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Molecular biology furnishes examples of the behaviour of natural ( not engi
neered by humans) systems which we have to describe in terms initially devised for 
discrete automata. Figure 2 (next page) is a scheme of RNA translation and pro
tein synthesis.3 It does look somewhat like a drawing of a Turing machine copying 
information from one tape to another. 

A classical continuously evolving system governed by differential equations can 
imitate a discrete automaton only if its phase space is extremely elaborate: it must 
include many stability domains, or attractors, separated by low energy barriers. 
The input of a program creates a labyrinthine system of passages in these barriers 
creating a path for a trajectory that approximates the discrete process of compu
tation. As a physical system, a computer must be extremely unstable because a 
change in one bit of input generally leads to a totally different computation. But 
the computation itself as a physical evolution must be very stable: jumping over a 
closed barrier as a result. of physical fluctuations must be highly improbable. It is 
well known that these requirements ( combined with inherent speed restrictions and 
the growth of dissipated energy with the growth of complexity) doomed the develop
ment of mechanical computers. Nevertheless, we believe that "genetic. automata" 
can be described in such mechanical terms. One of the well-known problems to 
which such a description leads is a picture of DNA replication. Replication of the 
double helix of a bacterial chromosome involves the uncoiling of about 300,000 turns 
accompanied by an intricate set of highly specific chemical reactions. 

Perhaps, for a better understanding of this phenomenon, we need a mathemat
ical theory of quantum automata. Such a theory would provide us with mathemat
ical models of deterministic processes with quite unusual properties. One reason 
for this is that the quantum state space has far greater capacity than the classical 
one: for a classical system with N states, its quantum version allowing superposi
tion (entanglement) accommodates cN states. When we join two classical systems, 
their number of states N1 and N2 are multiplied, and in the quantum case we get 
exponential growth df1 N 2 • 

These crude estimates show that the quantum behavior of the system might 
be much more complex than its classical simulation. In particular, since there is 
no unique decomposition of a quantum system into its constituent parts, a state 
of the quantum automaton can be considered in many ways as a state of vari
ous virtual classical automata. Cf. the following instructive comment at the end 
of the article by R. P. Poplavskii, "Thermodynamical models of information pro
cessing" {in Russian), Uspekhi Fizicheskikh Nauk, 115:3 (1975), 465-501: "The 
quantum-mechanical computation of one molecule of methane requires 1042 grid 

3The figure presented here was redrawn for this edit ion by M. Gelfand and 0 . Khleborodova, 
to whom I owe my deepest gratitude. 
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points. Assuming that at each point we have to perform only 10 elementary oper
ations, and that the computation is performed at the extremely low temperature 
T = 3 · 10- 3 K, we would still have to use all the energy produced on Earth during 
the last century." 

The first difficulty we must overcome is the choice of the correct balance between 
the mathematical and the physical principles. The quantum automaton has to be an 
abstract one: its mathematical model must appeal only to the general principles of 
quantum physics, without prescribing a physical implementation. Then the model 
of evolution is the unitary rotation in a finite dimensional Hilbert space, and the 
decomposition of the system into its virtual parts corresponds to the tensor product 
decomposition of the state space ("quantum entanglement"). Somewhere in this 
picture we must accommodate interaction, which is described by density matrices 
and probabilities, 


