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My contribution to this symposium is focused on the retreat fro~ 
strong conditions of causality that have been forced upon us by quantum 
mechanics. My intent is to describe in more or less successive stages 
the retreat from the paradise o~ deterMinistic causation. This retreat 
has taken place through a thicket of quantum-~echanical details. It is 
my intention to describe the general principles involved but to refer 
to the literature for proofs and full technical elaboration, even of 
matters that are crucial to the conceptual development. 

The history of the efforts to prove or disprove the possibility of 
hidden variables be~ins at least with von Neumann and includes important 
work by Kochen and Specker and others, but much of the recent analysis 
has centered around Bell's inequality and related results. In spite of 
its importance and significance I shall ignore this earlier history and 
begin with these recent discussions. 

The experimental situation most referred to by Bell and others is a 
system in which we are generating two spin-1/2 particles initially in 
the singlet state. We measure the spin of each particle as it leaves 
the source, one going in one direction and the other in the opposite 
direction. The puzzles and paradoxes arise from the strong dependencies 
we find between the spins of the two particles that are spatially 
separated, but which originated from the source in the singlet state at 
the same time. 

There are five assumptions about these syste~s that are essentially 
noncontroversial, which I shall state here but not formulate in an 
explicit mathematical fashion. 

(i) Axial~~etry. For any direction of the measuring apparatus the 
expected spin is O. where spin is measured by +1 and -1 for spin +1/2 
and spin -1/2, respectively. Further, the expecten product of the spin 
measurements is the same for different orientations of the measurin~ 
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apparatuses~ as long, as the angle between the measuring apparatuses 
remains the same 0 By the angle het'!lleen the measuring apparatuses we 
refer to the angle between the different orientationso Thus, one 
apparatus, the one on the left. for example. mi~ht be oriented up 
and the one on the right 90 degrees away, taken counterclockwise. 
Notice that the assuMption of axial symmetry is just like a stannard 
assumption about the isotropy of space Q 

(ii) Opposite. ~~_t.g'~I11en..!=_ for same E.!ientation. The correlation 
between the spin measurements is -1 if the two measuring apparatuses 
have the same orientation. This assumption is theoretically sound but 
in actual measurements the correlations obtained are not precisely ~1. 
We shall weaken this assumption in some of the subsequent discussiono 

(iii) Independence of the hidd~ va~_~~~~. The expectation of any 
function of the hidden variable. which we shall in accordance with the 
literature call A, is independent of the orientation of the ~easuring 
apparatus. It is generally agreed that the hidden variable which Rives 
us a causal analysis of the motion of the two spin~1/2 particles should 
not itself be affected by the way in which ~ve happen to orient the 
measurin~ apparatus. 

(iv) Locality. The spin measurement obtained with one apparatus is 
independent of the orientation of the other measuring apparatns. 

(v) ~ntum-~hanic~ correlatio~. The quantum-mechanical co­
variance for the spin of the two particles, given the values +1 ann -1 
as stated above, is - cos 8, where 8 is the an~le ~etween the 
orientations of the two neasuring apparatuses. 

Using these assumptions, with some changes here and there, we now 
proceed to chronicle the retreat to ever weaker causal conrlitions. 

1. Deterministic Causes 

It is natural in the fraMework of classical physics to add to the 
assumptions just given above that. given the hirlden variable A and 
th~ orientation of the measuring apparatus, the result of the spin 
measurement should be determined uniquely. In other ~o1ords. intuitively 
the hidden variable A should be a deterministic cause-

It is shown in Bell (1964, 1966) and with particular clarity in 
Wigner (1970) that under these assumptions there can be no hidden 
variable. so that the search for deterministic causes is mistaken. 

In an earlier paper. Zanotti and I (1976) lveaken the deterMinistic 
assumption to conditional statistical independence, that is, to the 
assumption that the expectation of a product of the spin measurements, 
given A and the orientation of the measurin~ apparatuses, is equal to 
the product of the expectations under the same conditions. Our argument 
is a straightforward probabilistic one. We just show that statistical 
independence, given A. together ~nth a correlation of -1. imnlies 
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determinism. I mention this assumption of conditional statistical 
independence because I shall be returning to it throu~hotlt the paner. 

Within the deterministic framework of classical physics, the negative 
results of Bell constitute in the minds of many people the most defini­
tive refutation of the search to expand classical quantum mechanics into 
a more encompassing classical theory of deterministic causes. 

