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ABSTRACT

In this paper, quantum logic is contrasted with both classical and fuzzy logics in order to highlight the
fundamental differences implied by the different models of the world. Logic and set theory are treated in
parallel in all the models, and the tools of both lattice theory and Hilbert space are used in the presentation.
The elucidation of these models is significant for machine representation both of the external world and
of that of human psychology. The conclusion summarizes differences between these variant logics. In a
supplement we elaborate on quantum logic’s nonclassical principle of operational ambiguity. An epilogue
offers some speculations on the variant logics and human experience and suggests directions for future
empirical investigations.

THE LATTICES OF CLASSICAL LOGIC

In order to reason about our experience, we use many mechanisms, but perhaps the best known and most
studied is that of classical propositional logic and Cantor’s set theory. These two methods are essentially
the same if we allow the identification of a proposition with the set of all “possible worlds” in which the
proposition is true. Specifically, classical logic posits a truth-value function which assigns a value of true or
false to each proposition, where different truth-value functions correspond to different possible worlds (or
models) for the propositions of interest.

As an example, there is an isomorphism between any physical system in classical mechanics and a collection
of “experimental propositions” about its possible states, realized as a “field” of subsets of its phase space
(Birkhoff and Von Neumann, 1936). Any such field of sets is isomorphic to a Boolean algebra (Stone,
1934), and thus to a classical logic. Conjunctions of propositions then correspond to intersections of the
corresponding sets, disjunctions to unions, and negations to orthocomplements.

Each truth-value function corresponds, in turn, to a set-theoretic membership function (or “characteristic
function”) which assigns 1 to members of the corresponding set and 0 to nonmembers. This classical
approach to reasoning is therefore a dichotomous one, often referred to as a “two-valued logic.” In addition,
the approach yields a “crisp set theory,” because it answers a clear yes or no to the question of membership in
a set of any given object. The conjecture that, in principle, there always exists an empirical procedure which
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can determine with certainty whether any object is or is not a member of some set is called the “postulate
of fixed truth set” (Watanabe, 1969). For different reasons, we shall see that this postulate is rejected by
both fuzzy and quantum logics.

The collection of all subsets of some universal set (or the collection of all propositions about some classical
universe of discourse) has operations of intersection and union, making it a lattice: a set with two operations
A (intersection or conjunction) and V (union or disjunction) satisfying (for all x, y, and z in the set):

zrAx=x, zVz=z (idempotence) (1)
cAYAz)=(@AYy) Az (associativity) (2)
rANy=yAz, xVy=yVz (commutativity) (3)

The empty set (the false or absurd proposition) 0 and the universal set (the true or trivial proposition) 1
act as lattice identities: For all x,

OANx=0, OVez=2, 1Az=z 1VvVz=1. 4)

Adding a unique compatible complementation operator (write ™ for the complement or negation of x), the
lattice becomes an orthocomplemented lattice, or ortholattice, satisfying for all x and y:

™) =z (involution) (5)
zrAz~ =0, zvz =1 (complement) (6)
(xAY)~=2"Vy~, (zVy)~ =z~ Ay~. (DeMorgan) (7)

Finally, since the lattice satisfies the distributive property,

(xAyY)Vz=(xV2)A(yVz), zAyVz)=(@Ay)V(rAz) (distributivity) ,(8)

it forms an algebraic structure known as a Boolean algebra.

In classical logic, implication, P = @ is equivalent to ¢ V P~. To assert the “truth” of P = @ is to say
that Q vV P~ = 1. It follows from distributivity that

P=PA1=PA(QVP)=(PAQ)V(PAPY)=(PAQ)VO=PAQ.

Therefore, P = @ if and only if P = P A Q). For sets, this same relation corresponds to “contained in”:
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xCy ifandonlyif z=zAy.

In general, containment imposes a partial ordering (reflexive, transitive, and antisymmetric) on the equiva-
lence classes of propositions as lattice elements. A collection of objects having such a partial order relation
is called a partially ordered set, or simply a poset. Thus we will simply write z < y for £ = x Ay in a general
lattice. However, one must be cautious when dealing with nonclassical lattices since the containment relation
need no longer correspond to implication. Indeed, material implication (P = @ iff Q V P~ = 1) cannot be
defined on a quantum lattice (Fay, 1967; Jauch and Piron, 1970; Oshins, 1989a).

Using this order relation, an additional property of the complement in a Boolean algebra is

if z<y then gy~ <z (involutive anti-automorphism).  (9)

All Boolean algebras have two additional properties — modularity and orthomodularity (or weak modularity):
if <z then zV(yAz)=(zVy) Azforalx,y,z (modularity),  (10)

if <y then y=zV(yAz") (weak modularity).  (11)

Some intuition can be gained for these properties by using lattice Hasse diagrams adapted from Oshins,
Adelson, and McGoveran (1984). The basic partial ordering relation of the lattice is depicted in Figure 1.
Hasse diagrams exhibit lattice partial orderings according to the convention that a bubble connected to a
higher bubble with an upward directed line is contained within the higher bubble.

Figure 1. Hasse Diagram Exhibiting Partial Ordering.

<=> aA=a <=> a<A

Figure 2 shows the Boolean algebra associated with a Venn diagram of three nonintersecting sets and the
Hasse diagram associated with three nonintersecting, Boolean points or atomic elements (atoms), where an
atomic element P has the property: 0 < P and x < P = x = 0.
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=AAB =BAC =ChAA
Figure 2. A Lattice of Classical Set Theory.

The result is a classical distributive lattice associated with three nonoverlapping unit elements which may
be identified with equivalence classes of elementary atomic Boolean propositions or their associated Venn
diagram. Negation is realized by reflection through the origin.

Figure 3 is a modular, nondistributive lattice representing subspaces of the plane. This nondistributive lattice
is associated with three linearly dependent, coplanar, one-dimensional subspaces (lines) of the plane. The
disjunction (“or”) of two lattice propositions is their least upper bound and is realized as the span or plane
generated by the associated lines. The conjunction (“and”) of two lattice propositions is their greatest lower
bound and is realized as the set-theoretic intersection of the associated lines, which determines a coordinate
origin.

