alternative based on updating by the precondi-
tions ofa. It amounts to suppose that our language contains
not only modal action operatofa], but alsoupdate oper-
ators [upd(¢)], for every formulag. In the original paper
such operations were seen as particular actions. Here we
have to separate them because our semantics is in terms of
histories, and at most one action happens at a giyewhile
we would like to allow several updates leaviag

Our conditions do not constrain eithés choices when
(Ra oC;)(w) =0, i.e. after an unwanted action occurrence.
Then: has to revise his choices.

There are two cases. First,dfhoice;[o] L and Bel;[a] L
then a surprising event has occurred, and the agent has to
revise both his beliefs and his choices. We think that in
this case our account of belief revision in (Herzig & Lon-
gin 2002) can be extended to choice revision. In the second
case we hav&hoice;[«] L and—Bel;[«] L. Theni did not
believe the event was impossible, but preferred so. Devices
such as a preference relation have to be integrated here, and
we leave a more detailed investigation to future work.

Completeness theorem

We have defined the semantics of a basic logic of action, be-
lief, and choice. To sum it up, our models have the form
(W,B,C,R,Rno, V), whereW is a set of possible worlds,

B andC associate accessibility relations to every agéht,

that some object is broken and cannot be repaired. We thus associates an accessibility relation to every acti@p, is

have Bel;0—-Broken, which together with such a principle
would imply OBel;—Broken. Which is absurd: imagine
e.g.i learns that the object is in fact not broken. Then such
a no forgetting principle would forbid any belief revision.
Only weaker identities can be motivated here: for each of
1's possible worlds, if «’ is possible for in some worldu
in the future ofv then there is a world’ possible fori such
thatv' is in its future. And vice versa:
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the accessibility relation forl, and V' associates a valua-
tion to every possible world. We call BC' modelsthe set
of models satisfying all the constraints imposed in thedhre
preceding sections, and writesgc ¢ if ¢ is valid in ABC
models. We writeS =45¢ ¢ if ¢ is a logical consequence
of the set of formulass in ABC models.

We give now an axiomatization of BC. We suppose the
axioms and inference rules of the basic normal modal logic



K for every modal operatdtplus the following:

—(Bel;¢ N Bel;~¢) (DBel;)
Bel;¢ — Bel;Bel;¢ (4Bel;)
—Bel;¢p — Bel;—Bel;¢ (5Bet,)
—(Choice;¢p N Choice;—¢) (D choice;)
Choice;p — Bel; Choice;¢ (Plchoice;)
—Choice;¢p — Bel;—Choice;p (Nlchoice;)
Bel;¢ — Choice;¢ (Incchoice;)
06 — ¢ (T0)
O¢ — 006 (40)
OU¢ — OO¢ (Conflo)
O¢ — [olo (Incaj)
()6 — [8]6 (Hist:)
06 — (6V [a]09) (Hist2)
Bel;[a]¢ A —Bel;[a] L — [a]Bel;¢ (NFBel,)
[a]Bel;¢p A =o)L — Bel;[a]é (NLBel;)

Choice;[a)p A = Choice;[a] L —

[a] Choice; ¢
[a] Choice;p A —[a]L — Choice;[a]¢
Bel;(OBel;¢p < Bel;0¢)
Choice;(OChoice;¢p < Choice;[¢)

(N F Choicei)

(N L Choicei)
(InvBei;)
(|nVChoicc,y)

Some comments are in order.

(Plchoice;) is an axiom of positive introspection for
choice similar to 4 Bet;) and (Nl croice;) is the negative ver-
sion.

Axiom (Hist1) implies determinism of every: {(a)¢ —
[a]o. (Histe) is similar to the first of the Segerberg axioms
(Harel 1984).

Axioms (NFBei;) and (NLBet;)) can be put together
into the single(—[a]L A —=Bel;[a]l) — ([a]Bel;¢p «
Bel;[a]¢). Equivalences of this kind have been called suc-
cessor state axioms for belief in (Scherl & Levesque 1993).

