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Abstract

This paper describes a knowledge-based temporal representation of state transitions for industrial real-time systems. To
allow expression of uncertainty, we shall define fluents as disjuncts of po&itgative time-varying properties. A

state of the world is represented as a collection of fluents, which is usually incomplete in the sense that neither the
positive form nor the negative form of some properties can be implied from it. The world under consideration is as-
sumed to persist in a given state until an act®makes place to effect a transition of it into another state, where actions

may either be instantaneous or durative. High-level causal laws are characterized in terms of relationships between
actions and the involved world states. An effect completion axiom is imposed on each causal law to guarantee that all
the fluents that can be affected by the performance of the corresponding action are governed. This completion require-
ment is practical for most industrial real-time applications and in fact provides a simple and effective treatment to the
so-called frame problem.
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1. INTRODUCTION the primitives of the event calculus, events, which are as-
_ N _ sociated with structureless “points” in time, initiate gond

time applications. In particular, in monitoring highly com- gs of time during which states are maintained.

plexindustrial systems, itis often necessary to reason about pg an example, consider the operating cycle of an auto-

varying states, as in the case of processes that evolve Withyatic tea maker, which can be represented as a finite-state

time. During the last three decades, various approaches haxgsiem. The static images of such a system may be denoted
been proposed, to the representation of, and reasoning aboyj, the following 10 states:

both the static and dynamic aspects of the world. The static

images of the world under consideration are usually de- StateS,, where:

noted by states that can be described in terms of facts about the tea maker is clean; the switch is at “off” posi-
the worlds, while the dynamic images are characterized by tion; and there is neither water nor tea bag inside.
actions whose performance may cause state transitions. An StateS,, where:

early example of such a treatment of states and actions is the, switch is at “off” position: water is not boiling:
the framework of thesituation calculus developed by and there is no tea bag insidie. '
McCarthy and Haye§1969. In the situation calculus, the
state of the world at a given instant is called a situation, StateSs;, where:

while actions constitute transition functions between situa- the switch is at “on” position; water is not boiling;
tions that change the values of fluerite., time-varying and there is no tea bag inside.
propertie$. Another influential formalism for dealing with StateS,, where:
actions(eventg and state changes is the so-cake@nt cal- the switch is at “on” position; water is boiling; and
culusintroduced by Kowalski and Serg@t986. As being there is no tea bag inside.
StateS;, where:

Reprint requests to: Jixin Ma, School of Computing and Mathematical the SWIt(.:h I§ at “on” position; water is b0|I|ng with

Science, University of Greenwich, London SE18 6PF, United Kingdom. tea bag inside.
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& Ronquist, 1986; Gelford et al., 1991; Lin & Shoham, 1991;

the switch is at “off” position; water is boiling with  Pinto & Reiter, 1995; Miller & Shanahan, 19pHowever,

tea bag inside.

StateS,, where:
the switch is at “off” position; tea is ready with tea
bag inside.

these approaches have not gone as far as one would like for
dealing with general temporal issues because there are still
some problematic issues that have not been satisfactorily
solved. Specially, in most of the existing revised frame-

works:

StateS;, where:
the switch is at “off” position; tea is too cold with
tea bag inside.

StateS;, where:
the switch is at “on” position; water is not boiling
but with tea bag inside.

StateS,,, where:

the tea maker is dirty; the switch is at “off” posi-
tion; there is tea bag but no water inside.

(@

(b)

State transitions are effected by the performance of some
certain types of actions. For instance, starting from $ate
the performance of the action type “Heating” will effect the
transition of world into stat&,.

In the framework of situation calculus, such a state-
transition cycle would be expressed as:
ResultAddWater,S,) = S,, ResultSwitchingOn,S,) = ©

S;, ResultHeating,S;) = S,

Resul{AddTeaBag,S,) = S5, Resul{SwitchingOff,
S) = S;, Resul{Cooling,S;) = S,

Resul{Pouring,S;) = S;,, Resul{Cooling, S;) = S;,
ResultSwitchingOn,S;) = S,

ResulfHeating,S;) = S;, Resul{Cleaning,S,p) = S,
whereResultis the function that maps a pair of an action
and a situatiorgstate into another situatiogstate. Similar
expression can be reached by using the event calculus. 2
However, as noted by many researchers, the temporal on-
tology in the original versions of both the situation calculus
and the event calculus is quite weak. For instance, in the
situation calculus, the time points to which situations are
referred are not explicitly expressed. In fact, being treated”
just as a kind of context or time labels, a situation is asso-
ciated with the set of facts that is used to describe the cor-
responding state of the world. Therefore, on the one hand,
as in most versions of the conventional situation calculus
(Genesereth & Nilsson, 1987f we take the set of labels,
{s}, to refer to the set of states of the world, then we cannot
carry out any temporal reasoning because there is no te
poral knowledge at all. On the other hand, if we tgk¢ as
the set of situations by means of ordering their subscripts
and hence to associate them with different times, then the
commonsense constraint, that is, “effects never precede their
causes,” will restrict the expression that a certain state of
the world may appear repeatedly at different times.
To enrich the expressive power of the situation calculus
and the event calculus, various revisions have been prggg, 1.
posed to characterize richer temporal featu®sndewall

(10)

(13)
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The fundamental time structure is neither formally
characterized nor explicitly expressed. This may lead
to difficulties in modelling issues such as continuous
changes, point-critical phenomenon, and so on.

They are not powerful enough in either expressing
the persistence of a state of the world with respect to
some certain time intervals, or expressing the dura-
tion knowledge of the life span of actiofesvents. In
fact, for general treatments, the notion of both points
and intervals are needed for temporal references of
instantaneous and durative phenomenon, respec-
tively. For instance, in Figure 1, by common sense,
action “SwitchingOn” should be associated with a
time point, while action “Cleaning” should be asso-
ciated with a time interval.

