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Abstract. A variety of disciplines and research areas have separstetiied the
notions of action, agents and agency, but no integrated afieti@veloped formal
ontology for them is currently available. This paper is atfaiempt at bridging
this gap, focusing especially on the relationship betwegmey and action.

The departure point is STIT logic, the most expressive antbegurrent logics
of agency. Agency is the relationship between an agent amdttites of affairs
it brings about, without referring to how this is done, ithe actions performed.
Since ontological investigations are best done in a firdeoframework, making
explicit at the language level the domain of quantificatiee, first propose a first-
order theory that is proved equivalent to the propositionatial logic STIT. The
domain and language of this theory is then extended to catiena, obtaining the
theory we call OntoSTIT+.
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Introduction

Action and agency are crucial notions for a variety of agilan domains, e.g., mul-
tiagent systems and interaction modelling, planning atwbtios, law and social mod-
elling. .. Accordingly, many different research areas, aghavhich the quite rich disci-
pline of philosophy of action, have proposed theoreticabaats. Unfortunately, these
proposals are often unrelated; a correlate is that no vesiéldped ontology of action and
agency is currently available. This paper is a first attempridging this gap, focusing
especially on the relationship between agency and actiostlynstudied separately.
STIT logic (in short: STIT) is one of the most suitable lodisgstems dealing with
agency both in terms of expressivity and formal properties. Thg kieza of agency
comes from Anselm around the year 1100, who argued thatgaistibest described by
what an agent brings about or, in STIT terms, “sees to it tisatue. Agency is thus the
relationship between an agent (or a group of agents) anddtesof affairs it can bring
about, without referring to how this is done, i.e., the atsiperformed. Reducing the
ontological commitment is of course positive, but if one tean reason on actions them-
selves, considering their preconditions, distinguistiegveen different ways of reach-
ing a given state of affairs, analysing the internal strreetf the action (its participants
other than the agent, its way of unfolding in time) and itseesigl relationship with the
agent’'s mental states, avoiding to introduce actions irpttieire becomes impossible.



STIT is a propositional modal logic. Integrating agency autions in the same
framework could be done by extending STIT with some otherahogerators dealing
more explicitly with actions like those of PDL; this path Haegun to be explored in [1].
However, with modal operators, the domains of interest Aeit bntological properties
are not made explicit in the language but left hidden in thelel® Another direction is
to work directly in the more expressive framework of firster logic, more suitable to
easily formulate many properties and explore the variepyosiible ontological choices.

The methodology chosen for the work presented here is theréd first express
the ontological assumptions of STIT in a first-order theoalled OntoSTIT; this is the
purpose of Section 2, after a formal presentation of STITaat®n 1. Then, we propose
to extend this theory by enlarging its language and its dominterpretation to include
actions proper. Section 3 is thus dedicated to discussingEIiT+. Having started from
a decidable modal logic, future work will examine if Onto3¥lis suitable as intended
models of some extension of STIT that maintains good reagamrioperties.

1. STIT logic

This section is a short introduction to STIT, a family of mbbaics of agency [2,3].
We start with pointing out the important properties of SWhich justifies why we have
chosen it as a basis. Then we present the language and systaatture of this logic
as well as its semantics. Doing so, we try to follow the tewtogy that is used by its
authors, although we are aware that some terms used in STt ¢ misleading; in
such cases we provide clarification.

Formal properties of STIT. STIT is not the only logic of agency, even though it enjoys
formal properties that make it particularly attractive.euch property is that STIT is
more expressive than two well-known logics of agency, ATH &t [4,5]. Alternating-
time Temporal Logi€ATL) is a direct extension of CTL [6] for multi-agent system
introducing agents and coalitions of agents who can optaiestate (or ‘choice point’),
for a particular subset of the possible courses of time [@lily’s Coalition Logic(CL)

[8] has been introduced independently in game theory tmreabout what agents are
able to achieve. As shown by Goranko in [9], CL correspondfi¢ofragment of ATL
restricted to some operators. The second important prop€8TIT is its decidability,
proven in [3, Part VI]. This fact makes STIT an appropriata for reasoning.

