
In the city of Wittenberg,
Germany, in the year 1566, the
astronomer Tycho Brahe lost the
tip of his nose in a duel with a
fellow student. In place of a
nose, and for the remainder of his life, he wore a
sculpted insert made from an alloy of gold and silver.
The duel, which was fought with another Danish
nobleman, Manderup Parsberg, was ostensibly fought
over which of them was the more skilled in mathemat-
ics. When Tycho was not distracted by a loose nose (it
frequently fell off, requiring that he carry a small snuff
box concealing an adhesive), or tending a pet moose
celebrated for its beer habit, he was refining the instru-
ments that would permit him to collect the most pre-
cise and exhaustive archive of astronomical data in the
16th century. 

Tycho’s scientific output
was considerable: it includes
De Nova et Nullius Aevi
Memoria Prius Visa Stella (“On
the New and Never Previously

Seen Star,” Copenhagen, 1573); De Mundi Aetherei
Recentioribus Phaenomenis (“Concerning the New
Phenomena in the Ethereal World,” Uraniburg, 1588);
and Astronomiae Instauratae Mechanica (“Instruments for
the Restored Astronomy,” Wandsbeck, 1598). The
majority of Tycho’s observations were not published
during his lifetime. However, the data were made
available to his assistant, the young Johaness Kepler,
who had been recruited to assist Tycho in the calcula-
tion of planetary orbits, and who succeeded Tycho as
royal astronomer following Tycho’s death from a burst
bladder at a royal banquet in 1601.

“How can it be that writing down a few simple and

elegant formulae, like short poems governed by strict

rules such as those of the sonnet or the waka, can

predict universal regularities of Nature?” 

Murray Gell-Mann – Nobel Prize Speech, Stockholm, 1969
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In a famous argument about the probabilistic nature of quan-
tum mechanics with Dutch physicist Niels Bohr, Albert
Einstein remarked, “God does not play dice with the uni-
verse.”

Ken Knowlton, “God Does Not Play Dice With the Universe,”
Unretouched Dice, 1999
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Kepler was a champion of the Copernican, helio-
centric model of the solar system. He had previously
spent 20 years unsuccessfully attempting to map the
motion of the planets onto imaginary spheres encasing
five perfect geometric figures: the cube, tetrahedron,
octahedron, icosahedron, and dodecahedron. However
ingenious his geometry, the data refused to fit the the-
ory. Presented with Tycho’s high-quality data, Kepler
eventually determined that an ellipse with the sun at
one focus was a better fit to the trajectory of Mars
than a circle with the sun at the center. Building on this
breakthrough, Kepler proposed his three laws: (1) The
planets move in ellipses with the sun at one focus, 
(2) planets sweep equal areas in equal times in their
motion about the sun, and (3) the average distance to
the sun cubed is proportional to the period squared. 

The scientific biographies of Tycho Brahe and
Johaness Kepler serve to illustrate some very important
themes of scientific progress related to the search for
scientific laws. To arrive at his laws of celestial motion,

Kepler had to first accept in some fashion a general
theoretical framework without empirical proof
(Copernicanism); second, abandon prevailing scientific
dogma (Aristotelianism); third, have access to data
with sufficient accuracy to reveal regularities (empiri-
cism); and fourth, adopt mathematics as an elliptical
and predictive form of expression for the regularities in
the data (mathematical reductionism). This is a canoni-
cal example of the inductive-deductive recursion, in
which theory and data co-evolve towards improved
solutions. In essence, physical theory seeks to explain
the regular component in the behavior of objects,
through relationships among quantitative variables,
and these regularities are called the Laws of Nature.
Typically, regularities are expressed using mathematics.
A challenge for biology in the 21st century is to bring
the sensibility of Kepler to the vast Tycho-like data
resources of biological science, and in this way search
for the law-like regularities in biology. 
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The Philosophy of Natural Law

One might ask why laws of nature are of interest at
all. They are in part because there seems to be a strong
correlation between law-like behavior and our ability
to perform inductive inference (Goodman 1947). In
other words, laws help us to generalize reliably from
instances of an empirical phenomenon. For example,
Newton’s laws of motion are shorthand for an effec-
tively infinite number of observations on falling apples.
Furthermore, laws when expressed mathematically,
represent a form of data compression, in which a great
deal of phenomenology can be captured in a terse
symbolic description (this is what Gell-Mann meant
when he spoke of sonnets and wakas). Laws also serve
to reveal correlations among different theoretical prin-
ciples, for example by finding equivalences among
equations (Dretske 1977), and thereby pave the way
towards superprinciples of nature such as supersym-
metry in physics. 

