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Abstract. A variety of disciplines and research areas have separstigiijed the no-
tions of action, agents and agency, but no integrated anedeetloped formal ontol-
ogy for them is currently available. This paper is a firstafe at bridging this gap,
focusing especially on the relationship between agencyaatidn.

The departure point is STIT logic, the most expressive anthageurrent logics
of agency. Agency is the relationship between an agent anstétes of affairs it can
bring about, without refering to how this is done, i.e., thans performed. Since on-
tological investigations are best done in a first-order frawark, making explicit at the
language level the domain of quantification, we first progofiest-order theory that is
proved equivalent to the propositional modal logic STITeHomain and language of
this theory is then extended to cover actions, obtainingtteery we call OntoSTIT+.

Introduction

Action and agency are crucial notions for a variety of agilem domains, e.g., multiagent
systems and interaction modelling, planning and robolées and social modelling. ..
Accordingly, many different research areas, among whietgtiite rich discipline of philos-
ophy of action, have proposed theoretical accounts. Wnfiately, these proposals are often
unrelated; a correlate is that no well-developed ontoldiggation and agency is currently
available. This paper is a first attempt at bridging this dapusing especially on the rela-
tionship between agency and action, mostly studied seggrat

STIT logic (in short: STIT) is one of the most suitable lodisgstems dealing with
agency both in terms of expressivity and formal properties. The ikiea of agency comes
from Anselm around the year 1100, who argued that actingssdescribed by what an agent
brings about or, in STIT terms, “sees to it that” is true. Agers thus the relationship between
an agent (or a group of agents) and the states of affairs ibdag about, without refering
to how this is done, i.e., the actions performed. Reduciegothitological commitment is of
course positive, but if one wants to reason on actions thieeseconsidering their precon-
ditions, distinguishing between different ways of reaghéngiven state of affairs, analysing
the internal structure of the action (its participants othan the agent, its way of unfolding
in time) and its essential relationship with the agent’s takstates, avoiding to introduce
actions in the picture becomes impossible.

STIT is a propositional modal logic. Integrating agency aetions in the same frame-
work could be done by extending STIT with some other modalatpes dealing more ex-
plicitly with actions like those of PDL; this path has beguanbe explored in [1]. However,
with modal operators, the domains of interest and theirlogtoal properties are not made



explicit in the language but left hidden in the models. Amottiirection is to work directly in
the more expressive framework of first-order logic, moreadie to easily formulate many
properties and explore the variety of possible ontologibalces.

The methodology chosen for the work presented here is threréd first express the on-
tological assumptions of STIT in a first-order theory, cl@ntoSTIT; this is the purpose of
Section 2, after a formal presentation of STIT in Sectionte, we propose to extend this
theory by enlarging its language and its domain of integiret to include actions proper.
Section 3 is thus dedicated to discussing OntoSTIT+. Hastaged from a decidable modal
logic, future work will examine if OntoSTIT+ is suitable agénded models of some exten-
sion of STIT that maintains good reasoning properties.

1 STITLOGIC

This section is a short introduction to STIT, a family of mblisyics of agency [2, 3]. We

start with pointing out the important properties of STIT,igrhjustifies why we have chosen
it as a basis. Then we present the language and syntacttus&wf this logic as well as its
semantics. Doing so, we try to follow the terminology thatiged by its authors, although
we are aware that some terms used in STIT might be misleantirsgich cases we provide
clarification.

Formal properties of STIT. STIT is not the only logic of agency, even though it enjoys for
mal properties that make it more attractive than others.<biok property is that STIT is more
expressive than three well known logics of agency, namel:, &TL and CL [4, 5]. Let us
briefly introduce these other logidSomputation Tree Logi(CTL) is a well suited system of
branching time [6]. It allows quantification over possikléures and linear reasoning along a
branch with the usual operatorsiahear Temporal Logi¢LTL). Alternating-time Temporal
Logic (ATL) is a direct extension of CTL for open systems, introhgcagents whose choices
determine the future [7]. In ATL is possible to express thggrds form coalitions and per-
form collective choices in order to influence the course efttme. Pauly’€oalition Logic
(CL) [8] has been introduced to reason about what singletagerd groups of agents are able
to achieve. As shown by Goranko in [9], CL corresponds to tagrhent of ATL restricted
to some operators.

The second important property of STIT is its decidabilitngyen in [3, Part VI]. This fact
makes STIT an appropriate tool for reasoning.