STIT language. In this paper, we focus on the STIT variant based on the opecatled
Chellas’s stit ¢stit) with many agents. The language of STl g¢;7) is described as
follows: ¢ 2 pla=0b|-¢ | oA | Fo|Pp|Op | [acstit: ¢], wherep belongs

to a set of atomic propositiondtm (p € Atm) anda, b are elements of set of agents
Agt (a,b € Agt). F andP are the standard Prior-Thomason’s future and past temporal
operators[] is the historical necessity operat@i.cstit : ¢] is the agentive operator
“agenta sees to it thap”.

STIT Models. Before describing the standard STIT models we need to inted few
concepts regarding the underlying temporal structurdsafiching time framés a struc-
ture (Mom, <) in which M om is a nonempty set of moments, aads a transitive and
irreflexive partial order relation such that there is no eald branching and every two
moments have a common lower bound. In such a branching tiamefrmoments are



ordered in a tree-like structure, where forward branchemresents thandeterminacy
of the future and the very possibility of agency, and the latlhbackward branching
represents the determinacy of the past.

A maximal set of linearly ordered moments frabdom is a history. “Intuitively,
each history represents some complete temporal evoluititve evorld, one possible way
in which things might work out” [2]. As a matter of fact, manggsible courses of the
world are possible, which exactly expresses the idea oténdénacy. A given moment
might be contained in several different histories. Let thlys = {h|m € h} be the set
of histories passing through, those histories in which: occurs.

A STIT modeis a structureM of the form (Mom, <, Agt, Choice,v), where
(Mom, <) is a branching-time frame,is a valuation functiom : Atm — 2MomxHist,
whereH st is the set all historiesdgt is a non empty set of agents acting in time (all in-
tentional components are ignore@oice : Agt x Mom — 22" is a function whose
values are note@hoice]* for given agent: and momentn. Choice))" is a partition into
equivalence classes of the set of historfigs throughm.

Intuitively, the functionChoice represents the possible constraints that an agent is
able to exercise upon the course of events at a given momenthé choices open to
the agent at that moment, implicitly corresponding to hisier possible actionsBy
choosing one choice cell, the agent can rule out the othésrlgs that do not belong
to this choice cell and that are possible at the moment of héisochoice. Formally,
by choosing—or ‘acting’—ain, the agent: selects a particular set of histories from
Choicel* within which the history to be realized then lies. Given atdvig h € H,,,
Choicel(h) represents the particular choice (set of actions) fohwice!* containing
h. Histories belonging to a particular choice cell are plossible outcomethat might
result from performing somenderlying action

Choices must be effective. The choice available to an agerdimen moment should
not allow a distinction between histories that do not braacthat moment. For each
agent, any two histories that are undividedramust belong to the same choice cell of
the partitionChoicell".

Finally, if there are multiple agents, agents’ choices nimgsindependent and com-
patible. For each moment and for any possible choice of egehta at that moment,
the intersection of all the possible choices selected nmargain at least one history.

Semantics. Assuming a STIT modeM, we can define the conditions of satisfaction
in M for STIT's formulae, starting with standard operators Ha following,m/h is an
index i.e., a pair consisting of a moment in M om of M and a history: from H,,,
andv is the evaluation function of.

M,m/hE=p <~ m/hev(p),p < Atm.

M,m/h = —¢ = M,m/h o

Mm/hl=EdpNYy <= M,m/hlEdandM,m/h =

M, m/h = P¢ <= thereissomen’ € hs.t.m’ <mandM,m'/h = ¢

M,m/h = F¢ < thereissomen’ € hst.m <m’andM,m'/h |= ¢

Historical necessityfor settledness) at a momemt (in a historyh) is defined as
truth in all histories passing through. Formally: M, m/h E O¢ <— M,m/h’ E

1There are no actions in STIT, but an action can be seen asponiding to the choice that the proposition
denoting its effects is true (now or at some future point) gekected set of histories.



¢ forall »’ € H,,. WhenO¢ holds atm, p is said to besettled true ain. Op is defined
in the usual way as[]—¢, and stands for historical possibility. The intuitive idedhat
O¢ should be true at some momentiis true at that moment no matter how the future
will turn out.