2. De Finetti's Theorem 

Given that the case for determinism is hopeless in the conte~t of 
quantum mechanics, the first line of retreat is to look for causal hid­
den variables that render the correlated spin phenomenon con~itionally 
independent. The general rubric here, of widespread application in 
modern statistics, is that a proper probabilistic causal analysis shoulo 
render the phenomenological data statistically conditionally indepen­
dent. This is precisely the role of a probabilistic com~on cause· There 
is a famous theorem of de Finetti's that looks as if it ~i~ht have so~e 
application here because of the very general results about conditional 
independence. 

Before stating the theorem, I need to say something about the orin­
ciple of exchangeability. It is a principle of symmetry that has not 
been used in physics in any extendei way. The principle was introduced 
by de Finetti to provide a natural alternative in the suhjective theory 
of probability to ob1ective theories of independence. The subjective 
aspects of the principle are of no importance here but only its stron~ 
form of symmetry. Here is a simple example to jllustrate exchan~e­
ability. Suppose we flipped ten times a coi~ whose bias is unknown. 
Then the flips will not be independent because the outcomes of precedin~ 
flips will provide information about the probability of a head on the 
next flip. On the other hand, ~iven the number of heads that occur in 
ten trials, the trials in which the heads occur are of no i~portance. 
In other words, we have permutatio~al invariance in the sense that the 
probability of a sequence of ten outcomes with a fixed number of trials 
is the same regardless of exactly on which trials heads occur. Notice 
that exchan~eability as a principle of symmetry radically reduces the 
number of probabilities that have to be deter,bned. In the case of the 
ten flips of a coin, instead of considerin~ 2 sequences of possible 
outcomes we can reduce this to just 11. the probabilities of 0 to 10 
heads. A little later I shall reintroduce the principle of exchan~e­
ability in the particular application of the spin experiments. 

Given the principle of exchangeability, de Finetti's theorem may be 
stated in the following form: An infinite sequence of random variables 
is exchangeable if and only if there exists a random variable, which we 
may think of as causal, such that the random variables in the infinite 
sequence have identical conditional distributions and are conditionally 
independent given this causal random variable. (For those used to 
thinking of de Finetti's theorem in terms of mixtures of distributions, 
what the formulation I am referring to does is simply treat the weight­
tngs of the mixing as being identified with a causal random variable.) 
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For infinite sequences of random variables. my interpretation of de 
Finetti's theorem is that exchan~eability is equivalent to beinp, able 
to find a causal mechanism that renders the rando~ variables of the 
original phenomenon conditionally independent. As a simple exaMple. 
take the case of flipping a coin that may have a bias. As has already 
been mentioned. we have exchangeability but not independence of the 
flips phenomenologically because, as the flips continue, their outcomes 
give us information for predicting future outcomes but if we know the 
causal random variable--in this case, the parameter of the bias--then we 
have conditional independence and the proper abstract causal account of 
the phenomenonc It is important to realize in these formulations that 
of course the causal mechanism identified is abstract and in ~eneral 
will in no sense be the fullest one possible. lfuat is important about 
the theorem from the standpoint of causal concepts is that it shoys the 
close relation between pro~erly desi~ned experiments for investi~atinp, 
causes of phenomena and the principle of exchangeability. 

It has not always been reco~nized that de Finetti's theorem is a fun­
damental contribution to the theory of causality. An infinite sequence. 
of course. is approxi~ated by large numbers of trials in actual experi­
mentation. What the theorem shmil's is that if we have an experimental 
design in which exchangeability is satisfied phenomenologically. then 
we know on the basis of de Finetti's theorem alone that a common cause 
can be found that will render the phenomenological data conditionally 
independent--just as any good common cause should. Satisfaction of 
exchangeability is a nontrivial MRtter in experiments. but it is also 
important to recognize that the causa] results i~plied by de Finetti's 
theorem are already a step away from a purely deterministic causal 
requirement. There is a good deal nore to be said about de Finetti's 
theorem froN the standpoint of the general theory of causality but I 
shall move on now to the case of two exchan~eable events. 

3. Exchangeability in the Spin ~xperiments 

The kind of symmetry exnresse~ in the principle of exchangeability 
applies directly to the spin experi~ents that are a centerpiece of the 
literature surrounding Bell's results. This point is really uncontro­
versial and is an accepted part of the pheno~enolo~ical data of the spin 
experimentse To be co~pletely explicit it will be useful to express 
exchangeability in a formal way- Let X be the random variable for the 
measuring apparatus on the left--and on occasion we will call it 
apparatus I--and let Y be the random variable for expressin~ the 
measurement on the right with apparatus II. Exchan~eability of X and Y 
may then be expressed as follows: 

P(X = 1. Y = -1) ~ P(X = -1, Y = 1) • 

The symmetry of experimental design immediately satisfies this principle 
for the spin experiments. 