STIT language. From hereon we focus on the STIT variant based on the operati@d
Chellas’s stit (cstit) with many agents. The language offSTls;r) is described as follows:

¢=pla=b|=¢|oAo|Fo|Po|Ld | [acstit: ¢]

wherep belongs to a set of atomic propositiodsm (p € Atm) anda, b are elements of
set of agentsdgt (a,b € Agt). F andP are the standard Prior-Thomason’s future and past
temporal operatoré&] is the historical necessity operatfrcstit: ¢] is the agentive operator
“agenta sees to it thad”.

STIT Models. Before describing the standard STIT models we need to intred few con-
cepts regarding the underlying temporal structuredr@nching time frames a structure
(Mom, <) inwhich Mom is a nonempty set of moments, afds a transitive and irreflexive



partial order relation such that there is no backward brimgétand every two moments have
a common lower bourfdIn such a branching time frame moments are ordered in dikee-

structure, where forward branching representsitideterminacyof the future and the very

possibility of agency, and the lack of backward branchingesents the determinacy of the
past.

A maximal set of linearly ordered moments frabiom? is a history. “Intuitively, each
history represents some complete temporal evolution ofvtiréd, one possible way in which
things might work out.” [2] As a matter of fact, many possiloeurses of the world are
possible, which exactly expresses the idea of indetermitais also no surprise that a given
moment might be contained in several different historie.thusH,, = {h|m € h} be the
set of histories passing througl 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 — 2Mom>Hist \whereH st is the
set all historiesAgt is a non empty set of agents acting in time (all intentionahponents
are ignored)Choice : Agt x Mom — 22" is a function whose values are not€#oice™
for given agent: and momenin. Choicel is a partition into equivalence classes of the set
of historiesH,,, throughm.

Intuitively, the functionChoice represents the possible constraints that an agent is able
to exercise upon the course of events at a given momentyée&hoices open to the agent at
that moment, implicitly corresponding to his or her possittions. By choosing one choice
cell, the agent can rule out the other histories that do nloinigeto this choice cell and that
are possible at the moment of her or his choice. FormallyHmpsing—or “acting”—atn,
the agent: selects a particular set of histories fra@rthoice” within which the history to be
realized then lies. Given a histotye H,,, Choicel’(h) represents the particular choice (set
of actions) fromChoice]* containingh. Histories belonging to a particular choice cell are the
possible outcomabat might result from performing sommderlying action

Choices must be effective. The choice available to an ageatgiven moment should
not allow a distinction between histories that do not braaicthat moment. For each agent,
any two histories that are undividedratmust belong to the same choice cell of the partition
Choice].

Finally, if there are multiple agents, agents’ choices nbeshdependent and compatible.
For each moment and for any possible choice of each agarthat moment, the intersection
of all the possible choices selected must contain at leashistory.

Semantics. Assuming a STIT modeM, we can define the conditions of satisfaction\ih
for STIT's formulae, starting with standard operators.He following,m/h is anindex i.e.,
a pair consisting of a moment in Mom of M and a historyh from H,,, andv is the
evaluation function of\.

M,m/hE=p < m/h €v(p),p € Atm.

M,m/h = —¢ = M,m/hE

Mm/hEoNY <= M,m/h=gdandM,m/h =

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

lFormally:le,mg,m3(ml <mzAmg <mzg—mg=mz2Vm <maVmy<m).

2F0rmal|y:Vm1, m23m0((m0 <miVmgy= ml) A (mo <mgVmgy= TTLQ))

3A seth of moments fromM om is linearly ordered iff for any momenis; andms in h, eitherm; = ms
orm; < ms Ofmge < my. The seth is maximally linearly ordered whenever there is no lineangiered sey
that properly includes.

4Formally: For eachn € Mom and for each functioif,, on Agt such thatf,,(a) € Choice™, { fm(a) :
a € Agt} # 2.



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

Historical necessityor settledness) at a moment(in a historyh) is defined as truth in
all histories passing through. Formally:

M,m/hEO¢p <= M,m/N = ¢forall ' € H,,.

When[¢ holds atm, p is said to besettled true atn. Op is defined in the usual way as
—[0-¢, and stands for historical possibility. The intuitive idsahatJ¢ should be true at
some moment if is true at that moment no matter how the future will turn out.
Let's define the extension of a formula at a momentp|™ = {h € H,,|M,m/h |= ¢}.
|62 is a set of histories passing through moment such that the sentenegss true atm /.
Now we are ready to define the agentive operatostit : _] (Chellas’ STIT)® Let a be
an agent indgt andm/h an index,

M,m/h = acstit: ¢] <= Choice™(h) C ||M.

