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Abstract

Events in natural language semantics are characterized in terms of regular languages, each string in which can be regarded as
a temporal sequence of observations. The usual regular constructs (concatenation, etc.) are supplemented with superposition,
inducing a useful notion of entailment, distinct from that given by models of predicate logic.
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1 Introduction

Due in no small measure to [3], events of some form or another have become a common tool in
natural language semantics for analysing expressions of change [17, 11, 1]. For example, sentence
(1) is taken to describe an event of Pat walking a mile, culminating in the past.

(1) Patwalked amile.

Such events are formulated below as runs of machines that collectively constitute a causal order
around which to explain temporality in natural language [20, 16]. Similar ideas have been developed
in [14, 13, 21, 15, 19, 9}, the distinctive feature of the present proposal being to collect model-
theoretically interpretable sequences of observations in regular languages, subject to an associative
binary operatior; of ‘superposition’ that reveals temporal structure. The strings in the languages
can be viewed as motion pictures (or comic strips), a logic for which can be constructed &.ound

Consider, forinstance, (1), a crude predicate logic translation of whith(isalk(p, =) Amile(z)),
abstracting away speech time (tense). Speech time or no speech time, the event described has a
certain temporal structure. The un-inflected (tenseless) phrase ‘Pat walk a mile’ describes certain
changes drawn out by the regular language (5), which i#fgeiperposition of (2), (3) and (4).
[Explanations to follow.]

(2 ‘ ~ (Jz < m)walk(p, z) H (Jz < m)walk(p, z) ‘+

"
A3) \ ~walk(p, m) \ \waj k(p, m) \

- +
(4) | mile(m)

~ (Jz < m)walk(p, z) (Jz < m)walk(p, x) * walk(p, m)
~walk(p, m) mile(m) ~walk(p, m) mile(m) mile(m)

()

1Let us mention also the semantic automata of [2]. These accept languages very different from (and far simpler than)
those considered here. Permutation invariance is tellingly inappropriate in the present applications — which, as discussed in
the concluding paragraph below, concern essentially nonquantificational matters.
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A symbola in the regular languages above is a finite of formulasyp . . ., circumscribed by

a box rather than the usual curly brade¥, to mark the use of a set-as-symbol, as opposed to set-
as-languagé.The formulas inside a box are understood to hold simultaneously, with concatenation
af of boxesa andj signifying that all formulas in3 hold at a temporal point that immediately
succeeds one where all formulasdnhold. Relative to this notion of juxtaposition, we have the
usual Kleene iterationt = aa*. Thus, if we writeO for ()-as-symbol (and henceforth we will),

then the regular expressieiil* 3 signifies that a temporal point described Byomes after one
described byy. Leaving the precise definition of superpositi&rfor section 2 (below), let us ask

two questions. Is (5) anything more than an analysis by comics of (1), minus tense? Does the &-
factorization (2)&(3)&(4) = (5) reveal any interesting temporal structure? Very briefly, it is claimed
that the answer to both questions is ‘yes’ and that there are many other examples (with and without
tense) that can be analysed along similar lines [7, 8].

Staying with (1), the pictures (2)—(5) bear directly on a classification of events initiated by [22]
(and refined in various directions since) to account for entailment patterns such as those illustated

by (6)-(7)-
(6) Patwalkedor an hour.
Pat was walking- Pat walked

(7) Patwalked a milén an hour.
Pat was walking a milg- Pat walked a mile

The tenseless phrase ‘Pat walk’ describes a Vendlagtivity depicted in (8) which, like (2), has
no definite terminating condition.

®) [~Gr #o)wak(p,2)|[(Ge 7 owalkip,a) | +[(Er £ o)walkp,z) |

More precisely, given a formula, let us call a languagé -telic if for every nonempty string
sas' € L formed from strings ands’ and a symbod,

pea iff s'isthe empty string.

Clearly, no formulap exists for which (2) or (8) is-telic. By contrast, (3) and (5) amealk(p, m)-

telic. (7) exemplifies the widely accepted linguistic generalization that such telicity is associated
with temporal ‘in’-modification, and the so-called imperfective paradox H{ing need not imply

E. On the other hand, iF is an activity such as ‘Pat walk’ thefa-ing does imply E, and temporal
modification is expressed by ‘for’ rather than ‘in’. These points can, as shown in Sections 2 and
3, be formulated in terms of superposition &, with entailments dropping out from the ugdrof
linguistic composition (in a Davidsonian manner).