(NFchoice;) and (NLchoice;) are their analogues for
choice. Such axioms for choice have not been studied be-
fore.

(InvBet;) is a subjective version of a successor state axiom
for belief and time. I\ choice;) is a similar axiom for choice
and time. As far as we know they have not been studied
before either.

From (NF Be;,) it follows that

Bel;¢ A = Bel;[a] L — [a] Bel; ¢,

i.e. beliefs about invariants persist as long as there are no .

surprises.

8for example foral:

from ¢ < ¢ infer [a]¢ «— [a]y (RE[«))
[a](¢ A ) — [ A o]y (Mfa])
[a]¢ A el — [a](¢ A ) (Cla))
[T (Na])

From (nvael;) it can be deduced in KD45 that
Belngb d BellDBelZd)

i.e. if i believesp to be an invariant then he believes that he
will always be aware of.
Moreover,

Bel;OBel;¢p — Bel;O¢
Choice;QBel;¢p — Choice; O

are valid.

The other way round,Bel;0¢ — Bel;OBel;¢p and
Choice;O¢p — Choice; O Bel;¢ should not hold. Here is
an example illustrating that, inspired by Heisenberg’s un-
certainty principle. Letp mean that some electron is in a
particular place. Suppose you believe that it will everiyual
be in that placeBel;Op. According to Heisenberg it is im-
possible to know that at the same point in tinié:- Bel;p.
Now if we suppose thatis aware of that principle, we ob-
tain Bel;—~{ Bel;p.

A similar argument can be made agaiti8toice;0¢p —
Choice; O Bel;¢. This is opposed to Sadek and colleagues’
approach (Sadek 1992; Bretier 1995; Louis 2003), where the
principle Choice;0¢ — Choice; O Bel;¢ is accepted.

We call ABC logic the logic thus axiomatized, and write
Fapc ¢ if ¢ is atheorem oA BC.

iff Fapc o.

It is a routine task to check that all the axioms corre-
spond to their semantic counterparts. It is routine, too, to
check that all of our axioms are in the Sahlqvist class, for
which a general completeness result exists (Sahlqvist;1975
Blackburn, de Rijke, & Venema 2001).

We conjecture that Marx’s proof (1999) of decidability
and EXPSPACE complexity of the problem of satisfiabil-
ity in the product logic S5K extends straightforwardly to
ABC logic in the case of a single agéeht.

THEOREM. Fapc ¢

In the rest of the paper, we appWBC' logic to inves-
tigate the notions of achievement goal, persistent goal, an
intention.

Achievement goals

C&L view goals and intentions as particular future-oriehte
choices which take the forrfhoice; .
If ¢ is already believed to be true then there is no point
in maintaining the goal or the intention that C&L there-
fore concentrate on goals which require some change in or-
der to make them true. Basically such goals are of the form
Choice; OpN—1), wherey is a condition triggering the aban-
donment of the goal.

Which forms dop and+ take? First of all) and+) should
be equivalent; whew obtains then the goal can be aban-
doned, and whenever the goal is abandoned théolds.

®We are indebted to Maarten Marx for pointing this out.
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(This is at least expected by Secondj) should not be fac- C&L satisfy Axiom D: =(AGoal;¢p A AGoal;~¢), while
tual, but rather abouts mental state: else the agent has no we do not!® Thus, while an agent’s choices are consistent,
means to decide when to abandon his goal. Hence achieve-his achievement goals are not necessarily so. This can be

ment goals take the following form. justified by the same temporal considerations that lead-to re
. ) jection of axiom Ci might wante to be true at some pointin
DEFINITION. Agenti has the achievement goal thaif (1) the future, and to be false at some other point in the future.
in hls preferred world® is believed later and (2)does not But note thatd Goal; ¢ A AGoal;0—¢ is unsatisfiable due
believe: to the confluence of time.
AGoal;p " Choice;OBelip A —Bel;¢p  (Defacoat,) In their definition, C&L stipulate that should believep

is false. We have preferred the weakeBel;¢ because it

is more natural: in general goals are abandoned only when
they are believed to be true, and therefore absence of be-
lief is sufficient to maintain the goal (but see our Byzantine
example below for a counterexample).