Formal high-level causal law&ooday & Galton,
1996 in terms of relations between actions and their
effects are expected in representing common sense
knowledge about causation. For example, “Whenev-
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er over the time line, starting from a given state, theln particular, we shall denote the membersTofP, F, S,
performance of some specified type of action will andA by (possibly scripteglletterst, p, f, s, anda, respec-
change the world into a certain state.” tively, while the notation for the membersXfis application-
oriented. In addition, for representing temporal duration, we

(d) The so-called frame problerti.e., the problem of i A
shall simply adopt the conventional theory of real numbers.

specifying everything that will not be affected by cer-
tain action$ need special treatments.
2.1. The temporal basis
The objective of this paper is to propose a knowledge-ln this paper, we shall take the following time theory pro-

based temporal representation of state transitions that Wﬁosed previously by Ma and Knight994 as the temporal
believe is useful for many engineering applications. In SeCy5giq for the formalism. Atime element may either be a time
tion 2, we shall present the logical preliminaries of the 1an-j,ye 4 or a time point. The distinction between time inter-
guage. The language will be described as afirst-order reifiedy s and time points is characterized by means of a duration
logic with various sorts of objects, including nontemporal assignment functiorDur, from the set of time elements to
elements(individualg, time elements, properties, fluents non-negative real numbers. For exampDyr(t) = 0,
(i.e., disjuncts of positivenegative time-varying proper- p () = .23, etc. A time elemerttis called an(time)
ties), states and action typ'es, etc. To support not iny Ninterval if Dur(t) > 0; otherwiset is called a(time) point.
stantaneous but also durative temporal references, intervals 1,4 primitive relation over time elementsleets is ax-
and points are taken as primitive in the time ontology. Also,;; 1\ 4ti-ed by

to express some uncertain knowledge about the state of the

world, the definition of fluents is extended to allow disjunc-  (T1) Meetdt,, t,) O Meetgt,, t;) O Meetdt,, t,) =

tions of positive/negative properties. A state of the world is Meetst,, t3)

represented as a collection of fluents, which is usually in- that is, the “place” where two time elements meet is
complete in the sense that some propert@stheir nega- unique.

tions) cannot be implied from such a collection of fluents.  (T2) ’,t”(Meetdt’, t) O Meetdt, t")

Following the standard approach, the world under consid- that is, every time element has at least one neigh-
eration is assumed to persist in a given state until an ac- boring time element preceding it, and another suc-
tion(s) takes place over some specified time to effect a ceeding.

transition of it into another state, where actions may either (T3) It,t"(Meetst’, t,) OMeetst,, t”) OMeetst’, t,)

be instantaneous or durative. High-level causal laws are char- OMeetdty, t”) = t, = t,

acterized in terms of relations between actions and their ef-
fects. Specially in this paper, an assumption is made in the
form of a constraintimposed on each causal law, which states
that all the fluents that may be possibly affected by a cer-
tain action(type) are always governed by any causal law
involved. Although such an assumption may seem too strong
from the theoretical point of view, it is practical for most
industrial real-time applications and in fact provides a sim-
ple and effective treatment to the corresponding frame prob-
lem. Application examples of the proposed formalism are
given in Section 3. Finally, Section 4 recapitulates and draws

that is, the time element connecting two meeting
places is unique.

(T4) Meetdt,, t,) = OOt t"(Meetgt’, t;) O Meetst,,
t"”) = Meetgt’, t) 0 Meetdt, t”)
that is, if two meeting places are separated by a se-
guence of time elements, then there is a time ele-
ment that connects these two meeting places. Hence,
by recalling axiom(T3), for any two adjacent time
elementg, andt,, we may denote therdered union
of t; andt, as a time interval, = t, O t,, wheret; O
t, always implies thaMeetgt, t,).

conclusions.
(T5) Meetgt,, t,) = Dur(t;) > 00Dur(t,) >0
that is, points cannot meet other points.
2. THE LANGUAGE (T6) Meetst,, t,) = Dur(t, O t,) = Dur(t,) + Dur(t,)
The language, denoted hsis a many-sorted first-order re- that is, th? qrdered union O_peratlo"‘ over_t|me
ified logic with equality, consisting of a tupl&, T, Meets e!e_ments is in agreement with the conventional ad-
P,F, S, E): dition “+” over real numbers.
o ) ) (T7) Dur(t) > 0= [, t,(t=t, 0 t,)
e X—a sort of individuals denoting the objects of the that is, each interval can be decomposed into two

world under consideration; time elements that meet each other. In fact, axiom

 T—asort oftime elements . _ (T7) axiomatizes the density of the time structure,
Meets—an immediately predecessor relation otiere which is needed in modelling some continuous phys-

elements . ical processes.
e P—a sort of properties;
o F—a sort offluents Other temporal relationships over time elements, analo-
e S—a sort ofstates and gous to those introduced by All€d984) for intervals, can
o A—a sort ofactions(or more strictly,event types) be classified as in Table 1.
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Table 1. Classification of temporal relations
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Pointt, Intervalt, Poaintt, Intervalt,
to to to to
Relation Relating pointt, intervalt, intervalt, pointt,
Equal tLe T, Not applicable Not applicable
t,® T,
Before {1 @ | PR t, ® | P
t, ® t, t, t,®
After t® | S e ty
t,® t, t, t,®
Meets Not applicable | S e ty
ty t, t,®
Met-by Not applicable | S @ ty
| Y | Le®
Overlaps Not applicable  t; Not applicable Not applicable
t
Overlapped-by Not applicable ty Not applicable Not applicable
t
Starts Not applicable  t; t,® Not applicable
t |
Started-by Not applicable  t; Not applicable ty
| P t,®
During Not applicable | S e Not applicable
t2 t2 ———
Contains Not applicable  t; Not applicable ty
| CY— t,®
Finishes Not applicable ty @ Not applicable
t t
Finished-by Not applicable  t; Not applicable ty
| Y t,®

It is important to note that the distinction between the2.2. Properties, fluents, and states

assertion that “point, Meetsintervalt,” and the assertion
that “pointt, Startsintervalt,” is critical: while Startg(t;,
t,) states that point, is the starting part of intervat,,
Meetgt,, t,) implies that point, is not a part of intervat,
at all.