A statement of the fornfu cstit : ¢], expressing the idea that the agergees to it that,

is defined as true at an index/h just in the case the action performed dbythe choice of

a) at that index guarantees the truthd@fThe action might result in a variety of possible
outcomes, but the statemenimust be true in each of them, even though the agent cannot
determine which one it will be. For example, my actionbottering the toasteads to the
state that théoast is butteredThis state of affair has to hold in all histories belongiogry
choice cell, if I want to truly say thdtsaw to it that the toast is butteretHowever many
other states of affairs may hold in the histories wherettiast is butteredFor example the
toast is buttereanay lie either in the history whetée toast is buttered and my tea is caid

in the history where th&ast is buttered and my tea is haxtd so forth.

Axiomatics. The STIT version considered here (Chellas’s stit) is axiired as follows:
(AO) Axioms for propositional logic

(AO’) Axioms for Prior-Thomason’s temporal operatéd~

(Al) S5 axioms for both modal operatdrsand|- cstit: _|

(A2) O¢ — [acstit: @]

(A3) Axioms for standard identity itdgt

(AIA ) diff (ag, ..., ax) A Olag estit: po] A ... A OQlag estit = pr] — O([ag estit = po] A ... A
[ag cstit: pg]) (kK > 1)

where:

(DA) (Distinct agentsjliff (ag) = T, diff (ag, ..., an1) 2 diff (ag, ..., an) A ag # apiy A ... A
ayn # Gpyq, fOranyn > 0

and takes as rules of infereng®dus ponenandnecessitation
(RN) from ¢ infer Clo

As was proven in [3, p. 435-450] STIT is sound and completé vaspect to the class of
modelsM, and it is decidable.

SSTIT models allow the definition of many stit operators. Fwstance[_dstit : ] (deliberative stit) and
[-astit : _] (achievement stit) are other well-known operators in théTSiterature. Here, we focus only on
[_estit: ], but[_dstit: ] can be easily defined by means|ofstit: _| and historical necessityo(dstit : ¢| =
[acstit: @] A —Og).



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

As explained in the beginning of last section, STIT Logic i&ay expressive logic of agency.
It has very important formal properties — interesting fragms are decidable and complete,
and accordingly, it knows a growing influence. However, fritv@ ontological point of view,
it is not totally clear to what extent STIT captures the ititwis of agency, and how this
relates to the notion of action, in particular as it is stddiethe philosophy of action.

It is well known that propositional modal logic has expreggilimitations in comparison
with first order logic; this is actually why it has better aability properties. But whereas the
latter enables the expression of rich theories capturimgsi all intuitions, the former forces
us to tie our intuitions into an at times uncomfortable duithis sense it is not surprise that
inside the ontological community those who deal with theosg of action and agency have
little or no interest in STIT Logic, as Belnap, one of the authof STIT Logic, complained:

The modal logic of agency is not popular. Perhaps largely ttu¢he influence of
Davidson (see the essays in Davidson 1980 [10]), but basexlail 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, akelstan action as
a kind of event. This “actions as events” picture is all oy, 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 Logic is philomaiiz well motivated
and“has the advantage that it permits us pmstpone attempting to fashion an ontological
theory, while still advancing our grasp of some important featuséaction...” [3].

Although, as said earlier, is it true that the first-ordemfeavork is more adequate to
ontological studies, we would like to draw a slightly diet picture from Belnap’s. As
any representation framework, propositional modal lodgarry ontological assumptions,
even though these are often hidden in properties of theiretsadther than explicitly stated
in the language. So, even though the focus in STIT work hadgétately) not been put on
ontological questions, STIT is already in some sense arlagt®f agency.

In order to clarify what are STIT’s ontological assumpti@msl establish a base ground
on which to build a richer ontology of agency and action, wk withe next sections extract
those features of action captured by STIT, and make themoéxjpl a first-order theory
proved equivalent to it, that we will cantoSTIT

2.2 From STIT to OntoSTIT

We first present the new first-order language we will be usang,then the axiomatic theory
that we call OntoSTIT. We will then define a function to traslformulae of STIT language
into formulae of OntoSTIT. On the basis of this translationdtion, following the technique

of “T-encoded semantics” [13, 14], and thanks to STIT’s ctatgmess with respect to the
class of models\ (see above), it can be shown that STIT is equivalent to OnfbST

2.2.1 Language

OntoSTIT is a theory of first-order logic with identity and itanguage/Loniosrir, 1S de-
fined in a standard way. We nevertheless assume the follawaimgentions for variables and
constants symbols dio,;o5717"



(Y is the set of variables ranging on Particulats:..., z,,(..., s, t,z, 2’ 2", y, z, ...)