Now if we extend de FinettiPs theorem to this much weaker and simpler 
situation of two exchangeable random variables, then we would want a 
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causal hidden variable A such t~at X and Yare conditionally indepen­
dent, given A. and, secondly, the conditional distributions of X and Y 
are identical, given A. This second requirement of identity of condi­
tional distributions is a fundamental aspect of de Finetti's result and 
a standard classical demand in the theory of causality. It is, in its 
own way, a theoretical principle of symmetry as opposed to the phenome­
nological principle of exchangeability- Thus, for example, when we 
throw out a pair of dice t~at ~ave the same bias, that is, have the sal'1e 
causal hidden variable A, we expect iaentity of conditional distribu­
tions, namely, the conditional probability of a face is the same for 
both. The principle of symmetry is an old an~ classical one--there is 
no basis for the conditional distributions to be different. 1 emphasize 
a point that is sometimes forgotten in these discussions, that the 
actual outcomes will be ~iffere~t most of t~e ti~e. in particular 1/6 of 
the times in the case of fair dice, ~~ though the conditional distri­
butions are identical. 

Now for a second point about t\10 exchangeable random variables such 
as X and Y. It is easy to show that, in general. for just two random 
variables as opposed to de Finetti'g infinite sequence. an underlyin~ 
causal hidden variable need not necessarily exist. 

Zanotti and 1(1980) proved the following theorem giving necessary 
and sufficient conditions on the phenomenological data for two exchanp,e­
able hidden variables such as X and Y to have a causal hidden variable 
that will render them conditionally independent with identical condi­
tional distributions. The condition is that their correlation be non­
negative. I restate the theorem in the following more formal fashion. 

THEOREM 1. Let X and Y be two-valued random variables. for definite­
~. with .P..~~ yalues (--;n~-:l, and w"itl.! 'Oosittve varianCes, 1.-53.-:-:­
cr (X) ,o(Y) > O. 1...n. ..!9dition~ let X and Y ~ exchan~eable~ Then i!. 
~ssary' and sufficient. condition that !here exist i!. hiriden .Y.,.ariable A 
such that E(XYI" = A) = E(X!A = A)E(yIA A) and E(XI" = A) 
~(YL~ = A) for every value- A (except possibli-on i!. - .of measure 
~) is that the correlation of X and Y bet .ng~.!!ill.!!:t~~. 

Some related results about finite sequences of e~changeable random 
variables are to be found in Diaconis (1977). It is. as one miv,ht 
e~pect. easy to show that in the ease of an infinite exchan~eable 
sequence of random variables all pairs of randon variables '!'lust neces­
sarily have nonnegative correlation, so the condition that is il'1posed 
here is not one that is really stronger than one that holds for the 
infinite sequence of de Finetti's theorem. It is just that this condi­
tion now needs to be made explicit for the weaker case of two random 
variables. 

From what was said at the beginnin~ about negative correlations in 
the ease of the spin experiments, it is obvious that the necessary and 
sufficient condition for the existence of a causal hiddpn variahle " 
will not be satisfied. Thus, in its most natural form our retreat frol"l 
deterministic to probabilistic cO'l'lmon causes that yield identical 
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conditional distributions is not successful. Notice how little of Quan­
tum mechanics has been used in the present result==only the existence of 
negative correlations not as in the case of nell's earlier papers the 
specific covariance or correlation result for quantu~ mechanics in terms 
of the cosine of the angle between the orientation of the two appara­
tuses. What this theorem shows is that strong causal intuitions cannot 
be satisfied~ even at the probabilistic level. in quantum mechanics. 
Something has to give and it must be either the requirement of conrli~ 
tional independence or the requirement of identity of conditional dis­
tribution. The first is a principle of locality and the second a 
natural principle of symmetry. There is a more detailed discussion of 
these matters in Suppes and Zanotti (1980). ~ere I continue the line 
of retreat. 

