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SUMMARY. The vitalism/reductionism debate in the life sciences shows that the idea of
emergence as something principally unexplainable will often be fasified by the devel-
opment of science. Nevertheless, the concept of emergence keeps reappearing in various
sciences, and cannot easily be dispensed with in an evolutionary world-view. We argue that
what is needed is an ontological nonreductionist theory of levels of reality which includes
a concept of emergence, and which can support an evolutionary account of the origin of
levels. Classical explication of emergence as “the creation of new properties’ is discussed
critically, and specific distinctions between various kinds of emergence is introduced for
the purpose of developing an ontology of levels, framed in amaterialistic and evolutionary
perspective. A concept of the relation between levels as being inclusive is suggested, per-
mitting the “local” existence of different ontologies. We identify, as aworking hypothesis,
four primary levelsand explicate their nonhomomorphic interlevel relations. Explainability
of emergence in relation to determinism and predictability is considered. Recent research
in self-organizing non-linear dynamical systems represents arevival of the scientific study
of emergence, and we argue that these recent devel opments can be seen as a step toward a
final “devitalisation” of emergence.
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INTRODUCTION

The subject of this paper is the concept of emergence — formulated as the
idea that there are properties at a certain level of organization which can-
not be predicted from the properties found at lower levels. The concept of
emergence has an ambiguous status in contemporary science and philoso-
phy of science. On the one hand, many scientists and philosophers regard
emergence as having only a pseudo-scientific status. On the other hand,
new developmentsin physics, biology, psychology, and crossdisciplinary
fields such as cognitive science, artificial life, and the study of non-linear
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dynamical systems have focused strongly on the high level “collective
behaviour” of complex systems which is often said to be truly emergent,
and thetermisincreasingly used to characterize such systems. One reason
for the widespread scepticism against the word is a historical load of con-
fusion surrounding the metaphysical aspects of the concept, reflected in
the fact that it has been used in along series of different ways, apparently
making it impossible to use it as a clearly defined term (cf. the historical
review by Blitz, 1992; see also Beckermann et al., 1992).

We want to argue that the concept of emergence conceptualizes cer-
tain key problems which is worth the effort to discuss. To this end, two
approaches seem to be necessary. (1) It is hecessary to take a viewpoint of
the history of sciencesto map the development of the concept and hence
to understand its various uses. (2) It is necessary to explore these possible
uses, the semantics of the various definitions must be examined to rule out
interpretations of emergence which must be rejected to keep the concept in
an actual scientific context. This combination of historical discussion, con-
ceptual analysis and argumentation compatible with scienceis our explicit
—and pluralistic — choice in this article. It not only synthesizes the three
authors different backgrounds (philosophy, biology, linguistics, literary
criticism, psychology), it also proves to be a fruitful way of dealing with
a concept of this kind. It would not be enough to present the reader for a
proposal for aclear cut “solution” to aproblem which to avery high extent
is mingled up with the interpretation of the structure of basic concepts as
well as with the very structure of sciencein our culture. Instead, we find
that it is historically and structurally essential to reveal the implications of
the concept to reach some provisional solutions.

The main lines of argument in the paper is the following. In section 1,
we claim that the historical discussion of the vitalism/reductionism debate
in the life sciences clearly indicates that a philosophical concept of emer-
gence as something exceptional and in principle unexplainable by science
awaysruns the risk of being overridden by history in the development of
science. Nevertheless, specialization of science in numerous subfields has
given rise to metaphysical or ontological reflections on levels of readlity, as
seen in the classical “system builders’ of the 19th century. We argue that
any non-reductionist theory of levels must imply some version of the con-
cept of emergence as a hecessary component in the evolutionary accounts
of the origin of levels. So one can hardly escape from reflecting upon the
philosophical implications of aconcept of thiskind. In section 2, we there-
fore discuss the classical explication of emergene as “the creation of new
properties’. We show that even though every term in this definition raises
specific philosophical problems, these can to some extent be overcome.
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We introduce some necessary distinctions for the purpose of developing a
general ontology of levels. Most importantly, we suggest a refined concept
of the relation between levels as being inclusive, permitting “local” exis-
tence of different ontologies. In section 3, we consider the tension between
a description of properties of natural systems according to the classical
ideals of science and the idea of emergence as something unexpected, new
and undetermined. As emergence describesthe passage between levels, the
problem of explainability of emergence must be considered separately for
cases in which a complete deterministic theory of alower level exists and
respectively does not exist. We argue that even if determinism prevails,
this does not entail predictability. If emergence deals with the passage
between “level s of organization”, one hasto explicate thisintuitive notion;
S0 in section 4, we propose an ontological theory of levels, framed with-
in a materialistic and evolutionary perspective. Important forerunners are
discussed, and we outline an idea of primary levels, which (in this local,
“earthly” ontology) is exemplified by four levels (the physical, biological,
psychical, and sociological), whose respective interlevel relations are not
al formally homomorphic. Finally, we argue that recent research in self-
organizing nonlinear dynamical systems represents a revival of the study
of emergence, that can be seen as attempts at a final “devitalisation” of
emergent phenomena.