A is the set of constants denoting Particularsh, m, y, z, ...

IT is the set of constants denoting States of Affgxso’, p”, ...

A is the set of constants denoting (primitive) Universalsi, MO, HT, IN, PRE,
HOLDS, PO.

These predicate constants are understood as, respectisen agent”, “is a moment”, “is
a history”, incidence between a moment and a history, pestas between moments, the
relation such that at a moment and a history a propositiofd¥ipthe relation such that an
agent at a moment makes sure that two histories are bothity@ssitcomes” of its actiof.
The models of OntoSTIT are those of STIT, the class of moddlsThe domain of
quantification in whicH? is interpreted covers agents, moments and histories. Eveis is
a first-order theory, we need to refer to propositions. Tinglage contains therefore a set
of constants that could be seen as denot&ified atomic propositions, but will simply be
interpreted as states of affairs.M. The truth of such propositions is asserted exclusively via
the (meta-)predicatd O LD S(m, h, p) which expresses the idea of STIT that the proposition
p is true at the moment: and the historyh. No Boolean combination of these propositions
is allowed withinHOLDS.

2.2.2 Characterization of primitive relations and categs:;, definitions

Moments. The precedence relatioRRE between moments (Asl) is transitive (As2) and
irreflexive (As3). The linearity in the past is expressed Ag4). (As5) says that any two
moments have a lower bound (historical connection).

(Asl) PRE(x,y) — MO(x) A MO(y)’

(As2) PRE(xz,y) N PRE(y,z) — PRE(x, 2)

(As3) “PRE(z,x)

(As4) PRE(x,z) NPRE(y,z) - x=yV PRE(xz,y)V PRE(y, z)
(As5) 3z((PRE(z,x) Vz=1x) N (PRE(z,y)V z =1y))

Agents. We assume that there is at least one agent (As6). Nothing mdmown about
agents in OntoSTIT, as well as in STIT.

(As6) JzAG(x)

MO, IN and HOLDS. There is at least one moment (As7). In STIT models, a his®wy i
set of moments and the relationship between a moment antbayhis expressed by € h.

In OntoSTIT language, a history is denoted by a particuldividual and no set theoretical
axioms are assumed. We simply express the relation betwearents and histories by the
relation I N (z,y): “the momentz is in the historyy” or “the history y passes through the
momentz” (As8). For any moment, there is some history that passesigirit (As9). (As10)
is an axiom schema ensuring that when a proposgibalds at the moment and the history
Yy, 1S INYy.

6See: Tablel. - glossary of categories and relations.in
"Universal quantifications over whole formulas are left imipl We make use of the standard priorities
between connectives to avoid unnecessary bracketing.



(As7) JxMO(x)

(As8) IN(z,y) — MO(z) N HT (y)

(As9) MO(z) — JyIN(z,vy)

(As10) HOLDS(z,y,p) — IN(z,y), for each constarg denoting states of affairs.

History. That histories denote maximally linearly ordered sets @rgnteed in OntoSTIT
by axiom (As11), using a defined predicd&O for maximally linearly ordered (Ds2), itself
based on the defined predica®(x) for linearly ordered (Ds1). Theorem (Ts1) expresses the
idea that if the same moments are in two histories then thisseries are identical.

(Ds1) LO(z) & Va,y(IN(x,2) NIN(y,2) — =y V PRE(x,y) V PRE(y, x))
(Ds2) MLO(x) £ LO(x) A —3y(LO(y) Az # y AVz(IN(z,2) — IN(2,7))
(Asll) HT(z) — MLO(x)

(Tsl) Vz(IN(z,x) < IN(z,y)) — x =y

Undivided histories. The predicaté/ D for undivided, can be defined: two historiesand
y are undivided at momentif and only if for some moment later thanz, it is the case that
tisinz andy.

(Ds3) UD(z,y,2) = I(PRE(z,t) NIN(t,z) NIN(t,y))

Possible Outcome. The predicate?O(z, y, z, t), for possible outcome, expresses the intu-
itions that are behind th€'hoice function in STIT: at the momeny, the histories: andt

— that pass through (As13¥ — are the possible outcomes of some action performed by the
agentr (Asl2) (see Figure 1). We call the historiesand¢ "possible outcomes” because
each of thenmightresult from the action performed by the agenrat y although “he can-
not determine which will be the actual one”. In other words agent by his action restricts
the possible futures to those histories that are possiliteomes of his action. Note that as
STIT, OntoSTIT does not explicitly model action. In otherngds, actions are not present
as individuals in our ontology. That is why we cannot exptésgsintuition, neither in STIT
nor in OntoSTIT, that an agent performs a particular actitmwever this will be possible in
OntoSTIT+ (see Section 3).