=AvB =BvC =CvA

A)l=AAB =BAC =CaA
Figure 3. A Lattice of Subspaces of the Plane.
Furthermore, it is a simple exercise to show that distributivity implies modularity (but not conversely), and

modularity and orthocomplemented imply orthomodular (but not conversely). Another helpful definition in
this regard is that of compatibility: x and y are compatible, written x <> y if and only if either

r=(xAyY)V(@Ay”) or y=(zAy)V(z~ Ay).

Using this definition, orthomodularity can be rephrased as saying
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if z<y then z+y (orthomodularity).  (12)

FUZZY LOGIC

An alternative approach to both logic and set theory arises from the fuzzy approach of Zadeh (1965), which
starts with a truth-value function whose range is the interval from 0 to 1. This means that rather than being
true or false, each proposition has a value which is supposed to provide a measure of its “likelihood.” Rather
than having worlds in which the proposition is true, we have worlds in which the proposition is more likely
or less likely. For a given proposition P a fuzzy membership function pp is defined that maps each possible
world into the number in the interval from 0 to 1 which is a measure of the likelihood of the proposition
holding in this world. Thus the membership function is

pp : {possible worlds} — (0,1).

(We consider here “strict” fuzzy logic, which never assigns the values 0 or 1; hence the range is the open
interval (0, 1) excluding the endpoints, which provide a nonfuzzy limit of classical Boolean algebra or crisp
set theory.)

In the fuzzy logic approach, the conjunction and disjunction of propositions are interpreted as in classical
logic except that the truth values, expressed by the membership functions, are defined as

/j,p/\Q(W) = min{uP(W): HQ (W)}a

1pvQ (W) = maa{jup (W), ug(W)}.

In other words, the likelihood of P and Q is the minimum of the likelihood of either one, while the likelihood
of P or Q is the maximum likelihood of the two. It follows that P = (@) implies that up < pg always.

In parallel with the correspondence between propositions and sets in a classical logic, fuzzy sets are defined
via the fuzzy membership function, with fuzzy intersection and fuzzy union given by

(k1 A p2)(W) = min{pa (W), p2 (W)}

(1 V p2) (W) = maz{ps (W), o (W) }-

There is now once again a one-to-one correspondence between the equivalence classes of propositions of
fuzzy logic and fuzzy sets (although in the ”strict” fuzzy logic the propositions true and false are discarded),
and in either case a lattice is obtained satisfying the lattice properties (1) through (3) above. In the strict
fuzzy theory, however, the lattice has no identities 0 and 1. It is therefore impossible for the lattice to have
ordinary orthocomplements or to qualify as a Boolean algebra. Nevertheless, in fuzzy theory there is a fuzzy
complement P, defined for each proposition P as the proposition satisfying

upn (W) = 1= up(I0).
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Correspondingly, each fuzzy set has a complement given as

ph(W) =1 - p(W).

Notice that this complement satisfies involution (5) and DeMorgan’s Laws (7), but complementation (6)
becomes the weak statement

0<pAp’ =min{p,1—pu}, pVvp" =mar{p,1—p} <1 (6")

If instead of strict fuzzy logic, true and false were included, with fi4pye = 1 and pgqr5e = 0, the identities rule
(4) would also hold. However, although the lattice would now contain its limit points, the fuzzy complement
would still not be a lattice complement since, in general, the complement rule (6) would still not hold. In
addition, for a fixed proposition in fuzzy logic the partial ordering becomes a total ordering relationship on
the set of worlds, since any two fuzzy memberships, and their connectives as maximums and minimums, are
comparable. Finally, the distributive rule (8) still holds for fuzzy sets, and as a result, modularity holds. Of
course, without a true complement in a strictly fuzzy lattice, orthomodularity is out of the question.

QUANTUM LOGIC

The development of modern quantum physics has revealed that there are natural phenomena which cannot
be described and reasoned about in the framework of classical logic. The behavior of elementary particles
exhibits a property that can be phrased in the form “P or Q is true even though P is not true and Q is
not true.” For example, “light is a wave or particle phenomenon” even though neither one describes light
adequately. As Bohr wrote in 1929 (1961, p. 10): quantum experience,

forces us to adopt a new mode of description designated as complementary in the sense that any given
application of classical concepts precludes the simultaneous use of other classical concepts which in a
different connection are equally necessary for the elucidation of the phenomena (1961, p.10).

As such, complementary constructs provide competing alternative frames of reference: WAVE or PARTICLE
= 1 (necessary), and WAVE and PARTICLE = 0 (mutually exclusive), but WAVE # 1 and PARTICLE
# 1. As mentioned below, unlike the classical case, “mutually exclusive” does not imply orthocomplemented
(ie., ANB=0 AC B"™).

More specifically, well-known experiments (Dirac, 1958; Feynman, 1951; Feynman and Hibbs, 1965; Feynman,
Leighton, and Sands, 1965; Noyes, 1980) show that when light is passed through two slits in an opaque screen
an interference pattern is formed on a photosensitive plate on the other side of the screen, even when only a
single photon (irreducible packet of electromagnetic energy) is projected at a time. Expressed succinctly by
Dirac:

It would be quite wrong to picture the photon and its associated wave as interacting in the way in
which particles and waves can interact in classical mechanics. [In order to avoid] contradict[ing] the
conservation of energy ... [e]lach photon ... interferes only with itself. Interference between two different
photons never occurs (1958, p.9).

The photon must pass through one slit or the other slit, but the observed behavior is not that of a photon
which has simply passed through a single slit. As will be discussed below, this can be experimentally ver-
ified by covering one of the slits, at which point the interference behavior disappears. Similar arguments
apply for other individual quanta, such as electrons, which are classically thought of as particles and not as
waves (Feynman, 1951). Although double-slit interference provides for determination of continuous degrees
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of freedom (i.e., measurement of position/location), similar arguments can be presented for discrete alter-
natives such as for the quantum dichotomy spin in a Stern-Gerlach apparatus (Oshins, 1989b; Oshins and
McGoveran, 1980).