The extension of a formula is given biyi| A = {h € H,,|M,m/h |= ¢}. |¢| M is
the set of histories passing through moment such that the sentenges true atm /h.

Now we are ready to define the agentive operétestit : _].2 Let a be an agent
in Agt andm/h an index, M, m/h = |acstit: ¢] <= Choice™(h) C |p|M. A
statement of the forrfu cstit: ¢|, expressing the idea that the agersees to it tha, is
defined as true at an index/h just in the case the action performeddithe choice of
a) at that index guarantees the truth¢ofThe action might result in a variety of possible
outcomes, but the statemehinust be true in each of them, even though the agent cannot
determine which one it will be. For example, my actiorbaftering the toaskeads to the
state that théoast is butteredThis state of affair has to hold in all histories belongiag t
my choice cell, if | want to truly say thdtsaw to it that the toast is butteretiowever
many other states of affairs may hold in the histories wheeddast is butteredFor
example thaoast is butterednay lie either in the history whetée toast is buttered and
my tea is coldr in the history where theast is buttered and my tea is hartd so forth.

[3, p. 435-450] provides a sound and complete axiomatimatiith respect to the
class of models\ and proves its decidability.

Axiomatics. The STIT version considered here is axiomatized as follows:

(AO0) Axioms for propositional logic

(A0") Axioms for Prior-Thomason'’s temporal operatéyd-

(A1) S5 axioms for both modal operatdrsand|_cstit: _]

(A2) O¢ — [acstit: @)

(A3) Axioms for standard identity itdgt

(AIA L) diff (ag, ..., ar) A Olag estit: po] A ... A Qlag estit: pr] — O([ag estit: po] A
. N ag estit: pg]) (k = 1), where:

(DA) (Distinct agents)iff (ag) £ T, diff(ag, ...,ans1) 2 diff (ag,...,an) A ag #
1 N .. Ny # ana1, foranyn >0

and takes as rules of inferene®dus ponenandnecessitation

(RN) from ¢ infer ¢

2. STIT Ontology of Agency - OntoSTIT
2.1. A modal or an ontological approach?

As explained in the beginning of last section, STIT is a qakpressive logic of agency.
It has very important formal properties, and accordinglitniows a growing influence.
However, from the ontological point of view, it is not totaltlear to what extent STIT
captures the intuitions of agency, and how this relatesgmttion of action, in particular
as it is studied in the philosophy of action.

2STIT models allow the definition of many stit operators. Fwstancedstit (deliberative stit) andustit
(achievement stit) are other well-known operators in théTSiterature. Here, we focus only omst:t, but
dstit can be easily defined by meanscstit and historical necessityd dstit: ¢] = [a cstit: ¢] A ~Ig).



It is well known that propositional modal logic has expreggilimitations in com-
parison with first order logic; this is actually why it has teetcalculability properties.
But whereas the latter enables the expression of rich thecdpturing almost all intu-
itions, the former forces us to tie our intuitions into aniatds uncomfortable suit. In
this sense it is not surprising that inside the ontologicahmunity those who deal with
the concept of action and agency have little or no intereSfliiT Logic, as Belnap, one
of the authors of STIT Logic, complained:

The modal logic of agency is not popular. Perhaps largely ttuthe influence of
Davidson (see the essays in Davidson 1980 [10]), but basexdaad the very different
work of such as Goldman 1970 [11] and Thomson 1977 [12], thmidant logical
template takes an agent as a wart on the skin of an action, akektan action as
a kind of event. This ‘actions as events’ picture is all ooggt not modality, and
indeed, in the case of Davidson, is driven by the sort of camerit to first-order
logic that counts modalities as Baj@]

On the other hand—the argument goes—STIT is philosoplyieadll motivated and
“has the advantage that it permits us to postpone attemptinfgashion an ontological
theory, while still advancing our grasp of some importamttfees of action..[3].