The logic involved is essentially propositional logic. The details are not complicated, but are worth
spelling out to properly appreciate differences with more traditional approaches based on predicate
logic or (Priorian) tense logic. To remove a formyldrom a box we translatep, as in tense
logic, relative to an evaluation time to produce a formula interpretable in ordinary predicate logic
(with time reified). But our regular languages may refer freely to time and temporal structure beyond
an ordering, allowing us to capture phrases such as ‘an hour’ as (9) — or, for that matter, rétations
between any finite numberof times, which (10) puts in increasing order for the sake of simplicity.

2This notational practice is helpful given that regular expressions (adopted throughout this paper) confuse avittring
the languag€ s}. Within a box, let us agree to separate formulas by commas when there is not much space between them.
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9) \time(m) ‘DJF‘ hour (z, y) time(y) \

(10) |time(zy) O@*---0O*

time(z,,) H R(w1,...,2n) ‘

Moreover, we can capture some Priorian tense operators stchamot all — for instanceH, the
universal dual oP, even though our regular languages are closed under a notion of negation. Kleene
iteration stretches the temporal range of regular languages beyond any fixed number of temporal
points, making them somewhat unlike the translations of tense formulas in predicate logic with
distinguished evaluation times. All this is explained in Section 4, where relations with first-order
logic are taken up. Insofar as transitive closure is not first-order, there is both more and less to
our regular languages than first-order logic. It is comforting that entailment between our regular
languages should, as detailed in Section 3 below, be so simple — perhaps deceptively so, given how
easy it is to overlook the aforementioned differences. Connections with the situation calculus ([12])
are mentioned towards the end of Section 4.

2 Superposition and subsumption

Given a finite set® of formulas and languagds, L' C Pow(®)*, let us define theuperposition
L& L' of L and L' to be the language

L&L = U {layUua)---(agUay) | ar---ar € Landa) ---aj, € L'}
k>1

formed from componentwise unions {U «}) of nonempty strings froni and L’ of equal length
(k)2

PrRoPOSITION2.1
LetL,L',L" C Pow(®)*.

(i) & is associative and commutative, with&; O+ = Lif ¢ ¢ L.
(i) If L andL' are regular languages, then sd.i&L’.
(i) If LC L' andL C L"thenL C L'&L".

PROOF Immediate, except perhaps for (ii). Given finite automdtand A’ acceptingL. and L’
respectively, we form a finite automaton acceptidgL ' as follows. Its set of states is the (Cartesian)
productQ x Q' of the state sets ot and A’ (respectively). Its initial state is the pdigo, q;) of
initial states ofA and A’. Its set of final states is the produEtx F’ of those ofA andA’. And its
transition set consists of the transitions

oUa’

(¢.4") = (r,r")

for all A-transitionsy % r and A'-transitionsg’ —' r'. (Had we required that = o', we would
have the usual construction for intersectiom L'.) [ |

3The alert reader will notice that line (5) from the introduction is, under this definition of &, not quite equal to (2)&(3)&(4).
The formula(3z < m)walk(p, =) is missing from the last box in (5). Since it is entailed by the fornwdé(p, m) in (5)'s
last box, it got dropped so as to fit (5) in one line. We can establish the equality by adding the omitted formula or else weaken
equality to equivalence up t-entailments, which we consider in the next section.
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How can we compare the information content of languages uUshyVere we to equaté > L’
with the equalityL = L&L’, then> would not be reflexive. (Considdr = .+ ) Taking a
hint from Proposition 2.1(iii), let us instead defiggbsumption > by

L>L' iff LCL&L.
Applying > also to strings, s', let us agree to write > s’ for {s} > {s'} (as languages). It is easy
to prove
PROPOSITION2.2
LetL,L',L" C Pow(®)* anday,...,ar, af,...,a, € Pow(®).
() oar---ap > aj---al iff k=nandforl <i<k, a; Dal.
(i) L>L'iff (Vse L)(3s' € L") s> s'. (Thatis,> is a Hoare pre-order.)
(i) > is reflexive and transitive, with > L > O+ and L& L' > L.
(iv) L>L'&L" iff L>L andL > L".