In quantum formalisms, one considers a type of encoding of patterns and of regularities in physical experience
that is at fundamental variance with classical parallel-process modeling, such as either the generic McCulloch-
Pitts-type neural net or Pribram’s “hologram hypothesis” (Hilgard, 1989; Oshins, 1984, 1989a). Quantum
parallel processing occurs when two empirical processes are possible but there is no empirical procedure that
is capable of discriminating which one has actually occurred. It is then empirically meaningless to speak
about there being individual events (in the classical sense of having a fully defined and fixed sample space).
In our supplement we provide a technical summary of how quantum logic offers a type of “operational
ambiguity” as a substitute for the distributive law of classical and fuzzy logics.

Returning to our example of the double-slit interference experiment, let us examine further how to provide
a logic in which to realize these quantum phenomena. In the aforementioned experiment with the photons
and slits (see Figure 4), if a photon is known to pass through slit A (by covering B, for example), it arrives
at the plate according to a probability distribution centered at A’; if, on the other hand, it is known to pass
through slit B, it must arrive according to a distribution centered at the point B’ on the plate.

Photon Source

SCYEEN  Plate  Prob, Dist,
L& B Open

Figure 4. An Experiment Splitting a Light Beam.

Consider the following two cases: case I in which both slits A and B are open and case II in which only
one slit is open. The following facts are true: (1) Where a minimum occurs in the case I distribution of
quanta (photons or electrons), case IT would increase the number found; and (2) at the center of the case I
distribution, where the case I maximum occurs at C’, case IT would substantially decrease the number found.
Thus, it is as though closing one hole has both increased and decreased the number of quanta which pass
through the other hole, which appears to be illogical.

From a probabilistic/likelihood perspective, letting Q be the statement “the photon passed through slit A,”
R be the statement “the photon passed through slit B,” and P be the statement “the photon arrived near
point C' on the plate, we conclude that P A @Q is false in almost all cases and P A R is also false in almost all
cases. Consequently, (PAQ)V (P AR) is false in almost all cases. Nonetheless, when a photon is projected,
it is most frequently observed to arrive near point C’. Since the photon is indivisible, it must have come
through one of the slits or the other; therefore, whenever P is true, P A (Q V R) is true. This contradicts the
distributive law (8)!
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Although the foregoing example raises the issue of probability in regard to the behavior of elementary
particles (see also below) and expresses results in terms of distributions, it must be emphasized immediately
that, unlike the fuzzy logic approach, there is no uncertainty or limit to precision implied regarding the
ability to measure a single degree of freedom for an individual quanta at one time — it is possible to measure
with great precision the point of arrival of a single photon on the plate of Figure 4. Therefore, an individual
photon either does or does not arrive at a point near C’, and, accordingly, P A (Q V R) is either completely
true or completely false for the given photon. The set of photons satisfying P A (Q V R) is therefore a crisp
set.

The allegation that PA(QV R) is not equal to (PAQ)V(PAR) is to be interpreted empirically. In experiments
in which it is possible to measure P A @ or P A R (by covering one of the slits) the results obtained differ
greatly from those in which PA(QV R) is measured (by leaving both slits open). The probability distributions
for photons passing through individual slits, separately, do not add up to the distribution for individual,
indivisible photons that are allowed to pass through both slits. Since the photon passes through (one slit or
the other) being true does not allow us to conclude empirically that the photon passes through one slit is
true nor that the photon passes through the other slit is true, we can say that for photons under appropriate
conditions the truth value of “to pass through” does not distribute over the complete set of alternatives
understood as the collection of slits through which it must pass. [The reader is cautioned that the language
used by Feynman (1951, p. 536) and Feynman and Hibbs (1965, p. 13) incorrectly distributes “to pass
through.”]

One widely used construction of a quantum logic (Birkhoff and Von Neumann, 1936; Finkelstein, 1963;
Greechie and Gudder, 1974; Jauch, 1968, 1972; Jauch and Piron, 1969, 1970; Mackey, 1963; Oshins and
McGoveran, 1980; Piron, 1976; Von Neumann, 1955) is based on a collection of propositions (or “questions”
or “experiments”) about a physical system which are related by = < y if and only if for every state of the
system in which x is always found to hold, y is also always found to hold. (One must actually be a little
more careful by defining the elements of the logic to be equivalence classes of propositions so as to ensure
that x <y and y < x implies = y. We will assume this has been done and ignore the formal details.)

An empirical partial ordering of containment is obtained on propositions with truth-valuation given by
empirical tests. Hence, a conjunction, x A y, can be operationally defined in terms of this empirical partial
ordering of containment of empirical tests as the experiment z such that (Finkelstein, 1963):
x Ay = z formally means:
e 2<uz, z<y
o If w<zand w<y, then w <z

x Ay = z operationally means:

e All preparations which “pass” the test of x Ay = z will pass a determination of empirical test-x and
will pass a determination of empirical test-y.

e All preparations which pass both the test of x and the test of y will pass a determination of the test
of t Ay = z.

That x A y is the greatest lower bound of x and y can be seen since: (1) if z < z and z < y, then in any
situation that z is necessarily true, both x and y must be true; consequently z A y must be found to be true
also. Conversely, (2) for z Ay always to hold in some state of the system it must be that x always holds and
y always holds.

Although this definition provides an experimental meaning to a propositional conjunction z Ay = z in terms
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of propositions about component events x and y if it exists, it does not show how to test for z A y in terms
of the component events x and y. We do not have a guarantee that there exists such a test. The reason
for this is that quantum theory requires the existence of incompatible events such that the determination of
x followed by the determination of y does not yield the same empirical outcome as the determination of y
followed by the determination of x.

We can understand this difficulty in defining the conjunctive proposition as follows: Identify the component
propositions x and y with their projection operators Mx and My (defined in the next section), say, interpreted
as filters (Oshins, 1989b). The difficulty in defining the conjunctive proposition occurs since for incompatible
propositions which can not be simultaneously realized, the projection operators do not commute, M, M, #
MyM,. Thus, the ordering of their experimental tests for the component proposition is critical.

