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Abstract

A semantics for tense, modality, and aspect in
natural language must capture causal and con-
tingent relations between events and states as
welt as merely temporal ones The paper inves-
tigates a non-reified dynamic logic based, for-
mulation of the situation calculus is a formal-
ism for a computational semantics for a. number
of temporal categories in English and suggests
that some recent claims that dynamic logics
are inherently unsuitable for this purpose have
taken too narrow a view of the situation calculi

1 Temporal Ontology

The most important thing to observe about the temporal
ontology implicit in natural language tense and aspect is
that it IR not purely temporal To take a simple exam-
ple the English perfect when predicated of an event like
losing a watch says that some contextually retrievable
consequences of the event in question hold at the time
under discussion (Such consequences have sometimes
been described under the heading of "present relevance
of the perfect ) As a result, conjoining such a perfect
with a further clause denying those consequences is in-
felicitous

(1) | have lost my watch (# but 1 have found it again)

In this respect the perfect stands in contrast to the more
purely temporal tenses, such as the past, which make no
comparable claim about the consequences of the core
event

(2) Yesterday | lost my watrh (but 1 (have) found it again)

It is because categories like the perfect are not purely
temporal that it is usual to distinguish them from the
tenses proper as ' aspects Another aspect whose mean-
ing is not purelv temporal is the progressive or Imper-
fective The predication that it makes concerning the
core event is a subtle one While the progressive clearly
states that some event is ongoing at the time under dis-
cussion it is not necessarily the event that is actuallv
mentioned Thus in a helow there seems to be a factive
entailment about an event of writing But in b, there
18 no such entailment concerning an event of writing a
sonnet, for b is true even if the author was interrupted
before he could complete the action
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Figure 1 The nuclens

() & heats was wniting = heats wrote
b keats was wrniling a sonnet f& Keats wrote a son

Dowty [1979] named this rather surprising property of
the progressive the imperfective paradox  The imper
fective paradox is a sign that we must distinguish various
types or sorts of core event in natural language tempo
ral ontology This system, which is described at greater
length in [Steedman in press.], is briefly summarised as
follows

There are two key insights into this system which most
theories either build upon or are forced to reinvent | he
first concerns the temporal ontolog) itself and is usually
attributed to Vendler [1967] though there are precedents
in work by Jespersen Kenny and many earlier author
ities including Aristotle Vendler s taxonom) was im-
portantly refined bv \erkuyl and Dowty, and has been
further extended by manv others Such taxonomies typ-
ically distinguish 'states from events' and divide the
latter into a number of wrts or types \endler dislin
guished ‘'activities , (events which have duration but
don t change state like heat* writing), achievements
(events which have no duration but do chang* stat< like
h eats amvmg), and accomplishments (which hav* du-
ration and change state like heats writing a sonnet)
Many authors have proposed recursive sort hierarchies
Moens [1987, 1988] explained the aspectual sort hierar-
chy and possible coercions among Akiionsaricn m terms
of a structure of the kind represented schematically in
figure 1, representing an association in memory or the
knowledge representation of all events with characteris-
tic preparations and consequents, an idea that has 6ince
been adopted in DR. Theory (Kamp and Reyle, [1993,
p 557-570] Moens claimed Lhat the preparation is in
Vendler's terms an activity, the consequent is a (perfect)
state, and that the core event is an achievement l|here
is a great deal more to say about the status of these cat-
egories, but we will take it as read here, noting merely
that we Bhall follow these authors m assuming that ac-
complishments like writing a sonnet are composites of
an activity of writing and a culminating achievement of
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Figure 2 Past vs Porfect {from Reichenbach 1947)

finishing the sonnet

The second key inmght concerns relafions among (em-
poral entities, and 15 due to Reichenbach ({1947, Chapter
VI, sections 48 and 51]) who skeiched a s¢mantics for
tense 1 terms of three underlying ebstract time-points
(Agamn there are precedents, notably in work by Jow
persen)  Rechenbach s real mmnovalion was the notion
of the reference point, which can he 1denlified wilh the
notion the tnme {or situdtion, or contextj that we are
lalking about’ It 15 easlest Lo convey the 1dea by ex-
ample  Reichenbach offers the diagrams in Figurc 2, 1n
which the arrow indicates the flow of iime to show the
ihstinctions between the past perfect (he simple past
{or pretent) and Lhe present perlect (all of which he
includes under the heading of “tenses of virby ) The
important meight here 15 that the simple past 18 used to
mahe a slalement about a past time whorcas the perfect
v used to make a statement aboul the present as was
noted earlier tn conneciion wilh the ‘prescnt relevance
propcrty ol examples ike 1 Besides the authors alrcady
cited Lhiw systern has also heen extended important]y
by llornstein [1990]

