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Abstract

A short review of the development of the physical
information theory is presented. The entropy defect
principle is formulated for quasiclassical systems. The
concept of ideal physical information channels is
tintroduced. It is shown that information properties of
such a channel with independent additive noise can be
ontained from the thermodynamic description of the
physical system that transmits information. Brillouin’s
conjecture of minimum enerrgy per unit of information is
proved for this type of channels.

1. Introduction

The origin of the physical information theory ascends
to L. Boltzmann and L. Szilard {1] , who attributed an
information meaning to the thermodynamic notion of
entropy long before the quantitative measure of
information was rigorously introduced by C.E. Shannon
[2] . However, the information theory leading off with
fundamental Shannon's work developed at first as a pure
mathematical branch of science. An impression arose that
the laws of transmission and processing of information
were not physical and the concepts of the information
theory could not be defined on the base of physical
concepts. The erroneousness of such views was noted as
far back as 1950 by D. Gabor {3] , who pointed out that
“the communication theory should be considered as a
branch of physics." Later in the remarkable book of
L. Brillouin {4] a profound relationship between physical
entropy and information was suggested in the form of the
“negentropy principle of information”. Though the term
"negentropy” was not rigorously defined, the principle
implied that any information is represented by a certain
state of a physical system and associated with its deviation
from the thermodynamic equilibrium. The "entropy defect
principle” [5,6] implements this basic idea in a
mathematically consistent and rigorous form. According
to this principle, any information is represented by an
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ensemble of states of a physical system and associated
with the average deviation from the thermodynamic
equilibrium caused by the choice of one of those states.
Thus the information properties of real systems can be
described in purely physical terms and a way is open to
develop a consistent physical information theory.

In the first applications of information theory the
communication systems were described on macroscopic
level and their physical properties, in so far as they were
taken into account, were considered from the point of view
of classical physics.

It should, however, be borne in mind that the physical
foundations of information theory must be essentially
based on quantum theory. Indeed, in classical statistical
physics the entropy dimension is that of logarithm of
action, and entropy includes, as was noted by Planck [7] ,
an infinite additive constant, so that only the difference of
two values of entropy has physical meaning, but not the
absolute value of entropy. Such a definition of entropy
corresponds to the so called "differential entropy” (the term
coined by Kolmogorov [8] ) in information theory. But
differential entropy depends on the choice of variables and
does not allow calculating (without additional
assumptions) the amount of information in the continous
message (formally the amount of information becomes
infinite, which is a nonsense from a physical point of
view). In the conventional theory the properties of
continous message ensembles are usually described in
terms of e-entropy. Such a description, however, is
purely phenomenological and is valid only in the range
where quantum effects make no appearance. According to
quantum theory, every real physical sysiem has a well-
defined finite ("absolute” by Planck) entropy which leads
to a natural absolute measure of information associated
with statistical ensembles of quantum macrostates.

On the other hand, the vigorous development of
quantum electronics, which brought into use the infrared
and optical range of electromagnetic waves and allowed us
to build systems with extremely low thermal noise, calls
for consideration of the quantum nature of information
transmission processes.



The physical information theory developed historically
along the following three lines:

1. Investigation of the interrelations between the basic
concepts of statistical physics and information theory.

2. Investigation of the physical nature of information
transmission and processing.

3. Application of information-theoretical concepts and
approaches to the problems of statistical physics.

Though numerous papers have been devoted to the first
two areas (e.g., [9-19] ), the only book on this subject is
[20] (in Russian). The use of quantum carriers of
information brings into consideration the fundamental
properties of quantum measurements (e.g. [21-27] ).
Results on quantum detection and estimation theory have
been systemized in the comprehensive monograph by C.
Helstrom [28] . It was found that a consistent quantum-
mechanical treatment of information transmission calls for
generalization of basic information-theoretical concepts
[6,29-32] . The effect of the quantum-mechanical
irreversibility of the measurement on the information
transfer has been revealed in the quantum-mechanical
formulation of the entropy defect principle [6,29] . The
controversial problem of information efficiency of direct
and indirect quantum measurements has been solved in
{331

A new remarkable application of quantum physics to
information theory is quantum cryptography [45-47)
which employs a new principle of secure communicaion
based on the properties of quantum measurements.

