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Abstract

Whether computers can be creative is today a key question of
AI, and the answer for quantum computers may differ from
that for Turing machines. Can a quantum computer be pro-
grammed to be creative? We argue this question can be better
tackled by using the structured-time interpretation of quan-
tum mechanics, instead of the many-worlds interpretation.
We conclude that while a quantum computer could possibly
be creative, this creativity cannot be programmed in a (deter-
ministically) replicable way.

Introduction
Creativity debate
Almost a decade ago, in a public debate with Roger Penrose,
this author argued as follows (Raju 1997).If the indeter-
ministic collapse of the wave-function in quantum mechan-
ics somehow enables human creativity, making it compatible
with otherwise deterministic physical “laws”, then quantum
computers too can possibly be creative.

The debate did not proceed further because of Penrose’s
unwillingness to accept a parallel computer as anything
other than an “ensemble of Turing machines”—which (fi-
nite) ensemble, he readily agreed, is always reducible to a
single Turing machine. Thus, in Penrose’s understanding, a
parallel computer, by definition, is just complex rhetoric for
what is fundamentally a sequential computer.

It seems not to be widely known that the ALT construct of
OCCAM (or equivalent constructs of other parallel comput-
ing languages like Parallel FORTRAN or Parallel C), based
on Hoare’s CSP paradigm (Hoare 1985), can, in principle, be
implemented using indeterministic collapse of the quantum
mechanical state-function, according to von Neumann’s pro-
jection postulate (von Neumann 1955). Likewise, the PAR
construct can be implemented using state preparation.

This possibility was first suggested in the context of the
structured-time interpretation of quantum mechanics (STI)
(Raju 1994). Such a parallel computer, given its intrinsic
indeterminism,cannotbe modelled by a Turing machine.

Of course, it could be argued that a suitable hidden-
variable interpretation of quantum mechanics may make
state-function collapse recursively decidable, and perhaps
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even algorithmically tractable. However, the STI, if cor-
rect, rules out also such hidden-variable interpretations of
quantum mechanics, in principle, and we outline the reasons
for this in a section below. (This way of excluding hidden
variables is quite different from Gleason’s theorem (Gleason
1957), Bell’s inequalities (Bell 1964), etc.)

Thus, if quantum indeterminism is the basis of human
creativity, there seems no obvious reason why quantum
computers (or parallel computers implemented using quan-
tum phenomena) cannot, in principle, be creative.

AI and Creativity
Today, in the context of artificial intelligence, it is important
to explore in depth this issue of artificial creativity. Thus, in
the last couple of decades, whether or not machines can be
intelligent has become something of an academic question,
in the pejorative sense of academic, since tasks like playing
chess, which were earlier seen to exemplify human intelli-
gence (reasoning, memory, etc.) have been most forcefully
demonstrated to be reducible to brute-force computation. In
Dijkstra’s colourful language, the question of AI has been
reduced to one of “whether a submarine can swim”.

Accordingly, creativity has become the natural focus of
any possible in-principle difference between human and ma-
chine intelligence, or of any limitations to machine intelli-
gence.

Human Creativity and Physics
A key difficulty in understanding artificial creativity is that
the notion of human creativity itself involves numerous ob-
scurities. Thus, there is the long-standing doubt whether any
sort of creativity is at all possible within the frame of mech-
anistic physical “laws” believed to govern the “causal” evo-
lution of the cosmos. Setting aside the projection postulate,
the equations of physics (including the Schrödinger equation
for unitary evolution in Hilbert space) deterministically link
the future states of the cosmos to its present state. How can
creativity (or even indeterminism) be possible under these
circumstances?