(Asl2) PO(x,y, z,t) — AG(x) N MO(y) N HT (2) N HT (t)
(Asl13) PO(x,y, z,t) — IN(y,t)

acty 11
\;\

T

] \ y
PO(z,y,2,1) y

Figure 1: Atthe momeny, the histories andt are Figure 2: Action Tokeruct; (acts) Lies-On His-
the possible outcomes of some action performedtory z (). Action Tokenact; (acts) Runs-Through
by the agent:. Intervali; (i2).

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

8Because of (As16), in axiom (As13) we do not need to explisitlite that alsol N (y, z).



(Asl4) IN(y, z) — PO(x,y, 2, 2)
(As15) PO(x,y,s,t) AN PO(x,y,t,z) — PO(x,y,s, 2)
(AS16) PO(x,y, 2,t) — POz, 3,1, 2)

Axiom (As17) says that histories that are undivided at mamesre possible outcomes
of the same action.

(AS17) PO(a,y,1,) NUD(t',t",y) — PO(x,y,t,1")

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

(As18) PO(x1,y, z1,t1)N.. APO(x, y, 2, tr,) — F(PO(x1,y, 21, )A...APO(x), Yy, 21, t))
for x4, ..., z;, different and for anyt > 1

2.2.3 Equivalence between STIT and OntoSTIT

To prove that STIT and OntoSTIT are equivalent, we use tHaligae of “T-encoded seman-
tics” [13, 14], using a functio’, , that enables us to translate formulae of STIT language
into formulae of OntoSTIT.

Definition 1. Letw and~ be the assignment and correspondance functions
w:§Q — Agt UMom U Hist,
7w I — Atm

w transforms variables ranging on particulars into agentsnents or histories of a STIT
model M. 7 transforms constants denoting states of affairs into at@napositions of.sr7;
we can assume that and. A¢m are such that is a bijection.

We are now in the position to define the translation functiamgch is in fact very similar
to an interpretation function. The indexes stand for the minand the history at which
the formula is “interpreted”. Handling variable scope ectly requires the transfer to sub-
formulas of those variables —at most, one denoting a mommehoae denoting an history—
that are bound. This is the purpose of the second and thiugreegt. We detail the four
possible combinations only for the first case.

Definition 2. Let T}, be the translation functiohsr;7 x 2 x 2% — Louestrr Such that

(Trl) T;4(p,0,0) = HOLDS(z,y,p), for p € Atm, with z, y, and p being new vari-
ables and constant, and the interpretation/ef,;,sr being constrained s.u(z) = 4,
w(y) =y andr(p) = p.

(Trl’) T;4(p,{z},0) = HOLDS(x,y,p), for p € Atm, withy andp being new variables
and constant, and the interpretation 6§,,.;,s7;7 being constrained s.tu(y) = y and
m(p) = p.

(Tr1”) T:y(p,0,{y}) = HOLDS(x,y,p), forp € Atm, with z andp being new variables
and constant, and the interpretation 6§,,.;,s7;r being constrained s.tu(x) = & and
m(p) = p.

(Tr1™) T; 4(p,{z},{y}) = HOLDS(x,y,p), for p € Atm, with p being a new constant,
and the interpretation of.o,..,s77 being constrained s.k(p) = p.

(Tr2) Tiy(=,0,0) = ~T3 4(0,0.0)

(Tr3) Tiy(o A, 0,0) = Tsy(6,0,0) NT(,0,0)



(Trd) T;4(P,0,0) = 3s(PRE(s,x) A Ty 4(¢, {s},0)), with z and s being new variables,
and the interpretation of.o,.;,s77 being constrained s.u(x) = & andw(s) = s.

(Tr5) T 4(F¢,0,0) = 3s(PRE(x,s)NIN(s,y)A\Ts4(¢, {s},0)), withz, y ands being new
variables, and the interpretation @fy,.;,s7;7 being constrained s.w(z) = &, w(y) = ¥
andw(s) = s.

(Tr6) T 4(06,0,0) = Vs(IN(x,s) — T;:(¢,0,{s})), with z and s being new variables,
and the interpretation of.o,.;,s7 7 being constrained s.u(x) = & andw(s) = s.