1. VITALISM AND REDUCTIONISM

The concept of emergence was, according to C. Lloyd Morgan (1923),
coined by G. H. Lewesin his Problems of Life and Mind in 1875. Morgan
specifiesthat similar conceptsareto befoundinthetheoriesof J. S. Mill and
the psychologist W. Wundt. All these authorsarein agreement regarding the
definition: emergence is the denomination of something new which could
not be predicted from the elements constituting the preceding condition.
In accordance with this, the authors differentiate between “resultants’
and “emergents’ —that is, between properties which can be predicted and
propertieswhich cannot be predicted. It is noteworthy that these definitions
of emergence are close to modern definitions and discussions. Take for
instance the holistic argument: “the product is not a mere sum of the
separate elements’, the well-known examplesof chemical combinations of
two substanceseach possessing anumber of specific and known properties,
creating a new substance with a property nobody could predict — and so
on. It could seem like the discussion of emergence has not devel oped one
single step further in the last 100150 years. But can this be true? Before
we try to answer that question and substantiate our denial, we have to
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analyze the historical and scientific conditions under which the concept of
emergence was coined.

It is no pure accident that the concept was in frequent use at the begin-
ning of the 20th century. In most of the more recent discussions of the
concept of emergence, it is opposed to those of reductionism, determin-
ism and/or mechanistic materialism. But before the concept of emergence
was coined, reductionism and mechanism were most often discussed in
connection with another concept. This discussion partner was vitalism.
One of the most farreaching scientific debates in the 19th century was
the one between vitalism and reductionism/mechanistic materialism. The
last influential vitalist was Hans Driesch (1867-1941) whose scientific
culmination took place from 1900-1915, and even if there still may be
philosophers and a few scientists calling themselves vitalists, it is realy
very few, and in our day coloured with provocation.

Historically conceived, when vitalism was discarded as an unusable
concept, anew concept was coined, preserving some of the vitalistic view-
points; this concept is emergence. Are the various theories of emergence
thus mere vitalisms in disguise, or is the connection only superfical, coin-
cidental, and without any value?

Asfar aswe can see, there is a hidden and mostly unnoticed historical
value in this “ coincidence”: the concept of emergence is exactly that rea-
sonable aspect of vitalismwhich isworth to maintain. Theclassical vitalist
doctrinesfrom 18th century insist upon theideathat all life phenomenaare
animated by immaterial life spirits. These life spirits determine the vari-
ouslife phenomena, but arein themsel ves unexplainableand undescribable
fromaphysical point of view. In oppositionto this, thereductionist position
(in 18th century) insists upon a large part if not all of the life phenome-
na being reducible to physics and chemistry. Apart from a few radicals,
the reductionists do not claim the higher psychological functions to be
reducible to physics and chemistry. And this is the primary difference
between the two versions of the debate, “ vitalism versus mechanical mate-
rialism” in the 18th and the 19th century, respectively. As a consequence
of the scientific development in especially cytology, neuroanatomy, and
neurophysiology, it became very difficult to maintain the classical posi-
tions. You cannot continueto claim that the speed of the nervousimpulseis
astronomical and that it never will be measured by human beings (Johannes
Mdller in 1830s) when an experiment was made in which its value was
measured as 30 m/s (by Hermann von Helmholtz in 1844).

The 18th century “classical” position may be resumed in the following

way':
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VITALISM REDUCTIONISM

— GOD is behind everything — GOD is behind everything

— Soul = life spirits = immaterial — Immaterial soul isdifferent from life
spirits. Life spirits are material

— Every mental and living — A very large part of the existing

phenomenon is a direct manifestation ~ phenomena can be described by the
of the soul. Soul/life spirits cannot be  concept of material life spirits
scientifically described —they are

sdlf-explainable
—Lifeisteleologically formed and — A large part of lifeis casualy deter-
conducted mined and is describable in accordan-

ce with physics and chemistry

The discussion between vitalism and reductionism is one of the best
examples of adebate which was continuously influenced by scientific dis-
coveries. The difference between vitalism and reductionism was continu-
ously transformed. After anumber of scientific discoveriesinthe beginning
of the 19th century — to name just a few: du Bois Reymond’s proof that
the nervous impulse was electrical, Schwann’s and Schleiden’s proof that
every biological creature was composed of cells, Bell’s and Magendie's
proof that the old philosophical distinction between sensation and motor
reaction was correlated to sensory and motor nervous tissue, Helmholtz's
measuring of the nervous impulse, the first thermodynamic law relating
every possibletype of energy to any other —thevitalistsdid not give up, but
they gradually limited their viewpoints to a narrower field. Now the vital-
istsinsisted that only the higher psychological functionswere irreducible,
but admitted that alarge range of biological phenomenacould be described
scientifically. They still claimed a crucial difference between organic and
inorganic matter, but life spirits were no longer the ultimate cause to each
single biological phenomena or entity, they were restricted to determine
the evolutionary direction. The life spirits became teleological and con-
ducting entities. Reductionism now claimed, on the other hand, that every
phenomenonin the wholeworld, including the highest psychol ogical ones,
was reducible to physics and chemistry.
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VITALISM REDUCTIONISM

— GOD has minor significance —No GOD
— Immaterial soul isdifferent fromthe —No soul
material life spirits, which are identi-

cal with nervous energy

— Certain phenomena, such as higher — Every phenomenon can be reduced
psychological functions cannot bere-  to physical-chemical laws, including
duced to physics and chemistry the higher psychological phenomena
— Differences between inorganic and —In principle no difference between

organic matter organic and inorganic matter

— Teleological conduct — Causal determinism

If we compare the two summaries the development in points of view is
evident. Vitalism has gradually taken over some crucial viewpoints which
were earlier held by reductionists. In the 19th century, some outstanding
scientists tried to synthesize the two approaches (such as Claude Bernard
and du Bois Reymond), but the line of development is clear enough for our
arguments.