Iierichenbach & claini 1s consistent wiih the obuervation
that past trnse unlike thr pcrfect donmiands that the
past refere nce paint be explicilly established, either by
a modifier, such as a when clause or by the preceding
discourne  Thus a below 15 1nappropriaie as the firsl
utteranct of a discourse except to the extent that the
reader accomodetes a temporal referent 1n Lewis and
Stalnaker s sense of that term - that is infroduces an
appropriate indevidualin the database as one olten must
al the beginming of 2 modern novel B 1s appropriate
on 1he assumption thal the bearer ¢an adcutify the time
n the when ctanse

(4) a #Chapman breathed a sigh of relief
b When Nixon was elecled C haptuan breathed & sigh
of reliel

{In many North American dialects of Lnghsh ihe past
tense does double duty lor the perfect T am assuming
that this reading 18 excluded 1n this casc by the most
readily accessible aspectual catcgory of brrafhing a sigh
of relief)

The fact that the discoursc can establish the “anchior
for the reference point has led a numbet of authors 1n
cluding Partee [1973], Isard (1974] Wibber [?] and oth-
ers Lo 1dentify tense and by implication R as pronuim-
mal™ or olherwise anaphoric in character

2 Temporal Relations and the Situation
Calculus
One of the mosl. useful and attractive features of the sit-

uation caleulus of McCarthy and Hayes [1989] was Lhe
use of terms hke result(arrive(person), s) as individuals

denoling situations or slates as functions of olher silu-
ations (Functions like resuft are hnown as situational
fuents 1n the present paper we will reserve Lhe (erm flu-
ent for this particular kind ) Such termis can be used 1n
ruleg like the following to Lransparently capture the no-
Lion thal a person 1s present in tlie si{ualtion Lhat results
from their armving

(5)¥a Vperson present(person result{arrive(peraon) al)

The STRIPS representation of actions and the asso-
cialed solulion 1o Mc( arthy and Hayes [rame problem
was origimallv thought of 1n proecdural terms Howe ver,
Khowalskr [1979] (circulated 1 1974) showed 1t to he el-
egantly realisable mm entirely declarative lerms via the
miroduction of a closed world assumpiion and a more
radical use of refication (o simulate modal gquantifica-
tion (Sec Nileson [1980 p 3UK-316] for discussion) Re
laled {echmques and Lhewr relation Lo ramification and
analification are further « xplored by hy Schubert [1990,
197'] and Reiter [1991, 1999]

howalskl proposed a predicatc kolds, which applies Lo
a proposilion represented us a Lerm and a slale  In
this notation a mimmal blechs world can be defined A
starling state including three clear hlocks v delined as
follow s
(6) holda(clcar(a) a5) ~

hotds(clcar(c) s

hotda{clear(h) 9o} A

Tht action of pulting r on y can he represented as a
STRIPS rule as follows The precondilions are defined
by the following rule which says that if vou can gel at =
and you can get al y, the precondilions for putting z on
y hold
{(7) holda(cicar(z) %) A holds(cicar(y) 8) A (I # y)

— precondiltons(puton{z,y) )
(In this rale and henccforth, we adopt a ronventinn
whereby umiversal quanltification ovee bound vanables 19
left implicit) The new facts that risull from the action
of putting = on y can be dehined as follows
(8) a holdv(on(r z) 1)

— holds(elour(z} reculi{puion{r y) 1)}

b holds{on(z y) resull(puton(r y) =)
Since we are assuming negation as fallure, we do nol peed
to stale cxphetly that y 15 no longer clear  1hia facl 1o
umplicit in the [ollowing frame axiom which 1s the only
[rame ax om we ne«d for the action of pulling r on ¥
TL ~ays that anv fact which holds m s holds 1n ihe result
of putting £ on y 1n « excep! Lhe [acl thal yis clear and
Lhe lact thal = was on something else > (tM11 was)
{9) holds{p s} A(p # clear{y)) A (p # on(z )}