The philosophical debate about laws of nature
makes a distinction between two broad schools of
thought: regularity theories and necessitarian theories.

Both regularity theorists and necessitarians agree on
the following conditions for a theory to qualify as a
law of nature (see the Internet Encyclopedia of Philosophy):

While these five conditions might be necessary,
they are not sufficient. This is because they cannot dis-
tinguish among accidental truths, false existentials, and
genuine laws of nature. Accidental truths are state-
ments such as “DNA and RNA are the universal mole-
cules of biological inheritance.” Biologists have, after
all, never observed an alternative molecule in nature,
and all terrestrial species utilize these molecules.
Necessary truths are statements such as “no object
having mass can be accelerated beyond the speed of
light.” This statement is not rendered a necessary truth
because this prohibition has never been violated, but
because it derives from a more fundamental theory of
nature, and moreover, is correlated with a larger set of
constraints forbidding related behaviors. Philosopher
Karl Popper has argued that laws forbid certain actions,
whereas accidental truths do not. Another way to
think about this is that laws are reinforced by observa-
tions, whereas accidental truths are left as unique
instances. Philosopher Nelson Goodman (1947) pro-
poses that law-like statements can receive confirmation
from events, whereas accidental statements cannot.

A further conceptual problem with laws is their
anachronistic quality. Whereas laws aspire to the very
highest levels of generality, they are often subsumed
within subsequent theories. Newton’s laws of motion
are subsumed within Einstein’s theory of relativity, and

Boyle’s law can be derived from
the later kinetic theory of gases.
There is a historical component of
what comes to be called a law
based on the perceived generality
of the theory to the scientific
community of any given time. 

(continued)

1. The theory relates to a factual truth and not a logical one 

(SFI is in Santa Fe, N.M., versus every positive integer has a 

corresponding negative value).

2. The theory is true for every time and place in the universe.

3. The theory contains no proper names (laws relate to general concepts,

not people or places).

4. The theory makes universal or statistical claims.

5. The theory makes conditional not categorical claims. 

(Given a certain mass and acceleration, then the force can be deter-

mined, versus the statement “mass exists.”)

The necessatarians would append the additional condition:

6. The theory is physically necessary and could be no other way. 

This final clause usually implies deriving laws from still more funda-

mental principles.
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Wigner on Laws of

Nature and Invariance

Principles
The physicist Eugene Wigner has

suggested that events are organized

according to the laws of nature, where-

as the laws of nature are themselves

organized according to symmetry or

invariance principles (Wigner 1963).

There is a hierarchy of theory, with

laws subsuming observations, and

symmetry principles encompassing

laws. Symmetry, following the defini-

tion of the mathematical physicist

Emmy Noether, refers to some quantity

expressed in an equation (such as ener-

gy) remaining independent of a change

in a continuous parameter (such as

time). 

Scientific explanations provide a

few simple principles according to

which properties of an object or event

can be understood. Our theories serve

to eliminate the element of surprise

and tend to turn all observations into

inevitabilities. Components of behavior

not specified by the laws of nature are

called the initial conditions. Wigner

writes, “The former are precise beyond

anything reasonable, the latter virtually

nothing is known about.”

Wigner asks, “How can we be cer-

tain that we know all the laws relevant

to a set of phenomena?” If we are

incorrect in our formulation of these

laws, there is a possibility that the

number of initial conditions required to

specify a behavior would be larger than

is strictly necessary (the regulatarian

dilemma). One way to determine this

would be to show that initial conditions

could be chosen arbitrarily.

Unfortunately, in most cases, this is not

an option. This problem is particularly

present in biology, where many phe-

nomena are the outcome of lengthy

evolutionary processes, and where

changing environments introduce a

slew of new initial conditions on which

to select.

Laws in Living Systems
If we were to provide a short list of

laws of physics we might include

Kepler’s laws, Newton’s laws, Boyle’s

law, Hooke’s law, Coulomb’s law,

Ohm’s law, the laws of thermodynam-

ics, Maxwell’s equations, Hubble’s law,

and elements of the theory of relativity

and quantum mechanics. What laws

could we write for living systems that

are not merely diverse manifestations

of the underlying laws of physics (e.g.,

conservation principles)? We might go

with exponential growth without

resource limitation, Mendel’s laws, the

Hardy-Weinberg law, Gauss’s law of

competitive exclusion, elements of the

Darwinian theory of evolution to

include genetic drift and kin selection,

and signaling with excitable media.