Although, as said earlier, is it true that the first-ordenfeavork is more adequate to
ontological studies, we would like to draw a slightly diféert picture from Belnap’s. As
any representation framework, propositional modal logiz€arry ontological assump-
tions, even though these are often hidden in propertiesaftodels rather than explic-
itly stated in the language. So, even though the focus in Sk has (deliberately) not
been put on ontological questions, STIT is already in somsesan ontology of agency.

In order to clarify what are STIT’s ontological assumptiarsd establish a base
ground on which to build a richer ontology of agency and axtiwe will in the next
sections extract those features of action captured by SIHd,make them explicit in a
first-order theory proved equivalent to it, that we will caihtoSTIT

2.2. From STIT to OntoSTIT

We first present the new first-order language we will be usamgl, then the axiomatic
theory that we call OntoSTIT. Following the technique offieoded semantics’ [13,14],
and thanks to STIT's completeness with respect to the clas®dels M (see above), it

can be shown that STIT is equivalent to OntoSTIT.

2.2.1. Language

OntoSTIT is a theory of first-order logic with identity and tanguagel.oniosTiT, IS
defined in a standard way. We nevertheless assume the fofjaveinventions for vari-
ables and constants symbolsia$,,;osrrr:

e (isthe setofvariablesranging on Particulars:..., z, (..., s, t,z, 2, 2"y, 2, ...);

e A is the set of constants denoting Particularh, m, vy, z, ...;

e Il is the set of constants denoting States of Affgx’, p”, ...;

e A is the set of constants denoting (primitive) Universalés, MO, HT, IN,

PRE, HOLDS, PO.



The latter predicate constants are understood as, reaglgctis an agent”, “is a mo-
ment”, “is a history”, incidence between a moment and a hystorecedence between
moments, the relation such that at a moment and a history ogpitoon “holds”, the
relation such that an agent at a moment makes sure that ttesibssare both “possible
outcomes” of its action.

The models of OntoSTIT are those of STIT, the class of moddlsThe domain
of quantification in which is interpreted covers agents, moments and histories. Even
if this is a first-order theory, we need to refer to proposiioThe language contains
therefore a set of constants that could be seen as derretfregl atomic propositions,
but will simply be interpreted as states of affairs/it. The truth of such propositions
is asserted exclusively via the (meta-)predicdi© L DS (m, h, p) which expresses the
idea of STIT that the propositigmis true at the moment and the history.. No Boolean
or modal combination of these propositions is allowed wmitHiOL D S.

2.2.2. Characterization of primitive relations and cateigs; definitions

Order on moments. The precedence relatidnRk E between moments (Asl) is transitive
(As2) and irreflexive (As3). The linearity in the past is eagged by (As4). (As5) says
that any two moments have a lower bound (historical conoe}:ti

(Asl) PRE(z,y) — MO(z) A MO(y)®

(As2) PRE(z,y) N PRE(y,z) — PRE(z,z2)

(As3) -PRE(z,x)

(As4) PRE(z,z) NPRE(y,z) - x =y V PRE(z,y) V PRE(y, )
(As5) 32((PRE(z,z) Vz =z) AN(PRE(z,y) Vz = y))

Agents. We assume that there is at least one agent (As6). Nothingimknewn about
agents in OntoSTIT, just as in STIT.

(AsB) JzAG(x)

Moments and histories. There is at least one moment (As7). In STIT models, a history
is a set of moments and the relationship between a momentlaistbay is expressed by

m € h. In OntoSTIT language, a history is denoted by a particudividual and no set
theoretical axioms are assumed. We simply express théorelattween moments and
histories by the relatiod N (z, y): “the momentz is in the historyy” or “the historyy
passes through the momerit(As8). For any moment, there is some history that passes
through it (As9). (As10) is an axiom schema ensuring thatmapropositiorp holds at

the moment: and the history, z is in y.

(As7) JzMO(x)

(As8) IN (z,y) — MO(x) N HT (y)

(As9) MO(z) — FyIN(x,y)

(As10) HOLDS(z,y,p) — IN(x,y), for each constamg in II

SUniversal quantifications over whole formulas are left iitipl We make use of the standard priorities
between connectives to avoid unnecessary bracketing.



