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Abstract

In this paper we present the syntax and semantics
of a temporal action language namAthn. The
language allows the specification of systems where
the future state of the world depends not only on
the current state, but also on the past states of the
world, that is, where the Markov property does not
hold. To the best of our knowledgalanis the first
action language which incorporates causality with
temporal formulas. In the process of defining the
effect of actions we define the closure with respect
to a path rather than to a state, and show that the
non-Markovian model is an extension of the tradi-
tional Markovian model. Finally, we establish the
relationship between theoriesMlianand logic pro-
grams.

Introduction and motivation
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the description, pictures of the animal and its habitat are dis-
played, each for 5 seconds. Once the paragraph is read, back-
ground music is played while all the pictures are shown.

Now suppose we would like to study weather the user
clicked anywhere on the screen while the video was playing,
or if showing the pictures took more than twice the time it
took to read the descriptive paragraph. In order to be able to
answer such queries, and many others, we first need to model
the presentation. A model of a presentation provides a declar-
ative description of its contents and the relationships among
the different elements that define it.

A particularly challenging aspect of the application area is
to model constraints that require knowledge of events that oc-
curred sometime during the presentation, but not necessarily
in the current state. Say that at the end of the presentation of
one animal, the user is asked to answer a question about it,
and is given two chances to answer it. If the wrong answer
is entered twice, the portion of the presentation that showed
the relevant content is shown again. To model the effect of

There are certain areas of knowledge where conditions for agubmitting an incorrect answer, we would need to refer to
tions are better described when one is allowed to reference n¥t€ather or not an incorrect answer has been submitted some-
only the current state of the world, but also past states. For eime in the past. The two incorrect attempts might not even
ample, consider a multimodal interaction navigation systen{® one after the other, since the user could have gone back
that needs to process utterances and touch-screen input. 3fd watched some portion of the presentation again before
the user utters "go there” and then points to an intersection oROMiNg back to the questions.
the screen, then the system should generate driving directions \We present here the syntax and semantics of a temporal ac-
from the current location of the user to the given intersectiontion language namedllan, introduced i8], which can han-
Just the utterance or just the pointing might have differengdlle such domains. It was originally designed to model com-
meanings if not in the given sequence. would not have th@lex interactive multimedia presentations, joining the quest
same effect. Consider also a diagnostic system where facter @ model of the complex temporal relationships in multi-
that occur over a period of time are used to help make mor&edia objects and presentations ongoing in the literature for
accurate diagnosis. For example, a patient who presents a dgpme year§l10; 11; 12; 18; 20
cough and trouble breathing with no other previous symptoms The syntax of the proposed language is based on the action
might not be suspected of having SARS, unlike one with thedescription languaget [6] and its successors (such k&
same current symptoms, but who suffered from fesefore  14]). Other action description languages are also outlined
generalized body aches, all of thgzecededby a trip to a  in [19]. In these languages the effect of actions are repre-
SARS-infected area. sented using effect propositions of the foimcauses \ if
Multimedia presentations are also rich in temporal relation, Wherea is an action anc andp are fluent formulas. In-
ships. Consider the following description. tuitively, the meaning of such a proposition is thap ifs true
A tutorial about endangered species is available at the locah a state then executing in that state causes to be true
zoo for the public to explore. All the contents of the tutorial in the resulting state. Most of these languages (extEft
are in a database, and it shows each animal as a multim&l) are Markovian, in the sense that the effect of an action
dia presentation. A video clip of the animal is followed by depends only on the state the action is executed.
descriptive paragraph, read aloud and shown as text. With We propose instead a non-Markovian action description



language, allowing to be a formula with past temporal oper- 2 The Language Alan
ators and action occurrence statements. In that case the eﬁwe refer to our proposed lanauace Alan as a short form
of a is not with respect to a state but is with respect to a his- ur prop guag

tory of states. Infinite domains are avoided by using only pasEOr (Action LA nguage foNon-markovian domains). We as-

temporal operators in the language. The idea of using tengnmsgs?r?x%? fcé'%ns.ségrﬂatr‘:ﬁ:mf’ ééfsro}hse lrart])grs?g:’set
poral logic to extend Markovian formalisms to capture non-F f'ﬂ' %t \rl1vd : ]tzl4 ’f lem Fr)1tyr i nyA in' I
Markovian domains has been explored befor¢ll where ot fiuents and a setd of elementary aclionsAs In a

