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3 Perspectives

• Brains and cognition have evolved much the way, 
hair, hands and eyes have evolved -- to solve 
problems in the world

• Evolution and cognition are fundamentally similar 
processes using different mechanics

• Cognition is ubiquitous - not restricted to brains - 
and this is required for brains to have evolved.



∆gi(t)
∆t

= gi(t− 1)(ri(g)− f̄)

"In the struggle for survival, the fittest win out at the 
expense of their rivals because they succeed in adapting 
themselves best to their environment."

"I have called this principle, by which each slight 
variation, if useful, is preserved, by the term Natural 
Selection"



P (H|E) = P (H)
P (E|H)

P (E)

PX(t) = PX(t− 1)
LX

L̄

P (H|E) = P (H)
LH

L̄

L̄ = P (E) =
�

x∈ω

P (E|H)P (H)



∆PX(t) = PX(t− 1)(ft − f̄), where ft = LX/L̄

∆gi(t)
∆t

= gi(t− 1)(ri(g)− f̄)replicator equation

Baye’s
Rule

Good
Idea!

see: Cosma Shalizi CMU statistics.



Good
Idea!

“Biological offspring are the hypotheses of their 
parents, formulated through the success of their 

ancestors predicting the future state of the world”



The Implications & 
Requirements of Inference



Use of P & M for Prediction in Variable
 Environments

Fast Learning of Different Environments
(new Ms for new Ps)
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“The only cognitive system is the nervous system”



An Evolutionary Limitation 
of the Neural Bias.
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The Multicellular 
Argument
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Multiple, independent origins of multicellularity



Pre-Neural Cinema
“In Life Cognition is Everywhere”

- Georgio LUCAs (Last Universal Common Ancestor(s))











Part 1: Genomic Cognition
• Genetic sensation and 

programmed adaptive behavior 
- operon to GRN

• Efficient Representation of 
genetic memory - compression

• Limitations of genomic 
cognition - evolutionary 
information storage law









Genomic Representation
The Ingenuity & Ambiguity of the “gene”



The Genetic Code
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The Archimedes Palimpsest
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A Linguistic Palimpsest
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FIG. 3. The iterative buildup of sequence space, starting with one position. Each additional position requires a doubling of the former diagram
and to connect corresponding points in both diagrams (which represent nearest neighbors). The final hypercube of dimension v contains as
subspaces ( )2,k hypercubes of dimension k.

space concept to evolution requires the introduction of a
value topography. Value landscapes have rugged fractal
structures, causing populations to accumulate on ridges and
peaks in the mountainous regions (12, 13), which is the deeper
reason for the metric nonuniformity commonly found in
comparative sequence analysis.

Statistical Geometry

Statistical geometry as such can be exemplified with mere
distance relationships. Two sequences define one distance;
three can always be fitted into a tripod diagram, because they
yield three explicit equations for the three unknown seg-
ments. The tripod, however, may be unrealistic, because the
precursor, the tripodal node, may not have existed. The truth
then emerges by adding a fourth sequence. Four sequences
define six distances and hence match a diagram that, in
general, has six segments, as shown in Fig. 4a. The three
types of segments can be obtained from

AB + CD = a + b + c + d + 2x = S (small)

AC + BD = a + b + c + d + 2y = M (medium)

AD + BC = a + b + c + d + 2x + 2y = L (large),

as 2x = L - M, 2y = L - S, and a + b + c + d = S + M
- L.
The diagram reduces to an ideal bundle if both x and y are

zero and to a tree-like dendrogram, with finite branching
distance y, if only x is zero. The general "net" form in Fig.
4a is due to the presence of reverse and parallel mutations,

By

with x being a measure of deviation from tree-likeness.
(Likewise, x and y together measure the deviation from ideal
bundle-likeness.) For partly randomized bundles, x and y are
nonzero and of similar magnitude, with x (by definition) being
the smaller of both parameters.
Why do we call this method statistical geometry? There are

(4) different quartets that can be formed from a set of n
sequences (e.g., 27,405 for n = 30 sequences). Hence, the
averages of x, y, and !14(a + b + c + d) for a set of n
sequences usually are statistically well-defined parameters.
If a tree is constructed by compromises that yield an optimal
fit, and x/y average values of -0.5 or higher are found, one
should be suspicious. Randomization then has proceeded so
far that a tree cannot be discriminated from a bundle. On the
other hand, one can prove mathematically (ref. 14; see also
ref. 15 and references therein) that, if in a set of more than
four sequences all x values are zero while 9 is nonzero, the
total set has an exact tree-like topology. Unfortunately,
statistical geometry based on distance only is not very
sensitive in differentiating topologies, the main shortcoming
being neglect of positional information. As explained above,
such information is available from order relationships in
sequence space.

In sequence space formally the procedure is analogous to
that in distance space: For each quartet of sequences, we
analyze the optimal network connecting the four sequences
in sequence space and try to reconstruct a geometry that is
representative for the whole family of sequences. We begin
with the case of binary (R, Y) sequences (Fig. 4b). There are
eight distinguishable classes of positions in three categories:
0, all four sequences having equal occupation; 1, one se-
quence differing from the three others (a, f3, 'y, 8); and 2, two

A

3d !

B

FIG. 4. Representative geometries of quartet combinations of sequences in distance space (a), RY sequence space (b), and AUGC sequence
space (c).

Biophysics: Eigen et al.

Functional Sequence Space



High temperatures



Computational Limitations 
of Genomes

The Constraint of Evolutionary Light Speed



Fundamental Constraints in Physics
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The living envelope
in the life-cone

Genomic inference is 
operating near its
maximum velocity

= Eigen-Muller 
Principle

Every fixed bit needs 
a death



Part II: Cellular 
Computation

• Evolution of molecular logic - 
kinase networks

• Representation of molecular 
memory - kinase autocatalysis

• Limitations of cellular cognition 
- physical scale and generation 
time



Phosphorylation:
Modulation of Protein Function



From Goldberg et al. PLoS (2006)

Kinases ~ 2% genes (kinome)
Phosphorylate around 30% proteins



Cell Signaling Technology 2002



Computations, Algorithms
Mechanisms
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The Molecular Abacus

I(222) > I(211)> I(122)>I(121)>I(112)>I(111)
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Place Value-based Number Systems



Problems of Time Scales





Phosphorylation:
Modulation of Protein Function
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Fundamental Limitations 
of Cells

The Search for an Eigen-Muller 
Style Principle for the Cell
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• Evolution and cognition are 
both inferential processes

• Cognitive molecular devices 
are ubiquitous

• Much as we can consider 
mechanism, algorithm and 
function for brains we can do 
so for cells (e.g. molecular 
abacus)

• Genomes are inferentially 
limited by the Muller-Eigen 
principle

• Cells (receptor & protein 
networks) multiply genetic 
states, and introduce new 
integration and temporal 
functions

• The seeds of neural cognition 
(representation, logic-switches 
and memory) reside in 
genomic and cellular cognition 
(smaller and smaller elephants 
much of the way down..)

Summary - things to consider
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