Histories. That histories denote maximally linearly ordered sets &rgateed by axiom
(Asll), using a defined predica#.O for maximally linearly ordered (Ds2), itself based
on the defined predicateO(x) for linearly ordered (Ds1). Theorem (Ts1) expresses the
idea that if the same moments are in two histories then thigserkes are identical. The
predicateU D, for undivided, can be defined: two historiesand y are undivided at
momentz if and only if for some momentlater tharz, it is the case thatis in 2 andy.

(Dsl) LO(2) £ Va,y(IN(z,2) NIN(y,2) =z =yVr <yVy<z)

(Ds2) MLO(z) & LO(x) A =3y(LO(y) Ax # y AV2z(IN(z,x) — IN(z,y))
(As11) HT (z) — M LO(x)

(Ts1) Vz(IN(z,x) < IN(z,y)) @ x =y

(Ds3) UD(x,y, z) = I(PRE(z,t) ANIN(t,z) NIN(t,y))

Possible Outcome. The predicate?O(z, y, z, t), for possible outcome, expresses the
intuitions that are behind th€hoice function in STIT: at momeny, historiesz andt

— that pass through (As13)* — are the possible outcomes of some action performed by
agentr (As12) (see Figure 1). We call the historieandt ‘possible outcomes’ because
each of themmight result from the action performed by the agenat y although he
cannot determine which will be the actual one. In other wopattsagent by his action
restricts the possible futures to those histories that assiple outcomes of his action.
Note that as STIT, OntoSTIT does not explicitly model actiorother words, actions are
not present as individuals in our ontology. That is why wenzdrexpress the intuition,
neither in STIT nor in OntoSTIT, that an agent performs aipaldr action. However
this will be possible in OntoSTIT+ (see Section 3).

(Asl12) PO(z,y,z,t) — AG(x) N MO(y) N HT(2) N HT(t)
(As13) PO(z,y,z,t) — IN(y,t)

T 1,
PO(I’ y? Z? t)

Figure 1. At the momenty, the historiesz and Figure 2. Action Token act; (act2) Lies-On
t are the possible outcomes of some action per- History z (¢). Action Tokenact; (actz2) Run-
formed by the agent. s-Through Intervat; (i2).

Considering that the first two arguments are fix&d) is an equivalence relation. It is
reflexive (As14), transitive (As15) and symmetric (As16):

(As14) IN (y, z) — PO(z,y, z, z)
(As15) PO(z,y,s,t) A PO(z,y,t,z) — PO(z,y, s, z)
(As16) PO(x,y, z,t) — PO(x,y,t, 2)
Axiom (As17) says that histories that are undivided at mameare possible outcomes
of the same action.
“Because of (As16), in axiom (As13) we do not need to expfisitite that alsol N (y, z).




(Asl17) PO(z,y,t,t') NUD(',t",y) — PO(x,y,t,t")

The axiom schema (As18) expresses the independence oeshtiimeans that at each
momenty there is at least one histotythat is common to all agents’ possible choices.

(As18) PO(z1,y,21,t1) A ... A PO(zk,y, 2k, t,) — F(PO(x1,y,21,t) A ... A
PO(zk,y, 2k, t)) foranyk > 1

2.2.3. Equivalence between STIT and OntoSTIT

To prove that STIT and OntoSTIT are equivalent, we use thlenigae of ‘T-encoded
semantics’ [13,14], using a functidh; ; that enables us to translate formulae of STIT
language into formulae of OntoSTIT. This is mainly routine.

Equivalence theorem
Forallg in Lsrr, ¢ is theorem of STIT ifvVaVy T, 4 (6, {z}, {y}) is atheorem of
OntoSTIT, withz andy being new variables, and the interpretatiodgf,,;os7 7
being constrained s&:(z) = %, w(y) = y, wherew transforms variables ranging
on () into agents, moments or histories of a STIT mad¢l

2.2.4. How to express agency in OntoSTIT?

The idea of agency is expressed in OntoSTIT by two concepssiple outcomeKO)
and the predicaté/ OLDS on effects of choice/action. This means that actions them-
selves are not present in our first-order theory. We can egpneOntoSTIT that an agent
saw to it that some state of affairs holds (etge light is off), even though we still cannot
explicitly say by means of which action he/she has done itq@®ot make sure thtte
agent switched off the liglmather tharthe agent unscrewed the blulb

