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Abstract

This paper is related to, but nol equivalent to, the
keynote talk given at the workshop on Physics of Com-
putation. This published version concenirates more on
matters of detail, and is not intended as a survey.

About fifty years ago the attempt to move toward
modern computers, on a laboratory basis, commenced.
About forty years ago the first “large scale” electronic
computers, made commercially, were distributed. An-
other decade after that we learned that throwing away
information incurs an inevitable energy cost. About
two decades ago it became clear that computers, in
principle, could use 1:1 mappings; information did not
have to be discarded. And ten years ago the proceed-
ings of the first session, resembling this one, appeared
in print. As someone who was a full time participant
during four of those five decades, I am both gratified
and disturbed. Immensely pleased at how much has
happened in computer technology, and pleased at how
this field has developed. Twenty years ago a meeting
of this sort would have been difficult to foresee. It
would have been difficult to image the rich and di-
verse paths of development, involving many people,
and many viewpoints. I am disturbed because some
truths have made very slow headway. Science is full
of fashion. Some subjects achieve instant recognition;
other notions creep forward slowly and stumblingly.
Much of what is contained in this volume has come
along a slow and difficult path.

My talk at the actual workshop in Dallas started
with an attempt to list the variety of questions which
are encountered when viewing the interface of physics
and information handling at a fundamental level. 1
then went on to emphasize the part that I have tried
to understand. Information is physical and not an ab-
stract entity. Information is inevitably tied to physical
degrees of freedom through a charge, a spin, a hole in
a punched card, or similar devices. That ties infor-
mation to the laws of physics and ties it to the parts
available in the real universe. What can we learn from
that? In this written version I will not, as in the talk,
attempt to sketch what we have learned in this field in
a systematic way. Instead, I will concentrate on a few
special cases where simple concepts deserve broader
exposure.

Reversible computation, invented by Charles Ben-
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nett, is illustrated in Fig. la. The left-hand end of
a horizontal chain is the initial state. Motion to the
right yields forward steps through a sequence of states
represented by successive circles. Different letters cor-
respond to different initial states. For each state (ex-
cept, perhaps, the initial state) there is a unique pre-
decessor state. That is in contrast to Fig. 1b, where
two distinguishable paths merge into one; information
is lost. As Bennett showed, the event illustrated in
Fig. 1b can be avoided. Motion in the space of Fig.
1 takes place in a noisy and dissipative system. For-
ward motion in Fig. la can best be understood by an
analogy with electronic motion in a lattice. A small
forward force will assure a predictable drift velocity,
even though locally the motion may look very diffu-
sive. At a junction, as shown in Fig. 1b, there is
more phase space to the left of the junction than to
its right. If the system were left in equilibrium, it
would be found preferentially on the left. To over-
come this we must apply a larger bias force near the
Jjunction, and dissipate kT{n2. The above argument is
only one of a number leading to the same conclusion,
which is still challenged, on occasion. At least two
of the preliminary position papers submitted to this



INFORMATION
BEARING
DEGREE
OF

FREEDOM (:::::)
IRRELEVANT -
DEGREES OF

FREEDOM
Figure 2:

workshop stated such a challenge. (I have no way of
knowing whether they will appear unchanged in this
collection.) Let me, therefore, repeat another argu-
ment, presented in its most detailed version in Ref.
[1]. Consider a typical logical process which discards
information, e.g., a logic variable which is reset to 0,
regardless of its initial state. Fig. 2 shows, symboli-
cally, the phase space of the complete computer con-
sidered as a closed system, with its own power source.
The erasure process we are considering must map the
1 space down into the 0 space. Now, in a closed con-
servative system phase space cannot be compressed,
hence the reduction in the vertical spread must be
compensated by a lateral phase space expansion, i.e.,
a heating of the horizontal irrelevant degrees of free-
dom, typically thermal lattice vibrations. Indeed, we
are involved here in a process which is similar to adi-
abatic magnetization (i.e., the inverse of adiabatic de-
magnetlzatlon) and we can expect the same entropy
increase to be passed to the thermal background as
in adiabatic magnetization, i.e., kIn2 per erasure pro-
cess. At this point, it becomes worthwhile to be a lit-
tle more detailed. Fig. 3 shows the end-result of the
erasure process in which the original 1 and 0 spaces
have both been mapped into the vertical range origi-
nally occupied by the 0. This is, however, rather like
the isothermal compression of a gas in a cylinder into
half its original volume. The entropy of the gas has
been reduced and the surroundings have been heated,
but the process is not irreversible, the gas can sub-
sequently be expanded again. Slmllarly as long as 1
and 0 occupy distinct phase space regions, as shown
in Fig. 3, the mapping is reversible. The real irre-
versz'bih'ty comes from the fact that the 1 and 0 spaces
will subsequently be treated alike and will eventually
diffuse into each other.