Investigations in the third of above-mentioned areas
(e.g. [4,34-39] ) promise to shed a new light on the
foundations of statistical physics, in particular, regarding
the origin and the meaning of the Second Law of
Thermodynamics. It seems that there exists fundamental
relationships between information, energy and work which
manifest itself in such important and still controversial
physical situations as Gibbs' paradox, Maxwell's demon,
etc. Results obtained in [37) lead to a conjecture that in
the case of irreversible processes the change of
information rather than that of entropy determines the
amount of work produced by a non-equilibrium system.

Information-theoretical concepts seem to be fruitfully
applicable to some classical problems of statistical
physics, such as the Ising model [40,41] .

In general, one can conclude that physical information
theory is, today, a well-established area of science with a
number of rigorous general results and important
applications in communication engineering.

This part deals with quasiclassical systems only. The
generalization for quantum systems is presented in Part II
of this paper.
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2. Entropy Defect Principle
(Quasiclassical Formulation)

The entropy defect principle was first formulated for the
quasiclassical case in [5], with the view to obtain a
general expression for information (in Shannon's sense) in
terms of physical entropy. The quasiclassical description
of a physical system implies, as usual, that all the
operators corresponding to physical observables commute,
which leads to two important premises:

1. All different microstates ("complexions”, by Planck)
of the system are inequivocally distinguishable by the
same (complete) measurement;

2. Any macrostate of the system is uniquely represented
by a statistical ensemble of the microstates.

Consider and ensemble X= {x;,p;} of signals xi with
corresponding probabilities p; (i is the subscript of a
signal; for the sake of simplicity the set of signals is
presumes to be denumerable) and let this ensemble act on
a physical system. The signal x; brings the system to the
state s;. As a result, we obtain an ensemble of
macrostates S= {s;,p;}] which is in one-to-one
correspondence with the ensemble of signals X. Each s;
is, generally, a certain macrostate of the system, i.e., a
certain ensemble of various microstates defined by
probabilities of microstates w;, (k is the subscript of a
microstate; the set of microstates is presumed to be
denumerable). Macrostate s; has physical entropy H;
defined by the following expression:

Hi =—Zwik In Wi
k

- (Information and entropy are henceforth expressed in

natural units--nats.)
We introduce now the average entropy of macrostates s;

H= ZpiHi

Note that H does not have, in general, the meaning of the
entropy of a particular macrostate but it is the conditional
expected value of the entropy of a macrostate arising under
the action of a determined (prescribed) signal.

On the other hand, it makes sense t0 speak about the
mactostate s of the physical system, arising when the
signal is chosen from the ensemble at random. The
corresponding probabilities of microstates are

Wi = z PiWix
i

H=—Zwk In w,
k

We call the quantity

and the entropy is



H-H Q)
"entropy defect".

The entropy defect shows how far ( on the average) the
state of the system, arising under the action of a
determined signal, is from thermodynamic equilibrium
(when entropy is a maximum and probabilities of
microstates are given by Gibbs' distribution) in
comparison with the state arising under the action of
signal chosen completely at random. In short, the entropy
defect shows how far the determinate choice of the signal
deflects the system from its thermal equilibrium state.

The entropy defect principle claims the following. The
amount of information about the signal A obtained by a
physical system is equal to its entropy defect

I=], 03}
Indeed, since distinctions between the microstates are the
finest possible distinctions between the states of a
physical system, the maximum information about the
signal is obtainable by measuring the microstate, i.e. by
performing a complete measurement that distinguishes
between all the microstates. Let M= {m} be the random
variable representing the microstate of the system. The
joint probability distrubution of two random variables -
the signal X and the microstate M - is given by

PT[X= X;, M= mk) =Pr[S=Si, Mzmk}=piwik (3)
Therefore,

I, = H(M) - HM|X) = IM; X), )]
where I(M;X) is Shannon's information about the signal
X in the microstate M.

Though the equality (2) seems to be almost evident, it
is far from being trivial. Indeed, its validity is based on
two crucial assumption 1. and 2. about the nature of the
physical world. These assumptions are not valid for a
consistent quantum-mechanical description, where the
equality (2) turns into inequality, as will be shown in
Part I, The importance of the entropy defect principle is
that it allows us to interpret information as a measure of
the deviation of a physical system from the
thermodynamic equilibrium state and to establish not only
mathematical analogy but also identity of fundamental
concepts of information theory and statistical physics.