Consider the instantaneous actionswfitching off the lighperformed byRobert,
now. We need to be sure that in all possible outcomes of thisreit is the case that the
light is off (we assume that the actual moment is namedd the actual history):

(Esl) Vh(PO(Robert,n,h,h) — HOLDS(n, h,Lightis off))

What is more, we want to say thRbbert switches off the ligls true only ifthe light
was onjust before the action was performed:

(Es2) VaPRE(z,n) — Jy(PRE(z,y) N\PRE(y,nN)A\A—~HOLDS(y, h,Lightis off))A
Vh(PO(Robert,n,h,h) — HOLDS(n, h,Light s off)).

In OntoSTIT (as in STIT) we can also express the idea that antdiyought about some
state of affair but he could not have done it or simply it conéve happened that that
state of affair does not hold. For example we say Balbert switches off the lightow,
but also thathe light might have been still on

(Es3) Vh (PO(Robert,n,h;h) — HOLDS(n,h, Light is off)) A Js(IN(n,s) A
-HOLDS(n, s, Light is off)®

5In STIT this formula can be expressed as follojBobert cstit : Light is off A =CJ(Light is off) which
is equivalent to the formulBRobert dstit : Light is off. From now on we do not include the preconditions in
formulas representing actions.



Notice thatin (Esl), (Es2) and (Es3) the moment of chaicand the moment in which
the effect of the actiortiie light is offf comes out, are the same. This expresses the as-
sumption that the action afwitching off the lighis punctual or instantaneous. Instan-
taneity tightly binds the outcome of the action to the chatgerforming that action.
Nevertheless it is possible to separate the moment of choj@nd the moment of ap-
pearance of the outcome,.

Let's consideswimmingand the specific actioRobert swims from point A to point
B. This action belongs to the group of actions that do not gmbéyoodily movemert.
In STIT, Robert’s action is expressed by the senteatpoint A, Robert sees to it that he
will be in point Bwhich, if true, means that at the moment of the choice, whdpeRas
in point A, Robert is guaranteed to reach point B. This is beeanll actions (or rather, all
choices) are successful in STIT. This seems far too strorggammption, as in real life,
agents do change their minds and actions can abort. Thdradsn STIT an agentive
gap between the choice and the effects.

A similar problem occurs in the case of actions that do go bdymdily movement,
as for example wittBooth’s killing of Lincoln (Es4), by shooting him [16]:

(Es4) VR(PO(Booth,n h,h) — Im(PRE(n,m) AN HOLDS(m, h,Lincoln is dead)

(Es4) is the translation of the STIT formul@ooth cstit: F(Lincoln is dead]. Between
the moment wheBooth chooses to kill Lincoland the moment whehincoln is dead
we have a temporal gap. And we still have the inadequate gggmin STIT that the
action consisting of the sequence of events — Booth pulliegrigger, the bullet flying,
the bullet entering Lincoln, Lincoln dying — is fully detemmed by Booth’s choice. This
means that between the start of the action and the moment iigheffiect appears, the
action cannot be stopped, neither for reasons internalg@gfent (which in this case
is impossible if we assume the pulling the trigger is insgaebus) nor for any external
forces. The temporal gap is here both an agentive and a agaysal

STIT's assumption that actions are always successful spores to the fact that
actions are seeax post actolt is thus in some sense deliberate that only actions that
have succeeded are taken into accbuAs we have seen there are nevertheless good
reasons to take a different point of view on actions. Ind#d,is why an extension to
STIT has been proposed in [17], to include the new operasaseeing to it that”.

The ex post actoview solves the problem of the possible gap between the ehoic
and the action’s outcome by simply assuming some kind ofraetésm of choice, and
[17] solves it by assuming the existence of default ‘stri@&gOntoSTIT obviously in-
herits the undesired properties of STIT. To follow more elgdindings in philosophy
of action, we claim that we should avoid the agentive gap pyasenting explicitly the
persistence of the agent’s choice (intention) till the efithe action. Adding the possi-
bility to directly refer to actions is therefore an obviowdigion, which moreover opens
the path for yet other extensions aimed at accounting forith@ess of action concept.
The extension of OntoSTIT to actions is the subject of the segtion.