This doubt has spawned various efforts to explain cre-
ativity using chance (stochastic evolution), or chaotic evo-
lution. These are not attempts to modify physics to accom-
modate observed human creativity, but rather attempts to ex-
plain how (possibly illusory) human creativity can be made



compatible with existing physics. However, both stochastic
and chaotic evolution can obviously be simulated on a com-
puter to a high degree of precision (using, for example, my
programs likeSTOCHODE, for stochastic differential equa-
tions driven by Ĺevy motion, orCALCODE, for the solution
of ordinary differential equations [ODEs]). Hence, what-
ever the merits of this characterization of creativity (which
I have called the argument from epistemically broken time
Raju 2003), it enables no practical distinction between hu-
man and artificial creativity.

Human Creativity and Gödel’s theorem
Going beyond the above arguments, there is the argument
from non-computability. Specifically, there is the belief in
certain quarters (e.g. Penrose 1990) that Gödel’s theorem
establishes human creativity. Though widespread, this be-
lief is surely mistaken—G̈odel’s theorem concerns the recur-
sive undecidability of a class of formal theories, but it says
nothing at all abouthumanmathematicians or the class of
mathematical theorems that are actually proved or provable
by humans. It may or may not be the case that the class of
theorems proved (or provable) by human mathematicians is
as recursively decidable as the class of theorems proved by a
theorem-proving program running on an ordinary sequential
computer. However, G̈odel’s theorem cannot be used to dis-
criminate between these two classes of theorems, because
humans are not part of either hypothesis or conclusion of
Gödel’s theorem. Thus, G̈odel’s theorem too does not help
to characterize human creativity or to distinguish it from ar-
tificial creativity.

Indeterminism vs Creativity
While determinism is an obvious barrier to creativity, inde-
terminism is not synonymous with creativity, although the
two are often conflated. In particular, an occasionalistic sort
of indeterminism (which I have called ontically broken time)
can also be fatal to creativity. Thus, mundane human creativ-
ity involves ‘bringing about’ a future of a certain sort as in a
painter creating a painting, or a poet creating a poem. This
sort of thing is possible with mundane time beliefs, but on-
tically broken time does not permit any control (by human
or machine) over the future that comes about indeterministi-
cally. For example, within the framework of von Neumann’s
projection postulate (for a discrete spectrum), there is really
no way to constrain the outcome to one eigenstate rather
than another. Certainly, there is no room in the projection
postulate for humans, or human wishes of any sort!

All this suggests that the first step in tackling the problem
of artificial creativity is a better understanding of quantum
mechanics itself, together with a clearer characterization of
creativity. I will first argue that the STI is better suited to
this purpose than the many worlds interpretation of quantum
mechanics (MWI) (Everett 1957) (De Witt & Graham 1973).

STI vs MWI
Let us first quickly review the differences between the
structured-time interpretation (STI) of quantum mechanics,
and the many worlds interpretation (MWI), together with
certain general grounds why STI is preferable to MWI.

Parallel Processing
First, the MWI is popular because the many worlds of MWI
are seen to correspond to many processors, and this seems
to explain the magical speed-up provided by quantum com-
puters, as being due to parallel processing. However, the
STI also admits many real worlds, thus, the real existence of
multiple worlds cannot be a criterion to choose between the
STI and MWI.

In fact, there is actually no clear-cut way to connect the
many worlds of MWI to parallel processing since the many
worlds of MWI do not communicate with each other—so
the best we could do is to regard them as a model of non-
communicating sequential processes! How this might gen-
erate the speed-ups associated with parallel processing is not
clear. In contrast, the many worlds of STI are logical worlds
in the Wittgensteinian sense, and are all equally a part of
this cosmos. That is, these many worlds are like the many
worlds used for the formal semantics of parallel processing
(Apt 1984). Thus STI actually corresponds to a straightfor-
ward model of parallel processing.

Quasi Truth-Functional Logic and Axiomatic
Quantum Mechanics
Another way to understand the existence of many ‘classical’
worlds within the single real universe is to say that the logic
of the real world is, in fact, not two-valued, but is quasi truth-
functional at the microphysical level. The change of logic
also allows one to derive,ab initio, the peculiarity of quan-
tum mechanical probabilities (non-existence of joint distrib-
utions, etc.). Since this logic may also be modelled by the
lattice of (closed) subspaces of a Hilbert space, it also allows
us to recover much of the axiomatic structure of Hilbert-
space quantum mechanics (Raju 1994).