Returning to the inclusiof C L& L’ definingL > L', note that we have not lost much by weakening
=to C. Parts (iii) and (iv) of Proposition 2.2 imply thdt C L& L' iff L = L&L’', where we write
= for the equivalence induced by

L, =L iff Ly > Lo andL2 > L.

Parts (i) and (ii) of Proposition 2.2 suggest an alternative approach to (the same retatioinich
is resisted so as to link more directly to superposition &.

Next, let us give some forlE C Pow(®) to the information content measured by relativizing
& to ¥ according to the definition

L&s L' = (L&L)NET .

The intuition is thatt consists of subsets df that can be observed/realized. Different subfamilies
¥ induce different notions of what is observable.

PrROPOSITION2.3
Let L, L', L" C Pow(®)* andX C Pow(®).

() ForallX' C %, (L&s L') &sy L" = (L&L'&L") N Y.
(i) L & L' isregularifL andL’ are.

PROOF. Easy, with part (i) a consequence of the closure of regular languages under intersd&tion.

Now, let us apply> and& x to lines (1)—(8) in the introduction, under the assumption that the set
® of formulasy is closed under negationsp which X respects according to (11) and (12).

(12) (Vo€ ®) [¢,~p]¢ D

(12) Vo eX)(Vo' Co)o' € X

To characterize telicity, let us extract from a langudge Pow(®) * its setL,, C Pow(®) of last
symbols

L, = {aC®|LNPow(®)*a #0}
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where the regular expressi®ow(®) *a denotes the language Bbw(®)-strings ending inx. For
example, forL given by line (2),L, = ‘ (3z < m)walk(p, x) ‘ and for L given by (3),L, =
walk(p, m) | Next, we define the--complement I of a subfamilyl' C Pow(®) so thatl’ =

for the special case whefe= . To definel for an arbitraryl’ C Pow(®), let ) = {0} and for
I" with n > 1 distinct elements; . . . ay,,

[ = (Snmv] 191 €anepn € o)

(sothatl' = @ if O € T').* Now, let us callL telic if L > telic(L), where by definition,

telic(L) = L, O.

Neither (2) nor (8) is telic, whereas both (3) and (5) are. Let usicabrativeif L > iter(L), where
by definition,

ter(L) = O(L,").

This time, (2) and (8) are iterative, whereas neither (3) nor (5) is. Next, wiit{i#g) for the regular
language we associate with the phré&sdet us suppose that ‘in’- and ‘for’-modification of a phrase
E by an intervall are analysed according to

LIEIND) = L(E)&s telic(L(E)) &s £(I)
LEfor]) = L(E)&s iter(L(E)) &s L£(I)

and that, as in (9)£(I) > OO+0O (insuring that the interval has a middle as well as a beginning
and end). As for the progressive, let us assume

L(E-ing) C {s|lengthis) >2and(3s’ #¢€) ss' € L(E)} .
It now follows that if £(E) is telic then

LEInI) = L(E)&s L(I) [recall=is>N ]
L(EforI) = § (markingthe oddness of for I’
L(E-ing) P O"L(E)., (signallingthe imperfective paradox)

whereas ifC(E) were iterative then

L(EinI) ¢ (marking the oddness of in I')
L(Eforl) = L(E)&s L(I)
L(E-ing) > O*L(E), (noimperfective paradox)

Stepping back from the example above, let us say two languagedL ' areX-incompatibleand
write L 1y L' if L &sx L' = (). Note that{a} Lx{a'} iff a U’ ¢ X. Turning Ly, sideways, we
considelt—s in the next section.

4The sense in which is a negation is the content of Proposition 3.2 in the next section.
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3 X-completion, entailment and complements

The purpose of this section is to boost subsumptioto a notion|- » of entailment between lan-
guages (over the alphalfegw(®)) implicit in a notionX C Pow(®) of consistency o®. The basic
tool is that of a--completion Ly, of a languagd C Pow(®)*, formed from the set; of C-maximal
elements o&

Yy = {o€eX| (Vo' €X)(oCo' impliesc =0')}
by collecting all ofL’s >-extensions irE; ; that is,
Ly = {seX%" |3 €el)s>s'}.
Y-entailment between languages can then be reduded to
Llg L' iff Ly>L'.