I will not, in this brief note, allude to all the sup-
plemental cautions. For example, we can reset a bit
with less energy expenditure if 7 and 0 are not equally
probable. Unfortunately, when the publications in a
field span several decades, there is a tendency by late
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arrivals to assume that a discussion like this repeats
all that is known and understood.

Reversible computation was, initially, an invention
intended to answer conceptual questions, and not as
a serious technological proposal. Eventually, Likharev
showed that Josephson junction circuits could be used
to accomplish reversible computation. At this sympo-
sium three papers suggested how field effect transis-
tors can be used to approximate reversible computa-
tion. Not, necessarily, to avoid an energy loss of order
kT, but to substantially reduce the existing dissipa-
tion per switching event. Only time will tell whether
the penalties incurred by these proposals are worth-
while. Nevertheless, the proposals are most welcome
because they serve to underline the role of reversible
computation in dissipative and noisy systems. The
widespread concern with idealized conservative Hamil-
tonian systems, classical or quantum mechanical, has
tended to displace the concern with real dissipative
systems. The semiconductor proposals also serve as
a reminder that reversible computers can be clocked,
and need not move diffusively [2].

Quite aside from questions about the realizability
of dissipationless systems, invoked by many authors
in this field, there are questions about their desirabil-
1ty. These questions arise from the fact that actual
systems cannot be expected to have the exact Hamil-
tonian needed for the desired evolution, in time, of the
information bearing degrees of freedom. Real systems
have noise and friction, and clearly have manufactur-
ing defects, i.e., have Hamiltonians which deviate from
the ideal. In our further discussion we emphasize this
deviation.

Consider the quantum mechanical Hamiltonian
H,+ H,, where H, is the desired Hamiltonian, and
H, the error or deviation. With time, H, causes more
and more of the undesired states to be brought into
the computational state.” Eventually, the computation
will go totally off track. To restore a computation
toward its desired evolution, i.e., apply error correc-
tion, we have to throw away information about the



source of the error. And, as we know, throwing away
information requires energy dissipation; it cannot be
done within a Hamiltonian framework. In the classi-
cal case we also have to face manufacturing errors. To
the extent that they only affect the motion along the
tracks shown in Fig. la, they do not induce errors.
All the proposals for reversible computation in dissi-
pative classical system involve explicitly, or implicitly,
large forces or walls which prevent jumping between
the tracks of Fig. la. Can we not do that equally
well in the quantum case? Unfortunately, the quan-
tum mechanical computer proposals specify a formal
Hamiltonian which causes bits to interact and evolve
as we would like them to do. As a consequence of
the lack of description of physical apparatus, we do
not understand what restrictions on the nature of H,
really require, and whether it is plausible to prevent
track jumping in Fig. la.

The error in the Hamiltonian causes a second, and
perhaps more fundamental, problem. Let us return to
the electron motion analogy for Fig. la. In a periodic
lattice, electrons can propagate freely, quantum me-
chanically. If there are random defects, however, then
we face what the condensed matter physicist calls lo-
calization. Transmission through a section of disor-
dered lattice diminishes exponentially with its length.
Similarly, in the case of a computation if, for exam-
ple, the energy depends on the exact bit pattern, we
can expect an exponentially diminishing probability
of completing a long computation. Unfortunately, the
theoreticians active 1n the physics of computation tend
to be unfamiliar with localization, and have simply ig-
nored this point, despite my own repeated allusions
to it. The existence of localization does not guarantee
that there is an insurmountable problem. Let me point
to one possible direction for further thought. In the
quantized Hall effect electrons can move along the edge
of a sample in the presence of defects, and without re-
flection back towards their source. Perhaps, there is a
way to apply this to computational trajectories. But
it is up to the advocates of quantum mechanical com-
putation to face up to localization, and to find a way
to circumvent it.