The definition of the derived temporal relations in terms

of the Meetsrelation is straightforward. For examplBe-
fore can be defined as:

Beford(ty, to) & Ct(Meetdt,, t) OMeetdt, ty)).

The above definition for the predicaBeforg(t,, t,) accom-

modates the case where more than one intermediate ti

elementst,, ..., t,, stand between, andt,, because by
axioms(T3) and(T4), we can writet; 0 ... O t,=t.

derived temporal relations:
In(ty, t,) & Startqty, t,) ODuring(ty, t,) O Finishegty, t,)
Sul(ty, t,) & Equal(ty, t,) O Startqty, t,) O During(ty, t,)
OFinishedty, ty).

ThereforeIn(t,,t,) denotes that timé, is a proper part of
timet,, while Sul(t,, t,) denotes that timg is either a proper
part of timet, or ist, itself.
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A propertyis a statementor proposition that is either true
or false. In languagé, the truth value of each property is
dependent on times, and the sort of flueftsis defined as
the minimal set closed under the following rules:

1. Any propertyp in sortP is a fluent, that isp € F;
2. Iff,, f, € Fthenf, Of, € F;
3. Iff € Fthennot(f) € F.

To associate a fluent with a time element, a reified-predicate
(Ma & Knight, 1996, Holds is used here to substitute the

n{%rmula Holds( f, t) for each pair of a fluent and a time
e

ementt, denoting that fluent holds true over time.
Remembering thatloldsis a reified predicate, a certain

énterpretation of its negation is expected. Following Gal-

ton’s (1990 notation, we shall use the operator*” for
reified-predicate negation, distincted from fluent negation
that is symbolized by “not.”

(F1) Holds(f, Of,, t) & Holds( f;, t) OHolds( f,, t)
that is, fluentf, or fluentf, holds true over time if
and only if one of them holds true over tinhe

With respect to time points, the relationship between nega-
tion of reified-predicate and the corresponding fluent nega-
tion is simply characterized by:
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(F2) Dur(t) = 0= = Holds(f,t) < Holds(not(f), t) In what follows, for the reason of simple expression, if
that is, a fluent does not hold true at a time point if f;,...,f, are all the fluents that belong to staewe shall
and only if its negation holds true at that point. represens as( f,,...,f,); and also, without confusion, we

shall useHolds(s, t) to denote thasis the state of the world
However, with respect to decomposable intervals, the interwith respect to time, provided that:
pretation of negation becomes complicated. In fact, by al-
lowing intervals as arguments of the reified-prediddtéds, (F10) Holds(s, t) & Of(Belongg f, s) = Holds( f, t))
we will face the possibility that a flueritmight holds nei-
ther true nor false throughout some intervdlhatis, itmay ~ For the convenience of expression, we shallisbstatés,,
be the case that fluefiholds true over some parts bbut ~ S,) to denote that each fluent belonging to stateslso be-
also holds false over some other parts. As pointed out bjongs to states,:
Shohan{1987), and also by Allen and Fergus@t994), there
are two ways we might interpret the negative reified-formula  (F11) Substatés,, s,) < Of(Belongg f, s,) = Belongs
= Holds( f, t). In the weak interpretation; Holds( f, t) is (f,s))
true if and only if it is not the case th&holds true through-
outt, and hence- Holds( f, t) is true if f changes its truth
value over timd. In the strong interpretatiom, Holds( f, t)
is true if and only iff holds false throughout so neither
Holds( f, t) nor~ Holds( f, t) would be true in the case that |, 5qdition, we introduce two binary functiongnion and
fluentf holds true over some parts bénd also holds false Difference over states, so thdinion(s,, s,) and Differ-
some other parts. encds,, s,) denote theinionof states, and states,, and the

In this paper, we shall take the weak interpretation beyitferenceof states, and states,, respectively:
cause it seems appropriate for the standard definition of im-

plication and preserves a simple two-valued ldgiten & (F12 Belongs f, Union(s;, s,)) < Belongs f, s;) [ Be-
Ferguson, 1994 We use the following axiom to character- longs( f, s,)

ize the relation between the truth of a fluéwotver a decom-
posable interval and its truth over any proper parts tof

By (F10 and(F11), it is straightforward to infer that:

(Thl) Substatés;, s,) O Holds(s,, t) = Holds(s;, t)

(F13) Belongg f, Differences,;, s,)) < Belongs
(f,s;) O-Belongd f, s,)

(F3) Ef_tt,l)?tz = Holds(1, 1) & DO t’(In(t’, t) = Holds In fact, in terms of the terminology of set theory, we may
’ simply take a state as a subsetrof
A states is called acomplete staté& and only if, under

the Domain Constraints, for any propegyeitherp itself,

(F4) Holds(f, t;) O Holds(f, t,) O Meetgt,, t,) = or the negatio_n op (i.e., r_10( p)), can be implied by the
Holds( f, t, O t,) fluents belonging t, that is:
that is, if a fluent holds true over two adjacent time
elements respectively, then it also holds true over
their ordered union.