(Tr7) Tiy(lacstit = ¢],0,0) = Vs(PO(t,x,y,s) — Tp:(p,0,{s})), withz, y, ¢t and s
being new variables, and the interpretation/af,,;,sr being constrained s.u(x) = %,
w(y) =y, w(t) = aandw(s) = s.

One first shows that i is theorem of STITVzVy(IN(z,y) — T 4(0,{z},{y}) is a
theorem of OntoSTIT (witlr andy being new variables, and the interpretationof,;.s7rr
being constrained s&:(z) = 4, w(y) = ). Then, it is proved that the class of STIT models
M are also models of OntoSTIT. Finally, using STIT’s comphetes with respect to the class
of modelsM, it is straightforward to show the following:

Equivalence theorem
Forall¢ in Lsrir, ¢ is theorem of STIT ifVaVy(IN(z,y) — Ty 4(¢, {z}, {y}) is athe-
orem of OntoSTIT, withe: andy being new variables, and the interpretatio.f,;,s7 1
being constrained s&:(x) = &, w(y) = 9.

2.2.4 How to express agency in OntoSTIT?

The idea of agency is expressed in OntoSTIT (which is bdgita same as in STIT) by
two concepts: possible outcomB@) and effect of choice/action{OLDS). It means that
actions themselves are not present in our first-order th¥dgycan express in OntoSTIT that
an agent saw to it that some state of affairs holds {belight is off), even though we cannot
explicitly say by means of which action he/she has done it ¢aenot say thathe agent
switched off the light

Let’s consider the instantaneous actiorswifitching off the lighperformed byRobert, now.
We need to be sure that in all possible outcomes of the camsidection it is the case that
thelight is off (we assume that the actual moment is namead the actual history):

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

What is more, we want to say thebbert switches off the ligi true only ifthe light was on
just before the action was performed:

(Es2) VePRE(x,n) — Jy(PRE(xz,y) N PRE(y,n) A =HOLDS(y, h,Light is off))A
Vh(PO(Robert,n,h, h) — HOLDS(n, h,Lightis 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 could haa@pened that that state of affair
does not hold. For example we say tlRaibert switches off the lightiow, but also thathe
light might have been still an

(Es3) Vh (PO(Robert,n,h;h) — HOLDS(n,h, Light is off)) A 3s(IN(n,s) A
-HOLDS(n, s, Light is off)®

®In STIT this formula can be expressed as folloWBobert cstit : Light is off A —J(Light is offy which
is equivalent to the formul@Robert dstit : Lightis off. From now on we do not include the preconditions in
formulas representing actions.



Notice that in (Esl), (Es2) and (Es3) the moment of chaicend the moment in which the
effect of the actiontfie light is offf comes out, are the same. This expresses the assumption
that the action okwitching off the lightis punctual or instantaneous. Instantaneity tightly
binds the outcome of the action to the choice of performirag H#ction. Nevertheless it is
possible to separate the moment of chorgeggnd the moment of appearance of the outcome,
m, using the future operator.

Let’s consideswimmingand the specific action whdtobert swams from point A to point
B. This action belongs to the group of actions that do not g@bédybodily movemenr¥. 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, whdmeRas in point A,
Robert is guaranteed to reach point B. This is because @diacare successful in STIT. This
seems far too strong an assumption, as in real life, agentbaloge their minds and actions
can abort. There is thus in STIT an agentive gap between thieeehnd the effects.

A similar problem occurs in the case of actions that do go bdymdily movement, as
for example withBooth's killing of Lincoln (Es4), by shooting him [17]:

(Es4) Vh(PO(Booth,n,h h) — Im(PRE(n,m) AN HOLDS(m, h,Lincoln is dead)
(Es4) is the translation of the STIT formula:
(Es4’) [Booth 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 inadequaterggsn in STIT that the
action consisting of the sequence of events — Booth pulhegitigger, the bullet flying, the
bullet entering Lincoln, Lincoln dying — is fully determiddoy Booth’s choice. This means
that between the start of the action and the moment wherféstefppears, the action cannot
be stopped, neither for reasons internal to the agent (whithis case is impossible if we
assume the pulling the trigger is instantaneous) nor forextgrnal forces. The temporal gap
is here both an agentive and a causal gap.

STIT’s assumption that actions are always successful gporeds to the fact that actions
are seemx post actolt is thus in some sense deliberate that only actions that facceeded
are taken into accoutit As we have seen there are nevertheless good reasons todike a
ferent point of view on actions. Indeed, this is why an exitem$o STIT has been proposed
in [18], to include the new operator “is seeing to it that”.