Jauch (1968, p. 75) has suggested a way to deal with this by identifying the conjunctive proposition Ay = z
with an infinite sequence of alternating pairs of filters for the propositions x and y respectively:

The proposition = A y = z is then true if the system passes the experimental test corresponding to this
filter, and false otherwise. Clearly, this definition is consistent with the classical and fuzzy definitions for
compatible propositions. One consequence of the quantum conjunction is that for incompatible propositions
x and y, z = x Ay = 0, does not imply that z < ™, nor that y < ™, as it does in the classical case.

Similarly, a disjunction 2 V y = z can be operationally defined in terms of the empirical partial ordering of
containment of empirical tests as the experiment z such that (Finkelstein, 1963):

z V y = z formally means:

e if t <w and y <w, then z <w
x V y = z operationally means:

e All preparations which pass the test of x will pass a determination Of z V y = z, and likewise all
preparations which pass the test of y will pass a determination of x V y = z.

e Any determination which passes a preparation for x and also passes a preparation for y will pass a
preparation for z Vy = z.

It is easy to show that x V y is the least upper bound of all propositions z which are > = and > y. Finally, an
orthocomplement can also be defined: ™ asserts to perform the same experiment as for x but answer true
if and only if x yields false. The resulting structure is an orthomodular lattice of propositions [properties (1)
- (7) and (11)].

A collection of (o-additive, positive) functionals, called states, from the lattice to the interval [0, 1] are now
added to represent the set of all true propositions of the system. As such, a physical state is considered
to result from an empirically meaningful “preparation” of the system. A state is then “determined” by
measuring the truth or falsehood of a “maximal” set of compatible propositions of the system.

Classical states have the property that every proposition necessarily is either true or is false. In distinction,
strictly fuzzy states have the property that every state is both true and false, somewhat. In contrast, in

quantum logic although a predicate will have a crisp value upon being determined, not every proposition is
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necessarily true nor necessarily false. Jauch and Piron caution that although one predicts the probabilities of
outcomes for various measurements, given specified experimental arrangements, quantum states and quantum
physics pertain to individual quantum systems and are not intrinsically probabilistic as is sometimes thought:
“the state is a property of an individual system and not of a statistical ensemble of such systems. ... a
probability is meaningful only with reference to a statistical ensemble. The definition we have given above
refers only to true propositions, that is to what we have called properties of the system, and there is no
objection in attributing these properties to an individual system” (1969, p. 846).

Each state, s, satisfies the properties:

e s(zVy)=s(z)+ s(y) for all x, y with z <y~

e separating alternatives: If x # 0, then there exists a state s such that s(z) # 0; and if x # y, then there
exists a state s such that s(x) # s(y) (Jauch, 1968, pp. 94-96).

Moreover, the collection of states must be “full,” meaning that they can be used to determine the order on
the lattice:

forall z,y: =z <y ifandonlyif s(z)<s(y) for all states s.

This corresponds to the idea that if x is not < y then there should exist some state of the system referred to
by these propositions in which it is more likely that x is true than that y is true. That quantum states, as
(o-additive, positive) functionals from the lattice to [0, 1], are essentially unique, has been shown by Gleason
(1957).

States can be thought of as representing possible worlds, as do the truth functions of classical and fuzzy.
They can therefore be used to define something akin to a fuzzy membership function: for any given x in the
lattice, define

ulm(s) = s(z) for all states s.

A significant difference between the quantum u; and the fuzzy p, is in the conflicting requirements whenever
z<y™:

upvo(W) = maz{uy(W), no(W)},

Hipyy (5) = s(x V y) = 5(2) + s(y) = i, (5) + p, (5).

Although fuzzy and quantum logics appear to share a likelihood approach to the problem of describing pos-
sible worlds, this similarity is superficial. The fuzzy logic approach treats the ideas of truth and membership
themselves as not binary, whereas in quantum logic they remain binary as in classical logic. Probabilities
in quantum logic refer to the expectation value of ensemble outcomes of repeated experiments which, on
any given execution, return a clear-cut yes or no. Where a fuzzy proposition such as “Joe is tall” has a
value of, say, 0.8 in a world in which Joe is six feet tall, classical/quantum propositions such as “the tooth-
brush/electron is found in the left compartment of the suitcase/box” has a value of 1 in a world in which,
upon performing an empirical test such as opening the suitcase/box and looking, the toothbrush/electron is
found in the left compartment.
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In a world in which the owner of the suitcase tends to keep his or her toothbrush in the left side, the
corresponding state for a classical or quantum logic might assign s(toothbrush in left side) a value of 0.8, but
this is not to imply that when you open the suitcase you will not know with certainty that the toothbrush
is or is not in the left-hand compartment, only that you can expect to find it there 80% of the time when
you look.

Quantum logic is distinguished dramatically from classical and fuzzy logics due to the underlying nondis-
tributivity of the quantum lattice of propositions. A nondistributive orthomodular lattice of propositions
divides itself into subsets of compatible (see “4»” above) propositions. Incompatible propositions are those
which represent measurements or experiments that cannot be performed simultaneously. For example, the
Heisenberg uncertainty principle (Schiff, 1968, pp. 7-14) asserts that measurement of the momentum of an
elementary particle and measurement of the position of the same particle are incompatible in this sense:
empirically, there is no state of simultaneous position and momentum. This and the photon experiment
presented earlier cannot be described in terms of fuzzy logic but do fit the quantum logic scheme.

One of the difficulties of working with quantum logics is that the structure of orthomodular lattices is com-
plex and not well understood. Despite a remarkable representation theorem of Piron (1976), in contrast to
the Boolean algebras of classical logic, which are very regular and always representable as sets of subsets,
orthomodular lattices can boast no such simple characterization (Anger, Sarmiento, and Rodriguez, 1986;
Kalmbach, 1983). On the contrary, researchers have been able to show extreme examples such as orthomod-
ular lattices on which it is impossible to define even one state (Greechie, 1971). As noted by Jauch (1968,
p. 96), there are also Boolean lattices that have no states at all.

