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SITUATIONS, ACTIONS, AND CAUSAL LAWS

by John McCarthy

Abstract: A formal theory is given concerning
situatrions, causality and the possibility
and effects of actions is given. The
theory is intended to be used by the
Advice Taker, a computer program that is

r to decide vhatto do by reasoning. Some
simple examples are given of descriptions
of gituations and deductions that certain
goals can be achieved.



1. INTRODUCTION

Although formalized theories have been devised to express the most
lmportant fields of mathematics and some progress has been made in formalizing
certain empirical sciences, there is at present no formal theory im which one
can express the kind of meaens-ends analysis used in ordimary life. The closest
approach to such a theory of vhich I am aware is made by Freudenthal in Lincos[__l]o

Qur approach to the artificial intelligence problem requires a formal
theory. HNamely, we believe that human intelligence depends essentially on the
fact that we can represent in language facts about our situation, our goals, and
the effects of the various actions we can perform. DMoreover, we can dray
conclusions from the facts to the effect that certain sequences of actions are
likely to achieve our goals.

In Programs with Common Sense [:2:L I discussed the advantages of having
a computer program, to be called the Advice Taker that would reason from
collections of facts zbout its problem and derive statements about what it could
do, The name Advice Taker came from the hope that its behavior could be improved
by giving it advice in the form of new facts rather tham by rewriting the program.
The reader 1s referred to that paper for further information about the Advice
Taker and to Minsky's paper Steps Towards Artificial lnteilggence\JBJ for a general
introduction to the subject.

The first requirement for the Advice Taker is a formal system in which
facts zbout situations, goals and actions can be expressed and containing the
general facts about means and ends as axioms. A gtart is made in this paper on
providing a system meeting the following specifications

#l. General properties of causality and certaln obvious but until
noy unformalized facts about the possibility and results of
actions are given as axioms.

#2, It is a logical consequence of the facts of a situation and the
general axioms that certain persons can achieve certain goals
by taking certain actioms.

#3. The formal descriptions of situations should correspond as closely
as possible to vhat people may reasonably be presumed to imow about
them then deciding what to do.



2,  SIIUATIONS AND FLUENTS

One of the basic entities in our theory is the situation.
Intuitively, a situation is the complete state of affairs at some instant of
time. The laws of motion of a system determine from a situation all future
situations. Thus a situation corresponds to the notion in physics of a point
in phase space. In physics, laws are espressed in the form of differential
equations vhich give the complete motion of the point in phase space.

Qur system is not intended for the complete description of
gitvuations nor for the description of complete lawvs of motion. Instead, we
deal with partial descriptions of situations and partial laws of motion.
Moreover, the emphasis is on the simple qualitative lawe of everyday life rather
than on the quantitative laws of physics. As an example, take the fact that if
it is raining and I go outside I will get wet.

Since a situation is a complete state of affairs we can never describe
a pituation completely, and therefore we provide no notation for doing so im our
theory. 1Instead, we state facts about situations in the language of an extended
predicate calculus, Examples of such facts are:

1. raining (&)
meaning that it is raining in situation s
2. time (s) = 1963.7205

giving the value of the time in situation s. It will
usually prove comvenient to regard the time as a function
of the situation rather than vice versa. The reason for
this is that the numerical value of the time is knowmn and
important only where the laws of physics are being used.

3. at(I,home,s) or at(I,home)(s)

meaning that I am at home in situation s. We prefer and
will use the second of the given notations that isolates
the situation variable since in most if not all cases we
will be able to suppress it completely.

We shall not describe in this memorandum the logical system we intend
to use. Basically, it is a predicate calculus, but we shall use the ~notation
and if necessary conditional expressions as in LISP or ALGOL. We shall extend
the meaning of the Boolean operators to operate on predicates. Thus by

at(XI,home) Araining
ve mean the same as
A &. at{i,home)(s) A raining{s)
A predicate or function vwhose argument is a situation will be called

a fluent, the former being called a propositional fluent. Thus, raining, time,
and atSIahomez are all fluents, the first and last being propositional fluents,
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The term was used by Neuwton for a physical quantity that depends on time, and
according to my limited understanding of what he meant, the present use of the
term is justified.

