Chapter 1

Net surprisals ala Tribus:
correlations from reversible
thermalization

P. Fraundorf
U. Missouri-StL Physics & Astronomy/CME
pfraundorf@umsl.edu

The Bayesian vision of net surprisals underlying the connection between energy and
information, put forward by Myron Tribus four decades ago, offers a robust measure
of correlation with “second law teeth”. A special case is mutual information, whose
widespread application to the study of correlated codes, quantum computing, and
nonlinear dynamics is grounded in thermodynamic consideration of correlated subsys-
tems. Surprisal physics can help students quantify finite departures from the ambient,
and explain information engines which reversibly thermalize available work to literally
power the natural history of invention. It may prove useful for tracking heirarchical
emergence in complex systems, and for exploring code-excitation complementarity.

1.1 Introduction

“Scientia potestas est — ‘Knowledge is power’ — the Romans said, and 20 cen-
turies later science has given an old phrase new meaning.” Thus began Tribus
and MclIrvine’s Scientific American article [1] on Energy and Information. The
article itself was a topical summary, not an exposition of original facts, but
its composition drew from deep involvement in wider applications of Bayesian
inference (cf. [2, 3]). It also drew from intuition concordant with future devel-
opments. We make this case with a brief look at some mathematics of Bayesian
inference, based on notes provided by E. T. Jaynes, followed by description of a
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few possibly useful connections not yet been described in the literature. One ob-
jective is to show that a few decades after the first papers on Bayesian inference
by Myron Tribus, science may be giving them new meaning as well.

As one might imagine, the foregoing observations are not new. For example,
they periodically inspire Ph.D. dissertations in updated contexts, e.g. [4, 5].
However, we argue here that they bear restating in modern terms, in part be-
cause awareness of early connections never became mainstream, but more im-
portantly because new (and we think increasingly relevant) connections continue
to fall into place.

1.2 Net surprisal’s MaxEnt roots

A bit of surprisal is what you feel, after tossing one coin a few times for practice
and then finding that your prediction of heads on the next toss is correct. A
byte of surprisal (8 bits) is what you feel, after tossing eight coins a few times
for practice and then predicting correctly in advance the resting state of all
eight coins on the next toss. The more familiar quantity ”probability” is simply
1/2#%s g0 surprisal goes (logarithmically) from 0 to co as probability goes from
1 down to 0.

If each possible state of a system has equal surprisal, conditions which ob-
tain for many states (e.g. 4 heads and 4 tails, instead of 8 heads) are more
likely to happen by chance. This gives rise to the classical maximum entropy
“best-guess” machine, which says that the most likely condition is that which
maximizes average surprisal within constraints provided by all else that is known
[6, 7]. The formalism itself is quite remarkable, because it allows one to develop
familiar expressions for the first and second laws of thermodynamics from the
mathematics of inference alone, before any physics (e.g. conservation of energy)
is brought into the picture at all.

The “MaxEnt strategy” thus follows Tribus’ prescription for Bayesian infer-
ence in general, which treats surprisal and probability assignments as“numerical
encodings of states of knowledge” [3] rather than as e.g. intrinsic properties of a
particular subsystem. As we’ll see, the connection between these quantities and
“statements about correlation”, e.g. between a prediction and a future behavior,
is standing the test of time.

The prescient observation that we focus on in this paper involves remarks in
the Scientific American article [1] about the importance of differences between
two entropies (referred to here as “net surprisals”), and their connection to
free energy in units of kT, to Gibbsian availabilities, and to measures of finite
departure from equilibrium. These connections also follow in detail from the
maximum entropy prescription. For purposes of this note we need only the
mathematical definition of net surprisal or cross-entropy:

Q
Inet = _kzpi ln(lﬂ) 2 0 (11)
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and the MaxEnt result that net surprisal under the exchange of conserved quan-
tities is the entropy (or “average surprisal”) increase of system plus environment
on equilibration to ambient. Note that this prescription is designed for charac-
terizing finite departures from ambient, and under broad conditions establish-
es “second law” relevance for the measure as well. Near ambient conditions,
changes in availability (free energy in units of kT) also represent changes in net
surprisal.

1.2.1 Thermal physics’ ice water invention

Before we move on, note that net surprisals may be underutilized even in intro-
ductory thermodynamics. For example, the equations discussed in that Scientific
American article simplify in the “ice water invention” problem, which asks how
cold a room must be for an otherwise unpowered device to take boiling water in
at the top, returning it as ice water with some ice therein at the bottom. Using
Lt ~ C,O[T /T, o0m) where O[z] = z — 1 — In[z] and C, is specific heat, it is
easy to show that the second law requires only a room whose temperature is
cooler than triple digits Fahrenheit, since boiling water has more than enough
net surprisal to generate the needed chill.