The next section presents the Hilbert space projection lattice, which has served in place of the ”"sets of
subsets” representation of classical logic; nevertheless, Greechie (1969) has shown that there are orthomodular
posets that cannot be represented even in this manner. Despite these difficulties, the need for non-classical
models is evident in describing quantum phenomena, and there is also considerable evidence that quantum
logic might provide a better model for many human thought processes than do classical or fuzzy models
(Hilgard, 1989; Oshins, 1984, 1989a,b; Oshins and McGoveran, 1980; Shepard, 1989, pp. 123-125). Our
Epilogue and Supplement briefly suggest psychologically related phenomena which might have quantal or
quantum-like realizations.

LOGIC AND HILBERT SPACE

Hilbert space has long been used in quantum mechanics as the natural environment for expressing quantum
phenomena (Von Neumann, 1955; Mackey, 1963). Von Neumann, Birkhoff, Mackey, Jauch, Finkelstein,
and Piron laid much of the mathematical foundations. Bohr, Von Weizsacker (1955, 1958, 1970, 1971),
Heisenberg, Finkelstein, and Watanabe have played key roles in developing the interpretive structure.

The lattice of closed subspaces in Hilbert space provides a metalogic for our logic (Heisenberg, 1958; Oshins,
1989a,b; Oshins and McGoveran, 1980; Von Weizsacker, 1955, 1958), since it contains lattices of subspaces
which are orthomodular and nondistributive. Closed subspaces, as rays, correspond to “projection operators”
on a projective Hilbert space, modulo the complex numbers, and represent orthogonal projections of the space

on one-dimensional subspaces. Since such linear operators can be represented by (possibly infinite) matrices,
the quantum logic can be represented as a class of matrices over the complex numbers having the properties:

M? =M (idempotent)  (M1)

M commutes with its adjoint (or conjugate transpose): MM* = M*M (normal) (M2)

Hilbert spaces are complete inner-product (vector) spaces and hence have a concept of orthogonality: two
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vectors are orthogonal if their inner product is zero. Similarly, two projection operators are “orthogonal” if
their associated subspaces (images) are orthogonal. The orthogonal complement, M+, of a projection matrix
M is another projection matrix such that

M*M = MM+ =0 (the zero matrix).

Finally, the intersection of closed subspaces V and W is a closed subspace VAW while V' VW is defined as
the smallest closed subspace containing both V and W (the span of V and W). It is a fundamental theorem
of the field that the closed subspaces of a Hilbert space form an orthomodular but non-distributive lattice,
called the projection lattice of the space (Beran, 1984; Piron, 1976; Von Neumann, 1955).

In order to represent fuzzy logic in terms of projection operators on Hilbert space (Oshins, Adelson, and

McGoveran, 1984), we consider a particular lattice of propositions L and fix a proposition P of L. Since up
maps possible worlds into the interval (0, 1), it induces a total order on the set of worlds:

Wiy <W, ifand only if pp(W1) < pp(Ws).

If Mp is a matrix whose rows are put into one-to-one, order-preserving correspondence f, with a sequence of
points from 0 to 1, we can think of placing along the diagonal the values M[k, k] = 1 if f(k) is in the range
of up, and M[k, k] = 0 otherwise. This makes the fuzzy membership matrix Mp into a normalizable direct
sum of orthonormal projection operators. Thus we satisfy the above conditions by means of compatible
projection operators.

In particular, for any such matrices, M and N,

MN = NM (commutative), M* = M (self-adjoint),

9

where the “spectrum,” or set of eigenvalues of the component projection operators, is just {0,1}. However,
the orthogonal complement M+ does not correspond to the fuzzy complement, p”. In fact,

M* [k, k] =1~ M[k, k] for all k,

or

M*[k,k]=1 ifandonlyif Mk k]=0,

compared with

M"[k,k] =1 if and only if f(k) is in the range of upr =1 — up

[i.e., if and only if 1 - f(k) is in the range of up].
If one defines a legitimate orthocomplement on the lattice corresponding to completed fuzzy matrices, there
exists a unitary transformation that transforms between the orthocomplement and the fuzzy complement.

By adjoining all the orthogonal complements, an orthocomplemented projection lattice is obtained for fuzzy
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logic. Since this lattice is also distributive, it is therefore a Boolean algebra, just as in the case of classical
logic.

CONCLUSION

By contrasting the lattice properties of classical, fuzzy, and quantum logics, it is possible to make a com-
parison of the power or weakness of the three logics. Classical logic produces a Boolean algebra, fuzzy
logic produces a distributive but not complemented lattice, and quantum logic produces an nondistributive
orthomodular lattice. By representing membership functions by projection operators on Hilbert space, it is
possible to add orthocomplements to the fuzzy lattice in a natural way and thereby obtain a Boolean algebra.
In terms of the lattices, it is seen that the fuzzy logic lattice is somewhat more general than the classical by
not requiring orthocomplements, but it is less general than quantum logic by requiring distributivity. Fuzzy
allows discussion of worlds which do not have orthocomplements, but since fuzzy disallows orthocomplemen-
tation, it prevents the discussion of incompatible pairs of worlds. The fuzzy approach addresses the fuzzy set
of people who Bill likes with no concern for dividing the world into liked and unliked people. The quantum
approach considers the set of circumstances in which photons/electrons always have position or momentum
if looked for, but do not have position and do not have momentum independent of the experimental deter-
mination as a metacontext. All the photons that reached the plane behind the screen went through slit A
or slit B, but did not just go through slit A nor just through slit B. The other alternative is relevant.

EPILOGUE

A final illustration: a suitcase is constructed with two compartments in such a way that only one compartment
can be opened at a time. A particular shirt may be in the left side or right side. Classical logic would divide
the set S of possible worlds in which the shirt is in the suitcase into two mutually exclusive and all inclusive
subsets: A = worlds in which the shirt is in the left side, and B = worlds in which the shirt is in the right
side. Thus,

S=AVvVB and 0= AAB.

Fuzzy logic would ascribe to each of the possible worlds a likelihood that the shirt is in the left side and a
likelihood that it is in the right side and thereby create a likelihood equal to the minimum of these two that
the shirt is in both the left and the right sides. Furthermore, the likelihood of the shirt being in the suitcase
(i.e., in the left or right sides) will be assigned the maximum likelihood of its being in the left or in the right
sides. This yields the peculiarity that although the shirt is always in the suitcase with certainty, its fuzzy
likelihood of being in the left or right sides is less than 1!