If wetry to relate these differences between vitalism and reductionism
to the concept of emergence, the concept is obviously primarily vitalistic
— but it also transforms vitalism, or at least restricts it in a very important
aspect.

Emergenceisfirst of al defined as“the creation of new properties’. To
quote Lloyd Morgan:

Under what | call emergent evolution stress is laid on this incoming of the new. Salient
examples are afforded in the advent of life, in the advent of mind, and in the advent of
reflective thought. But in the physical world emergenceisno less exemplified in the advent
of each new kind of atom, and of each new kind of molecule. It is beyond the wit of
man to number the instances of emergence. But if nothing new emerges — if there be only
regrouping of pre-existing events and nothing more — then there is no emergent evolution.
(Lloyd Morgan, 1923, pp. 1-2).

It is worth to notice in this quotation that it is not only in psychology
or biology, but also in physics and inorganic chemistry that emergence
resides. This is a very important difference between the vitalists and the
emergentists: the vitalist's creative forces were relevant only in organic
substances, not in inorganic matter. Emergence hence is creation of new
properties regardless of the substance involved.

There is one central problem which Morgan does not specify in his
definition of emergence — the question of levels. The question of levelsis
aways more or lessimplicity discussed, and its explicit discussion is one
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of the modern aspects of the concept. But levelswere also discussed in the
19th century, especially in relation to evolution.

The vitalistic ideas are generally discussed as if they only applied to
the biological theory of evolution. However, in the 19th century the theory
of evolution was a much larger field than it became after neo-Darwinism
— as is evident in the general historicism of the epoch covering most
scientific work except for physics and chemistry. The evolution of the
human psyche, the evolution of culture and society became integrated
partsof large, synthetic theories of evolution. And as the theories of the so-
called systembuilders showed, evolution could denote creation of anything
—from the simplest atom to the most devel oped societies.

Thethought of the system buildersis another historical fact whichisnot
very often related to the devel opment of vitalism and theoriesof emergence.
But these system builders' discussions are very important, and they are
one of the main reasons that the concept of emergence was “ devitalized”,
that is, deprived of an immaterial causal agent. Among the main system
builders in the 19th century were Auguste Comte (1798-1857), Herbert
Spencer (1820-1903), Friedrich Engels(1820-1895), Ernst Hackel (1834—
1919), and Charles S. Peirce (1839-1914). The name “system builders’®
refers to the fact that they all created theories which analyze the relation
between a scientific description of thetotal world and the different scientific
disciplines — two systems were related, the system of sciences and the
system of the objects of the different sciences (in total = the world). None
of them claimed that all other sciencesin the last resort could be reduced
to physics, or that the world could be described exclusively by physics.

It is not our aim here to discuss the differences between the system
builders’ theories, but let us asan examplelook at Friedrich Engelsand his
so-called dialectical materialism. According to Engels, it is not possible
to reduce complex objects of one level to less complex objects on alower
level. Each level contains materialistic entities, but of different sorts, and
being created at different times during an evolutionary process beginning
from the physical entities. What controls this evolutionary processis not
avitalist immaterial principle, but the famous dialectical laws. The only
teleological principle in these dialectical lawsisthe idea that evolution as
such is not able to regress — you cannot “develop backwards’, — but only
forward, that is, the union of complex entities will always synthesizeinto
more complex units. At a certain point in the evolutionary process, the
dialectical development will cause quantitative elementsto synthesizeinto
qualitatively different elements.

If this was the case there would be no problem in the concept of emer-
gence. But the diaectical laws have not showed themselves useful in
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science, or they merely denote the problems, they do not solve them. The
diaectical laws are nevertheless an example of an attempt at what we
would like to call “the devitalisation” of emergence. In Engels’ theory the
evolutionary and teleological vitalistic principleis reduced to a set of laws
which in themselves do not contain any qualitative empirical statement.
The concept emergence merely denotes the creation of new entities (prop-
erties) which cannot be derived from the preceding conditions. And thisis
precisely the great potentiality of the concept.

We also want to draw another conclusion from the system builders.
Every time you have a theory differentiating between levels which cannot
be reduced to each other (to the lowest or to the highest), you must operate
with a concept or idea structurally parallel to emergence. Emergence is
among other things the concept which relate levelsto each other —or to be
more precise, the concept which denotes the very passage between them.
It does not in itself solve anything, but it poses the problem in a general
way, making it visible at the border of every specialized branch of science.

2. CREATION OF NEW PROPERTIES

In Lloyd Morgan’s definition of emergence as*“ creation of hew properties’
there are three key words: “ properties’, “new” and “creation”. By a more
detailed discussion of these key concepts, it ispossibleto grasp the primary
topics in the concept of emergence.