— holda(p reruli(putoniz ¥) 1))
{The use of 1nequalitv rathcr than implication here o
bodies a Horn-like assumption restriciing p lo lerms im
these rules) Kowalshi s proposal was followed by mueh
work on tense using reified calculi {Allen [1981] McDer-
mott [1982] howalsks and Sergot [J986]) 1t was also
closely related to the notion of cireumseription of qual-
tfications” — see McCarthy [1977, esp 1040}, and
much other subsequent work collecied and reviewed 1
Ginsberg [1987] 1n particular Reiter [1991] <hows how
the restricted frame axiomms or succtssor slate axicms
can be denived automatically
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Ve can now define a predicate posstble closely related
to the (deontic) modal operator O, over the set of pos-
aible states, via the [ollowing rules which say thal the
slart stale sp 15 possible and the resull of an action 1
a state 15 possible if 1ts preconditions hold

(10) a posarble{so)
b posable(s) A preconditions(action a)
— posuble{result(aciton, s})

The carlicr goal of ataching a on & on ¢ can now be re-
alised as the goal of finding a constructive proof for the
fellowing conjunciion

{11} poasible (1) A haids(oni{a ) 8) A holds(on{b ¢} ¥)

Thes=e rules can be very straightforwardly realised in Pro-
log and can be made to yield a proof (although the
search problem of finding such procfs automatically re-
marns hard in general), in which

(12) s = reauit{puton(a b) resuit(puton(d c), w))

This lechnique reslores declarativity to the logic em-
badving the STRIPS solution There 18 a sense in which
- despite the mvolvement of the closed world assump
tion — 1t also restores monotonicity, for so fong as we do
nol add new facts (like some previously unsuspected ob-
ject being present, or a [armiliar one having fallen off ils
support) or some new rule or frame axwom (say defining
& new action or stating a new precondition on an old
one) then we can regard negalion-es-falure as merely
efficiently encoding classical negation

Of course 1n the real world we do learn new [lacis
and rules, and we encounter exceptions to the closed
world assumption of complete hnowledge [ hese prob-
lems are known 11 Al as the ramification probiem (that
18, that actions may have imdefimtely many unforeseen
consequences Lhat our default model does not and can-
not predict) and the gqueitfication probiem (that actions
may have indefimiiely many precondittons thal our de-
fault mede! does not and rannol anticipale) In many
tecent papers the frame problem 1s assumed to include
these further problems However, 1f we are 1n possession
of an eflicient default model which works ressonably well
most of the time, 1t may well be wiser to regard Lhe prob
lem ol coping wilh its failures as residing cutaide the logie
1teelf, 1n the truth maintenance or ‘housekeeping sy
tem Rather than a nonmonotonic legic, we could think
tn terms of a system of truth-maintaining transibions be-
tucen entirely monotonie logics, a view thdl has been
propased by howalsla

Howi ver, there 1s another way of looking at all of theae
anamts of the siluation caleulus To the exient Lhat
the accessibility relation 1s defined mn terms of a number
of different events or causal primitives, possibly a large
number 1t 18 possible (o tegard each of these aa defining
its own distinct accessibility relation, possibly differing
from others i properlies like Lransitivity Such systems
can then be viewed as instances of the “dynamic™ logics
that were doveloped 1n the first place for reasoning about
computer programs — see Pratt [1976], Harel {1084], and
Goldblatt [1992]) The apphcation of various forme of
dynamic logic 1n knowledge representation and natural
language semantics has heen advocaled by Moore [1980],
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Rosenschem [1981] Webber [1983], Pednaull [1989], and
Scher] and Levesque [1993]

Dynamie logies relativise the modal operalors Lo 1n-
dividual actions, events or programs For cxample f
a (possibly nondeterministic) program or command o
computes a function F over the integers, them we may
write the following

(13)n 2 0 — [a}(y = F(n))
(14)n 2 0 = {a)(y = F(n))

The intended meaning of the first of these 15 Tor o > (),
alter every execution of « that ierminates, ¥ = F(n)
That of the second 15 (dually ) that * there 1s an ¢ xecution
of & which terminates with y = F(n)