Lastly, quantum logic would consider only worlds in which a “quantal shirt” would be found to be in the
right side or found to be in the left side. If P is the proposition “found on left” and Q = “found on right,”
then any state s will satisfy

s(P)+s(Q)=s(PVQ) (because Q < P~).

The set of worlds for which the shirt is always found in the right side is the set of states for which s(Q) =
1. There may also be states for which, say, s(Q) = 0.7 and s(P) = 0.3, or for which s(Q) = 0.5 and s(P) =
0.5, but here s(P A Q) = s(0) = 0 and s(P V Q) = 1. There is no possibility that the shirt is in both sides
or nowhere at all.

This strange suitcase is modeled on the original Birkhoff and Von Neumann example of complementary
alternatives in a nondistributive lattice [see also Heisenberg (1958) for Von Weizsacker’s interpretation as

metalogic]:
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facts suggest that the distributive law may break down in quantum mechanics. That it does break
down is shown by the fact that if a denotes the experimental observation of a wave-packet y on one
side of a plane in ordinary space, a correspondingly the observation of y on the other side, and b the
observation of y in a state symmetric about the plane, then ... [the distributive law is violated]. (1936,
p. 83)

Here we see that if an individual quanta is looked for, it will always be found in its entirety on either the
left or the right side of the plane. Thus, (left or right) will always be true, if looked for. Yet, since cosines,
which are symmetric, and sines, which are antisymmetric, provide a complete basis for locating the quanta,
we can assert that (even or odd) will always be true, if looked for. Yet, (even and left) is false and, likewise,
(even and right) is false. Therefore,

even A (left V right) # (even Aleft) V (even A right),

and distributivity fails.

There are other effects — both quantal and psychological — which seem to exhibit behavior inconsistent with
classical or fuzzy logic. The “liar’s paradox” realized as “This statement is false” has been suggested by
Oshins (1989b; Oshins and McGoveran, 1980) as a linguistic example of a failure of the distributive law.
Specifically, Oshins has reinterpreted the “liar’s paradox” as “This statement is true or false” does not
imply that “This statement is true” nor that ” This statement is false,” which is equivalent to a rejection of
the distributive law. Instead, the truth valuation induces a transition in truth-value within an irreducible
proposition.

Another result related to the failure of distributivity is the Aharonov-Susskind effect (Aharonov and Susskind,
1967; Bernstein and Phillips, 1981), which has demonstrated empirical consequences to relative rotations by
27 of a quanta with respect to its environment. If a single electron is contained in a box having reflecting
walls and two compartments that are separated by an impenetrable partition and if the electron is initially
found in the left compartment, it follows that the electron’s state can neither be even nor odd, and indeed the
individual electron’s state must be a superposition of even and of odd states. Thus, if the partition is initially
open, so that the electron can freely go back and forth, one can show that there exists a probability current
for this to occur due to the superposition of even and odd states. Furthermore, if one closes the partition
so that it is temporarily impenetrable, applies a uniform magnetic field, and then rotates one compartment
360° with respect to the other compartment, one can show that upon removing the impenetrable partition,
the probability current has reversed direction.

To see how this might pertain to psychophysical measurements consider (Bernstein and Pillips, 1981; Oshins,
1984): If one picks up an object, such as an alarm clock, and rotates it 360° with respect to some reference
frame, such as oneself; it ends up where it started. In contrast, if one holds one’s hand with the palm up,
as if holding a cup of tea on the palm, and rotates it, while keeping the palm up so as not to spill the tea,
one finds it necessary to turn the palm around the rest of oneself twice (i.e., 720°, once below the elbow and
once above it), before one winds-up where one is/was! Oshins has described this property as “self-referential
motion.”

Noting that (1) in mentally comparing differentially oriented, asymmetrical geometric objects, the time
required to accurately discriminate whether or not a second object is the mirror image or an identical object
is linearly proportional to the relative angular orientation — thereby indicating that rotations of mental
representations take place, cognitively, in these comparisons (Shepard and Metzler, 1971); and that (2) by
applying an alternating direct current to a finger and using a SQUID (superconducting quantum interference
device), one obtains a highly localized magnetic activity site (dipole moment) on the opposite side of the
skull (Williamson, Kaufman, and Brenner, 1979), Oshins (1984) has suggested that SQUIDs might be able
to measure quantal magnetic activity in the brain as a result of self-referential motion — a psychological
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Aharonov-Susskind effect.

Another possible candidate for a quantal perceptual effect might be Necker’s cube. The bistable percep-
tual effect encountered with Necker’s cube might be considered a quantal effect in which the state is in
configuration-1 or configuration-2, but is not in configuration-1 and is not in configuration-2 — thus violating
the distributive law.

Thus, we see that the assumption of a quantum logic representation for psychology leads to alternative
conceptions of formal linguistic and psychophysical processes. Yet, since quantum logic contends to be an
empirical logic, whether or not there is a substantive role for quantum logic in psychology awaits experimental
confirmation and, ultimately, the determination of nature.

SUPPLEMENT ON OPERATIONAL METALOGICAL AMBIGUITY

As an alternative to the distributive law of classical and fuzzy logics, quantum theory provides a type of funda-
mental, “operational ambiguity” (Oshins, 1989a). This is done by means of symmetries on irreducible equiv-
alence classes of alternative, competing possibilities, realized as a (nondistributive, orthomodular, atomic)
lattice (Oshins, Adelson, and McGoveran, 1984). The symmetries of the observable structure are gener-
ated by the observables themselves. One-dimensional projection operators (see “Logic and Hilbert Space,”
above) can be used to construct the observables through their spectral decompositions into projection-valued
measures. They can be identified with the atoms of the lattice and with rays in the projective, carrier rep-
resentation space. This can also be done for classical and fuzzy logics.

Since classical and fuzzy logics do not admit incompatible propositions, as a result of being distributive, their
spectral realizations are constructable from commuting projection operators. As a result, the products of
their projection operator give delta functions (Oshins et. al., 1984), in contrast to the quantum case where
the products give (hyper-)complex numbers (Oshins et. al., 1984; Feynman, 1951; Schwinger, 1970).