In our formulas we will usually manage to use the fluents without
explicitly writing variables representing situations. This corresponds to the
use of random variables in probability theory without using variables representing
points in the sample space even though random variables are supposed to be
regavded ag functions defined on a sample gpace.

In fact we shall go further and give an interpretation of our theory as
a sort of modal logic in vhich the fluents are not regarded as functioms at all.



3. CAUSALITY
r In order to express causal laws we introduce the second order predicate
cause, The statement
cause(7)(s)

vhere T is a propositional fluent is intended to mean that the situation s will
lead in the future to a situation that satisfies the fluent 7 . Thus, cause(77)
is itself a propositional fluent. As an example of its use we write

¥s.¥p. [person(p) A raining Acutside(p) D cause(wet(p))] (s)

vhich asserts that a person vho is outside when it is raining will get wet. We shall
make the convention that if 7 is a fluent then

¥

means the same as
¥s. 1 (8).

With this convention we can write the previous statement as
¥¥p.person(p) A raining , outside(p) D cause(wet(p))

vhich suppresses explicit mention of situations. As a second example we give a
special case of the law of falling bodies in the form:

r FYt.¥b, ¥t'.¥h real(t) A real(t') Areal(h) Abody (b)

ii'i’\Eégt2< hJ A

hekgtZ A time=t'=t)

it

A unsupported(b)a l:he ight(b)

{f:ime = tj: cause (height(b)

The concept of causality is intended to satisfy the two following
general- laws, which may be taken as axioms:-

cl. Y. cause{TIA [_V,'/p Dﬁ]bcause([o)
G2, ¥ cause (cause(7n )) O causel(7p)
c3. V.cause(™ 1) vV cause{m2) DO cause(71 v T2)

The fact that we can suppress explicit mention of situations has the
following interesting consequence. Instead of regarding the 77''s as predicates
we may regard them as proppsitions and regard cause as a new modal operator. The
operator ¥ seems then to be equivalent to the N inecesaary) operator of ordinary
modal logic.

Conversely, it would appear that modal logic of necessity might be
rapgarded as a monadic predicate calculus vhere all quantifiers are over situations.

In the present case of causality, we seem to have our choice of how to
~ proceed. Regarding the system as a modal logic seems to have the follouwing two
advantages.



r 1. If we use the predicate calculus interpretation we require second
order predicate caleculus in order to handle cause(7M)(s), while if we take the
modal interpretation we cam get by with first order predicate calculus.

2. We shall want decision procedures or at least proof procedures for as
much of our system as possible, If we use the modal approach many problems will
involve only substitution of constants for variables in universal statements and
will therefore fall into a fairly readily decidable domain.

Another example of causality is given by a 2-bit bimary counter that
counts every second. In our formalism its behavior may be described by the
statement: '

VWt Ux,¥xy. time = tAbit0 = x, Abitl = %y Dcause (
time = t+lA (bit 0 = x, ® I)A(bit 1 = x1 ® (x,A1)))
In this example time, bit0O and bitl are fluents while t, ‘xo and xj are
numerical variables. The distinction is made clearer if we use the more long-
winded statement
Vs¥Wt¥x, Vx1.time(s) = tAbit 0(s) = =xAbitl(s) = x>
cause(/ s'.time(s') = t+1 A (bit0(s’) =x 01) A(bitl(s') = x18(%0 A1)))(s)
r In this case however we can rewrite the statement in the form
‘Ps.cause(hs'o(time(s') = time(s)—l—l_]z\ [pitO(s')= bitO(s)el_])\
(biti(s') = bitl(s) & (bit 0(s)AL) [) (s)
Thus we see that the suppression of explicit mention of the gituations forced us
to introduce the auziliary quantities t, x, and xj which are required because
we can no longer use functions of two different situvations in the same formula,
Nevertheless, the s-suppressed form may still be worthwhile since 1t admits the
modal interpretation.