(a) Properties

The properties mentioned in the definition are very different phenomena.
They can, in fact, range from the property of being a unigue, individual
object which has never existed before to properties characterizing awhole
class of beings coextensive with the one of the classical sciences, for
instance all phenomena treated by biology. The problem which can be
stated as aquestion is: how particular resp. general must the phenomenon
of creation of new properties bein order to be describable as emergent?
The most general answer would be: every new property whenever it is
created and every timeit iscreated isemergent. If ontologically interpreted
then, emergence will characterize the one and only “ creative force” in the
whole universe, and if epistemologically interpreted, it will be a name
designating a large scope of various and perhaps very different types of
processes. In any case, thisisthebroadest definitionat all. Thisisobviously
not what most scholars intend by using the word emergence. They tend to



EXPLAINING EMERGENCE 91

think of moregeneral propertiesemerging, so asto distinguish awholenew
kind of beings (like chemical objects emerging out of physical, biological
out of chemical, psychological out of biological etc.).

Very few scholars insist on this first and broadest interpretation of
emergence, but the fact that the word can be stretched thisfar, issignificant:
it shows that it is not beforehand determined how general the property
being emergent isto be conceived (and correspondingly how largethe set of
individual s possessing the property hasto be); it revealsaninternal problem
in the use of the word regarding the generality of the emerging objects.
A second, and more commonly used definition, tells us that emergenceis
at stake at the borders between the large sciences. where the explanatory
power of one science must give in, another must take over at the level of
the hitherto unexplainable — emergent — property. But it is not possible
to restrict emergence to these borders. As already Morgan realized, the
science usually considered more basic than al others— physics—in itself
contains numerous cases of emergence. The whole field of macrophysics
— the description of properties in objects larger than molecules — is ripe
with propertieswhich cannot be explained solely at the molecular level. To
name afew: crystal growth and morphology, phase transitions, the surface
texture of asubstance, aerodynamics and especially fluid dynamics. Mario
Bunge is one of the best known representatives of this viewpoint and it
is important to keep in mind that physics is not (yet?) in all respects a
full-fledged deterministic science asit is often spontaneously supposed in
various juxtapositions of higher level sciences and parts of physics.

From the point of view that emergence defines a few large scientif-
ic classes, a tendency follows to draw a parallel between subdisciplines
within sciences and sublevels. Physicsis in this opinion a primary level
which consists of a large number of secondary levels, or sublevels, each
described in the various physical subdisciplines. Biological entities consti-
tute a primary level which consists of alarge ladder of sublevelsdescribed
in the biological disciplines treating genes, cells, organisms, populations,
and ecosystems efc. It seemsintuitively correct to talk about, for instance,
biology as one coherent field, while at the other hand this field seems to
be internally subdivided into a lot of levels also defined by emergence.
Geneticsdoes not explain cytology, cytology does not explain morphogen-
esis, morphogenesisdoesnot explain physiology, physiology not ethol ogy,
ethology not ecology etc. —to take a synchronic version of the problem or,
if you prefer diachronics, macroevolution and speciation is not explained
by population genetics.

In general the concept of propertiesis thus used in three different ways
— to designate primary levels, sublevels and aspects of single entities. In
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accordance with this, emergence is used as the description of the creation
of primary levels, creation of sublevels, and creation of single entities. If
emergence in these three different cases were to be considered the same,
then it would be difficult to see how one could possibly defend the dis-
tinction between them. If there is not any principal difference between the
“jump” (asthe popular notion of emergenceis often named), whether onto-
logical or just epistemological, from organic chemistry to biology (often
recognized as giving rise to alevel) and the “jump” between microphysics
and macrophysics, then the distinction between primary levels and sub-
levels must be discarded — and it is very possible that this might be the
consequence. If there is a difference, then the concept of emergence must
be divided into several subtypes according to whether the emergent prop-
erty giveriseto alevel or asublevel. (Philosophically, the problem resides
in aspontaneous Aristotelianism: it ismore or less explicitly assumed that
emergence gives rise to not only new properties, but a new natural kind,
defined by the new set of properties. But how many new properties doesiit
take to constitute a new natural kind?).

One possible solution to this problem — numerous different cases of
emergencevs. two basic forms, primary and secondary emergence—would
be the idea of a continuous scale of “smaller” and “larger” cases of emer-
gence. The drawback intheidea of “primary” emergenceisthat it isby no
means evident that the emergent processitself contains information about
how “big” the resultant class of new objects is going to be. If one, for
instance, takes for granted that the emergence allowing biology to come
into being isacase of “primary emergence’ it is, nevertheless, not possible
to forecast the range of biology from the first primitive DNA or cell syn-
thesis. It is possible to imagine a scenario in which very primitive forms
of DNA based life were created in the “primordial soup” just to perish
immediately afterwards. In this case, would biology constitute a “prima-
ry level”? The “primacy” of this emergence is only known retroactively
from our knowledge of far more complicated biological entities presup-
posing other emergent processes (for instance endosymbiosis leading to
the fullfledged eukaryotic cell or the cooperation between billions of cells
to form multicellular organisms). Nevertheless, we will continue talking
about “primary” and “secondary” emergences merely as epistemol ogical
concepts, and as pragmatical denominations of cases of emergence with a
larger or smaller amount of consequences.

(b) Creation.

The second key concept in the definition of emergence as “creation of
new properties’ is*“creation”. Also this concept implies different possible
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ways of viewing emergence. If werestrict creation to its possible scientific
meaning—and not itsreligious—therewill alwaysexist some conditionsfor
the creation of anew property. The questionis: will these conditions exist
autonomousdly, so to speak side by side with the created properties, or does
the act of creation in the same moment create conditions and product. The
first interpretation, of course, favorsahistorical explanation of emergence,
while the second favours a structural explanation. This may sound as two
sidesof the same coin, but each of the two viewpointsgivesriseto different
conception of emergence.