6Searle [15] claims that no action goes beyond bodily movéntégre we do not take issue on this.
"The formulala cstit: ¢] — ¢ is theorem of STIT.



3. Towards an Ontology of Action - OntoSTIT+

In this section we show how OntoSTIT might be extended witiioas, obtaining the
new theory OntoSTIT+. Its intended models extend the dombitassM with actions
and intervals. We distinguish between action tokens anid thetion courses’, which
are the different possible ways a single action (i.e., aioadbken) might unfold in
time along different histories. We show at the end of thigisadhat in OntoSTIT+, the
problems just described are solved.

3.1. Language.

The language of OntoSTIT+ is that of OntoSTIT extended wighwruniversals. Let
Ay be the set of all explicitly introduced universal of Onto$¥] A, = A U
{INT,ACT, Act,INI,CO, RT, LON, AGO}. These new predicate constants are un-

derstood as, respectively, “is an interval”, “is an actioken”, “is an action course”,"a
moment is in an interval”, “an action course is a course of@ioa token”, “an action
course runs through an interval”,“an action course lies biseory” and “an agent is the

agent of an action coursé”.
3.2. Characterization of categories and primitive relats definitions

Intervals. INI relates moments and intervals (Apl). All intervals areditgordered
(Ap2). (Dpl) and (Dp2) define beginning and end of intervAlsy interval has a begin-
ning and an end (Ap3). The unicity of beginning and end fohdaterval is guaranteed
by (Dpl), (Dp2) and (Ap2). Intervals are convex (Ap4). It isnth noting that nothing
prevents a beginning of an interval from being equal to i}, @0 degenerated intervals
are possible. (Dp3) defines the relation of temporal paséen an interval and a his-
tory. For each interval there is a history of which it is temrgdgart (Ap5). However an
interval may belong to more than one history (non-unicity).

(Apl) INI(z,y) — MO(z) A INT(y)

(Ap2) INT () — Vx,y(INI(x,z)ANINI(y,z) —» © = yVPRE(x,y)VPRE(y, x))
(Dpl) BEG(z,y) £ INI(2,y) AV2(PRE(z,z) — ~INI(z,y))

(Dp2) END(x,y) £ INI(z,y) AV2(PRE(z,2) — =INI(z,y))

(Ap3) INT(x) — Jy, 2(BEG(y,z) N END(z,x))

(Apd) INT(z) A INI(k,z) A INI(I,z) A PRE(k,y) A PRE(y,1) — INI(y, )
(Dp3) TP(z,y) £V2(INI(z,x) — IN(z,y))

(ApS) INT(z) — 3y(TP(z,y))

Actions. The relationRT binds an action course to an interval (Ap6). The time of each
action course is always fixed: there is exactly one interuahghat it runs through it
(Ap7). The predicat€’O(z, y) links an action course to an action token (Ap8). For each
action course there &xactly onection token it itis a course of (Ap9). Similarly, for each
action token there iat least oneaction course which is a course of it (Ap10). (Ap11)
and theorem (Tp1l) say that for each action token (and albiisses) we can always find
exactly one agent that is agentive for it. (Dp4 - Dp6) defireghedicatesB Act(z, y),
EAct(xz,y) andBACT (x,y) which should be understood respectively as “momeist

8In a larger setting such as DOLCEGO would be subsumed by participation.



a beginning of action courgg, “momentz is an end of action courgg, and “moment
x is a beginning of action tokep”. The unicity of beginning and end of each action
course is guaranteed by the unicity of the interval of eativacourse (Ap7) and the
unicity of beginning and end for each interval (Dp1, Dp2, AgAp12) guarantees that
all action courses of the same action token have the sammgtaroment, even though
they may have different ends. This is why the unicity of amcectoken’s end (that we do
not define) cannot be guaranteed, whereas its beginning @xid is unique. Finally, we
define the predicattON (x, y) for “the action course lies on the history” by: there
is an intervals such that: runs through it and is a temporal part of (Dp7).