Whereas most of the items

taken from the physics list

conform to the minimal set

of criteria required by both

the regularity and necessitar-

ian perspectives, most if not

all on the biological list vio-

late one or more of these

items. For example, expo-

nential growth is the out-

come of first-order rate

equations; Mendel’s laws

depend upon a fair segrega-

tion, which in turn depends

upon meiosis, which

depends upon chromo-

somes in cells, and so on

multiplying contingencies. 

Darwin’s theory of evolu-

tion through natural selec-

tion has perhaps the best

prospect of acceptance as a

biological law. A group of physicists at

the Institute for Advanced Study in

Princeton asked whether evolution

should be considered a universal law,

such that it too might become a neces-

sary outcome of the minimal theory of

“everything” that they were pursuing.

At moments such as these it is worth

reiterating what Darwin’s theory

explains. The theory provides—given a

set of restricted conditions—a putative

algorithm through which living struc-

tures with some locally adaptive prop-

erties might emerge. The theory does

not state that these structures must

emerge; neither does the theory pro-

vide a sense of the expected distribu-

tion of structures from which the

observed solution is drawn. The theory

provides us with a strong justification

for understanding structure by using

some evolution-independent variational

principles, such as engineering or

molecular dynamics. It is not the theory

of evolution that tells us how the eye

functions as it does; for this we turn to

optics and neuroscience. 

So while evolution does have law-

like properties, in that it applies to all

organisms with a past—and to a degree

allows us to reconstruct the past when

coupled with a model of the mechanics

of heredity—it lacks the quantitative

power that we have come to expect

from laws in physics. The question then

becomes, is there some fusion of physi-

cal theory (or some other approach

such as theoretical computer science or
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non-linear dynamics) with evolutionary

theory that would satisfy this require-

ment? Is there some way of moving

beyond what theoretical ecologist and

president of the Royal Society, Lord

Robert May has elegantly described as

“theories of contingent generality,” and

the philosophers of biology, Kim

Sterelny and Paul Griffiths have called

“recurrent causal mechanisms”?

Most of the questions that we are

asking at the Santa Fe Institute in our

pursuit of the Character of Biological

Law attempt to fuse data sets derived

from modern collection methods in

genetics, molecular biology, and behav-

ior, with new organizational theories of

biosystems. Now more than ever, biolo-

gy has the benefit of a profusion of large

data sets, and like Kepler with his access

to Tycho’s orbits, we have no excuse but

to search for regularities in our data. Like

Kepler, we have to abandon certain cher-

ished ideas and search for an appropriate

mathematical language with which to

present our new findings.

For example, we might ask which

variational principles should we use to

understand biological phenomena such

as scaling laws, metabolism, or signal

transduction? How much generality do

conservation principles in physics have

in explaining typically biological phe-

nomena? In other words, how much

empirical variation can physical princi-

ples account for, and at what level of

detail? When physical principles fail,

can we discover, using new approach-

es, regularities in information and ener-

gy flows in systems with extensive pat-

terns of feedback? There is some evi-

dence from the study of genetic regula-

tion that certain network architectures

recur across distantly related lineages

for reasons of robustness.

Another set of questions concerns

which theories of functional mechanism

—such as those developed by engi-

neers—are most appropriate when

exploring biological structures? Can we

assume that our understanding of the

function of a structure is complete

enough, and the constraints sufficiently

well understood, that we might under-

stand an organism in much the same

way that we understand a computer or

a clock? Perhaps the optimality per-

spective fails when the optimality crite-

rion is constantly shifting in time, and is

itself the outcome of the behavior of

the system? These problems arise fre-

quently in the study of niche construc-

tion. 

These are the broad questions that

fascinate us and call for a data-driven,

complex systems science. Below are

some summary statements of ongoing

research projects being pursued at SFI

under this theme of laws in biology.

Those interested in further details are

urged to explore recent publications

and work of the Santa Fe Institute,

which can be found through links pro-

vided at www.santafe.edu.

A. Thermodynamics of
Metabolism 

Biology has become increasingly

aware of the role of energetic con-

straints in the organization of living sys-

tems. One practical means of pursuing

this issue is through the analysis of the

thermodynamical properties of the

reductive citric acid cycle. While this is

certainly a terrestrial solution to the

problem of energy transduction, its

largely invariant features shared by all

living species are strongly suggestive

of fundamental physical limitations. The

citric acid cycle is made up of the same

12 chemicals in all terrestrial species,

regardless of their environments and

their nutrient availabilities. As such, it

represents a blueprint common to life

and is therefore suggestive of a path-

way through which life need evolve,

the fundamental engine fueling the

acquisition of energy, and the mecha-

nism responsible for the production of

essential bio-molecules. This project

applies the methods of self-organizing

dynamical systems theory to the study

of thermodynamics in this pivotal reac-

tion network. The idea of the project is

to employ these universals of biochem-

istry, and ask whether there are ele-

mentary physical self-organization

mechanisms under which they are

favored. The new approach to the

analysis of metabolism proposed here

emerges from the physics of self-

organization in thermodynamically

reversible systems. These systems dif-

fer from the dissipative reactions tradi-

tionally studied in chemical pattern for-

mation, and also from the discrete

models associated with self-organized

criticality.

