(T oronto, Ontario, Canada, May 1989), H. L. R. Brachman and R. Re-

iter, Eds., Morgan Kaufmann, pp. 412{420 .

[11] Schuber t, L. Monotonic solution of the frame problem in the situ-

ation calculus: an e�cient metho d for worlds with fully sp eci�ed ac-

tions. In Know l e dge R epr esentation and Defe asible R e asoning, H. Ky-

b erg, R. Loui, and G. Carlson, Eds. Kluwer Academic Press, 1990,

pp. 23{67 .

[12] Shanahan, M. Representing continuous change in the event calculus.

In Pr o c e e dings ECAI (1990).

[13] Shanahan, M. T owards a calculus for temp oral and qualitative rea-

soning. T ech. rep., Imp erial College, Department of Computing, 1990.

14

References

[1] Allen, J. F. T owards a general theory of action and time. Arti�cial

Intel l ige nc e 23 (1984), 123{ 154 .

[2] Da vis, E. In�nite lo ops in �nite time: Some observ ations. In Pr oc e e dings of the Thir d International Confer enc e on Principles of Know l - e dge R epr esentation and R e asoning (KR’92) (1992), C. R. B. Neb el and

W. Swartout, Eds., Morgan Kaufmann Publishers, Inc., pp. 47{58.

[3] Gal ton, A. A critical examination of Allen’s theory of action and time. Arti�cial Intel l ige nce 42, 2-3 (1990), 159{18 8.

[4] Lifschitz, V., and Rabinov, A. Miracles in F ormal Theories of

Action. Arti�cial Intel lig en c e 38 (1989), 225{2 37.

[5] Lin, F., and Reiter, R. State constraints revisited. In The Se c ond

Symp osium on L o gic al F ormalizations of Commonsense R e asoning (Jan.

1993), pp. 114{121 .

[6] Pinto, J. Exploring the Limitations of the Situation Calculus. PhD thesis, Departament of Computer Science, University of T oronto, 1994.

F orthcoming.

[7] Pinto, J., and Reiter, R. Adding a time line to the situation calculus. In The Se c ond Symp osium on L o gic al F ormalizations of Commonsense R e asoning (Jan. 1993), pp. 172{17 7.

[8] Reiter, R. Proving Prop erties of States in the Situation Calculus.

Submitted for publication, F eb. 1992.

[9] Reiter, R. The Pro jection Problem in the Situation Calculus: A

Soundness and Completeness Result, with an Application to Databas e

Up dates. In Pr o c e e dings First International Confer enc e on AI Planning

Systems (College Park, Maryland, June 1992).

[10] Sandew all, E. Combining Logic and Di�erential Equations for Describing Real-W orld Systems. In Pr o c e e dings of the First International

Confer enc e on Principles of Know ledge R epr esentation and R e asoning

13

the solutions to the frame and rami�cation problems work. The deriv ation

of the successor state axioms is only p ossible after all the primary e�ects of

actions are sp eci�ed as e�ect axioms. Secondary e�ects follow from the state

constraints.

5 Discussion.

In this pap er we have presented a novel approach to deal with continuity

within the situation calculus. Also, we presented an axiomatization to mo del

natural phenomena utilizing the concept of o ccurrences intro duced in [7].

The greatest adv antage of the approach presented is that it builds up on

a solid foundation based on the situation calculus. The enriched situation

calculus provides a formal foundation for the sp eci�cation of dynamic systems

with continuous v ariables. Also, we b elieve that this language can b e used

to address many of the representational concerns in the area of qualitative

reasoning. These issues are left for future investigation.

In the full pap er we discuss some limitations of this approach. In particu-

lar, we discuss how Zeno’s [2] paradox may arise in this domain and mention

ways in which it can b e dealt with.

An issue that we do not address in the pap er is how to deal with un-

certainty

. In fact, we stated that we only deal with pro cesses whose mathe-

matical mo dels are completely determinate. Thus, we assumed that, given a

complete sp eci�cation of the initial situation, there is only one way in which

the world may evolve. As we saw b efore, this is re ected in the situation tree

by the fact that, in the absence of non-natural actions, all p ossible events

line up in a single branch. This re ects a view of the world in which there

is no uncertainty

. However, if we want to mo del situations in which there is

uncertainty with regards to which natural events may arise, we may simply

allow for more than one natural action to b e p ossible in some situations.

In the full pap er we characterize the task of answering queries ab out

the reals (for example, to determine solutions of systems of equations and

inequalities) using an Or acle. This concept allows us to cleanly separate

the tasks of reasoning within the logic of the situation calculus and the task

of reasoning ab out the reals. This separation allows us to establish some

complexity results with resp ect to some simple prediction problems.