While all of the calculi that we have considercd so lar
are oties 1m which the elementary progranis a are defer
mintstic dynamne logics offer a frameworh which readily
generalises to concurrent and probabilisite events offer-
1ng a notation in whach all of Lthe theories discussed her
can be compared

The particular dynamic logic that we are de aling with
here 15 one that includes the following dyvnunic aviomn
{1he operalor | 1s sequence an operation related 1o cam-
posthion and to von Wright « T}

(15) [B1P = [ 7]

In this we follow Moore [1980, ¢h 3] and Rosenschem
[1981] The situation calculus and ws many varants can
be seen as reified versions of this dynamic logie

We achieve an immediate gain in perspieuity by ee-
placing the reified nolation in a below by the equivalenl
dynamue ¢xpression b
(16} a kolds({on(a b) A on(b o))

resuii{puton(u &) resuli(puton(d r) 23)))

b [puten(b ¢} puton(a b)){en{a t) Aonib c})
kowalskis vivid™ version of S 1TRIPS can he very sunply
represented 1 thia logic The nutial state of the world
15 a8 follows

{(17) clear(a} A clear(h) A clear(c)

The axiom defining the proconditions of puteni{z y) 15
now directly definable 1n terms of the predicate passifie,
which can now be 1dentified with deontic modal poss:
hlity

{18) = (clear{r) A cleariy) A r £ )
= poamble(puton{z y))

The consequences of pufen(r y) are now wrniten as fol-
lows

(19) a Eon(r z} — [puton(r y)]clear(z)
b E{puton(z g)jon(r v)
The frame axiom 1~ writlen as follows
(200 (pAp # clear(y) Ap # on(z,2))
— [puton(z, y)lp
The transitive part of the poasibibiiy relalion 15 now re-
duced to the following
(21) = (poasibie{a) A [a]passible()) — posnble(a 8)

This fragment preserves the virtues of howalsk: s
treatment 1m a modal nectation That 18, the [lol-
lowing conjunctive goal cen, given a search control
be made to dehver a constructive procf Lhat a =
puton(b, ¢}, puton(a, b)



(22) posseble{a) A [a]{an(a b) A on{b, c))

The suppression of siate varables 1n dyname logic af-
fords some improvement m perspiemity over the oth
erwls equivalent previcus proposals of howalshi, Mec-
(larthy Schubert and Reiter thal 1t )s here used to cap-
iure, and makes 1t easier to extend Lhe calcwlus

Thr above example only concerng non-composite or
non-durative events, like Lthe original situation calcu-
lug However, the following dynami¢ Horn clauses begim
ta capture the composite cvents discussed ecarher, alon
the lines suggested by Steedman [1982]), Moens [1987
and White [1994] (The example 1s greatly simplified
and omils many rules netded (o capture even this small
domup completely) Tirst we need axioms defining the
consequent nnd preconditions for sfarfing and <lopping
{The laiter comsequent 15 trivial under the closcd waorld
1ssuImiplion)

(23) a |=[start(p)ln_progress(p)
L = nef(in_progre va(p)) — posuble(start(p})

(21) = in_pregressipl — possible( stopip))

We also need a frame axiom for steppiag (which could
be dirved as 1n Rater (1991])

{23} = p Alp # mm_progreas{q)) — [stop(q))p

Frially we need 4 defimtion of the progressine coeremng
whie veme uts to accomphslhinonts and accomplishnients
to preparalory activities  (Note that 1n b belon  we
wsume 1n line weth the discussion 1n section 2 1, that
weomplishments are made up of an artiaty and a cul-
minaling achievermen! These sorts are here represented
dn lerme in hen of a proper system of sorts )
(26) a |=ren_progress{uct] — progresstve|actmiy{act))
b | progressaelactimity(act))
— progressi e{accomplishment(arttotiy(act)
athievement{ach))]
¢ |=preparation(achier ement{ach) actiotiy{act))
A progressine (eccomplishment{ectirety{act)
achicrement{ach))) —
progresqine(achictement(ach))

1he following query ashs (shghtly arliically) for a plan
ot vielding a state wherc kiats 1s fiushing writing the
sonnet in Disgust of Vulgar Superstifzon

(27) possiblc(a) A [a)progresvue(rchicr ement
(frnesh{wrete(keats an_disgust))) )