In addition, we impose that:

SEpp oOr skEpnot(p),

where D denotes the Domain Constraints that specify the
(world under consideration. Otherwisds called arincom-
plete state
A complete states is called aminimal complete statié
and only if for any fluentf belonging tos, Differences,,
(f)) is not a completed state.
(F6) [sOf (- Belongg f, s)) An incomplete state gives a partial description of the
that is, there exists a state which is an empty set. \I/vofrld. 'Echat is, inforr?atiqn abcl;ut some p;lropertligs isdabsent.
n fact, for most applications, because the world under con-
(F7) thE:tDi; (;r?yels(zgtgeicfér%omt E:nigngﬁﬁt;];l)d;])t andi tSsid_ere_\tion(e.g., the universds too large for complete_ de-
N scription(McCarthy & Hayes, 1960 we shall usually just
negation. have some partial knowledge about it. Therefore, in many
(F8 Os,, fi(=Belonggnot(f), s) = Os,0f,(Belongs  cases, the world will be described in terms of incomplete

(f5, s;) & (Belongs f,, s,) Of; = 1)) states with respect to various times.
that is, any fluent can be added to an existing state

to form a new state, as long as the state does not _ N
contain the negation of the fluent. 2.4. Actions and state transitions

(F9 s, =s, e Of(Belongd f, s;) & Belongg f, s,)) An action(type) is in fact some certain phenomenon whose
that is, two states are equal if and only if they con- performance over certain time elements may effect state tran-
tain the same fluents. sitions. In this paper, we assume that the world under con-

The state of the world can be described in terms of a co
lection of fluents. We shall udgelongs f, s) to denote flu-
entf belongs to state. The predicatdBelongsis formally
characterized by:
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sideration persists in a given state until an act®nakes time passes. In other words, the frame problem is the prob-
place over some specified time to effect a transition of itlem of specifying everything that is not affected by certain
into another state. An action may either be instantaneous dype of actions. The second, that is, tlanification prob-
durative, depending on the temporal duration it lasts. Indem(Finger, 1987, is closely related to the frame problem.
stantaneous actions take place at time points, while durdt is the problem of specifying explicitly everything that is
tive actions take place over time intervals. Similar to Allen’s affected by certain actions. Finally, tly@alification prob-
approach(Allen, 1984, we shall useTakesPlacéa, t) to  lem(McCarthy, 1977 is the problem of specifying all the
represent that actiam(type) takes place abvertimet,and  preconditions for each action.
impose the following axiom which states that if an action Several approaches have been proposed to deal with these
takes place over timg then it does not take place oyat  problems ever since they were first pointed out. Forinstance,
any proper part of: McCarthy(1980, 1986introduced the technique ofrcum-
scriptionto handle the qualification problem and the frame
(E1) TakesPlacéa, t) = Ot'(In(t’, t) = - TakesPlace problem. Generally speaking, solutionsto these problemsre-
(a, t")). quire some certain capability of nonmonotonic reasoning,
which consists of being able to reason upon assumptions, that
It is easy to infer from axiom{E1) that, if actiona takes is, makinginferences based not only on known facts, but also
place over timd, then there is no proper super-intervatof on assumed factd/ila, 1994).
over whicha takes place. However, axioftl) dose not In this paper, we shall not really tackle the qualifi-
forbid actiona to take place over various times as long ascation problems. We simply assume that, when&\akes
these time elements have no overlapping parts. In othePlace(a, t) is asserted as true, all the preconditions of ac-
words, the same action type may take place over some timéipn a are satisfied over time Because the preconditions of
and then take place again at some later times. an actiona, denoted afreConda), can be in fact ex-
For the sake of keeping expression simpler, we shall uspressed as a collection of fluents, which, without confu-
the abbreviated notatiofakesPlaceOnlig, t) to represent  sion, may be taken as a special state of the world, we impose
that only actiora (rather than any other action typaakes the following constraint as for the performance of action
place over timd:
(E4) TakesPlacéa, t) = Holds(PreConda), t).
(E2) TakesPlaceOnlg, t)
In what follows, we provide a simple treatment to the cor-

< TakesPlacée, t) O Ot' e’ (Sult’, t) Oe’ # e respondingrame problemWithout presuming to solve these
two problems in their full generality, this treatment is prac-
= - TakesPlacée', t")). tical and effective for most industrial real-time applica-

tions, although it may be too strong from the view of
To represent high-level causal relationships between acaheoretical point and actually lead to tramification prob-
tions and their effects in the form of state transitions, welem The following axiom(E5), which we shall call thef-
introduce formulaChangesa, s,, s,), denoting that, start-  fect completion axioyguarantees that all fluents affected
ing from states,, the performance of acticawill effectthe by an action are governed by the correspondingly “mini-
transition of the world into stats,, provided that there is mal” causal law; in other worlds, each causal law com-
no other action that takes place meanwhile: pletely characterizes the effects of the performing the action
being addressed.
(E3) Changes$a, s, s,) = Ot,, t(Holds(s,, t;) 0 Takes
PlaceOnlya, t) OMeett;, t) = Ot,(Meetgt, t;) (E5) Changesa, s,, s,) [ Substatés,, s}) = Changes
Holds(s,, t))). (a, s}, Union(Differences;, s,), S,))).