To relatef-x, to Ly, it is useful (as the next proposition suggests) to formXheomplement of a
languagél, defined to be

L = E;—Lg.

(In writing » L rather than-x. L, | have opted for brevity over the clarity that perhaps favors the
latter.)

PrRoOPOSITION3.1
Let L, L' C Pow(®)™.

(i) The following are equivalent td, |- L'.
(@Ls C L's
(b)Ly N sL' =0
©LLlssL
(i) If Lisregularthen so arky, andy L.
(i) L>L'"impliesL |-y L'.
PrROOF As with Proposition 2.1, the interesting bit is the construction of a finite automaton, this

time one acceptind.x from one, A, acceptingl — {e}. The automaton fof 5. is the same asl,
except thatd’s transitions— are modified to

!

¢=q iff a€X;andforsomed C a, qﬁ)q’_

We can expand Proposition 3.1 by any number of standard facts, inclygidg = Ly. The
double negation map sendind. to Ly, transports us to Boolean logic, wigh as intersection

(L&L,)Z = LynN LIZ s

Y-complements as set complementation, @né>y, L' asy(L&yx(xL')), yielding the expected
deduction theorem over the pre-ordles,. The point of&, ~ and>, however, is tavoid the costsin
forming X-completions; hence, the definition above &y, (which does not involv&:-completions)
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beforel-5 (which does). It is difficult to see how to side-stBp when reducind. |5 L' to >, in

view of examples such as
= [ev]+

unless we transformi’. But then what are we to do with

(@) = [v]

wherey # p?

As for the~-complement of a subfamilyl’ C Pow(®), itis useful to supplement lines (11)—(12)
from the previous section with (13).

(13) (Vo eX)(Vp e @)oU[p]eToroU[~p|EX

PROPOSITION3.2 .
If ¥ satisfies (11)-(13), then for evelyC Pow(®), I's = sT.

PROOF A tedious but easy verification af andD. [ |

4 Model-theoretic interpretation

The present section interprets a languégwver the alphabe®ow(®) in models of predicate logic.
Let us fix a setVar of variables, a subsatar, C Var of which is designated temporal. Let us
associate withP a mapfvar such that for everyp € @, fvar(y) is a nonrepeating list of variables
occurring freely inp, and let us assum& comes with a subsat, C & of formulas such that for
some temporal variablesy € Var,

time(z) € ®; and succ(z,y), O(x) € & — @, .

(The intuition is that the formulas it — ® . can be interpreted without an evaluation time.) We then
form a vocabulary/signaturg ®) consisting of relation symbolB[y] for ¢ € ®, with arity equal to
the numbetfvar ()| of free variables i plus, in casep € @, 1

{ [fvar(p)] +1 ifpe®,

arity(R[p]) |fvar(p)| otherwise.

When do two formulag, ¢’ € ® induce the same relation symhB[y] = R[¢’]? To answer this
question, let us define

e iff ¢ = p[p] for some bjiectiorp onVar such that
forall z € Var, p(z) € Var, iff z € Var,

wherep|p] is ¢ with all free occurrences of a variabten ¢ replaced by(z). Now, let us agree that
R[p] = R[] iff ¢ ~ ¢'.> We writetime, succ andO for R[time(z)], R[succ(z,y)] and R[O(z)]
respectively, without worrying about the exact choice of distingt € Var .

SForp € & — &, we may setR[p] = (Mvar(p))y for an extensional system atabstraction that distinguish&&r,
from Var.
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Relative to a temporal variable€ Var ., a formulap in ® translates to a(®)-formulay . given
by

R[p)(Z,z) ifpe€®,
Yo = {R[i](f) otﬁerwise

for fvar(¢) = Z. For a proper interpretation relative td®)-structures, a few more definitions
are useful. Given a(®)-model M, let |M| be the universe/domain d¥/, and R[y] ,, be M’s
interpretation ofR[y]. A v(®)-modelM is defined to beuited if

(i) Oy is succyr-connected in that for allm, m' € Oy,
m =m' or succys " (m,m’) or succys T (m', m)

wheresucc,; T is the transitive closure aficc,,
(i) for ¢ € ., Rp],; C |M|™ x Op Wheren = |fvar(yp)]

(iiiy if fvar(¢) = x1,...,z, andz; € Var,, then theith projectior? of R[y],, is a subset 00/,
and

(iv) timey, is equality onO ;.