If we apply the historical version of creation to levelswe find ourselves
saying things like: the organic level emerges out of the inorganic level.
This is not totally untrue, but it requires a more precise statement. One
should avoid a parallelistic interpretation saying that one level is created
out of another, and that it existsin parallel to thefirst level, astwo separate
levelswithout any further interaction. To exaggerate alittle: if theparallel
existence was true, as a human being you would not be one but severa
different entities on several different levels. Your physical body, your bio-
logical body and your psyche etc. — and it would seem rather miraculous
that it always happened to be focused at the same point in space. Asfar as
this goes we have to conclude that one level cannot be created as such in
one emergent process. And whenthe level is constituted it doesnot existin
parallel. Levels areinclusive in that respect, i.e. the psychological level is
built upon the biological and the physical, the biological upon the physical.
Phenomena on one level cannot be reduced to the lower level, but on the
other hand they can never change the laws of the lower level. Biological
phenomena cannot change physical laws, — but neither can physical laws
aswe known them fully explain biological phenomena. The fact that levels
areinclusivemean that alower isanecessary condition for the higher level,
and that the higher level supervenes upon the lower (see Figure 1).

Nevertheless, what is indicated by this notion of supervenience must
be made more precise. Very often the idea of a temporal succession in
the creation of new levels is spontaneously interpreted so as to imply a
causal process. Thisidealeadsto a metaphysical mistake which is evident
when one considers objects in which several levels coexist at the same
time: the idea that the lower levels cause the higher levels to exist. Of
course thisis true in a common-sense use of the word “cause” but not in
the standard scientific way of using it: if the higher level consists of units
of the lower level, then they exist simultaneously. There is no temporal,
causal process going on “creating” the higher level out of the lower one,
and no reductionist saying so has ever been able to show a cause running
from the lower towards the higher level. What the reductionist means to
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say by stating that the lower level causesthe higher oneis (@) that the lower
isontologicaly primary, and (bl) that the higher can be totally identified
with the lower level (eliminativism), or, aternatively, (b2) that the higher
level supervenes upon the lower onein the sense that once the lower level
properties are fixed, so are the higher level ones (so one cannot have two
systems with an exact micro-level identity in all respects which differsin
macro-level properties).

But this indicates that the relation of supervenience is not a case of
efficient causation. The type of cause making the higher level exist is
a special arrangement of the units of the lower type and thus the lower
level could be said, Aristotelianly speaking, to be the material cause of
the higher one. The mistake sketched here is of course a part of a classic
mistake: to interpret the concept of cause as possessing the anatomy of a
distinct cause opposing a distinct effect. The scientific use of the words
forbid this, becausethereisno natural distinction between cause and effect.
The two are parts of one and the same process, and the scientific idea of
cause is rather to be interpreted as the regularity of this process. Again
Aristotelianly speaking, this regularity should rather be interpreted as the
“formal cause’ of the process. What we useto call “efficient cause”, close
to the common sense of the word, is only the subjective focusing on one
element in the causal process, an element being made solely responsible
for the process. But all relevant parameters in the regularity of a process
of cause are equally determinant for its outcome — and the upper level is
in this respect as much part of the regularity asis the lower one.