B. Energetics and Scaling 

In cellular biological systems, diffu-

sion is insufficient to transport energy

and nutrients to targets, thus transport

systems and pumps are required to

move energy efficiently. The structure of

these transport systems has a strong

influence on the efficiency of energy

delivery, and powerful consequences on

the macroscopic, morphological variation

observed among species, their rates of

growth, their ecological distributions, and

even patterns of extinction. This project

provides a unifying series of models with

which to directly address these issues. It

is a remarkable fact of biology that the

scaling relationships for mass, M, are

power laws, yMb, with exponents, b,

that closely approximate simple multiples

of 1/4 (e.g., 1/4, 3/4, 3/8). For mass

A CHALLENGE FOR BIOLOGY IN THE 21ST CENTURY IS TO BRING THE SENSIBILITY OF KEPLER

TO THE VAST TYCHO-LIKE DATA RESOURCES OF BIOLOGICAL SCIENCE, AND IN THIS WAY

SEARCH FOR THE LAW-LIKE REGULARITIES IN BIOLOGY.



dependence, three generic principles,

which should be viewed as derivative

from natural selection, are postulated: (a)

networks must be space-filling in order to

service all local biologically active regions

in an organism; (b) their terminal units,

which interface with the resource envi-

ronment (e.g., capillaries, petioles, mito-

chondria, cytochrome oxidase molecules)

are invariant in size; and (c) organisms

have evolved so that the energy (and

possibly other appropriate quantities)

required to distribute resources and sus-

tain them is minimized. Building upon

these assumptions, we show how 15

orders of magnitude of variation in basal

metabolic rate across diverse phylogenet-

ic groups can be reduced to a factor of

20 in M. We plan to extend the theory to

cover 27 orders of magnitude from the

terminal oxidase molecules of mitochon-

dria to the species areas relationships in

ecosystems. We ask whether these scal-

ing principles are likely to be universal by

exploring a diversity of temperatures, net-

work topologies, and optimality criteria.

C. Evolutionary
Computation & Cellular
Signaling 

All biological processes make use

of catalysts to expedite reactions.

Catalysts are operationally defined as

participants in reactions which survive

reactions unmodified, and without

which reactions would proceed at far

slower rates. Catalysts in biological

reactions range from charged surfaces

to protein enzymes and nucleic acid

sequences. Simple catalysts lower free

energy barriers, whereas complex cata-

lysts are a vital source of information

for transforming substrates. The pro-

tein kinases are universal transducers

of biological information. Prokaryotes

and eukaryotes make use of these

enzymes—through covalent attach-

ment of phosphates to amino acid

residues—to transfer information about

the environment into the response

mechanisms of the cell.

Phosphorylation, in other words, is the

particulate current that flows through

biological circuits facilitated by kinase

catalysts powered by ATP. We examine

the way in which catalytic architectures

acquire information about the environ-

ment, and how kinase networks can

act as memory stores. Molecular mem-

ory suffers from a constant degradation

through proteolysis and decay, which

raises the question, How are robust

memories constructed? Furthermore,

biological information needs to be

extracted from storage for develop-

ment. We explore molecular compres-

sion, protein-based data quantization,

and concurrent processing with mobile

process algebras.

D. Endogenous Versus
Exogenous Sources of
Innovation 

Evolutionary innovations, like other

evolutionary changes, reflect the influ-

ence of genomic and developmental

changes to generate new physiological,

developmental, and morphological inno-

vations; the success of such events

within the physical and biological envi-

ronment; and changes in the environ-

ment that may either facilitate or retard

such success. Here we examine the

intersection between organisms and

their environment in relation to some

significant events in earth history. Of

particular interest is the first appear-

ance of multicellular animals at the end

of the Proterozoic era closely associat-

ed with a series of ice ages commonly

called the Snowball Earth. The

Snowball Earth events are a special

case of a more general problem: What

is the interaction between environmen-

tal change and environmental

response, both internally through

changes in genomic and developmental

control systems, and externally,

through ecological interactions with

other species? Most existing models of

diversification suffer from a sort of

Goldilocks problem: they are either so

rococo in their development that they

are of little practical use in distinguish-

ing between different potential

processes that may be involved in

diversification, or they are so simple

that they fail to encompass the com-

plexity of interactions between environ-

ment, and intrinsic and extrinsic driv-

ers. The challenge is to explore a vari-

ety of models that 1) reflect a range of

biologically reasonable processes

which may be involved in the diversifi-

cation process; and 2) capture at least

the basics of the dynamics between

the physical environment and

genome/developmental change and

ecological interactions.