A sorted M-assignment is a functionf : Var — |M| such thatf(z) € Oy forall z € Var,. A
seta C ® of formulas in® is interpreted conjunctively relative to a suite@P)-model}, a sorted
M-assignmenf and a temporal variable € Var

M,fE.a iff (NVoe€a)M,fEep,:.

To apply a suited(®)-model M to nonempty strings of subsets®f let us define the sef(M)
of M-chainsto consist of nonempty finite sequenees - - - my, € O™ such that

SUCCM(mi,miH) fori<i<k.

Givena; - - - oy € Pow(®) T, a sortedV/ -assignment, and a temporal variable € Var ., not occur-
rnginas - - -ag, let My .[aq - - - ay] be the set ofi/-chains that componentwise witness- - - ay,

Myglon---ap] = {mi---my € ch(M)| M, flz/m;] =z oy forl <i <k}

where f[z/m] mapsz to m and is otherwise identical tp. Clearly, for allz,y € Var, that do not
occur in a strings € Pow(®) ", My ,[s] = My,[s]. Accordingly, let us simply writeM ¢[s] for
M; »[s] wherex is some temporal variable that does not occu. iGiven a languagé, let

ML) = | Myls]
seL
and let us say. M-portraysav(®)-formulay if
(i) L> D*ME* for everyz € Var, that occurs freely iry, and
(i) for every sorted\/-assignmenf, we haveM, f |= x iff M ¢[L] # 0.

6Theith projection of a relatiom C A*is{a € A | (Ja1 ---ax €7) a; = a}.
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Note that condition (i) has the consequence that the temporal vasialsled in}M ¢ ,[s] for s € L
does not occur freely anywhere in(or x).

To portrayv(®)-formulas, let us define theadded superposition L& °L' of languaged., L' C
Pow(®)* by

L& I = (O0°LO% & (O*L'O*) .
For every finite subseX of Var,, let TIME(X) be the language given by

TIME@®) = O
TIME(X U {z}) = T|ME(X)&°M forz ¢ X

and for everyp € @, let Var.(y) be the set of temporal variables that occur freelpinNow, for
everyp € ® andz € Var,, let us form the language

r _ TIME(Var;(p)) &° | ¢, time(z) | if p € @,
el = TIME(Var- () &° [¢] otherwise.

Assuming (for convenience) thdt is closed under renaming of variables\ar, ” every atomic
v(®)-formula has the fornp,. for someyp € ® andz € Var,. Next, we interpret disjunctiow as
nondeterministic choice

LIxvx] = L]+ L]
and conjunctior\ as padded superpositién®
LxAxX] = L& LIXT.

As for negation, let us reduce[—y] to L[x™~] where

(pe)” = (~p), forp e ®andx € Var,
(xVvx)™” = x"AxX"
(XAX)Y = x7vxX".

The following lemma justifies the application of padded superpositid{y} above.

LEMMA 4.1
For everyv(®)-model M, O, is succy,-connected iff for every finite nonemp C O y,, there is
anM-chainm; - --my such thatd C {my,...,my}.

Lemma 4.1 is proved by induction on the sizeAf Another routine inductive argument, this time
onuv(®)-formulasy, yields

THEOREM4.2
Every quantifier-free(®)-formulay is M-portrayed byC[x], for every suited;(®)-model M.

"That is, if necessary, let us replageby {¢ | (3¢ € @) p ~ ¢'}.
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To bring out what quantification there is in portraying?)-formulas, let us relativizél andV
to O. Given a listz; - - - 2, of variables, letD(#) abbreviate the conjunctia@(y1) A - -+ A O(yx,)
wherey; - - -y is the sublist of; - - - z,, consisting of temporal variables. @f= 0, O(Z) is set to
some tautology.) Now, faf = z; - - - x,,, let us write(3p ¥) x and(Vo &)y for

(321)--- (F2,)(O(F) A x) and (V1) - - - (V2 ) (O(Z) D x)

respectively. Can we portray universdl®)-formulas(V o Z)x, for quantifier-freey? Basic model-
theoretic notions applied to the present context show that waptdret us call a(®)-modelM ' an
extension of av(®)-modelM and writeM C M’ if |M| C |M'| and for every atomie(®)-formula
x and every sorted/-assignmenf,

M,fEx iff M, fEx.