1.3 Mutual information as a special case

One moves beyond the world of classical thermodynamics, with it’s “extensive
entropy”, by including in the MaxEnt calculations information on the correlation
between sub-systems e.g. knowledge that two data strings are identical even if we
have no idea what they contain. Interestingly enough, this “mutual information”
can written e.g. for two subsystems I and J as

_ <11 PLPL]
MI[I,J] = kzi:%:p[ﬂl ol >0 (1.2)

i.e. as the net surprisal that follows upon learning that the two systems are not
independent. Thus mutual information may (under some conditions at least)
be subject to the same second law considerations that net surprisals obey more
generally.

1.3.1 Information engine efficiencies

Returning briefly to introductory thermodynamics, an introduction to natural
as well as historical units for thermal physics quantities [8] would allow teach-
ers to introduce the concept of information engine along with the concept of
heat engine. Information engines thermalize available work to create correla-
tions between subsystems in their environment. The Work;y /kT upper limit on
the efficiency of such engines (whether they be digital cameras, copy machines,
molecular motors, or an astronomer making notes on the night sky) is probably
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Figure 1.1: Life’s Energy Flow (Left): The top half represents primary processes
involved with energy flow; the bottom half physical repositories for life’s energies, and
paths for conversion of energy from one form to another. Life’s Stores of Availability
(Right): Horizontal bars represent inward-looking correlations; vertical bars outward-
looking correlations. This breakdown categorizes by domain the types of correlations
that exist, and types of memetic replicators that help to maintain them.

as fundamental, if not yet as useful, as the Carnot limit on the efficiency of heat
engines.

1.3.2 Energy and information available to life

The left half of Figure 1.1 illustrates the flow of energy available to life on earth.
Much of what begins as radiative heat from the sun, is converted to chemical
potential energy (e.g. heat engine style) in the form of plant biomass [9]. The
flow rate through biomass is probably worth closer consideration [10]. Many
introductory physics texts and even the world almanac, for example, ignore its
size entirely. Thus student projects on the size of these flows, at various times
and places, might provide useful consumer education.

Some of the "ordered energy” outputs from the heat engines described in
Figure 1.1 are eventually thermalized (e.g. in forest fires or the burning of
fossil fuels), but not all of it is irreversibly thermalized. In other words, some
of the free energy made available by plants is converted to non-energy related
correlations between organism and environment, and some is converted to to
internal correlations within living things.

Organism/environment correlations include, for example, cell membranes
that separate the contents of one-celled organisms from the fluids surrounding.
They differ, depending on the nature of the ambient to which a given organism
is adapted. Similarly, the woody trunks of trees don’t merely store chemical en-
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Table 1.1: “Temporally-stacked” layers of correlation-based complexity.

new level drivers

boundaries

| emerging correlations

interstellar | radial temperature | spin up & stellar ignition
cloud collapse variation
orbital accretion radial pressure planetary differentiation
of dust & gas variation & geocycles
geothermal & compositional biomolecular cycles
solar gradients variation

biological cells

bilayer membranes
& cell walls

chemical communication, microbial
symbioses & differentiation

biofilms & organ surfaces skeletal, respiratory,
live tissues digestive & nervous systems
metazoans individual skins pair bonds &
redirected aggression
reproductive gene pool social heirarchies & politics,
bargains, family boundaries ritualized available work (money)
cultures & belief meme pool sciences &
systems boundaries diversity protocols

ergy for later combustion, but also point in a direction which allows subsequent
leaf growth to have better access to the light of the sun.

Correlations internal to organisms include catalysts (often amino acid en-
zymes) which guide spending of the cell’s energy coin [11] not only toward nour-
ishment and other external goals, but toward it’s use in the process of cell
replication. The enzymes themselves typically fold in solution into secondary
and delicate tertiary structures crucial to catalyst structure and function which
in turn facilitates correlations between organisms and their environment. Infor-
mation on amino acid sequencing apparently proved so important that a digital
means (nucleic acid codes) to store mutual information on these correlations,
still in widespread use today, was developed billions of years ago [12, 13].