Theex post actaview solves the problem of the possible gap between the elasd the
action’s outcome by simply assuming some kind of deterrmro$choice, and [18] solves it
by assuming the existence of default “strategies”. Ont@Hhviously inherits the undesired
properties of STIT. To follow more closely findings in phiggghy of action, we claim that we
should avoid the agentive gap by representing explicitgygbrsistence of the agent’s choice
(intention) till the end of the action. Adding the possityilto directly refer to actions is
therefore an obvious solution, which moreover opens thie foatyet other extensions aimed
at accounting for the richness of action concept. The eidared OntoSTIT to actions is the
subject of the next section.

3 Towards an Ontology of Action - OntoSTIT+

In this section we show how OntoSTIT might be extended witiipas, obtaining the new
theory OntoSTIT+. Its intended models extend the domaitesfso\ with actions and inter-

0searle [15, 16] claims that no action goes beyond bodily mmare. Here we do not want to take issue on
this.
1The formulaa cstit: ¢] — ¢ is theorem of STIT.



vals. We distinguish between action tokens and their “aatmurses”, which are the different
possible ways an action token might unfold in time. We shotwhatend of this section that
in OntoSTIT+, the problems just described are solved.

3.1 Language.

The language of OntoSTIT+ is that of OntoSTIT extended wétvminiversals. Let's\ , be
a set of all explicitly introduced universal of OntoSTIT+dn:

A, = AU{INT, ACT, Act,INI,CO, RT, LON, AGO}

These predicate constants are understood as, respectisedy interval”, “is an action to-
ken”, “is an action course”,“a moment is in an interval”, “agtion course is a course of an
action token”, "an action course runs through an intertvati action course lies on a history”

and “an agent is the agent of an action coutse”

3.2 Characterization of categories and primitive relatouefinitions

Intervals. INI (in) relates moments and intervals (Ap1l). All intervals knearly ordered
(Ap2). (Dpl) and (Dp2) define beginning and end of intervAlsy interval has a beginning
and an end (Ap3). The unicity of beginning and end for eaddrvat is guaranteed by (Dp1l),
(Dp2) and (Ap2). Intervals are convex (Ap4). It is worth mgtithat nothing prevents a begin-
ning of an interval from being equal to its end, so degendratiervals are possible. (Dp3)
defines the relation of temporal part between an intervakamdtory. For each interval there
is a history of which it is temporal part (Ap5). However areinial may belong to more than
one history (non-unicity).

(Apl) INI(z,y) — MO(z) NINT(y)

(Ap2) INT(x) — Vo, y(INI(z,z) NINI(y,z2) —x =yV PRE(z,y)V PRE(y,x))
(Dpl) BEG(x,y) 2 INI(z,y) AV2(PRE(z,7) — =INI(z,y))

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

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

(Ap4) INT(z) A INI(k,z) A INI(i,z) A PRE(k,y) A PRE(y,1) — INI(y,z)
(Dp3) TP(x,y) =Vz(INI(z,z) — IN(z,¥))

(APS) INT(x) — 3y(TP(z,y))

Actions. The relationRT binds an action course to an interval (Ap6). An action course
should be understood as a particular execution of an aatikent The time of each action
course is always fixed: there is exactly one interval suchithans through it (Ap7). The
predicateC'O(z, y) links an action course to an action token (Ap8). For eacloaatourse
there isexactly onection token ititis a course of (Ap9). Similarly, for eachian token there

is at least oneaction course which is a course of it (Ap10). (Apll) and teeo(Tpl) say
that for each action course and each action token we can sfivalyexactly one agent that is
agentive for it. (Dp4 - Dp6) define the predicatésict(z, y), EAct(x,y) and BACT (z,y)
which should be understood respectively as "momei#t a beginning of action coursg,
"momentz is an end of action coursg, and "momentz is a beginning of action tokeg’

2In a larger setting such as DOLCHE(GO would be subsumed by participation.



. The unicity of beginning and end of each action course isauaed by the unicity of the
interval that is unique for each action course (Ap7) and thieity of beginning and end for
each interval (Dpl, Dp2, Ap2). Note that for the beginningaafaction token is specified
whereas its end is not; it is defined by means of the beginrfisgme action course that is
a course of it. (Ap12) guarantees that all action coursesafgacourses of the same action
token have the same starting moment, even though they maydiiéerent ends. That is why
unicity of action token’s end cannot be guaranteed, whats&egginning is unique. Finally,
we define a predicateON (z, y) which means: the action coursdies on the history and

it is so if and only if there is an intervalsuch that: runs through it and is a temporal part
of y (Dp7).