Refutability
The many worlds of STI arise from a refutable physical hy-
pothesis of a ‘tilt in the arrow of time’ or the existence of
small amounts of advanced interactions. One actual exper-
iment has been performed to test this hypothesis (Partridge
1973), and another proposed, although both used the wrong
theory (Raju 1994). In contrast, MWI involves no such
clear-cut refutability. Thus STI is refutable, MWI is not.

Mathematical Model of FDE’s
Finally, MWI provides only a sort-of visualisation of von
Neumann’s collapse postulate (and no guidance, for exam-
ple, on how the collapse postulate should be extended to the
case of an observable with continuous spectrum). In con-
trast, the STI provides an independent mathematical model.
Although this mathematical model actually arises from clas-
sical physics, it involves functional differential equations
(FDEs). FDEs are fundamentally different from the ODEs
and partial differential equations (PDEs) commonly associ-
ated with classical physics. FDEs readily exhibit many of
the features commonly associated with quantum-mechanics.

Although we cannot go into full details here, the claim
can be quickly illustrated by means of the retarded harmonic
oscillator, which has an infinite, discrete spectrum. The



equation of motion of the retarded harmonic oscillator cor-
responds to the simplest possible case of a linear FDE with
constant coefficients, and constant retardation:

ẍ(t) = −x(t− 1), (1)

It is easy to see that a function of the form

x(t) = ezk t, (2)

for complexzk, is a solution of the equation (1) if and only
if zk is a solution of thequasi-polynomial equation

z2ez = −1. (3)

It is equally easy to see that the quasi-polynomial equation
(3) hasinfinitely manycomplex solutionszk = xk ± i yk,
and it is known (El’sgol’tz 1966) that the roots are discrete,
with no cluster point, and that the large magnitude roots are
given asymptotically by the approximate expression

yk = 2kπ + ε1(k), (4)

xk = − ln yk + ε2(k), (5)

whereε1(k) → 0, andε2(k) → 0 as|zk| → ∞.
(Had we dropped the retardation from (1), and applied

the same procedure instead to the usual harmonic oscillator,
given by the ODËx(t) = −x(t), that would have led, in
the well-known way, to a quadratic equationz2 = −1 with
exactly one pair of complex conjugate roots:i, and−i.)

Since the equation (1) is linear, any linear combination of
these infinitely many oscillatory solutions of the form (2) is
again a solution. Setting aside questions of convergence, it
is clear that anyfinite linear combination of the form

x(t) =
n∑

k=1

ak ezk t, (6)

with zk given by (5), is also a solution of (1). That is, in
physical terms, the retarded harmonic oscillator, governed
by the simple linear FDE (1), exhibits an infinite spectrum
of discrete frequencies. The general solution is a conver-
gent linear combination of oscillations at aninfinity of dis-
crete (‘quantized’) frequencies. As in quantum mechanics,
to determine a unique solution one needs to know an ‘initial’
function.

Of course, the actual FDEs for the classical electrody-
namic 2-body problem are nonlinear, and a lot more com-
plicated, and the first solution of these equations in a seri-
ous physical context has only recently been published (Raju
2004). The results are surprising, and contrary to expecta-
tions, even for the seemingly elementary case of the classical
hydrogen atom.

To summarise, STI differs from MWI: (a) STI is refutable,
MWI is not; (b) STI relates to the CSP model of parallel
processing, MWI does not; (c) STI leads to (many of) the
axioms of quantum mechanics, MWI derives entirely from
the existing axioms; (d) STI provides a mathematical model,
using FDEs, while MWI provides only a visualisation of the
projection postulate.