3. Ideal Physical Information Channels

The entropy defect principle has been used to analyze
properties of certain systems which are, physically
speaking, the simplest information transmission systems
- ideal physical channels. We define an ideal physical
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information channel to be a channel in which the
transmitter uniquely specifies the microstate of the
transmitted signal - the physical agent that carries the
information, and the receiver uniquely determines the
microstate of the received signal. Thus, the signal
ensemble in an ideal physical channel is the ensemble of
microstates of a certain physical system.
The following results have been obtained in [42].

Theorem 1. The capacity of a nonideal channel does
not exceed the capacity of an ideal channel with the same
transmission probabilities, obeying the same constraints
on the ensemble of microstates of the transmitted signal.

Consider in more detail an ideal physical channel with
statistically independent additive noise. In a channel of
this type, the received signal is formed by addition of the
transmitted signal and noise (the latter being of the same
physical nature as the signal). The received signal and the
noise may, therefore, be regarded as two different states of
the same physical system. We shall assume that the
microstate of this system is uniquely determined by the
energies assigned to the various degrees of freedom (for
example, to the various quantum states of the particles
constituting the system). Additivity means here that the
energy assigned to any degree of freedom of the received
signal is the sum of the respective energies for the
transmitted signal and the noise. (In particular, if one is
using a description in terms of occupation numbers of
quantum states of the particles constituting the system,
the occupation numbers of the received signal are the
sums of the respective occupation numbers of the
transmitted siganl and the noise.) Statistical independence
means that the distribution of noise microstates is
independent of the transmitted signal.

An ideal physical channel with statstically independent
additive noise is an idealized model of systems in which
the information carriers are particles obeying Bose-
Einstein statistics (such as photons or elemeniary
acoustical excitations - phonons).- If the information
carriers are particles obeying Fermi-Dirac statistics, this
description is apt only in the limiting case of Boltzmann
statistics (i.e., small average occupation numbers).

Let the ensemble average of the energy of the
transmitted signal be Eg, that of noise E;. Then, by
virtue of additivity, the average energy of the received
signal is E; = Eq+ E;. Assume, moreover, that the noise
is thermal, i.e., the distribution of noise microstates
corresponds to thermodynamic equilibrium of the physical
system in question (i.e., of the agent transmiiting the
information) at temperature T) =T(E,), where T(E) is the
temperature of the system as a function of its average
energy. Under these conditions the entropy H; of the



noise has the maximum value possible given the average
energy E|. We then have the following.

Theorem 2. The maximum amount of information
that can be transmitted over an ideal physical channel with
statistically independem additive noise is

J‘ l dE(T)

kT dT
and this maxxmum is achleved when the distribution of
microstates of the received signal corresponds to
thermodynamic equilibrium at the temperature T,

determined by
jdE(T’ T-E,

Here E(T) is the average energy of the system as a
function of temperature; E(T,) = E,.

——dT 4

©

Corollary. The minimum amount of energy
necessary 1o transmit one natural unit of inforamtion over
a channel with statistically independent additive noise
satisfies the inequality

Eain =2 2KT, ™

where T is the temperature of the noise. Equality holds
asymptotically in case of weak signal, i.e., when

T,-T
T,
(For the usual physical systems, in which E(T) is a

monotonic and smooth function, condition (8) is
equivalent 1o E¢/E,<<1).

This corollary is a rigorous specialization of the well-
known conjecture of Brillouin (4] that the minimum
energy necessary to obtain one bit of information at
temperature T, is kT, In 2,

In particular, the minimum energy per nat has been
calculated in [5,10] for a broadband one-dimensional
photon channel:

3

min = kT+———hR

®

<<l

®

Here h is Plank's constant R is the rate of information
transmission (nats/s). This elegant formula clearly shows
both the effect of thermal noise and the limitation
imposed by the quantum structure of the electromagnetic
field: the faster one transmits information, the more
encrgy required per each unit of information. Other types
of ideal physical channels have been investigated in

[5,9-11,43,44]. For corpuscular channels (with particles
of non-zero rest mass as information carriers) the specific
effects of degeneracy (Bose-Einstein condensation and
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Fermi saturation) which affect channel capacity have been
demonstrated [44].
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