Wigner’s theorem (Wigner, 1959) asserts that in order to preserve the probability structure of the state
space, which carries all the information about possible events, one requires symmetries (e.g., change) to be
projective and unitary or antiunitary. The unitary operators are constructable from the observables through
their parameterized exponential mapping. Under somewhat weaker requirements, the generalized Wigner-
Uhlhorn theorem shows that this symmetry structure can then be identified with the fundamental theorem
of projective geometry (Baer, 1952; Biedenharn and Louck, 1981, pp. 157-201); Uhlhorn, 1962).

Although clearly such more general quantum representations cannot be formally accomplished within classical
models, there do exist limits and contractions (e.g., Dirac’s contraction from quantum commutator brackets
into classical Poisson brackets, which exhibits the differential structure of classical physics as a limit of the
differential structure of quantum physics) that enable one to construct approximations to classicalness given
certain circumstances. Another example is Ehrenfest’s theorem (Schiff, 1968, pp. 28-30) which exhibits the
equations of motion of classical observables as ensemble expectation values of the corresponding quantum
observables.

The quantum process is described as a “non-discriminating measurement” (Schwinger, 1970) of “interfering
alternatives” (Feynman and Hibbs, 1965) realized by an irreducible or “coherent” (Jauch, 1968) lattice of
propositions. The equivocation process provides a type of irreducible, representational ambiguity that does
not exist in classical representations, such as in computers (Deutsch, 1985; Feynman, 1982; Gornitz and
Von Weizsacker, 1987; Oshins, 1984, 1989a,b; Oshins and McGoveran, 1980). Instead of trying to avoid
ambiguity, Oshins has elevated this specific type of ambiguity into a fundamental principle (Hilgard, 1989;
Jauch, 1968, p. 106; Oshins, 1984, 1989a,b):

If one cannot (operationally) distinguish [or discriminate] between two unit predicates A and B, there
will always exist a third possible contrary (unit) predicate C such that (A or B) = (B or C) = (C or

A), i.e., they are equivalent perspectives — there is no operational way to distinguish [or discriminate]
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between A, B, and C. (Oshins 1989a, p. 5)

Operationally, quantum physics has shown that there is an empirical difference in coding between (Oshins,
1984, 1989a,b; Schwinger, 1970, esp. pp. 27-28): (1) forming a class (virtual ensemble) of possible states
(subensembles) which are distinguished by some specific attribute (e.g., subensembles having either predicate-
A or incompatible/complementary predicate-B) and (2) forming a class (virtual ensemble) of possible states
(subensembles) which are not empirically distinguishable according to such a predicate (i.e., there is no
empirical procedure that discriminates between the alternative, possibly incompatible/complementary pred-
icates). This is true even if no member of the class is distinguished or separated out, as long as, operationally,
one could be.

Oshins (1989b) has suggested a possible psychological example which might carry this same type of repre-
sentational alternatives. Consider the difference between saying a person (which would always equal male or
female, if gender were to be distinguished) came into the room and saying that a male or a female came into
the room (actually distinguishing gender as opposed to a different, competing context). Of course, the exis-
tence of complementary, competing construct attributes is an empirical issue. Other possible complementary
alternatives might involve a metachoice between, say, the good/bad attribute dicotomy and the love/hate
attribute dicotomy. See also Bohr (1987/1954, p. 81) regarding “justice and charity” and Heisenberg (1958,
p. 179) regarding “enjoying music and analyzing its structure.” The existence of two operational ways
to code “non-selecting measurements” became a foundation for Oshins’ “quantum psychology” approach
(Oshins, 1984, 1989a,b).

ACKNOWLEDGEMENTS
We are indebted to Lou Kauffman, David McGoveran, and H. Pierre Noyes for their helpful comments on

this paper. We particularly thank Jeff Yerkes for the appearance of this chapter and for coordinating the
sometimes extensive communications between the authors.

REFERENCES

Aharonov, Y., Susskind, L.: Observability of the sign change of spinors under 27 rotations. Physical Review,
158(5), 1237-1238, 1967.

Anger, F., Sarmiento, J., Rodriguez, R.: Representative graphs of r-regular partial planes and representation
of orthomodular posets. Journal of Discrete Applied Mathematics, 15, 1-10, 1986.

Baer, R.: Linear Algebra and Projective Geometry. New York: Academic Press, 1952.
Beran, L.: Orthomodular Lattices, Algebraic Approach. Dordrecht: D. Reidel Pub. Co., 1984.

Bernstein, H. J., Phillips, A. V.: Fiber bundles and quantum theory. Scientific American, July, 122-137,
1981.

Biedenharn, L. C., Louck, J. D.: The Racah-Wigner algebra in quantum theory. Volume 9 of Encyclopedia
of Mathematics and its Applications, G.-C. Rota (ed.). Reading, MA: Addison-Wesley, 1981.

Birkhoff, G., Von Neumann, J.: The logic of quantum mechanics. Annals of Mathematics, 37, 823-843, 1936.

Bohr, N.: Atomic Theory and the Description of Nature. Cambridge, England: Cambridge University Press,
1961.

Bohr, N.: The Philosophical Writings of Niels Bohr, Volume II. Woodbridge, CT: Ox Bow Press, 1987.

Deutsch, D.: Quantum theory, the Church-Turing principle and the universal quantum computer. Interna-

16



CLASSICAL, FUZZY, AND QUANTUM LOGICS: RELATIONS AND IMPLICATIONS
tional Journal of Theoretical Physics, 21(6/7), 467-488, 1985.
Dirac, P. A. M.: The Principles of Quantum Mechanics, 4th edition. London: Clarendon Press, 1958.

Fay, G.: Transitivity of implication in orthomodular lattices. Acta Scientiarum Mathematicarum, 28, 267-70,
1967.

Feynman, R. P.: The concept of probability in quantum mechanics. Second Berkeley Symposium on Mathe-
matical Statistics and Probability, Berkeley: University of California Press, 1951.

Feynman, R. P.: Simulating physics with computers. International Journal of Theoretical Physics, 21(6/7),
467-488, 1982.