Spontaneity in STI
Let us next see the origin of indeterminacy in STI. Unlike
an ODE which requires only instantaneous data, a retarded
FDE requirespastdata, or an initialfunctionprescribing past
history, to obtain a unique future solution. For example, the
infinity of possible solutions of (1) (or the large number, or
infinity, of constants in the general solution (6)) cannot all be
fixed by prescribing just the two numbers in the usual initial
data:x(0), andx′(0).

Unlike an ODE which is time-symmetric and can be
solved either forward or backward in time, solutions of a
retarded FDE are time asymmetric, and a retarded FDE can
generally be solved only forward in time. As an example,
consider the equation

x′(t) = b(t)x(t− 1), (7)

where b is a continuous function which vanishes outside
[0, 1], and satisfies ∫

b(t) dt = −1. (8)

For example,

b(t) =

{ 0 : t ≤ 0
−1 + cos 2πt : 0 ≤ t ≤ 1.

0 : t ≥ 1
(9)

For t ≤ 0, the FDE (7) reduces to the ODEx′(t) = 0 , so
that, fort ≤ 0, x(t) = k for some constantk (= x(0)).

Now, for t ∈ [0, 1],

x(t) = x(0) +
∫ t

0

x′(s)ds

= x(0) +
∫ t

0

b(s)x(s− 1)ds

= x(0) + x(0)
∫ t

0

b(s)ds, (10)

sincex(s− 1) ≡ k = x(0) for s ∈ [0, 1]. Hence, using (8),
x(1) = 0, no matter whatk was. However, sinceb(t) = 0
for t ≥ 1, the FDE (7) again reduces to the ODEx′(t) = 0,
for t ≥ 1, so thatx(1) = 0 impliesx(t) = 0 for all t ≥ 1.
Hence, the past of a system governed by (7) cannot be retro-
dicted from a knowledge of the entire future; for if the future
data (i.e., values of the function forall future timest ≥ 1)
are prescribed using a functionφ that is different from 0 on
[1, ∞], then (7) admits no backward solutions fort ≤ 1. If,
on the other hand,φ ≡ 0 on [1, ∞], then there are an infin-
ity of distinct backward solutions. In either case, knowledge
of the entire future furnishes no information about the past.
Briefly, a retarded FDE models a history-dependent situa-
tion, where teleological explanations (explanations from the
future) are impossible.

The actual solutions shown in Fig. 1 were obtained nu-
merically, using theRETARD package of (Hairer, Norsett, &
Wanner 1987).

Likewise, an advanced FDE models a time-asymmetric
situation which is future-dependent.



Figure 1: Three solutions of the retarded FDE (7). The dif-
ferent past histories prescribed over [−1, 0] all result in the
same future fort ≥ 1. Retrodiction is hence impossible
from future data prescribed overt ≥ 1. Teleological expla-
nations are impossible, with history-dependent evolution.

x′(t) = b(t)x(t + 1), (11)

where the functionb has the same properties as before, ex-
cept that ∫

b(t)dt = 1. (12)

For example,

b(t) =

{ 0 : t ≤ 0
1− cos 2πt : 0 ≤ t ≤ 1.

0 : t ≥ 1
(13)

The reasoning proceeds in an entirely analogous manner.
For t ≥ 1, the FDE (11) reduces to the ODEx′(t) = 0, so
that, fort ≥ 1, x(t) = k for some constantk (= x(1)).

Now, for t ∈ [0, 1],

x(t) = x(1)−
∫ 1

t

x′(s)ds

= x(1)−
∫ 1

t

b(s)x(s + 1)ds

= x(1)− x(1)
∫ 1

t

b(s)ds, (14)

sincex(s + 1) ≡ k = x(1) for s ∈ [0, 1]. Hence, us-
ing (12),x(0) = 0, no matter whatk was. However, since
b(t) = 0 for t ≤ 0, the FDE (11) again reduces to the ODE
x′(t) = 0, for t ≤ 0, so thatx(0) = 0 impliesx(t) = 0 for
all t ≤ 0. Hence, the future of a system governed by (11)
cannot be predicted from a knowledge of the entire past; for
if the past data (i.e., values of the function forall past times
t ≤ 0) are prescribed using a functionφ that is different
from 0 on[−∞, 0], then (11) admits no forward solutions.
If, on the other hand,φ ≡ 0 on [−∞, 0], then there are an
infinity of distinct forward solutions. In either case, pre-
cise knowledge of the entire past furnishes no information