The only basic modal principle our definition of achieve-
ment goals validates is

= . C&L only require Choice;O¢. We have seen in the pre-

AGoal;¢p — AGoal;np vious section thatChoice; O Bel;¢p — Choice; Q¢ is a the-
orem. We have also said there that the other sense of the
implication should not hold. So let us consider a situation
whereChoice;Op A = Choice; O Bel;¢ holds. The following
example seems to motivate the need for achievement goals
in C&L's sense.

Let » mean that a message ofhas been received by
j, and leti believe initially that;j has not received the
message yet. Suppose we are in a Byzantine-generals-
style scenario where is not guaranteed that his message
will eventually be received byj, and wherei believes
that in any case he will never know whethgrreceived
the message or not. (In the original scenario it is just

For the rest, just as in the C&L account none of the standard
principles is valid.

The so-calledside effect problenis to avoid to system-
atically adopt the consequences of our goals. Formally
AGoal;¢ N\ Bel;(¢p — b)) — AGoal;yp should not be valid.
Just as for C&L, this formula is not valid id BC' logic.
Even if we strengthen the conditidBel; (¢ — ) in vari-
ous ways,AGoal;¢ does not implyA Goal;3p. The reason
is that the side effect might be believed, which makesthat
cannot be an achievement goal. And just as C&L, if we add
the condition—Bel;1) then we validate

AGoal;¢ A Bel;O(¢p — ) A —Beliy — AGoal; . possible fori that he will never know.) Hence we have
Bel;=r A Choice;Or A Bel;,0-Bellf,r. From the latter
(The proof makes use of the Axiorm{ sei;).) We also val- it follows that —~Choice; O Bel;r. In summary, we have
idate and the inference rule Bel;—r A AGoal*r A = AGoal,r.
b — P Now in such a context it seems reasonable frexdts by

nevertheless posting the message. C&L can account for this

AGoal;¢ A Bel; A ~Belip — AGoalyp case by statingl GoalS“r. What would be's achievement

Finally, the valid equivalences goal in our account? We argue that in the exampleas
the achievement goal thatBel;—r: such an achievement
AGoal;¢ < Bel;AGoal;¢ goal can first motivaté to post the message, and then trig-
ger abandonment (say after the time periedteems neces-
and sary for the message travelling under favorable condifions
—AGoal;¢ « Bel;mAGoal;p Note thatAGoal;—Bel,—r is consistent with the scenario
express that an agent is aware of his achievement goals. Thedescription. _ _
equivalence Cons!der another example where therg is on.Iy.Qne action
of toggling a switch, and suppose that in the initial world
AGoal;p — AGoal;Bel;¢ wo = —Bel;Light A —Bel;—Light, i.e. i ignores whether
. ] ) . S the light is on or off: fori there is at least one possible world
is valid as well (while only the left-to-right direction isiid where Light holds, and there is at least one possible world
for C&L). where—Light holds. As toggling is the only available action
) ) we havewy = Bel;0(—Bel;Light N —~Bel;—Light), i.e.
Comparison with C& L i believes he will always ignore whether the light is on or

C&L’s original definition of achievement goals is off. According to C&L agenti can nevertheless have the
%As C&L's admit, this is ‘for the wrong reasons’: their strarg

definition of achievement goals is responsible foffoal;¢p —

Bel;—¢, which warrants axiom D forAGoal;. Note that

THEOREM. AGoal;¢ < AGoaliCLBelid). they d9(¢r19¢)t> validate the stronger.but equally intuitive plp:iE
_ o _ _ _ —AGoal, 6N AGoaTi ) - Apparently this has not been noted in the
This can be proved using introspection properties of belief literature.