12

Another essential axiom ab out natur al actions is:

[natur al (a) ^ P oss(a; s) ^ P oss(a

0

; s) ^ :natur al (a

0

)] � end(s; a

0

) < end(s; a):

(26)

Thus, if a is a natur al action that is p ossible in situation s, then no other action is p ossible after the time at which a would o ccur (i.e., end(s; a)). F or instance, in the second billiards table scenario, if an action is p ossible in S

0

, it must bring S

0

to an end at a time b efore 0.5 (i.e., (8 a):P oss(a; S

0

) � end(S

0

; a) � 0:5).

A consequence of the ab ove axioms is:

Observ ation 4.1 At most one natur al action is p ossible in a given situation.

natur al (a) ^ natur al (a

0

) ^ P oss(a; s) ^ P oss(a

0

; s) � a = a

0

:

Finally

, assume that some natural event a is p ossible in a situation s. F urthermore, assume that nothing o ccurs b efore end(s; a). Under these assumptions, the event a must o ccur. This is formalized as follows:

natur al (a) ^ P oss(a; s) ^ (27)

:(9 a

0

) [occur s(a

0

; s) ^ end(s; a

0

) < end(s; a)] � occur s(a; s):

F or example, in the �rst billiards scenario, if nothing o ccurs prior to time

0.5, we infer that the C ol l ision o ccurs.

In order to complete the axiomatization of the billiards table scenario we need to provide axioms describing the domain along with the sp eci�cation of the predicate � t

and the set of e�ect axioms. Due to the space limitations, it is not p ossible to provide a full axiomatization. As an example, consider the sp eci�cation of the e�ects of ReachE dg e

1

. This is as follows:

P oss(ReachE dg e

1

; s) � (9 y x

):hol ds(P

x pos

1

:

= y x

; do(ReachE dg e

1

; s)) ^ q (y x

; t) = f (t):

Here, f (t) is some function of time that describ es the b ehavior of the ball after the collision. If we assume, as b efore, that the edge of the table absorbs all the energy

, then f (t) will b e a constant(1). Otherwise, it would b e some function whose parameters would dep end on the motion that the ball had in the situation prior to the ReachE dg e

1

o ccurrence.

In the full pap er we study Sandewall’s b al l in the shaft pr oblem and provide a complete axiomatization. Also, we use the same example to show how

11

T o describ e some imp ortant prop erties of natural actions we intro duce a

new predicate �

t

� A � S � T which is domain dep endent. �

t

(a; s; t) is true

whenever the conditions at the time star t(s) are such that at time t action a

would o ccur. F or example, given the initial situation in the second billiards

table scenario, the literal �

t

(ReachE dg e

1

; S

0

; 1) should b e true. That is, in

S

0 the conditions are such that if things follow the course predicted at the

start of S

0

, then a ReachE dg e

1 is p ossible at time 1. F urthermore, this event

can b e guaranteed to o ccur if no other events o ccur b efore time 1. In this

example:

�

t

(ReachE dg e

1

; s; t) � (9 y

x

; y

z

):hol ds(P x

pos

1

:

= y

x

; s) ^ hol ds(P z

pos

1

:

= y

z

; s)

^ [q (y

x

; t) = 1 ^ q (d(y

x

); t) > 0 ^ q (y

z

; t) � 0 ^ q (y

z

; t) � 1]:

In the same manner as with natur al , we assume that we have a complete

axiomatization for �

t

. Based on the predicates just intro duced, we now

describ e some essential prop erties of natural events.

First, if a situation s starts at time t

s

, then the situation s would b e

ended by some natural action a at the �rst time greater than t

s for which

�

t

(a; s; t) was true. This is written as follows:

natur al (a) ^ �

t

(a; s; t) ^ :(9 t

0

)[star t(s) < t

0

< t ^ �

t

(a; s; t

0

)] � end(s; a) = t:

(24)

Also, we use the predicate �

t to completely characterize the predicate

P oss. Thus, unlike the case with discrete non-natur al actions, we may write

a general form for a de�nition of P oss for natural events:

natur al (a) � P oss(a; s) � [�

t

(a; s; end(s; a)) ^ (25)

:(9 a

0

; t

0

):natur al (a

0

) ^ �

t

(a

0

; s; t

0

) ^ star t(s) < t

0

� end(s; a)]:

That is, natural action a is p ossible in state s if, given the conditions at

the start of s, the action is p ossible

4

at the time end(s; a), and no other

natural action could have o ccurred b etween the start of s and end(s; a).

F or instance, in the second billiards table scenario, �

t

(ReachE dg e

1

; S

0

; 1)

should b e true but P oss(ReachE dg e

1

; S

0

) should not. On the other hand,

�

t

(ReachE dg e

2

; S

0

; 0:5) and P oss(ReachE dg e

2

; S

0

) should b e true.