But what remains, then, of the idea of levels? One special argument
against the idea of emergence giving rise to a hierarchy of levels meritsto
be mentioned because it throws an illuminating light back onto the very
status of the word level. In avery clear form, the argument is found in the
Danish philosopher Hans Fink, who makes his point to ensure a certain
kind of philosophical monism. According to Fink, along series of prin-
cipal philosophical notions share a common and very peculiar structure:
taken in their most principal sense, they include their opposition. Thus,
reality has in this sense no real (sic) opposition, because every candidate
(fiction, simulation, ideas or whatever), in some respect must possess real
existence and hence be a special part of reality. The same goes for the
concept of nature, involving as parts notions commonly opposed to nature:
inthisrespect, cultureis but avery complicated and specialised subspecies
of nature.? Consequently, this analysis entails that there be no sharp dual-
ist border between two autonomous areas — and this further implies the
advantage that the eternal question of determining the possible interaction
between the two (archetype: the famous Cartesian pineal gland) becomes
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obsolete. Asis evident, the argument can be repeated so as to cover cases
with more distinctions than one dual division. Thus — so goes the argu-
ment — if physicsredlly is, as the Greek root of the word seemsto ensure,
the science of physis, of nature, then it must somehow comprehend any
other possible science (at least any science with an empirical object, per-
haps leaving out mathematics and philosophy?). Every possible object is
a natural object, hence any possible science concerning a natural object
is a natural science, thus being a part of physics. Now, it is important to
emphasize, this Finkian metaphysics is by no means a version of physi-
cal reductionism. What is at issue here is not a claim that any science be
physical in the sense that it can or at some later time may be reduced to
physicsasweknow it —it isaclaim that (for instance) biology aswe know
it is already a part of physics, it is just a part that cannot be studied with
any other means than the means used studying it. The consequence then
isthat there are no levelsinherent in nature. The further consequence for
physicsisthat it ceasesto be identified with the science bearing this name
to-day: the so-called “physical” description of a particle is not exhaus-
tive, because a really exhaustive description would contain a description
of the possible combinations of the particle with other particles to larger
entities, for instance biological, psychological, social ones. AsFink states:
“A certain knowledge can be the condition for another knowledge, but it
is not because the first knowledge concerns a deeper, and the second a
more superficial level in nature” (Fink 1990, p. 37). Whilst this point of
view entails the seemingly reductionist consequence that biology is part
of physics, it consequentially also must make room for the opposite idea:
what we used to call physicsis already biology, even if it is biology in a
rather restricted sense. The evident practical consequenceof theseideasis
that the borders between sciences must never be maintained rigoristically:
we can never know if a given border can or cannot be transgressed by
some empirical or theoretical result. Differences may be objective- itisno
subjectivist or purely epistemological point of view - but they are always
relative to other relations of similarities between the objects compared.
As is evident this stance is sceptical towards any idea of emergence
(openly stated in a note p. 37), but the question is whether the difference
between the two is as principal asit may sound. Take the evergreen exam-
ple of the relation between physics and biology. The emergentist would
state that biology is a science involving physical entities which in certain
contextsand processes pop up with propertieswhich were not evident from
aphysical point of view —therefore, anew science christened biol ogy must
be ready to take care of the study of these properties. The Finkian monist
would state that in certain parts of physics, properties pop up which were
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not evident from a point of view studying only some simpler elements of
the process, that is, some simpler part of physics—therefore, anew branch
of physics named biology must be ready to study these properties. It is as
if any well-known science could be rebaptized with “physics’ asits fam-
ily name, with biophysics, chemophysics, psychophysics, sociophysics,
semiophysics and so on as the results. But if so, the quarrel between the
emergentist and the Finkian would be only a matter of words, of arguing
whether physics should be the basic level in relation to a series of levels,
or whether physics should be a common denominator for any other scien-
tific activity — the difference between the two seeming rather small. This
becomes especialy clear if one bears in mind that the Finkian point-of-
view is by no means purely epistemological. Asamatter of fact, thismight
reintroduce levels into the monist point of view through an unexpected
back door: if everything is nature, so the very process of doing science
is nature as well, and then the characterization of the various branches of
monistic physics expressed in terms of what the scientist can or cannot do
(biology isthe part of physics which can be studied so-and-so and which
presupposes this-and-that more primitive knowledge which it cannot be
reduced to) — then this characterization is objective in itself, because the
scientist’s knowledge is in itself a natural relation between him and his
object.

What remains for the emergentist to apprehend from the Fink criticism
isthat levels are not metaphysically distinct in a sense so that for instance
physicsis more metaphysically prominent than the sciences presupposing
it. Physics as we know it is only basic in so far that it is presupposed
by others, it is not basic in any first-philosophy use of the word — in that
respect, sociology or semiotics are as “basic” as physics, because they are
al parts of one and the same universe.

Now, to return to our discussion of the relations between the “ creation”
of new levels and the relations between them, this implies that a rational
idea of levels must entail that the more basic levels are basic in the sense
of the word that they are presupposed by the higher levels — but the word
“basic” does not entail any ontological priority. The higher levels are as
ontologically pre-eminent asthe lower ones, even if being presupposed by
them, that is, they are defined by properties by specia cases of the lower
levels. In this respect, levels are ontologically parallel, but non-parallel in
so far asthey coexist.

The most non-parallel view of levels imaginable is what we will call
the Gestalt view. The higher level manifestsitself asa pattern or as special
arrangement of entities of the lower. If you imagine yourself existing on
the lower level you would hence not be able to realize or grasp the pattern



EXPLAINING EMERGENCE 97

which is only possible to conceive of at a higher level. Many — if not
al — emergent phenomena shares this gestalt property of being a pattern
in time and space of elements of the lower level. Very often, this idea
of emergence is dismissed as being a subjectivist stance: the higher level
reguires a perceiving subject being able to perceive — or construct — the
patternsinvolved. It isimportant hereto underlinethat the gestalt view need
not by any means entail subjectivism and all its scepticist consequences.
As some of the early Gestalt Theorists (Ehrenfels, but also parts of the
Berlin school, for instance Kohler) realized, the notion of Gestalt need not
demand a constituting subject, at least not an empirical subject. Still, on
the other hand, pattern-making itself seems not to be enough to fulfil the
reguirementsof emergence (many patterns, evenif objectively existing and
discernible by for instance neural networks—for instance ornaments— can
be constructed which are not evident examples of emergence); emergence
seems to require patterns whose stability and reproducability over timeis
assured by self-organization.

Thisdiscussion must be separated from the discussion of the first emer-
genceof alevel/sublevel/property. Aswewill show, thereisafundamental
difference between the first emergence and the later ones connected with
the first one. If we stick to the example inorganic-organic matter, this can
be viewed in the two ways mentioned. As a structural relationship, all of
the time being present inside every living creature, and as a question of
natural history, evolution leading from the former to the latter. The rela-
tion between evolution and emergence can be separated in two questions
— first, the question of the first time ever the specific emergent process
occurred (such as: when did life originate for thefirst time in the course of
the universe?) and second, the question of later repetitions of this primary
process (such as: the creation of life later in the history of the universe on
other planets, or the de novo creation of life in the laboratory).