(Ap6) RT(x,y) — Act(x) NINT(y)

(Ap7) Act(z) — 3y(RT (z,y))

(Ap8) CO(z,y) — Act(x) N ACT(y)

(Ap9) Act(x) — Iy(CO(z,y))

(Ap10) ACT(z) — Fy(CO(y,x))

(Apll) ACT(z) — Ay(AG(y) AVz(CO(z,z) — AGO(y, 2))

(Tpl) Act(z) — y(AG(y) N AGO(y, x))

(Dp4) BAct(z,y) = Is(RT(y,s) AN BEG(z,s))

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

(Dp6) BACT (z,y) £ 35(CO(s,y) A BAct(z, s))

(Apl2) CO(x,2) NCO(y, z) — Ft(BAct(t,x) N BAct(t,y))

(Dp7) LON(w,y) £ 3s(RT(w,s) NTP(s,y))

3.3 Agencyin OntoSTIT+

UnderstandingPO. To bind the intuitions that are behir@hoicé PO within the OntoS-
TIT+ framework, we propose the formula (Ap13):

(Ap13) CO(z,y) N CO(z,y) N AGO(u,x) N BACT(w,y) N LON(x,k) N LON(z,1) —
PO(u,w, k, 1),

which says that ifr andz are action courses of an action tokewith beginningw and agent
u, 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 themseaine
not present in OntoSTIT and we were not able to express imaitttte agent switched off
the lightby explicit referring toswitchingas sucH? In OntoSTIT+ we can easily do it. Let’s
represent again the example (Esl):

(Epl) dz,z(ACT(z) 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)))

BHere we are assuming the existence of a number of additisedigates, likeswitching-off-the-lightthat
categorize action tokens.



If we (i) loosen the condition that the action is instantargae.e., that the beginning and end
of each action course of a specific action token are the samde(jia limit the requirement
that the action has been successful to the actual histomnly, we obtain a description that
captures also situations like that of example (Es4):

(Ep2) Fz(ACT(x) A switching-off-the-lightz)A Yy, 2(CO(y, x) ALON (y, h)AE Act(z, y)
— AGO(Robert,y) N HOLDS(z, h.light-is-off)))

Notice that (Ep2) does not share the problems of (Es2) bedhesoutcome of the action is
linked to the action of the agent. By extending OntoSTIT aiioas and intervals we solved
two problems pointed out on the end of section 2.2.4.

4 Perspectives

In this work, we have proposed a first-order theory OntoSTEE thade explicit the ontolog-
ical assumptions of the most expressive modal logic of agémdate, STIT. We have then
showed how this framework could be extended to overcome s#r8&1T’s shortcomings,
adding actions to its domain.

This is only a first step towards a rich theory of actions anehayg. Obviously, OntoS-
TIT+ still needs to be extended in many directions: To dedhweixpected effects, which
might be useful for, e.g., defining action categories, we parnaps take inspiration from
[18], specifying default actions courses. To deal moreiekjyl with the agent’s intentions
than with the simple “possible outcomes” predicate, irdégg agent’s mental attitudes is
a necessity. We also need to investigate how to express iffexedt categories of actions
unfold in time in different ways (aktionsart), and intro@uather participants than the agent.

Before adding too many extensions, it might be interestintake advantage of our de-
parting point, a decidable propositional modal logic. Weuldothus like to study what is
the decidable part of OntoSTIT+ and the possibility to tfama it back into some modal
logic extending directly STIT. Finally, the integration @ntoSTIT+ within a foundational
ontology like DOLCE would surely bring many further insighFor this, a close comparison
with how actions are represented in OpenCYC could be udafghuse of their Davidsonian
approach, taking seriously the perdurant dimension obasti
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Symbol Gloss
Act(x) x is an Action Course
ACT(x) x is an Action Token
AG(x) X is an Agent
AGO(x,y) X is an Agent-Of action course y
HT(x) X is a History
INT(X) X is an Interval
LO(X) X is Linearly-Ordered
MLO(x) x is Maximally-Linearly-Ordereg
CO(x,y) | action course x is Course Of action token y
HOLDS(x,yp) p Holds-In moment x of history y
IN(X,Yy) moment x is In history y
INI(X,y) moment x is In interval y
LON(X,y) action token x Lies-On history y
TP(X,y) X is a Temporal-Part of \
PO(X,y,z,t) histories z and t are Possible-Outcomes
of action performed by agent x in moment y
PRE(X,y) moment x Precedes momenty
RT(x,y) action token x Runs-Through intervally
UD(x,y,z) | histories x and y are undivided at moment z

Table 1: Glossary of Categories and Relations