In what fO”OWS, we shall call each fOfmU@hangeﬁa, S5, Here, what we mean by “a causal |aW, gajyangeSa’ S,
s,) acausal law and calls, ands, theinitial stateand the ) s the minimal” is: with respect to eveats, is the small-

result stateof actiona, respectively. est initial state under th&ubstateelation.
It has been noted that there are a number of difficulties in

attempts to formalize the static and the dynamic aspects of

the world. In particular, there are three classical problems. EXAMPLES

that have remained obstacles to the description of the ef-

fects of actions in the framework of situation calculus, asAs discussed in the introduction, modelling the static and

well as in other similar formalisms such as the event calculughe dynamic aspects of the world usually involves repre-
The first, that is, thérame problem{McCarthy & Hayes, senting and reasoning about states, actions, and changes,

1969, is the problem of indicating and inferring all those where the notion of time plays an important role. The for-

things that do not change when actions are performed anghalism proposed in this paper combines the advantages of
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temporal logicge.g., McDermot{1982 and Allen(1984)] S, = (Clearn(A), Clear(C), OnTabléB), OnTable€C),
by the way of allowing explicit time expression and the ben- On(A, B))
efit of state-based approached such as the situation calculus S; = (Clean(A), CleanB), OnTabléB), OnTabl&C),
that can easily represent the world remains static except when On(A, C))
the agent acts, and where nothing important happens while S, = (Clear(B), Clear(C), OnTabléA), OnTabldC),
actions are being executédllen & Ferguson, 1994 In what on(B, A))
follows, we shall demonstrate two examples as the applica- S, = (CleanA), Clear(B), Clear(C), OnTabl€A), On-
tions of the new formalism. TablgB), OnTablgC))

S; = (Clean(A), Clear(B), OnTabldA), OnTable€C),

Oon(B, C))
3.1. The blocks world S = (Clear(C), Clear(B), OnTablgA), OnTabléB),
The blocks world is a typical example, especially in artifi- Oon(C, A))

cial intelligence, which has been used to illustrate the ap- ~ Sjo = (Clear(A), Clear(C), OnTabléA), OnTabléB),
plication of various formalisms. Consider the following Oon(C, B))
version of the blocks world in which there are only three  S;; = (Clear(C), OnTabléC), On(B, C), On(A, B))
blocks, A, B, and C. Each block can be either onthe table or S = (Clear(B), OnTabldA), On(C, A), On(B, C))
immediately on the top of exactly one of the other blocks. 3 = (Clear(A), OnTabléB), On(C, B), On(A, C)).
Also, each block can have at most one of the other blocks
immediately on top of it. We may use the following three To check if a state is a minimal one under the domain con-
kinds of fluents to describe the state of these three-blocktraints is quite complicated. However, if we add some ex-
world: tra constraints, we may reduce the size of the above complete
states. For instance, ifly(not(On(y, x))) = Clear(x) were
added, we could get rid &learC) from S;, and get rid of
both Clear(A) andClear(C) from S,, and so on, where the
reduced states would be still complete.

The three action types that may take place with respect to

and therefore the Domain Constraints for the three-blockhe three-block world are:
world are:

Clear(x): there is no blocks on the top of blogk
OnTablgx): block x is on the table;
On(x, y): block x is on the top of blocky;

M(X, y, z): moving blockx from the top ofy to the top
(3.1.)) Clear(x) > x=A0x=B0Ox=C of z
(3.1.2 OnTabldx) = x=A0x=B0Ox=C
(3.1.3 On(x,y)=(x=A0x=BOx=C)0O(y=A
O y=BOy=0C)
(3.1.4 OnTablgx) V y(On(x,y))
(3.1.5 On(x,y) = not(x =y) Onot(Clear(y))
(3.1.6 On(x,y) dOn(x,z)=y=1z2
(3.1.7 On(x,y) OON(z,y) = x =z,

U(X, ¥): unstacking block from the top ofy and placing
it on the table.

S(X, y): picking up blockx from the table and stacking it
on the top of blocky.

Normally, there are some preconditions for the perfor-
mances of these actions. For instance, to ensure the action
of typeM(x, y, z) to take place, fluent€lear(x), Clear(z),
andOn(x, y) must hold. For most applications, the precon-
itions for some action types are usually included within

whereV denotes “exclusive or.”
In the above(3.1.1)—(3.1.3 preserve that there are only
three blocks, A, B, and G3.1.4) guarantees that each block

Is either on the table or on the top of one of the blocks, bu he initial states of the corresponding actions with respect

cannot on both(3.1.9 states that a block cannot be on it- to involved causal laws. Specially, as for three-block world
self, and a block has another block on its top, then its top is =P Y. '

not clear. Finally,(3.1.6 and (3.1.7) guarantee that each we have the following causal laws:
block can be immediately on the top of at most one of the
other blocks, and each block can have at most one of the ChangesM(x, y, 2), (Clear(x), Clear(z), On(x, y)),
other blocks immediately on top of it, respectively. There (Clear(x), Clear(y), On(x, 2))),
are in total 13 possibleomplete stateswhich correspond ChangesU (x, y), (Clear(x), On(x, y)), (Clear(x),
to different configuration of blocks as shown in Figure 1. Clear(y), OnTablex))),

These 13 complete states may be described as the follow-  €hangesS(x, y), (Clear(x), Clear(y), OnTablex)),

ing collections of fluents:

S, = (Clear(C), OnTabléB), On(A, B), On(C, A))

S, = (Clear(B), OnTablgC), On(A, C), On(B, A))
S; = (Clear(C), OnTabléA), On(B, A), On(C, B))
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(Clear(x), On(x, y))).