In our opinion is it essential to separate the two. To substantiate this
claim, we have to make a distinction between global and local processes.
It is necessary and evident that evolution of life for the first time and the
repetitious evolutionsin every single case should be held apart in a global
context, that is, unlessthey are causally connected. It does not seem likely
that thefirst-time creation of life, maybein afaraway corner of the universe,
in any way can influence upon later creations on earth, in laboratories or
elsewhere. To maintain such aglobal view, it would require asort of global
construction matching the herostratic “ morphogeneticfields’ of Sheldrake
and the quantum non-locality. But, on the other hand, it is necessary to
differentiate at a local scale, regarding creation of life on Earth and its
reproduction. When the entities have constituted the biological level on
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Earth, it has at the same time selected the specific “Earth-life”, and no
other forms of life are possible (in a specific period). We will elaborate the
argument later.

In physics, the distinction between global and local does not have
the same meaning as in biology, because the global scale is one of the
fundamental subject matters of physics. If we move far enough back in
the history of the universe to a time shortly after Big Bang, the universe
was so small that signals with causal powers could travel all the way
across it within a relatively short time, which invites the treating of all
of cosmos as one, local system. For instance the symmetry break causing
primitive energy to differentiate into energy and mass (an archetypical
example of a first-time cmergence) seems to determine the present state of
the whole universe, hence the very existence of mass, hence the possibility
of forming mass out of energy and vice versa. But in this case, every place
in the universe is by its history causally connected with this early phase
while the creation of life on earth is (probably) not causaily connected with
creation of life anywhere else in cosmos.

The following figure shows the meaning of the distinction between
global and local, and the meaning of inclusive levels:

<>
i —_—
P S
<=
- I Entity with PNA
Cell with DNA Biological 2

Biological 1

Physical level

Fig. 1. Schematic representation of a theory of levels that recognizes the possibility of
emergence of specific higher levels which may have different inter-level relations to each
other. The horizontal lines roughly indicate ‘space’; vertical lines indicate time. Different
biological levels (whose respective constituent entities or ‘organisms’ have some general
properties in commion, e.g. the capacity for selfreproduction) emerge at separate places and
times within the global physical level. “Biological 17 represents a biological level including
two higher levels (P, a psychologicat level, and S, a sociological level) that emerges at the
same time; arrows indicate their interwovenness (see section 4 in text), “Biological 2”
represents a hypothetical other local ontology in which an even higher level has emerged,
and where the inter-level relations do not need to be the same as in the *earthly’ case.
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Insidetheglobal physical level —cosmos—therecanin principlelocally
emerge essential different biological life forms. At thelocality Earth, there
emerged a life form with the cell and its DNA as the primary entity. At
another locality in cosmos, there may have emerged a life form with an
entity containing the hypothetical PNA. As we will discuss later inside
the biological level, again at the locality Earth, two other primary levels
have emerged — the psychological and the sociological. They are created
in interaction and parallel with each other, and do not therefore evolve in
a serial manner, as the biological in relation to the physical. At another
locality, with PNA-life, essentially different levels could evolve, which we
cannot have the faintest idea about. And at our locality, maybe hitherto
unknown levels will evolve at some later time. The specified levels are
inclusivein the sensethat alevel which has evolved at the basis of another
is not able to change the laws of the lower level. The specific emergent
evolution of alevel at a specific locality in the universe does only happen
once. The entities, which the level contains, are repetitiously created, and
it is by this repetition, that the level is maintained.

(c) New

The third key concept in the definition of emergence as “ creation of new
properties’ is “new”. Even worse terminological and philosophical ques-
tionsthan the numerous onesalready mentioned are contained in the sparse
adjective “new” . What does it imply that a property be “new”?

A property is new in relation to what is old, that is, what is already
known. We can of courseimmediately exclude the subjectivist interpreta-
tion of this. Itisirrelevant and absurd to call the murder of John F. Kennedy
an event emerging today just because | have not heard it before. When new
isrelated to the already known, thereisin “aready known” implicit refer-
ence to the scientific community, administrating what is generally known
by human culture. But this, asisevident in aKuhnian age, does not exclude
subjectivism from returning at alarger scale. To emerge as a new property
in relation to what is already known might be due to the fact that what we
already know might be very poor. It is easy to see if one looks back in
the history of sciences: the fact that no tolerable theory of electricity was
known before Maxwell does not imply that electricity before Maxwell was
to be considered an emergent property. To generalize: what is at any time
in the history of science supposed to be emergence may at a later stage
be fully reduced to phenomena at a lower level, so that it is not in any
principal way “new” in relation to anything anymore.

The idea of emergence may refer to two kinds of processes: first,
processes that we cannot explain at present, but which are not in prin-
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ciple unexplainable, and second, processes that in some use of the word
are in principle unexplainable. Nevertheless, the idea of the word emer-
gence refers mostly to the latter, and the emergence paradox can be said
to cover the fact that we can never known if the processesthat we refer to
as emergent actually suit this definition. Tomorrow a smart scientist might
come up with agenuine physical causal explanation of the creation of life
—thisisnot likely, but it is not totally impossible.

Thisimplies that it becomesin principle impossible to draw a distinc-
tion between a purely epistemol ogical use of emergence (processes which
involves properties we cannot yet explain from a lower level) and the
harder, ontological use (processeswhich involves propertiesthat can never
be explained from a lower level because they are ontological irreducible
and sui generis). Of course, the very reason why the word has emerged
is that scientists are spontaneous realist: when the total scientific effort of
millennia still ceasesto let a unified science arise, then is interpreted as a
sign that it never will and henceforth at least some of the various levels
involved in present-day science do possess more than atemporary status.

