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Logical Reversibility of Computation*

Abstract: The usual general-purpose computing automaton (e.g., a Turing machine) is logically irreversible —its transition function
lacks a single-valued inverse. Here it is shown that such machines may be made logically reversible at every step, while retainirig their
simplicity and their ability to do general computations. This result is of great physical interest because it makes plausible the existence
of thermodynamically reversible computers which could perform useful computations at useful speed while dissipating considerably
less than kT of energy per logical step. In the first stage of its computation the logically reversible automaton parallels the corre-
sponding irreversible automaton, except that it saves all intermediate results, thereby avoiding the irreversible operatjon of erasure.
The second stage consists of printing out the desired output. The third stage then reversibly disposes of all the undesired intermediate
results by retracing the steps of the first stage in backward order (a process which is only possible because the first stage has been car-
ried out reversibly), thereby restoring the machine (except for the now-written output tape) to its original condition. The final machine
configuration thus contains the desired output and a reconstructed copy of the input, but no other undesired data. The foregoing results
are demonstrated explicitly using a type of three-tape Turing machine. The biosynthesis of messenger RNA is discussed as a physical

example of reversible computation.

Introduction

The usual digital computer program frequently performs
operations that seem to throw away information about
the computer’s history, leaving the machine in a state
whose immediate predecessor is ambiguous. Such opera-
tions include erasure or overwriting of data, and entry
into a portion of the program addressed by several dif-
ferent transfer instructions. In other words, the typical
computer is logically irreversible —its transition function
(the partial function that maps each whole-machine state
onto its successor, if the state has a successor) lacks a
single-valued inverse.

Landauer [1] has posed the question of whether logi-
cal irreversibility is an unavoidable feature of useful
computers, arguing that it is, and has demonstrated the
physical and philosophical importance of this question
by showing that whenever a physical computer throws
away information about its previous state it must gener-
ate a corresponding amount of entropy. Therefore, a
computer must dissipate at least kT'In 2 of energy (about
3 x 107" joule at room temperature) for each bit of in-
formation it erases or otherwise throws away.

An irreversible computer can always be made reversi-
ble by having it save all the information it would other-
wise throw away. For example, the machine might be
given an extra tape (initially blank) on which it could
record each operation as it was being performed, in
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sufficient detail that the preceding state would be
uniquely determined by the present state and the last
record on the tape. However, as Landauer pointed out,
this would merely postpone the problem of throwing
away unwanted information, since the tape would have
to be erased before it could be reused. It is therefore
reasonable to demand of a useful reversible. computer
that, if it halts, it should have erased all its intermediate
results, leaving behind only the desired output and the
originally furnished input. (The machine must be al-
lowed to save its input —otherwise it could not be rever-
sible and still carry out computations in which the input
was not uniquely determined by the output.) We will
show that general-purpose reversible computers (Turing
machines) satisfying these requirements indeed exist,
and that they need not be much more complicated than
the irreversible computers on which they are patterned.
Computations on a reversible computer take about twice
as many steps as on an ordinary one and may require a
large amount of temporary storage. Before proceeding
with the formal demonstration, the argument will be car-
ried through at the present heuristic level.

*Much of the work on physical reversibility reported in this paper was done under
the auspices of the U.S. Atomic Energy Commission while the author was employed
by the Argonne National Laboratary, Argonne, 1llinois.
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