(The function finesk maps an accomphishment onto its
culminating achievernent and 18 distinct from stop the
endpoit of an aclivity) To find the plan we musl as
sume that the hnowledge base also makes expheit the
relation be tween finishing an aclivty and ils charactenc
preparalion (he activity itsel mmplicst i the nucleus of
hgure 1

(28) |= preparation(achicvement( finish{c)), actroaty(e ))
The accessibility relation imphet 1n definition 21 now
gives rise to a prool where
(29) a = start(urrtte(keats indragusl))

The proof that generates this plan does not involve the
subgoal of showing [a] fintsh{urite(keals in_disqust)

Indeed the proof would be quite consistent with adding
the demial of that fact, hecause the variable ach m rule

26 13 not imvolved 1 the anlecedent capturing the 1m-
perfeclive paradox

Of course asking for a plan to bring ahout a siluation
in which heals 1s finishing writing fn Disgust of Vulgar
Superstiftan 15 shightly ariificial because such states are
exiensive, and there may be several such plans Tor ex-
ample, consider the effect of adding the following rule
defining Lhe consequinces and preconditions of arriving

(30) a k& [arrive(r))present(z)
b = not{present{z)}} — posatble(arrive(r))

The accessibility relation 21 now allows

(1) o = atari{writr{keats n_drsgust)) arrive(z)
o = start{wrifc{hents n_disgust)) arrrve(T)
arrive(y) et
As plans (hese arc rallier foolish because of well-hnown
inhercnt himitations 1in e stmplest STRIPS planners
alihough incortecl plans surh as the following are still
correctly exiluded for the goal in question

(32) o = steri{write(keafs tn.drsgust]) arrave(r)
stoplurtte(heals in_diagual))

Part of the problem v that we are nat ver distin-
guishing true consequences of fluenls, meluding causal
rclalions among fluents thomnselves from facts that are
merely comnerdentally irue 1 the statc hat results be-
cause of the merhal property of the framc aviorn Nor are
we dishmguishing causel rdalions éeiween fluents from
mer tanporal sequence

We can remcdy this shorieorning by distinguishing the
ternporal sequence opetator  from a causal or contingent
serquential operalor, which we will wrnibe as 16 becanse of
its rlation (o one of Lanshi s [1986] operalors  Accord-
mgly we need 1o 1dd some furthor rules parallel to 21
reflecting deontic modal causality mcluding the [ollow

1Ing
(15) = posstblc{e) Ala]causest 8} — possble{aiagd)

We now add a rule saymg Lhat anyone clst being present
causrs Kkeats to stop ariling
{34) |= presoent(s) A (r # Lrats)

A progress(wrale(heals y))

— rauses{stap{wriic{benls y)})

We can now scarch Tor plans which make an «vent of
heats slopping wriling necessarilv oceur like 4 be-
low, as distinct from Lhose thal merely make 1t possi
hle like b by consirctively searclung for a proofl that
poesble(austop(uritc(keals, 4)))
{35) a o = stari(urrdte{hrats y)) armrce(r)

b o = steri{write(kcatr y))
Agun the examples are arlifictal  their uscfulness for
an accounl of Lense and temporal anaphora will berome
apparent o the next section

3 Temporal Anaphora

Ihe cvent-based calculus over counterfactual partially
speeified states discussid in the previous seclion offers
a promising candidate for a representation of Reichen
Lach s riference pownl A, 1n the form of determumistic
situalional fluents [a] This opens up the possiblity of
applving the general modal apparatus developed so far
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not only for quantifying over states but to act as the
temporal link between sentences and clauses, as in when-
clau*es and multi-sentence discourse Several logical and
computational approaches have explored this possibility

Temporal anaphora like all discourse anaphora and
reference resolution is even more intimately dependent
upon world knowledge than the other temporal cate-
gories |hat we have been considering In order to control
this influence, WP will follow the style of much work in
Al drawing moat of our examples from a restricted do-
main of discourse We will follow Isard [1974] in taking a
hoard game as the example domain Imagine that each
model in a modal structure is represented as a database,
or collection of facts describing not only the position
of 1 he pieces in a game of chess, and the instantaneous
moves at each frame, but the fact that at certain times
durative or composite events like exchanging Rooks or
White attacking the Black Queen are in progress across
more than one state

Consider the following examples from such a domain

(36) a When | took your pawn you took my queen
b 1 took your pawn You look my queen