4

As describ ed by �

t

.

10

reaches the edge) and ReachE dg e

2

(ball 2 reaches the edge). Let us assume that the edge absorbs all the energy of the balls and that they stop at the p oint of collision. In these circumstances, the evolution of the billiards world is completely determined. There is no uncertainty

. Thus, what we should conclude is that the only event that is p ossible in S

0

is ReachE dg e

2

, and that the only event p ossible in do(ReachE dg e

2

; S

0

) is ReachE dg e

1

. Thus,

ReachE dg e

1

is imp ossible in S

0

. Therefore, if we eliminate from the tree of situations all those situations that are reached by p erforming imp ossible events, we end up with a single line of p ossible situations. This should not b e surprising, since it is a re ection of the fact that the laws of physics along with the initial conditions completely determine the evolution of the world (at least for the kind of mo dels we are working with). Hence, the only way in which we could obtain a branching future is by intro ducing a form of incompleteness with regards to the actions that may o ccur. This incompleteness arises when there are ag ents that can cho ose from a gamut of actions. Each choice is represented by a branch in the situation tree.

Thus, in regards to this work, we understand a natur al pr o c ess to b e a pro cess whose b ehavior is completely determined from a description of the initial conditions of the system, and the physical laws governing the phenomenon. Our view of natural pro cesses is re ected on the structure of the situation calculus trees in the following way: In each situation there is at most one natural action or event p ossible. This follows from the axiomatization presented b elow.

4.1 Axiomatization.

Here, we present an approach to axiomatize problems involving natural phenomena. W e make several assumptions that greatly simplify the presentation. In particular, we assume that no natural events o ccur concurrently

. In general, this assumption is to o strong, and in the full pap er we show how to extend the approach to allow for concurrency .

In the axiomatization we distinguish natural events from the other events

(or actions) intro ducing the predicate natur al � A. The most imp ortant characteristic of natural events is that when the conditions for their o ccurrence arise, they must o ccur. In this framework, a complete sp eci�cation of the predicate natur al has to b e provided by the axiom writer. F or instance, in the billiard balls example, all the actions mentioned are natur al.

9

follow the same approach. F or example, assume that we place a cartesian

co ordinate system in the billiards table. Also, assume that the X and Z axes

coincide with two p erp endicular sides of the table and that X=1 and Z=1

represent the other two sides of the table. Let P j

pos

i denote the parameter

p osition of the b al l i with r esp e ct to axis j . F urthermore, assume that the

following are the initial conditions:

hol ds(P z

pos

1

:

= constant(0:5); S

0

) ^ hol ds(P z

pos

2

:

= constant(0:5); S

0

);

hol ds(P x

pos

1

:

= l inear (1; 0); S

0

) ^ hol ds(P x

pos

2

:

= constant(0:5); S

0

):

Thus, ball 1 is moving horizontally (i.e., parallel to the X-axis) from p osi-

tion X=0, Z=0:5 towards ball 2, which is motionless in the middle of the

table. Therefore, we should infer that if no agents are present in the en-

vironment, the balls will collide when ball 1 reaches the initial p osition of

ball 2. F urthermore, if we intro duce the action constant C ol l ision, then a

correct axiomatization of this problem within the framework of the situation

calculus would let us infer the following:

� The collision is p ossible in S

0 if and only if start(do(Col lision, S

0

))=

0:5

3

. Thus, the time in which the C ol l ision may o ccur in S

0 is �xed.

� After the collision in the initial situation, i.e. in situation do(Col lision,

S

0

), the motion of b oth balls is a�ected. Thus, ball 1 will no longer

move according to its original tra jectory

, and ball 2 will start moving.

Let us consider a second scenario in the billiards table. Assume now that

the initial situation changes so that:

hol ds(P z

pos

1

:

= constant(0:4); S

0

) ^ hol ds(P z

pos

2

:

= constant(0:6); S

0

);

hol ds(P x

pos

1

:

= l inear (1; 0); S

0

) ^ hol ds(P x

pos

2

:

= l inear (2; 0); S

0

):

T o describ e this scenario, we intro duce new action constants ReachE dg e

1

and ReachE dg e

2

. Initially

, in S

0

, b oth balls are moving parallel to the X -

axis. The second ball moves faster than the �rst one. Given that there are

no agents that could intro duce p erturbations, we would like to infer that ball

1 reaches the edge of the table at time t = 1, and that ball 2 reaches it at

time t = 0:5. Here, there are two indep endent events, ReachE dg e

1

(ball 1

3

W e ignore the dimension of the balls.