about the future. Briefly, causal explanations are impossi-
ble for a system modelled by an advanced FDE, even if we
happen to have precise knowledge of the entire past. The
actual numerical solutions shown in Fig. 2 were obtained by
a time-symmetric modification of theRETARD code.

Figure 2: Three solutions of the advanced FDE (11): the
same past fort ≤ 0 corresponds to infinitely many differ-
ent futures over [1,2]. With anticipation past fails to decide
the future, for one past may correspond to many futures, in
this time reverse of Fig. 1. Hence, causal explanations are
impossible with anticipatory evolution.

Both sorts of behaviour can occur for a mixed-type equa-
tion. Thus, consider the mixed-type FDE

x′(t) = a(t)x(t− 1) + b(t)x(t + 1), (15)
whereb has the same properties as in (12), and the contin-
uous functiona now has support on the interval[2, 3], and
satisfies ∫ 3

2

a(t)dt = −1. (16)

The solutions shown in Fig. 3 may be obtained by com-
bining the reasoning used in the above two cases.

The mathematical model of physical time evolution pro-
posed by STI involves mixed-type FDE. Since this case ad-
mits both sorts of possibilities, the evolution of such a sys-
tem is neither fully explicable from the past, nor from the
future, and non-uniqueness may persist even if most of both
are prescribed. This indeterminism readily resolves stock
paradoxes like the grandfather paradox, bilking argument
etc. (Raju 2006).

Thus, with this mathematical model, which is just the
most general model possible in classical physics, after rela-
tivity, prescribing the entire past does not determine a unique
future.

The Impossibility of Deterministic Non-Local
Hidden-Variable Theories

How does the above argument reconcile with the believed
determinism of classical physics? In a debate on this ques-
tion at Groningen (Retrocausality Day1999), and subse-
quently (personal communication) H. D. Zeh argued against



Figure 3: The figure shows three solutions of the mixed-type
FDE (15). With a realistic mixture of history-dependence
and a small amount of anticipation, the past still fails to de-
cide the future. (This involves no new hypothesis, but only
supposes the most general form of classical physics, after
relativity.) With this model, causal explanations are only ap-
proximately valid, so that spontaneity really is possible.

the need for any paradigm shift, as advocated by this author.
The argument was in the context of the FDEs of the electro-
dynamicn-body problem, and went as follows. Suppose that
all the electromagnetic fields are prescribed at one instant
(i.e., on a spacelike Cauchy hypersurface), then Maxwell’s
equations can be used to evolve the fields forward in time.
Further, if the particle charges, positions and momenta are
also prescribed, then the future particle motions can be ob-
tained using the Heaviside-Lorentz force law, which reduces
to ODEsif all fields are prescribed. (For Zeh’s argument to
go through, we must neglect the third-order term introduced
by radiative damping, and we must overlook the mathemati-
cally unacceptable procedures used to derive that third order
term (Raju 1994) in a relativistically covariant way in the
manner of Dirac. We must also assume (Raju 2004) the exis-
tence of appropriate existence theorems forcoupledsystems
of ODEs and PDEs. Let us, however, set aside these finer
points for the moment. )

Now in the fully retarded case, if the entire past trajecto-
ries of all particles are prescribed, this does indeed serve to
fix all the fields on a spacelike (Cauchy) hypersurface, and
the future motion is indeed determined, in principle (modulo
the above caveats). In this fully-retarded case, the FDE ap-
proach may be seen as merely a computationally more con-
venient and formally more rigorous approach (Raju 2004).
(Of course, it is debatable whether one can prescribe data on
all particle world lines for all past times, and if this cannot
be done, the above argument generally breaks down beyond
an appropriate Cauchy horizon.)