The UfAen-clause in a, above establishes a reference point
for the tense of the main clause, just as the definite NP
J\ eats establishes a referent for the pronoun Indeed the
TwAcn-clauBe itself behaves like a definite, in that it seems
to presuppose that (he event of my taking your pawn is
identifiable lo the hearer (Of course, the reader will
have effortlessly accommodated this presupposition in
Lewis and Stalnaker s sense of the term) The first sen-
tence in b, above, behaves exaclJv like the when clause
in setting the reference point for the second |he onl>
difference is that the simple declarative / took your pawn
itself demands a previously established reference point to
be anaphoric to, whereas the when clause causes a new
reference point to be constructed

As has been frequentl) noticed, the state to which
the tense in you taking my queen refers in a, above, is
not strictly the state in which / took your pawn It is
the slate that resulted from that action However, it is
not invariably the case that the temporal reference point
moves on in this way Most obviously a stative main
clause is primarily predicated of the original reference
point of the whin-clause

(37) When | took your pawn T did not know it was pro-
tected by your knight

(Presumably, the ignorance in question maj have ended
with that very move ) Events also may be predicated
of the original reference point rather than moving the
action on

(38) When | took your pawn, | used a. rook

In fact, as Ritchie [1979], Partee [1984], Moens and
Steedman [1988], and Kamp and Reyle [1993] have
pointed out, in strictly temporal terms, we can find main

clauses that precede the reference point established by a
when clause

(39) When | won my only game against Bobby Fischer, we
played Australian Rules

These phenomena arise because the temporal referent
is not strictly temporal Rather than being a time or an
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interval 1t 18 (a pointer Lo) an event-nucleus of the kind
discussed earlier

In the terms of our modal frame, the preparation of
an event 16 the activity or action that led to the siate
in which that achievement took place The consequent
18 the consequent state, and mcludes the entire subtree
of stales accessible from that state The referent-setting
effect of a when-clause can then be seen as 1dentifying
such a nucleus The main ¢lause 18 then temporally lo-
cated with respect to the nucleus This may be by lining
1t up with the core event itsell either as a property of
the initial stale, as 1n example 37, or as a property of
the transilion isell as in 38 Alternatively, simce acees-
sibility 18 defined 1n terms of the subsequent actiona the
actual subsequent aclion 1s a possible mamn clause as1n
36 Or the main clause may be located with respect to
the preparation, as 1n 39 Which of these alternatives a
glven example gi1ves rise to 1s & matter determined by ihe
knowledge representation not by rules of the sem~ntics

On the assumption Lhai the consequent 1n the nuelear
referent 1ncludes the entire aubtree of future states the
information needed by conditionals modals, and other
referent-setting adverbials will be availahle

{10) a II you take my queen, you may win
b I you had taken my queen, you might have wan
¢ Since you took my queen, vou have been winming

All of this vuggests Lhal states or partial possible
worlds 1n a logic of action deriving ultimately from von
Wright and McCarthy and Hayes, with a much enriched
ontalogy mvalving a rather intimate connectron Lo the
knowledge-base are appropratc candidales for a Re-
ichenbarhian anapharic aceount of tense and temporal-
tly  But this dees not fell us how the temporal rdferent
1s vel up Lo act as a refcrent for anaplora

In the dynamic situation calculus, the history of events
15 a sequence of fluents such as the following

{41} start(write(heats e _disgust)) arrive(chapman)
ystop{wriic(hcats mn_disgust)

The referent of a when-clause such as When hap
man arrived 15 imply the sequence up to and including
arrive(chapman), namely

(42) stari(write(Leate, sn _diagust)) arrive(chapman)

To 1dentaly the referent we need the following defim-
tion of a relation we might call evoke This 1s merely
a loglc-progra.mmlng deviee which defines a search for a
deterministic situational fluent of the form n, 7 or atfif?
over a history in which the sequence operalors are “left-
associative” (we only give the rules for the operator ,
here)

(43) & = evoke({a, 8),(a,8))
b = evoke((a f) 7) — evake((a,B). (¥ §))

The referent setling effect of wken can then be captured
to a first approximation 1n the following rules which first
find the current history of events, then evoke a suitable
reference point, then test for the appropriate relation
when (Agein this 18 a logic programming hack which
could be passed over, and again there are two further
rules with @ for , that are omitted here)