The time as a fluent satisfies certain axioms. The fact that there is
only one situation corresponding to a given value of the time may be expressed by
the azionm

TL.VYN ¥V pVe. cause(time = t)\T)A cause(time = tA)O) =
cause (time = tf\?r‘z\f)

Another axiom is

T2. ¥Wt.real(t)A t > time Dcause(time = t)



'-. 4.  ACTIONS AND THE OPERATOR can

We shall regard the fact that a person performe a certain action in a
situation as a propositional fluent. Thus

moves{person, object, location)(a)

ie regarded as asserting that person moves object to location in the situation s.
The effect of moving something is described by

¥¥p Vo V1. moves(p,0,1) D cause(at(o,l))
or in the long form
¥s ¥p Vo ¥l.moves(p,0,1)(s) > cause(?\a'.at(o,l)(s'))(a)

In order to discuss the ability of persoms to achieve goals and to
perform actions we introduce the operator cam.

can(p,T (=)
asserts that the person p cam make the situation g satisfy . We see that
can(p, ) is a propositional fluent and that like cause, can may be regarded either

as a gecond order predicate or a modal operator, Our most common use of can will
be zo assert that a perscn can perform a certain action. Thus we write

r can(p,moves(p,0,1)){s)

- to assert that im situation s, the person p can move the object o to location 1.
The operator can satisfies the azioms
KL. W7 ¥R ¥p. [can(p, M) A(MDP) D canlp, P)

R2. Y7 ¥py ¥p2. ["’cau(pg_,’ﬂ“)/\cm(pl,"”w? ‘
k3. W ¥n¥p (can(p,7)vean(p, p)Dean(p,? v L) ]
Usizg Ri and
can(p, moves{p, O, 14/
and
?'JF Yo Yl.moves(p,0,1)} DO caugelat{o,1))

we can deduce
can(p, cause(at{o,1)))
vhich shows that the operators cap and cause often show up in the same formula.

The ability of people to perform joint actions can be expressed by
formulag 1like

can{pi, ean{u2, marry{p1,vs)))

vhich cuggeste the commutative zxiom

K4  ¥¥ p1 Vp2 ¥7p.can(pj.can(pa, 7)) Dean(pz,can(pi, 7))



A kind of tranmsitivity is expressed by the following:-

Theorem ~ From

1) can(p, cause(7))

and

2) ¥, 7p O can(p, cause()o))

it follows that

3) can(p, cause{can{(p, cause(p))))

Proof ~ Substitute can(p, cause(p)) for A in axiom Cl and substitute

cause (70) for 7 and cause(can(p, cause(L))) for 2 in axiom Ki. The

conclusion then follows by propositional calculus.

In order to discuss the achievement of goals requiring several comsecutive
actions we introduce canult(p,7') which is intended to mean that the person p can
ultimately bring about a situation satisfying 7. We comnect it with can and cause
by meane of the axiom

RCL. ¥. ¥p ¥71. 70V can(p,cause{canult(p, 7)))>canult(p,7 )

This awiom partially corregponds to the LISP-type recursive definition

canultl{p,7™) = T V canp, cause{canule(p,7])))

We also want the axiom

RC2, ¥¥p¥ 7. cause(canult(p,7p)) D canult(p,7p)
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5 EXAMPLES
1. The Monkey can get the Bananas

The first ezample we shall consider is a situation in which a wonkey
is in a room where a bunch of bananas is hanging from the ceiling too high to
reach. In the cormer of the room is a box, and the solution to the monkey's
problem is to move the box under the bananas and climb onto the box from which
the bananas can be reached.