By the effect completion axiomiE5), we can apply these
causal laws among the above 13 st@gsS,, ..., S5, and
get:
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Change$S(A, B), S,, S,), Change$SA, B), S5, Si1), Again, by ChangesU(B, A), S;, S;) and axiom(E3), we
Change$S(A, C), S, S), get:

Change$S(A, C), S;o, S;2), Change$S(B, A), S, S,),
Change$S(B, A), S, S,),

Change$S(B, C), S,;, &), Change$S(B, C), S, S..), Now, from stateS,, there are six actions that can be per-
Change$S(C, A), S;, S), formed: S(A, B), SA, C), S(B, A), S(B, C), S(C, A), and
ChangesSC. A), §,. &), Change$S(C, B), S, Si0), i(pcp,rgg.ri\;l\{:;horr?s[i)gg tz )t.he goal, that is steéig, the most
ChangesS(C, B, S, Sy), o

ChangesU(A, B), S,, S,),  ChangesU(A, B), S, S,), (3.1f) TakesPlaceS(C, A), Ts) O Meets(T,, Ts).
Changes$U(A, C), S., S)),

Change$U(A, C), S_I_Sv S_I.O)v Change$U(B! A), %l 87)1
Change$U(B, A), S,, S)),

Change$U(C, A), S,, S,),

ChangesU(C, A), S, S;), ChangesU(C, B), So, S,),

(3.1e Holds(s;, T,) O MeetqT;, T,).

This time, byChanges$S(C, A), S;, S) and axiom(E3), we
get:

Finally, from stateS,, there are two actions that can be per-
formed: S(B, C) and M(C, A, B), and the suitable one is

Change$U(C, B), S;, &), 9B, C):
Change$M(A,B,C), S,, S;), Change$M(A,C,B), S;, S,),
ChangesM(BAC). S S, (3.1h TakesPlacéS(B, C), T,) [ Meetg T, T,)
Change$M(B,C,A), S;, S), ChangesM(C,A,B), &, S;o), and therefore, bghange$S(B, C), &, S;,) and axiomE3)
ChangegM(C,B,A), S,, S)- we reach the goal: ’

These state transitions are shown in Figure 2. (3.1)) Holds(S,,, Tg) [ MeetsT,, Ty).

In the above, the causal laws only represent high-level
state transitions within the blocks world that do not involve It is important to note that, the formalism proposed here
explicit temporal references. However, the formalism pro-allows a certain state of the world to hold repeatedly gaer
posed in Section 2 allows low-level temporal representadifferent times. For instance, suppose the objective is to
tion and reasoning. In fact, suppose that the world is initiallychange the world into statg,, in the first place, and then

in stateS; over timeT,, that is, change itinto stat8,,. In this case, from stat®, ,, after the
performance of actiob)(B, C), the world will be changed
(3.1a Holds(S;, Ty) into stateS, again:

(3.1k) TakesPlacéJ(B, C), Ty) O MeetgTg, Ty).
The objective is to find a plan of actions to change the world ° &9

into stateS, ,. For the reasoning of simple demonstration, (3-1) HOIdS(Ss, Tyo) IMeetdTo, Ty)-

we assume that each action takes the same temporal dura-

tion to take place. It is easy to see that the first action maJherefore, bﬁ'l@ and(3.1), we can see that stagholds
take place i4J(C, B): repeatedly over time elements andT,,.

(3.1b TakesPlacdJ(C, B), T,) O MeetgT,, T,) 3.2. The tea maker system

Now, consider the example of the automatic tea maker as
described in the introduction. We shall use the following 7
fluents to describe various states of the system:

Therefore, byChange$U(C, B), S;, S;) and axiom(E3),
there will be a time elemenit,, such that

(3.10 Holds(S;, T,) OMeetgT,, T,). F,: the tea maker is clean;

F,: the switch is at “on” position;
From stateS;, there are two actions that can be performed:

U(B, A) andM(B, A, C). The more efficient one, however, 3 there is some water inside the tea maker;
is U(C, B): F,: the water is boilindi.e., the temperature of the water
is higher than or equal to 100);
(3.1d TakesPlacéJ(B, A), T;) O Meets(T,, T;) Fs: there is a tea bdg) inside the tea maker;
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| t

S(C.A) U(C.A) S(B,A)  U(B,A) S(C.B)  U(C.B)

\ / M(B.A.C) M(B,C,A)
U(C,l{' | \S(B 0 l ’

T
/ / HEA) S(iA) v\U(B,C)\‘

UA.C)  S(A0) UB,C) S(B.0)

o

S12

Fig. 2. State transitions.

Fe: the tea is readye.g., the temperature of the teais  S; = {F,, not(F,), not(Fs)}, or namely, the “On_Water-
lower than 100C but higher than or equal to 8D); NotBoiling_NoTeaBag” state;
and
F.: the tea is too colde.g., the temperature of the tea is
lower than 60C).

S, = {F,, F,, not(Fs)}, or namely, the “On_WaterBoil-
ing_NoTeaBag” state;

= {F,, F,, Fs}, or namely, the “On_WaterBoiling_

Therefore, those 10 static states of the system as describedSS . ;
TeaBag” state;

in Section 1 can be denoted as:
S = {not(F,), F,, Fs}, or namely, the “Off_WaterBoil-

S, = {F,, not(F,), not(F3), not(Fs)}, or namely, the ing TeaBag" state:

“Clean_Off_NoWater_NoTeaBag” state;
S, = {not(F,), not(F,), not(F5)}, or namely, the “Off S, = {not(F,), Fs, F<}, or namely, the “Off_TeaReady
_WaterNotBoiling_NoTeaBag” state; TeaBag” state;
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S; = {not(F,), F,, F<}, or namely, the “Off_TeaCold_

TeaBag” state;

S, = {F,, F;, Fg}, or namely, the “On_TeaCold_TeaBag”

state;

J. Ma, B. Knight, and E. Nissan

Change$Heating2 S, S;), ChangesSwitchingOff,S;,
S,

Change&Coolingl,s;, S;), Change&Cooling2,S;, S;),

ChangeéPouring,S;, S,g), ChangefCleaning S,o, S;)

Sio= {not(F,), not(F,), not(Fy), Fs}, ornamely, the “Dirty  goth the static and dynamic images of such a tea maker sys-
_Off_NoWater_TeaBag” state. tem can be represented as the state-transition cycle shown

in Figure 3.
Because there are no domain constraints, all the above states

are incomplete with respect to the collection of fluents, that
is, Fy, Fp,... Fy7 4. CONCLUSION