Feynman, R. P., Hibbs, A. R.: Quantum Mechanics and Path Integrals. New York: McGraw-Hill, 1965.

Feynman, R. P., Leighton, R. B., Sands, M.: The Feynman Lectures on Physics, Vol. 3. New York:
McGraw-Hill, 1965.

Finkelstein, D.: The logic of quantum physics. Transactions of the New York Academy of Sciences, 25,
621-637, 1963.

Gleason, A. M.: Measures on the closed subspaces of a Hilbert space. Journal of Mathematics and Mechanics,
6, 885-893, 1957.

Gornitz, T., Von Weizsacker, C. F.: Quantum interpretations. International Journal of Theoretical Physics,
26(10), 921-937, 1987.

Greechie, R. J.: An orthomodular poset with a full set of states not embeddable in Hilbert space. Caribbean
Journal of Mathematics, 1, 15-26, 1969.

Greechie, R. J.: Orthomodular lattices admitting no states. Journal of Combinatorial Theory, 10, 119-132,
1971.

Greechie, R. J., Gudder, S. P.: Quantum logics. In Contemporary Research in the Foundations and Philos-
ophy of Quantum Theory, C. A. Hooker (ed.). Boston: Reidel, 1974.

Heisenberg, W.: Language and reality in modern physics. In Physics and Philosophy. New York: Harper &
Row, 1958.

Hilgard, E. R.: Reflections on the future of scientific psychology. Paper presented to panel on the future of
scientific psychology. AAAS Annual Meeting, San Francisco, 1989.

Jauch, J. M.: Foundations of Quantum Mechanics. Reading, MA: Addison-Wesley, 1968.

Jauch, J. M.: On bras and kets. In Aspects of Quantum Theory. Cambridge, MA: University Press, 1972.
Jauch, J. M., Piron, C.: On the structure of quantal proposition systems. Physica Acta, 43, 842-848, 1969.
Jauch, J. M., Piron, C.: What is ’quantum logic’? In Quanta: Essays in Theoretical Physics Dedicated to
Gregor Wentzel, P. G. O. Freund, C. J. Goebel, and Y. Nambu (eds.). Chicago: University of Chicago Press,
1970.

Kalmbach, G.: Orthomodular Lattices. New York: Academic Press, 1983.

17



CLASSICAL, FUZZY, AND QUANTUM LOGICS: RELATIONS AND IMPLICATIONS
Mackey, G. W.: Mathematical Foundations of Quantum Mechanics. New York: W. A. Benjamin, 1963.

Noyes, H. P.: An operational analysis of the double slit experiment. In Studies in the Foundations of
Quantum Mechanics, P. Suppes (ed.). Philosophy of Science Association, East Lansing, MI, 1980.

Oshins, E.: A quantum approach to psychology: Spinors, rotations, and non-selecting ambiguity. In Discrete
Approaches to Natural Philosophy, D. McGoveran (ed.). Boulder Creek, CA: Alternative Natural Philosophy
Association, 1984.

Oshins, E.: Quantum psychology and future directions. Paper presented to panal on the future of scienific
psychology. AAAS Annual Meeting, San Fransisco, 1989a.

Oshins, E.: Quantum psychology and the metalogic of second order change. Invited paper for the 30th
anniversary commemorative publication of the Mental Research Institute, 1989b, (to appear).

Oshins, E., McGoveran, D.: ”...thoughts about logic about thoughts.... The question of schizophrenia?.”
Systems Science and Science. Proceedings of the 24th Meeting of the Society for General Systems Research,
B.H. Banathy (ed.). Louisville, KY: SGSR, 1980.

Oshins, E., Adelson, D., McGoveran, D.: Clarifying fuzzy logic: A spectral decomposition and iconic realiza-
tion. In Discrete Approaches to Natural Philosophy, D. McGoveran (ed.). Boulder Creek, CA: Alternative
Natural Philosophy Association, 1984.

Piron, C.: Foundations of Quantum Mechanics. Reading, MA: W. A. Benjamin, 1976.

Schiff, L.: Quantum Mechanics, 3rd edition. New York: McGraw-Hill, 1968.

Schwinger, J.: Quantum Kinematics and Dynamics. New York: W. A. Benjamin, 1970.

Shepard, R. N.: Internal representation of universal regularities: A challenge for connectionism. In Neural
Connections, Mental Computation, L. Nadel et al. (eds.). Cambridge, MA: MIT Press, 1989.

Shepard, R. N., Metzler, J.: Mental rotation of three-dimensional objects. Science, 171(3972), 701-703, 1971.

Stone, M. H.: Boolean algebras and their application to topology. Proceedings of the National Academy of
Science, 20, 197-202, 1934.

Uhlhorn, U.: Representation of symmetry transformations in quantum mechanics. Arkiv for Fysik, 23,
307-340, 1962.

Von Neumann, J.: Mathematical Foundations of Quantum Mechanics. Princeton, NJ: Princeton Univeristy
Press, 1955.

Von Weizsacker, C. F.: Komplementariat und logic. Die Naturwissenschaften, 42, 521-529, 545-555, 1955.

Von Weizsacker, C. F.: Die Quantentheorie der einfachen Alternative. Zeitschrift fur Naturforschung, 13a,
245-253, 1958.

Von Weizsacker, C. F.: Philosophical foundations of quantum theory. MAT-17-1970, The Institute of Math-
ematical Sciences, Madras, India, 1970.

Von Weizsacker, C. F.: The Unity of Nature. New York: Farrar, Straus, and Giroux, 1971.

18



CLASSICAL, FUZZY, AND QUANTUM LOGICS: RELATIONS AND IMPLICATIONS

Watanabe, S.: Modified concepts of logic, probability, and information based on generalized continuous
characteristic function. Information and Control, 15, 1-21, 1969.

Wigner, E. P.: Group Theory and Its Applications to the Quantum Mechanics of Atomic Spectra. New York:
Academic Press, 1959.

Williamson, S. J., Kaufman, L., Brenner, D.: Evoked neuromagnetic fields of the human brain. Journal of
Applied Physics, 50(3), 2418-2421, 1979.

Zadeh, L.: Fuzzy sets. Information Control, 8, 338-353, 1965.

19