; : ; ; ; ction languages, a fluent is a proposition whose truth value
the area of interest is rewarding behaviors and planning, an%ight vary from one state of the world to the next.flaent

gzgge of the authors of this paperin alimited-audience Workliteral_ is a fluentf or its negation-f. By acompoun_d action
' we will mean a sefay,...,a,} of elementary actions. In-

The new contribution of this paper is in regards to con-tuitively, execution of a compound action corresponds to the
straints, i.e. statements of the fornif p which relate fluents ~Simultaneous execution of its components. Similar to other
of the domain. In earlier formulations of causaliiyand A action languages\lan can be divided in three parts: an ac-
were fluent formulas. In this paper we allgnto have tem-  tion description languagglany, a language for recording the
poral operators and thus refer to the past history. This neagent’s observationslano, and a query languag®ang. In
cessitates a new definition of transition due to actions, whicfihe following subsections we present each of these languages,
we provide, showing it is an extension of the definition of together with their corresponding semantics.
possible next states for the Markov case first introduced in ) o
[13], and later used for action language Ad1d] and B[7]. 2.1 Alany: an action description Language
We also discuss how the language we propose can be Us@fk start with describing the syntax of Alan
in modelling multimedia presentations. The non-Markovian
nature ofAlanresults in a succinct representation of complexSyntax of Alany.

temporal relations. Examples of such representations are prgye define two kinds of formulas ov&r. “state formulas” and
sented in[9]. Some alternative approaches are discussed iRemporal formulas”. We refer to state and temporal formulas
[18], though there is still some way to go towards an ontol-simply asformulaswhen their kind is clear from context or
Ogy of multimedia pl’esentatlons. Something app”es to both.

Often it is noted that references to the history (using tem-Definition 1 (State Formula) A state formula is an expres-
poral operators) can be eliminated by recording the history agjon defined as follows:

part of a state. Similarly, instead of using action occurrence as i i
part of thep above, new fluents can be introduced that record 1+ A fluent literal is a state formula.

the action occurrence in a state. That is, it is always pos- 2. A statement of the form "occuts”, where a. is an el-
sible for a Markovian model to replace a non-Markovian one ementary action fronx, is a state formula.

with more fluents, and possibly even more actions. The major ) )

drawback of such an approach is that it leads to an increase3- |f» i @ state formula, theryp, is a state formula.

in the number of fluents and hence in an increase in the to- 4. If »; andp, are state formulas, them A p, andp; V ps
tal number of possible states, making processing more time-  gre state formulas.

consuming. This is also a step backward from the perspec- . :

tive of knowledge representation and elaboration tolerance. 2 Nothing else is a state formula. -
In this regard note that the reason we use action languages fiefinition 2 (Temporal Formula) A temporal formula in
the first place (rather than a transition table listing state trana|an is defined as follows

sitions due to actions) is to have a succinct representation.