A v(®)-formulay is M -persistent if for every extensiod/ ' of M and for every sorted/-assignment
fsuchthatV, f = x, M', f &= x. Obviously, if M T M’ then for everys € Pow(®) T,

M¢[s] C M's[s] for every sortedV/-assignmenyf

whence

PROPOSITION4.3
Everyv(®)-formula M -portrayed by a language id -persistent.

By contrast, universal sentences are not, in general, persistent. In particular, there is no portraying the
temporal logic modal operatét given by the translatiofHp) , = (Vy < x) p, for some ordering
< on Q. Existential sentences, on the other hand, are persistent, and we have, for the record,

PrROPOSITION4.4
For every languagé that M -portrays av(®)-formulay with free variables,

M |= 3o)x iff  M/[L] # 0 for some sorted! -assignmenf .

We can sharpen the languag¥g] for quantifier-free(®)-formulasy by means of the following
regular (finite-state) constructions. Let

(i) unpad be the set of nonemp®ow(®)-strings that, except fdr, neither begin nor end withl
unpad = Pow(®) + Pow,y (®) Pow(®)* Pow, (P)

wherePow, (®) = Pow(®) — {O0}
(i) unig(p) consist ofPow(®)-strings in whichy occurs at most once

unig(p) = Pow(® — {p})" (¢ + Pow(®))Pow(® — {})"
(ii) del(L, ¢) be L with ¢ deleted from its symbols
del(L,g) = {(an—{}) (ar —{}) | k>1andays - ax € L}

which is accepted by the same automatdrior L, except thail/’s transitions— are revised to

¢=>q¢ iff pdaand(q>q org gl q) .
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A formulay € @ is L, M-redundant if for every a; ---ay € L and sortedM -assignmentf, if
Bi = a; — {p}forl <i <k, then

My[Br---Br] = Mylon---ag].

For example, ifL. > O0*
modelM.

PROPOSITION4.5
If L M-portraysy, then so do

time(z) H time(y) [@* thensucc(z, y) is L, M-redundant for every(®)-

(&) L Nnunpad

(b) L N uniq(time(z)) for everyz € Var, that occur freely iny, provided the transitive closure of
succy, is irreflexive, and

(c) del(L, ) for every L, M-redundanty.

Proposition 4.5 suggests sharpenfngto &* obtained by intersection withnpad
L& L' = (L&°L')Nunpad.

For a concrete example, consider the Priorian past opefalescribed by the translatidiy) , =
(Foy)(y < 2 Aypy). Assuming< y is the transitive closure aficc,,, we can appeal to Proposition
4.5toM-portrayy < = A ¢, by

‘time(y) ‘D*‘ time(m)‘ & Llpy]

assumingC(p, ) M-portraysp,. Notice that, in generatime(z) is L, M -redundant if for every €
L, there is at most one occurrence of a formula that mentions. Thus, ifC(p ) = | ¢, time(y)
with y not occurring ing, then (on the basis of Proposition 4.5(c)) we may defiete(y) (in line

with the existential quantificatiofipy) to M -portray(Py), by D*.

As Proposition 4.5(b) suggests, a languagat M -portraysy generally includes spurious pos-
sibilities; i.e. stringss for which there isno sortedf satisfying ;[s] # (). Could such fat spoil the
soundness df-x»,? To analyse this question formally, let us Sayb-covers M if ¥ contains every
a C @ witnessed byl/ and some sortefl/ -assignmenf — that is, if

{a C ® | My[a] # 0 for some sorted/-assignmenf} C X.

Next, given a languagé. and a sortedV/-assignmentf, let us define the notion of af/, f-
completion L, ¢ in analogy with that of &-completionLy; from Section 3. More precisely, let
us collect all nonempty stringswitnessed by\Z, f in

LM, f) = {sPow(®)* | My[s] # 0}
and equatd. 57,y with the set of>-maximal extensions i (M, f) of L-strings; that is,
Lyy = {seb-maxL(M, f))|(3s' € L)s>s'}

wherel>-max L(M, f)) is the set ofs € L(M, f) such that for alls’ € L(M, f), if s' > s then
s' = s. We then defind. =™ L' to meanL s,y C L' for every sorted/-assignmen.
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PROPOSITION4.6 (Soundness ¢f 5)
If ¥ ®-coversM andL |-y, L' then

(@LEML, and
(b) for everyy that is M -portrayed byL, and everyy’ M-portrayed byL’,

M E (Yo@)(x = X')
where? lists all free variables iry = x'.