That ancient invention of digital recording more or less formalized a now
long-standing symbiosis between replicable codes and steady-state excitations
(i.e. organisms that operate in-part by reversibly thermalizing an inward-flowing
stream of energy in the form of available work). This particular excitation-code
symbiosis involves mutual information managed (stored, replicated, and applied
to enzyme manufacture) by biological cells.

Now memetic replicators [14, 15], i.e. ideas which began as sharable pat-
terns stored in the neural nets of animals [16, 17], are in the process of going
digital, thus adding another dimension to life’s symbiosis with replicators. The
unconscious struggle for hegemony over organisms, between these two replicator
families, has been described as a battle between “sword” and “pen” in which
(strangely enough) organisms are the spoils of war.

A natural way to illustrate and inventory the standing crop of correlations
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associated with life, while recognizing boundaries between replicator-pools as
well as simpler physical boundaries (like cell walls and individual spaces), is
illustrated in the right half of Figure 1.1. Physical examples of correlation-based
complexity may also be stacked in time, as shown in Table 1.1 where each set of
structural and process correlations is predicated on prior existence of the level
before.

1.3.3 Invention’s natural history

Histories of emergent phenomena, like [18, 19, 12, 20, 21, 13], in broad strokes
simplify when outlined in terms of the two manifestations of generalized availabil-
ity depicted in Figure 1.1: (i) “ordered” or free energy, and (ii) mutual informa-
tion, respectively. These two themes repeatedly intertwine in a non-repeating
drama that involves partnership between replicable codes (which incidentally
include the above two concepts), and what physicists might call steady-state
excitations busily converting energy and information from one form to another.

Participants at a recent workshop at the Santa Fe Institute [22] emphasized
the importance of insights into innovation which cut across disciplines. Table
1.1 shows that Bayesian measures of correlation do just that. If one thinks
of emergent correlations in the right column as lost symmetries (e.g. ranging
from loss of translational invariance in collapse of a dust cloud, to the emergent
process of choosing a profession), the connection to our evolving awareness of
more elementary systems may run deeper still [23]. Measurement by definition
creates a correlation. Thus mutual information plays a profound role in quantum
computing [24]. More detailed “time-lines of concept-relevance” in invention’s
natural history show added self-similarity, e.g. [25].

The large number of thermodynamic and information-theoretic processes in-
volved in this natural history raises a familiar question about codes: What gene
is responsible for what features of an organism, or conversely what features of an
organism does a given nucleic acid sequence “cause”? The same question can be
asked about memetic codes. Has a given set of ideas been honed by experience
with the world around us, via experience with worlds within some parochial
boundary, or does it offer little by way of connection to the world at all? Ac-
cepting Tribus’ maxim about “states of knowledge”, in any rigorous sense such
questions are about delocalized correlations between physical objects (e.g. be-
tween a code and it’s phenotype, or some other part of the world around) rather
than about the properties of a molecule or a set of words in isolation. Once the
context is specified, e.g. the reference state used in equation (1.1), objective and
even quantitative assessments of such correlations may be possible.

For example, most might agree that the nucleic acid base triplets UAA, UAG,
and UGA have evolved as elements of punctuation in the genetic code, there not
to correlate with the outside world but to guide the process of transcription into
protein, much as the period at the end of this sentence guides the sentence’s
transcription into speech. Such punctuation codes are a kind of internal code,
developed to guide code replication and their reduction to practice. Other codes
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have evolved by virtue of the correlations that they affect between an organism
and the inanimate world around. Thus a chunk of genetic code might correlate
with the thickness to length ratio of a plant’s stem, whose optimum value de-
pends on wind velocities and topography in the world around, just as ideas for
guiding the path of a ship at sea may survive according to their usefulness in
helping sailors reach their destination, before they run out of supplies.

1.4 Discussion and Summary

Consideration of gene, plus organism, perspectives is now accepted as crucial to
understanding evolution, just as the perspective of idea replication, plus that of
individuals, is helpful in understanding culture. This complementarity may arise
because excitation-focus can result in irreversible thermalization (i.e. an out-of-
control burn) while fixation with specific codes can result in a code’s failure to
adapt.

As tools in the “science of the possible”, the net surprisals discussed in
Scientific American [1] thus suggest a physical framework for considering such
disparate (and sometimes competing) issues as conservation of available work,
maintenance of genetic diversity within and between species, and the future of
cultural diversity in the presence of evolving constraints. By shifting focus to
the role of reversible thermalization in the natural history of invention, ideas
discussed by Myron Tribus decades ago may thus carry new meaning in the
days ahead.
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