(44) a = S(history) evoke({o ), history) [a, Blp
— when(fd, state(p))
b | S(history), evoke((a, 8@c), hastory)
— when({g evcni{c))

The predicate S deterrmines the Reichenbachian speech
point, which 18 n fluent or sequence of Ruents S(hstory)
15 assumed to be availlable in the database as a
Tact  The firat rule, a, applies Lo when aentences
with state-type main clause propositions, and says (hat
when(J, state(p)) 13 true 1f you can evoke a fluent end
mgn 3 after which p holds The second apphes to when
sentences with eveni-lype mamn clavses, and says that
when(Y, eveni(e)) 18 true if you can evote a fluent whose
lasl two evenis are  and then « The question &, below
concerning the ensung state therefore translates into
the query b

(45) a When Chapman arnved was heats fimshing wnt-
ing In Dhsguat of Vulgar Supershitson”
b when({a arrive({chapman)) state(progressive
(ncheevement( finish{write(keaia wn_disgusi))}) })

In our greatly samnplified world ihis 1s true despite the
fact that under the closed world assumplion heats did
not {imsh the poem, herause of the earhier elimination of
i he 1mperfective paradox

A when-question with an event i the main clause as
In & below translales as1n b

{16) o When Chapman arnved did heats stop wriling Jn
Dhsgust of Vulgar Superstttron”
b uhen({a arrenc{chepman])
t nent(atoplu rite(keats 1n diagust]))

In the case to hand, this last will yreld a proo! with the
{ollowing constructive mstantiation

(A7) whend(steri(urite{keeta 1n_disgurt)) errive{chapman))

erent{stop{write(keats n_disgust)}))

In esiher case, the endurning availability of the Reichen-
hachtan reference point for laler sumple tensed sentences
¢an be captured on the assumplion thal the act of erok-
ing a new referent causes a sideflect to the database
causing a new fact (say of the form R{a)) Lo be as-
serted, after any evisting facl of the same furm has been
removed, or retracted (We pass over the {ormal de-
Lails here, merely noting that for thia purpose a bla-
tantly non-declarative STRIPS hke formulation seems to
be the natural one although we have seen how puch non-
declarativity can he eliminated from the syslemn }

The representation also caplures the {acl that heats
stopped writing the poem decause Chapman arrived
whereas Chapman merely arrtved gfier keats starled
wrilmg, not because of 1t

Of course, 1t will be clear from the earlier discussion
that such a svstern remains oversimplified Such cxam-
ples also suggest. thal the fluenls themselves should be
considerably enriched on lines hinted at tn earlter sec-
tions They need a system of types or sorts ol the kind
discussed 1n section 1 They should aleo bhe structured
mto nesied structures ol causal or, more generally, con-
tingent sequences

Since we have also observed that main clause evenly
may be simultaneous with, as well as conscquent upon,
the when clause event, fluenls must also be permitted to

be simultaneous, perhaps using the connective N intro-
duced by Peleg [1987] to capture the relation between
embedded events ke starting to wrile “In Disgust of
Vilgar Superstilion” and starting to write, generalising
the above rules accordingly Partial ordering of Ruents
must also be allowed The mferential possibilities 1m-
plicit m the notion of the nucleus must be accommo-
dated, m order to caplure the [act that one event may
cause Lhe preparation of another event to start, (hereby
embodying a non-1immediate causal effect

Very Iittle of this work has been done, and 1t may
be unwise to speculate 1 advance of concrete solutions
to the manv real problems that remain  However the
lumited fregment outhined ahove suggests that dynamic
logic may be a promising framewocrh 1n which to pursue
this further work and bring together a number of ear-
her approaches Tn this connection, :t 15 perhaps worth
remarhing that of the seven putative hrmitations of the
siluation calculus and its relativee claimed tn the crrti-
cal review by Shoham and Goval [1988b p 422-424] five
(hmitation to instantaneous evenis, difficulty of repre-
senting non-immediaie causal effects dilto of concur-
rent evenls ditto of conlinuous processes, and the [tame
problem) either havi been overcome or havi becn ad-
dressed to some «xtent mn the published wark within the
aituation caleulus, while the remaining two {ihe qualifi-
cation problern and Lhe ramification problem) have not
hern avercome 1n eny framework, possibly because Lhey
do not Llong in the logic at all
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