There are in total 10 action types that may take place with
respect to the tea maker system. That is, AddingWaterJemporal logic is by no means the only formalism for han-
SwitchingOn, Heating1, Heating2, AddingTeaBag, Switch-dling time that has been around in computer science. Petri
ingOff, Cooling1, Cooling2, Pouring, and Cleaning. The cor-nets and temporal constraint-satisfaction networks spring to
responding causal laws are as below: one’s mind in this connection. However, temporal logic is a
powerful formalism in that it allows to incorporate infer-
ence mechanisms about temporal relations. Such expres-
sive power comes at a cost, though: representation requires
one to master a logic formalism rather than just a language.
Nevertheless, every tool requires learning how to use it. In
this paper, we have been guiding the reader step by step
through the rudiments of this tool. We resorted to rather sim-
ple examples: the blocks-world universe, and a fairly sim-
ple schema representing the operating cycle of an automatic
tea maker.

Arguably, temporal logic deserves a wider spread in en-
gineering applications of artificial intelligence. Temporal
By the effect completion axioniE5), we can apply these logic captures more. Whereas developing the representa-
causal laws to state§,, S,, ..., S, and get: tion may be laborious, even for fairly simple applications,
nevertheless the reasoning capabilities afforded are an ad-
vantage that oftentimes may be worth the effort, with re-

ChangegAddingWater(F,, not(F3)), (not(F,))),
ChangegSwitchingOn(not(F,)), (F,)),
ChangesHeatingl,(not(F,)), (F,)),
ChangesHeating2 (F;), (F,)),
ChangegAddingTeaBag{not(Fs), (Fs)),
ChangesSwitchingOff,(F,), (not(F,))),
Change&Cooling1,{F,), (Fg)),
Change&Cooling2,(Fg), (F7)),
ChangesPouring,(Fg), (not(F,), not(F;))),
ChangefCleaning(not(F,), Fs), (F;, not(Fs))).

ChangegAddingWaterS,, S,), Change&SwitchingOn S,,

Sy), spect to data structure conventions that leave out inference.
Change$Heatingl,S;, S,), ChangeéAddingTeaBag, In terms of costgbenefits, some complex applications ad-
S ), mittedly are more straightforwardly served by less ambi-

@AddingWater_'@SwitchingOn@
Cleaning Heatingl
é ’»Q)wmhmOOn‘ ’
Pouring  Cooling2 Heating?

@—Loollngli wltuhmgOffC

Fig. 3. Static and dynamic images of a tea-maker system represented as the state-transition cycle.
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tious representations than temporal logic; on the other handjcCarthy, J., & Hayes, R1969. Some philosophical problems from the
i ihili ; ; ; _ standpoint of artificial intelligence. IMachine IntelligencéMeltzer,

requ'rements of ﬂeXIblllty a.nd mtegrf_m_on make Fhe In(_:or_ B., & Michie, D., Eds), Vol. 4, pp. 463-502, Edinburgh University
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modal |Og|C representatl())nr predlgate$|n_0ntolog|cal reP Vila, L. (1994. A survey on temporal reasoning in artificial intelligence.

_resentatlons of_ modalsave b_een |_nvest|gated by Iog|C|st_s Al Communication 7 (1)4—28.

in computer science for dealing with agency, or, then, with

deontic necessity and possibilitye., obligation vs. option-
ality, and prohibition vs. permissibilyin recent years, there Brian Knight leads the artificial intelligence team, heads

has been a trend to merge deontic and agency logic Fesearﬁ#b Computer Science group, and is a co-director of the Cen-
e.g., Brown and Carm(1996)]. Yet, one thing at a time; tre for Numerical Modelling and Process Analysis at the

we gannot deal with the interface to that kind of forma_hsmsSChool of Computing and Mathematical Sciences of the Uni-
within the compass of the present paper. Let it suffice to

. . : versity of Greenwich, in London. Born in London, Prof.
signal to the reader the possible bonus accruing from th?(night was educated at ChristChurch, Oxford, where he was

adoption of logic representations, in that a variety of COM i athematics scholar. He graduated in mathematics at Ox-

mon sense inferential mechanisms can be accommodat%lrd, and completed a doctoral degree at King's College,

under t.he logician's umprel_la. S_evera! of th_eS(.e mechanlsmEondon for wok in mathematical physics. He has worked as
are Of mteres.t for appllcatlon IN €ngineering, none, hOW'a project engineer and consultant in several research and
ever, is of as immediate use as temporal reasoning. development projects in the computing industry. He was em-
ployed by IBM as a systems engineer, and as a consultant

REFERENCES for thg Ministry of Defence, whgre .h_e des.igned the central

algorithms for a large-scale scientific project. He has also

Allen, J. (1984. Towards a general theory of action and tindetificial worked as a consultant in the process control industry, where
| Intelligence 23123-154. _ d o | | he designed and built network software for process control
A elg’gijc"_ f‘oﬁfr:gfz?f’og%z?ﬁ'(:Agg%ﬁfa?;n i‘%‘;'_%;n;_ewa temporal 4 pplications and designed software for North sea oil plat-
Finger, J.(1987. Exploiting constraints in design syntheshD thesis, ~form alarm systems. The author of about 100 research pa-