However, in the case of mixed-type FDEs, because both
retarded and advanced propagators are involved, prescrib-
ing even the entire past world lines of all particles doesnot
serve to fix the fields on a Cauchy hypersurface, for there
is a contribution to these fields also from thefuturemotion
of the particles (via advanced propagators). Accordingly, to
fix the fields on a single spacelike hypersurface, we need to

prescribe also allfuture world lines of all particles.If we
can do that, and that is a very big if, then, of course, all par-
ticle motions are fixed, for all time, as a matter of tautology,
since all future and past motions of all particles are already
prescribed! Thus, there is no escape from indeterminacy by
appealing to the kind of argument raised by Zeh, without
begging the question, i.e., without axiomatically supposing
that all past and future world lines of all particles can, in
fact, be prescribed.

The meaning of this indeterminacy or spontaneity is quite
precise. Even if mathematically precise data is prescribed
for all past times, for all particles, the future motion can-
not be mathematically determined (according to classical
physics, but without extraad hochypotheses about causal-
ity, or purely retarded propagators etc.). Of course, since
advanced interactions are rare (less than 1 part in109 if
Partridge’s experiment is to be trusted), it is natural to ex-
pect that the retarded (and deterministic) case will suffice to
model many situations to an excellent degree of approxima-
tion.

The above argument also indicates why deterministic
(non-local) hidden variable theories are impossible: if one
systematically allows non-locality in classical physics, inde-
terminism is a natural consequence.

Spontaneity and Creativity
There remains the question of connecting this indeterminacy
to creativity. I will characterize creativity by supposing that
creativity involves the creation of order. I use the term “or-
der” in the strict sense of negentropy or the negative of en-
tropy; thus creativity (by this definition) involves increase of
order or reduction of entropy.

An arbitrary indeterministic process may result in either
increase or decrease of entropy. However, spontaneity in the
above sense combines causal inexplicability with entropy
decrease.

We have seen that in the case of evolution modelled by
retarded FDE, solutions may collapse towards the future, so
that there is information loss (i.e. entropy increase) towards
the future. Likewise, in the case of evolution modelled by
advanced FDE, there is loss of information (i.e. entropy
increase) towards the past. This is the same thing as say-
ing that with evolution modelled by advanced FDEs entropy
decreasestowards the future. (Note that this would corre-
spond to a net decrease of entropy, unlike the case of, say,
a refrigerator, which decreases entropy in a local region, but
increases it globally.)

Heuristically, one may look upon the realistic case of evo-
lution modelled by mixed-type FDEs as involving a mix-
ture of two processes: retarded interactions which increase
entropy, and advanced interactions which decrease entropy.
Since retarded interactions dominate at the present epoch of
the cosmos, processes which increase entropy towards the
future also dominate. The occasional entropy decreasing
processes occur against the background of a sea of entropy
increasing processes, so that the total entropy of the cosmos
goes on increasing (at the present epoch). A more precise
quantitative description must await future experiments and
theoretical developments.



Programming Creativity
A quantum computer (or a parallel computer hooked to
quantum phenomena) can, as we have seen, involve inde-
terminacy. From the STI it is clear that this indeterminacy
might also involve creation of order. Thus, a quantum com-
puter could, in principle, be creative.

The question, however, is whether a quantum computer
can beprogrammedto be creative.

A simple argument suggests that it is impossible to pro-
gram creativity in a replicable way. Thus, since creativity,
by definition, corresponds to a reduction of entropy, if cre-
ativity can be programmed in a replicable way then entropy
can be reduced in a replicable way, hence, by unboundedly
large amounts (by re-running the program, as often as de-
sired). This would amount to having a perpetual motion ma-
chine: and one believes that to be impossible—at least at
the present epoch of the cosmos. Hence, while a quantum
computer might be creative, it cannot be programmed to be
creative in a replicable way.
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