The motivation behind using constraints instead of compil- 1. A state formula is a temporal formula.

ing them (which will lead to additional effect propositions) o If p, andp, are temporal formulas, then

is also similar. Our proposal of using temporal operators and '

action occurrences to refer to the history rather than adding e lasttimep;,

new fluents is along the same lines. e previouslyp;
The emphasis of this paper is on the semantics and for- * M bgforepg

malization of the language, and is organized as follows. We ® pi1 SINCEp2

first present the language Alan, with its three component lan-
guages: an action description language Alaalanguage for
describing observation Algy) and a query language Algn ) )
For each language we include its semantics. We then estab-3. If p is a temporal formula, therp, is a temporal for-
lish the relationship between theoriesAdan and logic pro- mula.

grams and briefly o_utline how this relationsh_ip can b_e used 4 p1 and p, are temporal formulas, thep; A p, and
to reason about various properties (_)f d.yna.mlc domglns. For p1 V po are temporal formulas.

more extended examples of its application in modelling mul- ] .

timedia, the reader is referred[i9). 5. Nothing else is a temporal formula. O

are temporal formulas (sometimes referred to as tempo-
ral atoms).



The temporal connectives specified abd¥ can be used
to express other useful temporal notions.
statementlways p, which says thap has always been true
in the past, can be written agreviously —p. The statement

of fluent literals ofY. Partial states will be denoted by con-

For example, aecutively indexed letters If s is complete and consistent,

it is called acomplete stat®r simply, astate A pathw of
« is a sequenceésg, ao, . . ., an_1, Sn), Wherea's are (possi-

never p (p has never been true in the past) can be written ably compound) actions andl, . .., s, are states ansl, is

—previously p or always —p.
Action descriptions ofAlan consist of propositions, some-
times referred to asausal lawswhich are defined as follows:

Definition 3 (Proposition)If a is an actiona, is an elemen-
tary action, A is a fluent literal, andp is a formula, in the
language Alan:
1. aconstraintis an expression
Mifp
acausal propositionis an expression
a. causes\ if p
. animpossibility propositioris an expression
impossiblex if p
adefinition propositionis an expression
defined\ if p

and a proposition is any expression of the form (1) through
a

(4) above.

In the above definitiony is said to occur in the “body” of
the expressions, andanda occur in the “head”p’s are often
referred to apreconditionsof causal laws.

Definition 4 (Action Description) A collection of proposi-
tions is called an action description. |

Intuitively, to model a multimedia presentation, the possi-

a partial state. When necessaiywill be referred to as the
lengthof 7. By m; we denote the prefix of that ends as;.
mo IS equal tasg, and it is called thénitial stateof the path.r
is anincomplete pattif s,, is not a complete state; otherwise
we refer to it as a complete path. Given a fluent litevaby
Awe denote-~f if A= f,orfif \=—f.

Now we will define the truth of formulasi() with respect
to paths f).
Definition 5 (Truth of formulas) Given a complete path,,
of length n, an actiom, and state formulag, g:

1. Afluent literal) is true inm,, iff A € s,,.
. ‘ocecursa’istrueinm, iff a € a,_1.
. p A qis true inm, iff bothp andq are true inm,,.
. pV qistrue inm, iff either p or ¢ are true inm,,.
. —pis true inm, iff p is not true inm,
. lasttime pis true inm,, iff n > 0 andp is true inm,,_1.
. previously pis true inm, iff n > 0 and for som&) <

1 < n,pistrueinm;.
. p before gis true in,, iff for some0 < j < n, pistrue

in 7;, and for everyi < j, ¢ is false inm;

9. psince qis true inm, iff for some 0< j < n, ¢ is true in
m;, and for every K i <n,pistrue inm; O

N O OB~ WD

ble behaviors of the display elements are encoded as an ac-Our next goal is to define truth of formulas for incomplete

tion description inAlan. These includes the behavior of the

video and audio players, and others such as buttons or linkg. = (o, ao, - -

paths, but first we need some preliminary notions. A path
.,an—1, Sy) is said to be closed under the con-

Particularities of the display system (buttons or other GUI el-straints and definition propositions of an action description
ements) are represented as objects and are used as paramefers

for actions and fluents in predicates.