We vant to deseribe the situation in such a way that it follows from
our axioms and the description that the monkey can get the bananas. In this
memorandum we shall not discuss the heuristic problem of hovw monkeys do or even
might solve the problem. Specifically, we shall prove that

canult (monkey, has{monkey, bananas))

The situation is described in a very oversimplified way by the following seven
gtatements: =~

H1, ¥¥u. place(u)> can(monkey,move {monkey, box,u))

"2, Y¥u Vv ¥p move {p,v,u) > cause(at(v,u))

H3. ¥ can(monkey,climbg{monkey,box))

Ha. YV Yu¥v¥p. at{v,u) Aclimbs{p,v)>causel(at{v,u) Aonlp,v))

H5. ¥ place(under(bananas))

HS. ¥ at(boxz, under{bananas)) A on({monkey,box) > can{monkey,reach(monkey,bananas))
g7, ¥ ¥p ¥z, reach{p,x)D> causelhas(p,x))

The reasoning proceeds ag follows: From 1 and 5 by substitution of under(bananas)
for u and PC (propositional calculus) we get

1) canf{monkey, move{box, under(banangs)))
Using 1) and B2 and axiom Cl, we get
23 can{monkey, cause(at(box, under{bananas})))
Similarly 13 and H4 and Cl give
3) at{boz, under(bananas)) D can(monkey,cause( at(box,under(bananas))/\ on(monkey,box)))
Then H6 and H? give
4) at(box,under(bananas}) \ on(monkey,box)> can{monkey,cause (has{monkey,bananas)))
Now, Theorem 1 is used to combine 2), 3)and 4) to get
5) can{monkey,cause(can{monkey,cause(can{nonkey,cause (has(monkey,bananas))})))
Using RCl, we reduce this to

canult(monkey, has(monkey, bananas)))



2, AN ENDGAME

¢

A simple sétuation in a two person game can arise vhere player p; has
two moves, but whichever he chooses player p, has a move that will beat him. This
gsituation may be described as followsg:-

1)  can(pi,m)Acan(py,m)A {m V my)
2)  [mD cause(m ] A [mD cavee(ms)]
3) LTy v Ty 2 E:an(pg, n3) Acan(pz,n2) A (a1 V ng)]
4)  WAT1A )V (Mo Any) D cause(win(py))
We would like to be able to draw the éonclus ion
3) canult(py,vin(py))
We proceed as follows: From 1) and 2) we get
4) cause(T 1) v cause(Ty)
and we use axziom C3 to get
5) cause(ﬂ‘l v T 9)

’ Next we veaken 3) to get
6) ¥ My Dcan(p2, ny) and
7) 7. Ty Deanlpz, 22)
and then we use Kl to get
8) 7. My D can(py, M 1 Any) and
9) 9. Ty Decan(pp, T2 Anz)

The propositional calculus gives

10) V.7 v Ty D canlpy, M1 Am) canlpz, T3 Any)
and using K3 we get
11) %7 v Ty Decan(pg, (M1 A 11) v (Ty Am2))
vhich together with 4) and K1 gives
12) v. 7y v Ty Dean(py, cause(win(pz)))
which together with 5) and Cl gives

r 13)  cause(can(psy, cause(win(py)))

. Using the axioms for canulg we nou get

14) canult(p2, win(p2))-
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After finishing the bulk of this memorandum I came across The Syntax
of Time Distinctions (47 by A.N.Prior. Prior defines modal operators P and F where

P(70) means ‘it has been the case that7' and,
F(7r) means 'it will be the case that 7™

He subjects these operators to a number of anmioms and rules of inferemce
in close analogy to the well-known| 5] modal logic of possibility. He also interprets
this logic in a restricted predicate calculus where the variables range over times.
He then extends his logic to include a somevwhat undetermined future and claims
(unconvincingly) that this logic canmot be interpreted in predicate caleculus.

I have not yet made a detailed comparison of our logic with Prior's, but
here are some tentative conclusions.

1. The caugality logic sghould be extended to allow inference about the past.

2, Causality logic should be extended to allow inferemce that certain
propositional fluents will always hold.

3. cause(7]) satisfies the axioms for his F(7') which means that his futurity
theory possesses, from his point of view, non-standard models. Namely, a collection
of functions pi1(t),ps(t) may satisfy his futurity axioms and assign truth to

r p{1)A ~(Fp)(o). In our system this is okay because something can happen without

| being caused to happen.

%4, 1If we combine his past and futurity axioms, our system will no loager fit
his axioms and

PFl. p D ~F{~2(p))
PF2, p D ~P(~VF(p))

since we do not wish to say that whatever is, was always inevitable.
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