E. Evolution of Parasitism 

The study of the life cycles of sim-

ple organisms such as viruses provides

a wealth of data on those features of

biological organization that remain con-

served across groups during evolution,

and those features that vary. Virus life

cycles are very well documented, with

many of the genes contributing to the

biological function identified, and their

protein products well characterized.

Thus viruses provide unique systems

for studying what has been called the

“logic of life” (Jacob 1974)—meaning

that there is a minimal set of basic

functions ensuring the persistence of

an evolving lineage. 

Viruses are obligate parasites. This

implies that the hosts with which they

interact provide information critical to the

completion of the virus life cycle.

LIKE KEPLER, WE HAVE TO ABANDON CERTAIN CHERISHED IDEAS AND SEARCH
FOR AN APPROPRIATE MATHEMATICAL LANGUAGE WITH WHICH TO PRESENT

OUR NEW FINDINGS.
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Different virus groups differ with regard

to the amount of information they

require from the host for completion of

the life cycle. Another way of stating this

is to recognize that the host represents

a catalyst of varying complexity, facilitat-

ing the replication of the virus genome.

The viruses therefore provide us with an

ideal system with which to study the

evolution of autonomy—an increasing

independence from environmental vari-

ables, and an increasing dependence on

factors encoded intrinsically.

In this project, we explore what we

might call catalytic grammars of virus

life cycles. We denote them as gram-

mars because one of the essential

ways in which viruses differ from one

another is in the sequencing of their

basic replicatory, translational, and reg-

ulatory operations. We consider a

range of virus life cycles, and their cor-

responding host contributions, in an

attempt to build a kinetic theory of

virus diversity based on regulatory vari-

ation. This approach differs from stan-

dard taxonomies of viruses, which use

DNA data, or genomic organization, as

a criterion for classification. We use

the kinetics of regulation to explore

invariant principles found among all

translational parasites. 

A Concluding Unscientific
Postscript

— with Apologies to Kierkegaard

In starting with physics and moving

into biology, we have observed that the

extent to which science has been suc-

cessful at discovering mathematical

expressions capturing regularities has

been graded. This increased difficulty

in biology in comparison to physics,

reflects several factors, including the

contributions of non-linearities, the

number and variability of initial condi-

tions, the constancy of the environ-

ment, the degeneracy of stable states

for a given set of boundary conditions,

and the size of the behavioral reper-

toire of individual units. In biology all of

these factors play an important role,

and consequently make discovering

law-like behavior difficult. These con-

siderations are even more significant

when we turn to the social sciences. 

Some of the defining, positive fea-

tures of the 20th century were scientif-

ic discoveries (antibiotics, electrical

refrigeration, computers, the moon

landing, fertility treatment, open-heart

surgery). This local progress is often

contrasted with the persistence of

global social prejudices and economic

inequality. Even though natural science

has often been misappropriated

towards undesirable social purpose,

there is little disputing that scientific

understanding has made progress. 

The obvious answer to these ques-

tions is that human society is far more

complex than the non-human, natural

world, and human planning and under-

standing makes for individual variation

that disrupts our best attempts at dis-

covering cross-cultural statistical regu-

larities. The factors listed at the start of

this section are impediments to

progress. Human culture is so combi-

natorially rich and self-referential that

prediction becomes ineffectual.

While the complexity defense cer-

tainly is part of the story, it does not

imply that we shall never discover reg-

ularities in behavior and culture.

Indeed, structural anthropology, com-

parative linguistics, and developmental

psychology pursued exactly this objec-

tive before falling foul of relativism.

The Santa Fe Institute is, in parallel and

in conjunction with the natural sci-

ences, actively pursuing regularities in

the social sciences through the use of

quantitative models and theories.

These include programs looking at very

particular regularities in financial mar-

kets, to more general regularities found

in all human societies, such as cooper-

ation among unrelated individuals, the

emergence of institutions, the multiple

network structure of social systems,

the course of cultural and linguistic his-

tory, and the neural basis of learning

and socialization. 

The sciences of humanity are the

most recent to adopt the quantitative

and compression-based approach of

mathematical and computational theo-

ry. Arguably those of us working in the

natural sciences have a vested interest

in their success. It is, after all, social

institutions and their occupational net-

works that fostered and now perpetu-

ate the scientific revolution.
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