Semantics of Alarny.
In the theories of actions an action descriptiorserves as

a formal model capturing aspects of reality relevant to the
agent. Its main goal is to concisely define a collection of
acceptable paths or “possible trajectories” of the agent's doyye now say that a complete path= (

main. In Markovian models such paths are characterized b

transition diagrams in which possible states of the domain

after the execution of actiomdepend only o and the cur-

rent state of the system. In contrast, to determine to whiclygns

states the domain can move after the executianiofa non-

1. for every constraintXif p) from «, if p is true inw then
A € sy, and

2. for every definition propositiordefined X if p) from «,
if pis true inw then\ € s,; if —p is true in7 then
A E sy,

50,00, - - 'aan—175n>

¥ anextensiorof an incomplete path

) = <807a0_7 .. -,Sn—l,an—1,8%> )

if s C s,, s, is a complete state antdis closed under the
traints and definition propositions.

Markovian model the current state is not enough. One need3€finition 6 (Truth of formulas for incomplete paths)A

to know the domain’s previous history. To describe the set o
possible trajectories af we will need some auxiliary defini-
tions.

Let o be an action description dflan. A set X of fluent
literals from X is calledcompleteif for any fluent f in X,
f € Xor—f € X; X is calledconsistentf there is no fluent
fsuchthatf, - f € X. A partial stateof « is a consistent set

This is true only when we have a history of complete states

formulap is true in a (possibly incomplete) path, if it is

true in every extension af,; and p is false inx,, if it is false
in every extension of,,. O

Using the above definitions we can now say that a formula
F' is unknown in an incomplete pathif neither F' nor - F
is true inw. We now characterize the collection of possible
trajectories defined by an action descriptien

Definition 7 (Executable actions) Let o be an action de-

Otherwise, they may need to be written independently. We will ex-Scription over signaturé:, a be an action ofy, andr be a

plore this further in the sequel.

path overX. We say that is executable after if « contains



no proposition impossibleq,, if p) such thata, € a andpis  Example 1 A multimedia presentation shows a question and
true in. O  gives the user two chances to answer it. If the wrong answer

We now define the effects of an action, also with respect tdS entered twice, the portion of the presentation that showed
the relevant content is shown again. Otherwise, the presenta-

a path. !
- . : tion ends.
Definition 8 (E(a, ), direct effects of an action)Let a be _ _ _ o
an action descriptiong be a path over’s signatureX, and We letClick(submit) be the action of clicking on the "sub-

a be an action executable aftet Thedirect effectsof o on  mit” button. The fluent Cock(X, ) indicates the presen-
7, denoted byE(a, 7), is the set of all fluent literala fromY ~ tation X is at pointt in time (the value oft would be 0 at

such thato contains an effect proposition causes\ if p)  the start of the presentation X), anddpLAY_PERIOD(X, p)
where that X will be displayed for a periog. Two other fluents,

Is_SELECTED(Y) and Is_.CORRECT(y) indicate that a choice

1. a. € a; ; . . -
. . y is selected and is considered a correct selection, respec-
2. pistrueinm. O tively.
The next important definition adapts a simpler definition The propositions used to describe the above conditions
from [13] to the non-Markovian case. include:
Definition 9 (Closure G,()). Consider an action descrip- ) )
tion v over signature® and a pathr = (sg, ag, ..., an_1,v)  Click(submit)causesCLock(main, replay_start),
wheres;’s are statesy is a partial state, and:’s are actions DisPLAY_PERIOD(main, replay_period) if
of a. The closure ofr with respect tay, denoted byC, (), Is_SELECTED(ans),~ls_.CORRECT(ans),
is the pathr’ = (sg, a1, s1,...an_1,w) such thatw is the previously ‘occurs Click(submit)’
smallest set of fluent literals from satisfying the following
conditions: Click(submit)causes 'occur€End(main)’ if
1. vCuw, Is_SELECTED(ans), E_.CORRECT(@ns)
2. for every constraintXif p) froma, if pis true in’ then Some details have been simplified for this example to em-
Acw, phasize the temporal aspect over implementation detalils, like
3. for every definition propositiordéfined if p) from ¢, the fact that there is only one question in one presentation of
_ if pistrue inm thenA € w; if —pis true inw then  an animal. However, the formalization can easily be extended
A€ w. a to account for more than one question and the fact that the

We are now ready to define the semantics of action descritpresentat!on of an animal_in the tutorial is followed by the
tion o of Alan, i.e. the set of possible trajectoriescaf presentation of another animal.