Notice that the set-max L(M, f)) is given by the seth (M) of M-chains as follows
>-max (M, f)) = {®(M, f,ma) -~ ®(M, f,my) | my - -my € ch(M)}

where for everyn € Oy,
(M, f,m) = {pe€®|M,flz/m] = p, forxz € Var, not occurring inp} .

®(M, f,m) is what [12] refers to as dtuation over thepropositional fluents ¢ € ® inasmuch as

®(M, f,m) is a snapshot o/, f atm. Since}-x fails to check forM -chains, we cannot expect

=M to co-incide exactly with-», for nontrivial succ,,. -completions are simply too crude to
meet, on their own, the challenge thrame problem [12] poses for natural language [20]. At the

very least, we might intersediy, with some other language that encodes constraints succ,

refining the tests, C L'y (for L entailingL’)to Ly NL C L's N L. An example ofL above is
uniq(time(z)), but there are far subtler inertial laws and inter-situational constraints to consider. We
may well need to resort to more sophisticated tools such as forcing (explored in section 3%f [6]).
That said, much can already be done with finite-state methods, and it bears noting that Proposition
2.3 from Section 2 holds witk s; generalized td:", under the definition

L& I! = (L&L))NL

forall L, L' C Pow(®)*. (Observe thaky is just&" for L = ¥+.) For this approach to be finite-
state, it is crucial thalt be regular. It should perhaps be emphasized that although Proposition 4.3
imposes obvious limitations on the part of first-order logic that we can capture, our regular languages
arenot strictly contained in first-order logic. It is well-known that even over finite models connec-
tivity is not first-order; and throughout this section, we have made heavy use of the assumption that
O 1s succyr-connected.

5 Conclusion

A slew of constructions on regular languages are introduced above, chief among which is super-
position&, giving rise to an approximatior of entailments s, based orE-completionsLy. In
addition, we have negatioris andx, L, paddingd)* LO*, unpad, unig(y) anddel(L, ¢), each of

which is put to some model-theoretic use. What does all this machinery come to?

Consider the following passage from [20].

The proposal is that the so-called temporal semantics of natural language is not primarily to
do with time at all. Instead, the formal devices we need are those related to the representation
of causality and goal-directed action.

8The present paper borrows freely from the conference paper [6] without containing or being contained by it.
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It is not claimed that the present approach does full justice to the aforementioned proposal. Even so,
it is fair to say that a form of causality is implicit in the state transitions of finite automata (accepting
regular languages), and that the account of telicity in Section 2 gets at some notion of goal-directed
action. As for the claim that temporal semantics is ‘not primarily to do with time at all’, let me
return to the construal of the strings above as sequences of observations, distinct from some temporal
reality that is presumably observed. While it is natural to interpret the relation syfahslsucc

in Section 4 as bits of that temporal reality, these bits are of interest only to the extent that they throw
light on the strings of observations. Nor is anything made of finite automata beyond the regular
languages they acceptA language offers only a faint trace of a machine that accepts/generates it,
of which there may be any number. And while there is considerable scientific interest in identifying
the computational mechanism underlying natural language, my own ignorance inclines me towards
more modest goals. An abstract stance may have limited predictive power, but it also has a better
chance of getting something right (the step from procedural to declarative semantics gaining us, with
any luck, simplicity and clarity).

There is a further sense in which the system of observations above is of bounded scope. And
that has to do with the persistenceugf?)-formulas that can be portrayed (according to Proposition
4.3), and indeedre portrayed (according to Theorem 4.2 and Proposition 4.4). What about the
non-persistent formulas of predicate logic? The present finite-state approach was, in fact, conceived
as a complement, at what [17] calls the ‘sub-atomic’ level, to a more wide-ranging model-theoretic
re-interpretation opropositions-as-types (applied to natural language discourse in [18]). That is,
beyond the sub-atomic realm of regular languages wait typealculi (functional programming).
Should events, as observations, be equated with objects that are observed? For a perspective that
instead links events with proofs, the interested reader is referred toristuctive eventuality as-
sumptionin [5].
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