(Ap6) RT(x,y) — Act(z) NINT (y)

(Ap7) Act(x) — Iy(RT (x,y))

(Ap8) CO(z,y) — Act(z) N ACT (y)

(Ap9) Act(z) — Iy(CO(z,y))

(Ap10) ACT (z) — y(CO(y, )

(Apll) ACT(z) — Ay (AG(y) AVz(CO(z,z) — AGO(y, z))

(Tpl) Act(z) — INy(AG(y) AN AGO(y, x))

(Dp4) BAct(x,y) = 3s(RT(y,s) N BEG(x,s))

(Dp5) EAct(x,y) = 3s(RT(y,s) N END(z,s))

(Dp6) BACT (z,y) £ Is(CO(s,y) A BAct(x, s))

(Ap12) CO(x,2) A CO(y, z) — F(BAct(t,z) A BAct(t,y))

(DP7) LON (x,y) £ 3s(RT (x,5) ATP(s,y))

3.3. Agency in OntoSTIT+

UnderstandingPO. To bind the intuitions that are behir@hoicé PO within the On-

toSTIT+ framework, we propose the formula (Ap13):

(Ap13) CO(z,y)NCO(z,y)NAGO(u, 2) ABACT (w, y) ALON (2, k) ALON (2,1) —
PO(u,w, k,1),

which says that ifc andz are action courses of an action tokgwith beginningw and

agentu, thenPO(u, w, k, 1) is underlying choice for action token

Filling the agentive gap. As we have just mentioned in section 2.2.4 actions themselve

are not present in OntoSTIT and we were not able to expresthatihe agent switched

off the lightby explicit referring toswitchingas such. In OntoSTIT+ we can easily do

it.° Let's represent again the example (Es1):

(Epl) Fz, z(ACT(x) A switching-off-the-lightz) A Vy, h(CO(y, x) A LON (y, h) —
AGO(Robert,y) N BAct(z,y) N EAct(z,y) N HOLDS(z, h,light-is-off)))

Now, if we (i) loosen the condition that the action is instargous, i.e., that the beginning

and end of each action course of a specific action token argatie, and (i) limit the

requirement that the action has been successful to thel &ist@ry h only, we obtain a

description that captures also situations like that of eplartEs4):

(Ep2) Jz(ACT(z) Akilling-Lincoln(z)A Yy, z(CO(y, x)ALON (y,h)AE Act(z,y) —
AGO(Booth,y) N HOLDS(z,h,Lincoln is dead))

Notice that (Ep2) does not share the problems of (Es4) bedhautcome of the action

is linked to the action of the agent. By extending OntoSTITactions and intervals we

solved two problems pointed out at the end of section 2.2.4.

9Here we are assuming the existence of a number of additioediqates, likeswitching-off-the-lightand
killing-Lincoln, that categorize action tokens.



4. Perspectives

In this work, we have proposed a first-order theory, Onto$Sti@t made explicit the
ontological assumptions of the most expressive modal lo§iagency to date, STIT.
We have then showed how this framework could be extendellidimg actions in the
domain of OntoSTIT+, to overcome some of STIT’s shortcoraing

This is only a first step towards a rich theory of actions arehag. Obviously, On-
toSTIT+ still needs to be extended in many directions. Td deth expected effects,
which might be useful for, e.g., defining action categores,can perhaps take inspi-
ration from [17], specifying default actions courses. Tald®ore explicitly with the
agent’s intentions than with the simple ‘possible outcompesdicate, integrating agent’s
mental attitudes is a necessity. We also need to investigateto express that different
categories of actions unfold in time in different ways (ek8art), and introduce other
participants than the agent.

Before adding too many extensions, it might be interestmgake advantage of
our departing point, a decidable propositional modal logie would thus like to study
what is the decidable part of OntoSTIT+ and the possibilittransform it back into
some modal logic extending directly STIT. Finally, the y&tion of OntoSTIT+ within
a foundational ontology like DOLCE would surely bring manyther insights.
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