- . . . Our proposed model, and in particular the definition of pos-
SDC(T’];I[:?EIit(I)(r)]nO%EI és ossible Trajectorylet o be an action de- sible next states using histories, is an extension of the defini-

_ ) ] tion of possible next states introduced[it8] and later used
1. For a complete state, (s) is a possible trajectory ok in action languages A{14], and B[7]. We state this formally

if (s) = Ca((s))- in the following proposition, where Re$a,s) refers to the set
2. If m,_, is a possible trajectory ofi then a pathr,, =  Of states to which the Markovian system can move after the
(Tn—1,a, $p) IS & possible trajectory ok whenever: execution ofz in states.

Proposition 1. Let « be an action description consisting of

. constraints, causal propositions, impossibility propositions,
(b) s, is complete, and definition propositions such that all actions in those
©) mn = Co({Tn-1,a,(Sn—1 N sp) U E(a,m—1))) O propositions are elementary actions, and the body of the ex-

Note that because of the non-Markovian naturdlah, ex- ~ Pressionsyf’s in Definition 4) are only fluent formulas. Let
ecutability of an action in a non-Markovian system can only* P€ a state and be an action. Then’ € Resc(a,s) iff
be determined in reference to a path, rather than to a statés: @, ') IS & possible trajectory af. o U
as is done in traditional action languages. Thus we can only Intuitively, Proposition 1 means that by restricting the use
speak about an executable sequence of actions having a pé¥-causal laws oAlanto the syntax of13], we have a formu-
sible trajectory from garticular state in a particular history, lation of causality equivalent to that [43]. Thus Definition
and not from every state, since even determining whether th&0 is an extension of the definition of Re®,s) presented
sequence is executable or not depends on that history. TH@ [13]. The full proof of this appears in the principal au-
same applies to the direct effects of an action since the corfior's Doctoral dissertatiof8]. The fix-point definition of
ditions upon which the direct effects of the action are deterR€%:(a,s) can be found 3.

?gaetﬂ.(the body of propositions) can only be evaluated ove&l2 Alang,: the Observation Language
The following example shows how we can model one partn addition to knowing the set of possible trajectories of the
of the behavior of the multimedia presentation described irdomain the agent may need to record the domain history up to
the introduction. It illustrates the non-Markovian features ofa given pointn. We will follow [2] and limit such recording

Alan. More extensive examples were included9h to statements of the form

(a) a is executable after,,_1,



1. initially A properties of the domain, and to verify its validity. If the for-
2. a, occursat t mL_JIap includes variables, the_syste_m will respor_1d with spe-

cific ground values for that variable (if any) that will make the
3. A observedat t formula true in the given domain.

frequently referred to aaxiomsor observations As usual
we useA to denote a fluent literak. denotes an elementary
action, and: is a non-negative integer frofd..n]. Axioms
of type 1 state what is true in the initial state. Those of typ
2 say that “actiom, occurred at time point”. Axioms of 1. Q =pholdsattandp is true inm,
type 3 state that “the fluent literal was observed to be true
att”. The set of axioms is often referred to as tieeorded
history of the domain. Given a set of axion$§ the current

Definition 14 (Entailment) Given a domain description D
= (o, T') and a modek = (sg, a1, s ..., s,) of D, 7 entails
gduery Q (or Q is true inr) if:

2. Q =p holdsin [t, ] and, for everyr; such thatt; <
Jj < tg,pistrueinm;.

time point denoted by, is the maximum element of theset 3. Q = p after b,..., b, at t, = =<
{t+1 : aoccursat t € S}U{t : \observedat ¢t € S}. 80,00, - -, Qr—1, 8¢, b1, Seq1, - -, U, 844 > is a
Definition 11 (Domain Description) A domain description possible trajectory ofy, andp is true in7’. m]
D of Ala_n is a tuple(a,_ I') whereq is an action description

andI'is its recorded history. O 3 Computing Models of Domain Descriptions

Domain descriptions ilanare used in conjunction with the

following informal assumptions: Various reasoning algorithms associated with a domain de-

} scription D of Alan are based on our ability to compute the
1. changes in the values of fluents can only be caused biodels ofD not exceeding some given length In the the-
execution of actions; ory of action languages this is frequently done by

2. there are no action occurrences other than those olfa) mapping a domain descriptidn and integetNV' > 0 into
served; and a logic progranil’(D, N') whose stable models (answer sets)

3. there are no direct effects of actions except those specié] correspond to models db; and
fied by the effect propositions of the domain. (b) using an answer set finder (e.g. smod&M@, div [4]) to

Intuitively domain descriptiorD limits possible trajectories Compute the answer sets’6{D, N).
of « to those which satisfy axioms fro More precisely, The existing answer set finders are reasonably efficient
Definition 12 (Model) We say that a possible trajectory and allow computation of answer sets for programs with
T =< 80,00, 51. ... an_ 1.5, > Of a is a model of a do- hundreds of'thousgnds ground_ rulgs. They were successfully
main descriptionD = (a, T') if for any0 < & < n used f_or various S|zeab_le appl_lcatlons. Moreover the corre-
’ sponding systems are improving at a very high rate which
1. ay = {a: (aoccursatk) € I'} allows us to hope for a higher scalability. In this section we
2. ifinitially A € T" then\ € so. will outline a construction off'(D, N) for a simple case of
3. if A observedat & € T then) € s, O domglr! descnpupns whose propositions have preconditions
' ' consisting of a single fluent literal or a temporal atom. In
2.3 Alang: the Query Language addit!qn we only ppnsider action de_sc_:riptions not containir_lg
gflnltlon propositions. The restrictions are not essential
d are caused by the space limitations. In what follows
will be used as a variable for fluents from signature

One of the main purposes of a representation such as the OHn
given in a domain description is to be able to extract answer?

to queries about a particular domain. We now define querie of D, P and Q will stand for formulas occurring in

and_ tr.u_ew Interpretation in Al@_ _ _ preconditions of its causal laws, adfl will be a shorthand
Definition 13 (Query)A query in Alar, is an expression of  for holds. Propositions ofAlan will be written as atoms of

one of the following types: Prolog, e.g.L if P will have a formif(L, P), etc. The first
1. p holdsatt collection of rules off'(D, N) correspond td’s causal laws.
2. p holdsiin [tq, tg] Causal Laws
3. pafterAatt H(F,T+1) :-CAUSEYA,F,P),0cCURYA,T), H(P,T).

wherep is a formula, A is a sequence of actionsjs atime  H(F,T) :-IF(L,P), H(P,T).

point, and t and, are either time points ot. denoting the  :- iMmpossIBLEA,P), H(P,T),occUrYA,T).

current time. |

Recall that the last rule is a constraint which guarantees
Queries of type 1 ask whether the given formula holds athat no answer set of the program will satisfy its premise.

a time point. Queries of type 2 ask whether the given for-The rules are written for propositions in whi¢hand P are

mula holds over a period of time between time pointartd  atomic fluents. If they are negative literals the corresponding

t,. Queries of type 3 can be read as “if the sequence A ofules can be obtained by putting the negation symboin

user actions were executed at time point t, would p hold affront of the corresponding, e.g.

terward?”. Simple queries are used to inquire about general



-H(F,T + 1)
-H(P,T).
The next two rules formalize the Inertia Axiom frohs).