The growing understanding of reversible computa-
tion eventually led to a reexamination of two older
related questions, which were supposedly settled. The
energy cost of classical measurement, as expressed in
Maxwell’s famous demon paradox, was settled defini-
tively. That piece of progress has received adequate
notice in the literature and in the record of this work-
shop. The other question which needed clarification
relates to the cost of sending a bit from one location
to another. The progress in recent years in that direc-
tion, however, has received very little public visibility.

The concern with quantum mechanical computa-
tion leads to a closely related question. Is there a limit
to the number of bits that can be stored in a given
volume with a given energy content? Papers have ap-
peared in the literature which declare such limits. I do
not believe that such limits exist, at least not if based
only on quantum mechanics and statistical mechan-
ics. The key point: It is best to store bits in bistable
wells. In analogy to the study of energy flow in ther-
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modynamic cycles, or study of the signal capacity of
a noisy channel, we do not include the rest energy of
the apparatus or its manufacturing energy. That can
be amortized over many uses and we only count the
energy above the ground state, in each case. Fig. 4a
shows a particle in a bistable well and Fig. 4b shows
the two lowest wave functions for that potential. In-
formation can be stored, conceivably, by putting the
particle in one of these two states. More likely, by
putting it in the left hand or right hand well and uti-
lizing the slow tunneling rate, in the presence of a
high barrier, to preserve information. In either case,
we note that the energy elevation above the ground
state is of order AFE. That energy splitting can be
made as small as we wish, by choosing a sufficiently
impenetrable barrier. Similarly the bistable wells can
be as narrow as we wish; there is no density limit. Of
course, if we turn to particle physics and cosmology
we may be able to discover constraints on the nature
of such wells.

Note that we have discussed the energy elevation,
above the ground state, needed to store information.
That is not necessarily an energy dissipation.

This author has had a two-fold role in the devel-
opment of this field. The material above relates to
my interest in the ultimate physical limits of the in-
formation handling process. That field has, to a large
entent, concerned itself with setting aside supposed
limits which arose from casual speculation. My other
role: A critic, with some technological background,
who pointed to flaws in excessively optimistic propos-
als, put forth by physical scientists. I have provided
such discussion in Ref. [3]. Closely related material
has been stated by my colleague R.W. Keyes, Ref. [4].

My colleagues who need contract support for their
work do not always welcome such cautious messages.
But we cannot hope to build a successful advanced
technology effort on excessive promises. Let me ex-
tend the critical messages, here, in a direction not
specifically addressed in the cited references. There
have been widespread casual suggestions that peri-
odic arrays of quantum dots, of resonant tunneling
structures, or of other small entities of recent inter-
est to the physics community, can lead to cellular au-
tomata. There was an ONR workshop in London in
1990, Workshop on Applications of Quantum-Coupled
Devices to Cellular Aulomata. A relatively detailed



proposal has been provided in Ref. [5]. Now a cellular
auntomaton (c.a..f) requires a well-defined interaction
between a set of neighboring elements, and no inter-
actions af allbetween more widely separated elements.
It is hard to see how that can be achieved, except by
wires, or their close equivalent, such as optical fibers.
Furthermore, we need an external clock to cause the
c.a. to advance a step, simultaneously over the whole
plane. That, however, just conceivably, could come
from an oscillating magnetic field or from a pulsed
light source. Once we use wired connections between
neighboring elements, and for the clock, why not just
use transistor circuitry in each cell? That can cer-
tainly do the job.

Cellular automata which can perform universal
computation are not likely to be of the simple “vot-
ing” kind, where the setting of an element depends
only on whether the number of its neighbors in the 1
state exceeds some specified minimum. The physical
interaction needs to be more complicated than that.

Cellular automata, despite their appeal to physi-
cists in modeling a range of physical phenomena, are
not really very suitable general purpose computers as
stated in Ref. [6]. Indeed, many investigators who ex-
hibit cellular automata, whose evolution mimics some
physical law, do not even tell us how to use these same
c.a. rules for the initial program loading! D. Ferry [7]
has expressed a similar assessment about c.a.
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