AGoalf ¢ X Choice;Op A Bel;—6.
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achievement goal GoalS" Light in w,, while he cannot
have such a goal with our definition. Thuss aware that
he will never be able to abandon his goal thaght in the
expected way, viz. by coming to believe thaiht.

Persistent goals

Intentions

C&L have distinguished intentions-to-do and intentiooas-t
be. We here only consider the latter, which, following Brat-
man, C&L have defined as particular persistent goals: the
agent must be committed to achieve the goal, in the sense
that he must believe that he will perform an action which

C&L have defined persistent goals to be achievement goals Wil lead to the goal.

that are kept until they are achieved, or are abandoned for
some other reasons. We can show that persistence can b

deducedrom our no forgetting principle for choice as long
as the event is not unwanted:

THEOREM.  Eapc (AGoal;¢ AN —Choice;la]l) —
[a](AGoal;p V Bel;p)
PRrROOF We prove —Bel;¢p A Choice;OBel;¢p —

Choice;[a] L V [a]) Choice; O Bel; . This can be deduced
from (NL choice,), (Hist2), (INCChoice,) as follows.
First, axiom Hist2) tells us that

QBel;¢p — (Bel;¢p V [a]OBel;p)

for any actionw. Therefore
Choice;QBel;¢p — Choice;(Bel;o V [a]OBel; ).
As by (BBel;) and (NCcChoice;) We have
- Bel;¢ — Choice;—Bel;p,
the left hand side implies
Choice;[a]O Bel;¢.

From that we get withNL choice,) that

Choice;[a] L V [a] Choice; O Bel ;.

[

We inherit the properties of achievement goals concerning
logical principles, the side effect problem, and persisten

Comparison with C&L

C&L's original definition is that a persistent goal thats an
achievement goal thatthat can only be abandoned if

1. ¢ is achieved, or
2. the agent learns thatcan never be achieved, or
3. for some other reason.

This leads to their principle

PGoal;¢p — [a](PGoal;¢p NV Bel;pV Bel;,-¢ V ),
where v is an unspecified condition accounting for case
(3). Our theorem makes (3) more precise by identifying it
with the occurrence of an unwanted event, which is the only
case when achievement goals have to be reviséddeed,
the theorem tells us that C&L's case (2) is excluded when
—Choice;[o] L holds: in this case we are guaranteed that
7 will not learn througha that ¢ will be false henceforth.
Given our hypothesis that events are uninformative, this is
as it should be.

"in the case where is the agent ofx (notedi: o) one might
reasonably suppose théthoice;[i:a] L — [i:a] L, i.e. there are
no such unwanted action occurrences. We then get uncametitio
persistence of achievement goalkGoal;¢p — [i:a](AGoalip V
Bel;¢). This is related to intentional actions as discussed in G&L’
(1990a, section 4.2.1), where moreo¥®tl; [i:or] L V Bel;—[i:a] L
is assumed. We just note that such principles are of the @ahiq
type, and can be added #oBC logic without harm.

DEFINITION. Agent: has the intention that if (1) 7 has the

€achievement goal that, and (2)i does not believe3el;¢

will obtain anyway:

def

Im‘qu = AGoaligﬁ/\—'BeliOBel@ (Deflnti)

Hence intentions are achievement goals which do not
automatically obtain in the future. AsBel; Bel;¢ im-
plieS ﬁB@liQZ), it follows that]ntlgb — ChOZCSIOBGZlQ/) AN
—Bel; ) Bel;¢. If not explicitly, this implicitly links i's in-
tending thatp to 's choosing actions that get him closer to
¢: Int;¢ triggersi’s planning foreg. Therefore it seems justi-
fied to say that our definition captures the spirit of Bratrean’
intentions.