Stanford University, Stanford, CA. , , pers, mainly in artificial intelligence, Prof. Knight's academic
Galton, A (1990. ﬁ]t%ﬂitécear']fgi?'fgéﬂ‘sgA"e”STheory ofactionand 4y has centered on scientific software engineering and
Gelford, M., Lifschitz, V., & Rabinov, A(1991). What are the limitations ~ the applications of Al in the industrial sphere. He has led
of the situation calculusWorking Notes of AAAI Spring Symposium many research projects developing Al in the engineering field

izr'gz'_sé)émpos'um: Logical Formalization of Commonsense Reason, minium furnaces, fire safety, minerals processing, metal
Genesereth, M., & Nilsson, N1987). Logical foundations of artificial ~ foundries, among thegeOnce appointed as reader in sci-

”:jte“'gence MIOVGan(KaUg"aﬂ” Publishers, ISaT Ffa“ﬁlsfﬂ, CAI-f entific computing at the University of Greenwich, he was
Gooday, J., & Galton, A(1996. The transition calculus: A high-level for-

malism for reasoning about action and chanlgeirnal of Experimen- sponsored by the Water Reseth Centre_ for_ several years,

tal and Theoretical Artificial Intelligence 9%7-95. and conducted research work in the applications of expert

Kowalski, R., & Sergot, M(1986. Alogic-based calculus of eventdew  gystems to water engineering. His current research interests

Generation Computing,467-95. . . .
Lin, F., & Shoham, Y.(1991). Provably correct theories of actioRroc. include software engineering, temporal databases, and the

Ninth National Conference on Artificial Intelligence (AAAI-98#9—  theory and application of temporal reasoning, as well as the

354. application of Al techniques.
Ma, J., & Knight, B.(1994. A general temporal theorythe Computer

Journal 37(2) 114-123. . Jixin Ma is a senior lecturer at the School of Computing and
Ma, J. & Knight, B.(1996. A reified temporal logicThe Computer Jour- . . . .

nal 39(9) 800-807. Information Systems of the University of Greenwich, where
McDermott, D.(1982. Temporal logic for reasoning about processes andhe earned his Ph.D. in 1994, under the supervision of Prof.

plans.Cognitive Science,6L01-155. Brian Knight. Dr. Ma’s main areas of research are temporal

McCarthy, J.(1977). Epistemological problems of artificial intelligence. loqi d ld b Hi hi .
Proc. Fifth International Joint Conference on Atrtificial Intelligence ogic and temporal databases. Hisresearchinterests are inar-

1038-1044. tificial intelligence, as well as in mathematical logic, group
MC_Ca”Ryv_#-(,lfﬁO- ﬁ'rcumsclgpzt';’”é é* form of non-monotonic reason-  theory, and linear algebra. Atheoretician, his projects and pub-
ing. Artificial Intelligence -39. . . . . s
McCarthy, J(1986. Applications of circumscription to formalizing com- lications are concerned with basic research as well as with its

monsense knowledgdurtificial Intelligence 28 27-39. application into working systems, that is, temporal manage-

https://doi.org/10.1017/50890060499132025 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060499132025

78 J. Ma, B. Knight, and E. Nissan

ment for process control. Both directions are pursued thorpedia of Computer Science and Technolodgy3ted in the
oughly in his works, on which he has published extensively4th edition ofWho's Who in Science and Engineerrige
He holds an M.Sc. degree in mathematit887) and a de- was formerly affiliated with three schools of Bar-llan Uni-
gree in applied mathemati€$982 from Zheng Zhou Uni-  versity (Israe), and also was a visiting profess@dm93 at
versity and Zheng Zhou Institute of Technology, China,the Instituto Metodologico Economico Statistico of the Uni-
respectively. Before his current appointment at the Univerversity of Urbino(ltaly), where he is an overseas associate.
sity of Greenwich, he has been affiliated there as a lecturer iikle published over 100 papers, has been or is a guest editor
software engineering, and in mathematics for computer scifor several international journals, and co-founed one. He co-
ence. In 1988-1991 Dr. Jixin Ma had also been a lecturer irdited a paper collection in humanities computifgom
mathematics in China for 6 years and a half before he cammformation to Knowledgewith K.M. Schmidt ; Oxford:
to the United Kingdom. Problems of temporal logic he is cur-Intellect, 1993. Later on, he coordinated the “1998 Forum”
rently investigating include: the integration of the point- of The New Review of Applied Expert Systearsrefuel-
based, absolute-time approach and interval-based relativéing in nuclear engineering; for the same journal; he is also
time temporal models; the inference mechanism for retrievato-coordinator of the “1999 Forum.” Moreover, he edited a
of temporalinformation, with deep reasoning on relative tem-special issue on “Intelligent Technologies for Electric and
poral data in query evaluation; integration with other kindsNuclear Power Systems” i@omputers and Artificial Intel-
of reasoninde.g., reasoning on actions ligence Vol. 17, No. 2-3, 1998, and an issue on educational
hypermedia in theJournal of Educational Computing Re-
Ephraim Nissanis a research fellow at the School of Com- search Vol. 17, No. 3, 1997. Along with A.A. Martino, he
puting and Mathematical Sciences of the University ofedited thematic issues, “Formal Models of Legal Time” for
Greenwich, in London. He holds the Laurea in electronicghe legal computing journald:aw, Computers and Artifi-
engineering from the Milan Institute of Technology. His sec-cial Intelligenceandinformation and Communications Tech-
ond thesis discussed there won a nationwide contest in Itaology Law Vol. 7, No. 3, 1988, and, in an attempt to
aly. Afterwards, he earned a Ph.D. degree in computer scien@stablish a new subdiscipline within Al & Law research, he
from the Ben-Gurion University of the Negev, and won anedited a multiple special issue, “Formal Approaches to Le-
IPA Award in Computer Science for the doctoral project, ongal Evidence” in Vol. 8 ofArtificial Intelligence and Law
an expert system for computational linguistick a 50,000- (to appear.
word entry on word-formation now in press in tBacyclo-

https://doi.org/10.1017/50890060499132025 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060499132025