8

W e also intro duce der iv ativ es with resp ect to time. W e use the function d : Y ! Y , some of whose prop erties are:

d(y ) = constant(0) � (9 r k

) y = constant(r k

); (22) d(y ) = constant(r k

) � (9 r r

) y = l inear (r k

; r r

): (23)

These prop erties of the deriv atives of p olynomial functions could have b een obtained from a set of general axioms ab out deriv atives of real functions.

However, this approach would take us to o far a�eld. W e prefer not to deal with these complications since they fall b eyond the scop e of this work. Other well known prop erties of the deriv atives of functions could b e added to (22)-

(23). However, in our examples we only make use of these ones.

In the next section, we utilize this extension of the situation calculus to mo del natural pro cesses. In particular, we show how to write e�ect axioms to describ e the e�ects of natural events. In the full pap er we discuss how to derive successor state axioms for uent terms of the form p

:

= y .

4 Represen tation of Natural Pro cesses.

Here we study how to axiomatize natural phenomena, utilizing the extended language describ ed ab ove. W e consider phenomena for which there are deterministic mathematical mo dels. These deterministic systems are such that if we know the initial conditions, the complete future evolution of the system is describ ed using the mo del. These mo dels describ e the b ehavior of close d systems (i.e., systems with no external p erturbations). By integrating these mo dels with the situation calculus we obtain a language in which we may describ e the interactions b etween active agents and physical systems.

As an example, consider a billiards table scenario in which there are two balls. F urthermore, assume that we know the initial p osition and parameters of each ball (i.e., their p osition, velo city

, acceleration, etc.), an accurate mathematical mo del will tell us the b ehavior of the system at all future times.

If the balls are moving towards each other, then a collision will o ccur and such a collision will change the way in which the balls move. When studying these systems, physicists p erform \piece-wise" analyses. In the example, the tra jectories of each ball would b e describ ed mathematically b efore and after the collision. Thus, the collision would b e seen as an event that changes the parameters of the system. Within the situation calculus framework, we

7

denotes a uent that holds when the parameter p b ehaves as describ ed by

the function named by y . Thus, the example ab ove can b e co di�ed as follows:

(8 t) q (Y ; t) = 5 + 6 � t; (17)

hol ds(P

h

:

= Y ; S ): (18)

(17) states that the v alue of the function denoted by Y is 5 + 6 � t. (18) states

that the ob ject’s height b ehaves according to Y during the situation S .

An imp ortant axiom for the function

:

= is:

hol ds(p

:

= y

1

; s) ^ hol ds(p

:

= y

2

; s) � (8 t) [t > star t(s) � q (y

1

; t) = q (y

2

; t)]:

(19)

Thus, if during a situation s a parameter’s v alue v aries according to two

functions of time, then these functions must agree on their v alues at all

times after the start of s.

Since the function symb ol

:

= denotes a uent function, a uent p

:

= y may

change from situation to situation. F or example, a golf ball may b e following

a tra jectory whose height is given by a function 2 � t � t

2

during S

0

. If it falls

in a sand trap, its height will b e describ ed by the constant 0. Therefore, the

event of the ball falling into the trap has had the e�ect of changing the way

in which the ball’s height is describ ed (e.g. from a parab olic function of time

to a constant). On the other hand, if some other event o ccurs, the b ehavior

of the ball may b e una�ected. Thus, in the same manner as with traditional

uents, we need to describ e how actions a�ect the b ehavior of parameters.

This is addressed in the following section.

Also, we need to intro duce the functions +, �, � and = : Y � Y ! Y . W e

overload symb ols in the language and rely on the context to disambiguate

them. These symb ols are intro duced to apply real op erators to function

names, with the meaning describ ed by the axiom:

q (y

1

+ y

2

; t) = q (y

1

; t) + q (y

2

; t);

along with similar axioms for the other real op erators. F urthermore, we

intro duce the functions constant and l inear of sort Y . W e utilize these

parameters to name real functions of time as follows:

q (constant(r

k

); t) = r

k

; (20)

q (l inear (r

k

; r

r

); t) = r

r

+ r

k

� t: (21)

6

Con tin uit y , Natural Pro cesses and the

Situation Calculus.

(Extended Abstract)

Ja vier Pin to

Dept. of Computer Science

Univ ersit y of T oron to

T oron to, Canada M5S 1A4 ja vier@ai.toron to.edu

AREAS: Knowledge Representation, T emp oral Logic, Situation Calculus,

F rame Problem.

W e consider the question \What issues arise in representing and using knowledge ab out real problems, and how can they b e addressed?" with resp ect to the problem of representing knowledge ab out continuous systems within the framework of the situation calculus.