What is the status of achievement goals when
Bel; O Bel;¢ holds? In this cased Goal;¢ A Bel;{Bel;¢ is
equivalent toBel;Q Bel;p A —Bel;¢: i believese will be
achieved in the future, no matter what continuation of his
possible histories occurs. Then according to our definition
has to abandoifint;¢ atw,. This is reminiscent of McDer-
mott’s Little Nell example: suppose thaintends thaty at
wy, and that successfully plans and acts in a way such that
later on atw; he is surep will be achieved in the future,
i.e. Bel;QBel;¢ holds atw;. According to McDermott
1 then abandons his intention thattoo early, and will
never achievep. We believe the problem can be solved
by separating planning-oriented (future-oriented) ititen
from intention-in-action: atv; agent: switches from the
planning-oriented intentiotint,; ¢ to the intention-in-action
to execute the plan (alias complex action) which he believes
ensures thap will obtain. ¢ will stick to this plan fromw;
on and as long as no unforeseen events otcur.

Again, we inherit the properties of achievement goals
concerning logical principles, the side effect problemg an
in particular persistence:

THEOREM. Easc
[a](Int;é V Bel;OBel;¢)

(Int;¢p N —Choice;[a] L)

—

PROOF The theorem of the previous section establishing
that achievement goals are also persistence goals, a look at
the proof tells us that

(AGoal;¢ N —~Choice;[a] L) — [a] Choice; ) Bel;é
Therefore by classical principles

(AGoal; N —Choice;[a] L) —
[a]((Choice;OBel;¢p A —Bel;Bel;¢) V Bel; O Bel; @)

2\We could pursue this and define future-directed intent@mn-t
do v as Choice; O () T.
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from which the present theorem follows by the definition of
intention. |

Hence intentions persist as long as there are no unwanted
action occurrences.

Comparison with C&L

Our definition of Int;¢ differs from C&L’s in a fundamen-

tal way because it does not mention actions: C&L basically
stipulate that in every preferred history there must be some
actiona whose author i$ and which brings about.

Using quantification over actions this could be approxi-
mated by:
def —Bel;¢ A\ Choice;OFi:a(i:a) Bel; .

But as pointed out by Sadek (2000) and Bretier (1995),
such a definition is too strong in particular in cooperative
contexts, where it often suffices forto trigger actions of
some other agentwhich will achieve the goal. They have
advocated a correction, which we roughly approximate here
by:

Intt e

Intis(b def = Bel;¢ A Choice; O Bel;pN\
Choice;Vi:a(Bel;(i:a)Q Bel;p — Choice; O(ia)T).

Again, this is too strong: my intention to go to Vancouver
in june here would force me to choose the action of hiring
an aircraft. In another sense, both C&L's and Sadek’s defi-
nitions are too weak because they lack a causal connection
between the action and the goal: basically they entitle me to
entertain the intention that it be sunny in Vancouver in june
if each of my preferred histories has some action of mine
leading to a state where this holds.

As our definition of intention does not mention events at
all, this example also illustrates that our definition isatso
weak in this respect.

Conclusion

We have integrated action, time, belief, and choice in a sim-
ple propositional modal logic that is sound, complete and
decidable, and which we think provides the basic framework
for the logical analysis of interaction. We have shown how
different notions of goal and intention can be expressetj in i
and have identified the conditions under which such motiva-
tional attitudes persist.

Although Cohen and Levesque’s papers are standard ref-
erences, to the best of our knowledge such a simplification
has never been undertaken. Our completeness, decidability
and complexity results pave the way for methods of mechan-
ical deduction.

In ABC logic we have also in part solved the frame prob-
lem for belief and intention. While the frame problem for
belief has been investigated extensively in the literature
there is not too much work in the literature on the frame
problem for intentions, and the only references we are aware
of are (Shapiro & Lesprance 2000; Shapiro, Les@nce, &
Levesque 1997; 1998). These accounts are preliminary, in
particular they lead to fanatic agents.
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What is lacking for a comprehensive solution to the
frame problem for intention is the integration of belief and
choice revision (sometimes called intention reconsidtmat
in agent theories (Thomason 2000; Schut & Wooldridge
2001)). We leave this important issue to future work.

What remains also to be addressed is the question of how
intentions lead to actions. This is is the topic of plan gener
ation, which still has to be integrated in our logic.
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