- CAUSESA,—~F,—-P), occurgA,T),

Inertia
H(F,T+1) :-H(F,T), NOT =H(F,T).
—H(F, T+1):--H(F,T), NOT H(F,T).

(wherek < N). To check if this query holds in all model

of D we expand the prograffi(D, N) by the constraint

- Q.

and ask an answer set finder to find an answer set of the re-
sulting program. If no such answer set exists tdeholds

in all models of D. Simple additions to the program allow
us to answer similar queries even if the initial situation is not

The above rules are similar to those used in translations gfompletely described by. Similar techniques can be used
other action formalisms. The next group of rules defining thefor performing substantially more complex reasoning tasks.

truth of temporal literals is new.

Truth of Temporal Literals

H(lasttime P, T) :-H(P,T-1).
H(previously P, T) :-Ty < T, H(P, Tp).
H(P before Q, T) Ty <
H_BETWEEN(—Q, 0, Tp).
H(PsinceQ,T) :-To < T, H(Q, Tp), H.BETWEEN(P, Ty, T)),
H(P,T).

The new relatiorH_BETWEEN(L, T7,T») says that literalL
holds in the interva[T}, T»). It is defined by the following
rules:

Ty

H(P, To),

H.BETWEEN(L,T — 1,7) :- H(L,T — 1).
H_.BETWEEN(L,Ty,T5) :- H(L,Ty), H.BETWEEN(L, T} +
1,T5).

Finally, the rule

.- =H(F,T), oBSERVEOF,T).

For instance to find a plan of lengtid, which will allow a
reasoner to achieve go@lin a number of steps limited by
one can expand the program by the rules:

GOAL :- H(G,T).

:- NOT GOAL.

OCCURYA,T):- T, < T < T, + K, not—occurs(A,T).
—OCCURHA,T) :-T,. < T < T. + K, notoCCURYA,T).
Answer sets of the resulting program will correspond to pos-
sible plans for achievings from the current moment’..
(This is a corollary of Proposition 2.) Unlike previous answer
set planners in the literature the planner&tn are able to
achieve goals of the form 'Move to a state in which flug¢mns
true but make sure that ifis true now then it should be true
on your way tof.” Similar techniques can be used to combine
planning and other tasks such as diagnostic reasoning.

4 Conclusion
We have presented a temporal action language nakeed

guarantees that the agent's observations do not contradict iffat can be used to model non-Markovian systems. We de-

expectations.

The progranil’(D, N) consists of the above rules and state-
ments frome andT” represented as Prolog atoms. (An actual

fined the notion of closure of a trajectory, used it to define
transition between trajectories, and showed that this formula-
tion is an extension of traditional markovian definitions that

program contains a few auxiliary axioms omitted in the pre-define closure with respect to states and transition between

sentation).

Itis not difficult to see that for every answer sebf T'(D, N)
the statements formed by the relatiarngur andh from A
form a path ofx of length N. We say that this path idefined
by A. Computation of models db are based on the following
proposition.

Proposition 2.

Given an action description o if m,_1 =
(80,00,---,an_2,5,—1) IS @ possible trajectory of

then

a pathm, = (so,a0,...,an-2,8,—1,a,5,) IS a possible

trajectory ofa iff

there is an answer sefl of the programT(a,n) U
{holds(f,j) | f € sj,0 <j<n—1}U{occurs(a’,j)|a" €
a;,0 <j <n-—2}U{occurs(a’,n —1) | a’ € a} such that
sp = {l] holds(l,n) € A}. O

The above Proposition can be used to design algorithms fq;s]

performing a large number of reasoning tasks. First we ca

states.Alanis used in the first author's Ph.D thesis to model
multimedia displays where temporal preconditions are preva-
lent. We expect it to be also useful in modelling other dy-
namic environments, such as the Web, multimodal interac-
tion, diagnostic systems, workflow systems, graphical user
interfaces, monitoring systems, and active databases.

The third author was partially supported by NASA under
contracts 1314-44-1476 and 1314-44-1769.
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