40 Problem of More Than Two Exchangeable Variables 

As an illustration of how complicated the general theory of causality 
is. I mention the fact that there are no pretty and simple conditions 
now known in terms of the phenomenological data of pairwise covariances 
or correlations that guarantee an underlying causal hirlden variable for 
n exchangeable variables, when n > 2. In other words. the pairwise 
interactions between the variables can assume a complicated pattern and 
it is not clear what are natural necessary and sufficient conditions on 
this pattern to guarantee the existence of an underlyin~ common cause. 
In other words, the right generalization of Theorem 1 for n > 2 is not 
at all obvious. 

5. Bell's Stochastic Inequality 

Bell (1971) derived a useful and important inequality that requires 
no deterministic assumption. Let A and A' be two random variables cor­
responding to two orientations of t~e left apparatus and rando~ vari­
ables Band B' be two orientations of the apparatus on the ri~ht in the 
spin experiments. Let us assuTlle not'T that there is a causal hidden vari­
able that renders the random variables conditionally independent hut. I 
emphasize, does not necessarilv r,uarantee identity of conditional dis­
tributions. Bell shoys that the requirement of statistical conditional 
independence implies the following inequality: 

(1) -2 ~ E(AB) - E(A~') + E(~'B) + E(P'B') ~ 2 • 

It is then easy to select angle values for the difference in orientation 
on the left and the right for the four expectations shol~ in this 
inequality such that the inequality is violated by the quantum-mechanical 
result (v) given above. 

In our continual retreat, what we have now done is nrop the theoreti­
cal synmetry of identical conditional distributions. kept only the 
locality condition of conditional independence. and yet, as ~ell's 
inequality shows in the formulation he gives, there cannot exist an 
underlying common cause because of violation of his inequality- Zanotti 
and I have a detailed analysis of ~ell's inequality that will be 
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published and that I shall not go into here. The central point for the 
present exposition is that still further retreat is required. 

6. Causal Hidden Variables Without Conditional Independence 

The results of ~ell's ineqnalitv and the earlier results on exchange­
ability suggest that the ~est we c~n do is look for causal hidden 
variables that do not guarantee conditional independence but so~ethin~ 
less strong. If we look at examples in medicine and the social sciences 
where the search for conditional correlations is standard and the focus 
is the search for a COmI'lon cause that factors out phenomenological cor­
relations, it is absolutely standard not to expect to get results as 
strong as conditional independence. These applications of causal ideas 
are of course in highly empirical nontheoretical situations. The anal­
ysis does not take place in an environment where a stronR funda~ental 
theory is available. 

A proper attitude about quantum mechanics is nerhaps that it su~~ests 
a si~ilar kind of result but at a deep theoretical level for physics_ 
The demand for conditional independence is too strong a causal ~emand_ 

Unfortunately, once lie give up conditional independence. within the 
framework of classical physics there is no obvious weaker but still 
quite general condition to impose on a causal theory for quantum and 
other phenomena. On the other hand. if we introduce relativistic con­
siderations there is a natural way of expressin~ locality, namely, that 
if the state of the system is given just prior to the occurrence of an 
event of interest, no other earlier information about the system can 
change the conditional probability of the occurrence of the event in 
question- The so-called independence of path assuRption is standard in 
stochastic processes and is easy to formulate in a relativistic settin~. 
It prohibits, of course, instantaneous action at a distance and depends 
upon assuming that the propagation of any action cannot ~e faster than 
that of the velocity of light. It would take us beyond the framework of 
classical quantum mechanics to enter into this principle and I only mean 
to suggest that it is a way of finding a new line of retreat, hopefu]ly 
one on which we can stand and move no further to the rear. 

Some of the foundational discussions of quantum mechanics. both by 
philosophers and by physicists. often imply, at lpast imolicitly. that 
causal analysis of quantum phenomena is not really possible. Such a 
general conclusion seems to 1:le clearly mistaken- We cannot have a 
causal theory of quantum phenomena as rich in structural properties as 
are the theories of nineteenth-century classical physics. Even the 
weaker but still powerful concept of a COtn1'1on probabilistic cause liill 
not be usable without some changes. But causal notions are implicit in 
all systematic quantum phenomena, and I a~ confident that we will ulti­
mately have a satisfactory ~eneral analysis of causal concepts applicable 
to quantum phenOMena. Of course. by Ifsatisfactory" I do not mean that 
all classical requirements will be Ret but rather that we shall have a 
concept of cause that is as strong and as complete as is consistent with 
current well-supported theories of quantum phenomena. The process of 
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this clarification will undoubtedly have raNifications all the way back 
to ordinary talk about causes~ and ultimately we shall have a new way of 
thinking about causes. 
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