Emergent phenomena are unpredictable and unexplainable, it seems.
They are unpredictable until the moment when they are described. Then
they are in a certain sense not unpredictable anymore. After the rela-
tions between the preceding conditions and the phenomena produced are
described for the first time, one can claim that the event hereafter can be
predicted and therefore is causally described. However, before it is possi-
ble to define emergence in relation to causality, you have to differentiate
between description and explanation. To describe an event is not an expla-
nation. In continuation of this, we can distinguish between a descriptive
causality and an explainable causality.3

The problem can be stated asfollows: if it isthefact that emergenceonly
denotes cases of descriptive causality, and only after the event is recorded,
and if this descriptive causality can never be transformed to an explainable
causality, is the conclusion then that emergence is unexplainable? The
problem of “novelty” is thus connected with determinism.

3. EMERGENCE AND DETERMINISM

One of the classical positions in theory of science is that scientific theo-
ries are able to define deterministic relations between the elements under
investigation. The main characteristics of this kind of determinismis pre-
diction. When you are able to predict the development of a system from
some predefined condition, then you have established adeterministic rela-
tion between the elements which constitute the system. From this classical
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perspective, thorough explanation of a system demands the capacity of
predicting its development, and this seems to preclude the appearance of
new (emergent) properties.

One of the most interesting results of recent developments in physics
and in theory of science is the remodelling of the relation between deter-
minism and predicition. Today it isevident that alot of systemsexist which
on the one hand are described adequately as being strictly deterministic
but on the other hand remain unpredictable. As a consequence of modern
chaos theory some historical facts have been found showing that this in
fact is arather old insight. The impossibility of predicting the properties
arising within many systems considered totally deterministic is the conse-
guence of the well-known Poincaré treatment of three-body problem and
the French mathematician Hadamard’s investigation of the “sensibility of
the initial state” — insights from the latter half of the 19th century which
have in recent years been elaborated under the headline of chaostheory. A
lot of processesin physics—and hencealso inthe many level sand sublevels
above physics — are in this way unpredictable even if they still are deter-
ministic (they are computably irreducible — cf. below). Thus, one of the
very important theoretical consequences of chaos theory is the divorce of
the old couple determinism and predictability. In systems considered per-
fectly deterministic, for instance those described by Newtonian mechanics
or the theories of relativity, an unpredictability is at issue whichis not tied
to the observing subject’s lack of power to obtain information about the
single elements of the system. No matter how much information obtained,
the behaviour of the system will still be unpredictable after a certain lapse
of time — the uncertainty of the information about the system will grow
exponentialy in relation to the uncertainty ontheinitial conditions—which
definesthe so-called “ sensibility ontheinitial conditions’ inthese systems.

One of the main characteristics of emergence was the formation of new
properties, that is, properties which could not be predicted. As far as we
can seeg, itisno longer aproblem to defend the statement that systemswith
emergent processes can be deterministic. If thisis the case, there need not
be any principal opposition between emergence and determinism: asystem
may be fully deterministic and yet show emergent phenomena-— or, to put
it another and perhaps more compelling way: the concept of emergence
does not necessarily entail the presence of indetermination, or of any kind
of “invention” of the process. As we stated above, emergent phenomena
behave the same way if repeated, even if not explainable.

Therelation between determinism and emergence can be elucidated by
arecent debatein French science and philosophy involving amongst others
René Thom and Ilya Prigogine. The background is a provocative article
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named “ Halte au hasard — silence au bruit” (“ Stop the chance, shut up with
thenoise’; thisarticleaswell asthe variousrepliesin the discussion around
itiscollected in Pomian, ed., 1990). In thisarticle Thom argues against the
Prigogine ideaof “order out of chaos’. Thisideaarguesthat in the absence
of adeterministic description of certain processes(in the Prigoginian case,
the well-known “ dissipative structures” of non-eguilibrium thermodynam-
ics), one may discard the deterministic description as awhole and see the
evolutionin the systemin question asthe effect of amicro-level fluctuation
which might as well have sent the system off in another direction. Thus
concepts like “fluctuation”, “turbulence”, “chance”, “noise” and “disor-
der” are conceived as ontologically existing phenomenaand deterministic
description is but an unprecise mapping. Against this, Thom answers that
al these concepts are relative to a given epistemological description, and
it makes no senseto talk of for instance fluctuation except in relation to a
description from which it deviates. Thus Thom imagines the phase space
mapping of the process, yielding a bouquet of different roads to follow —
then the fluctuation will be the small “push” determining which of these
ways is chosen through phase space. In this respect, the fluctuation is
determining the developmental outcome — but only measured against an
already structured phase space. Against this, Prigogine argues that when
no detailed description of the phase space exists, then one must discard
the phase space mapping altogether asirrelevant and instead insist that the
sequenceof fluctuationsis somehow “ creating” the trajecory through phase
space. This solution of course makes the world inherently “creative” and
ripe with emergence: in this case, emergence should be at stake every time
no deterministic explanation is possible, that is, in any system equipped
with fluctuations big enough to trigger the choice of alternative routes
along the bifurcating landscape of possible trajectories of the processes.
The debate thus uncovers some principally very interesting differences:
Thom maintains his ontological view of science by expelling the various
ideas of indeterminacy as being areal fact —what leads Thom to posit his
ideaof scienceasthe embedding of arealized processin the spaceof virtual
processes. On the other hand, Prigogine dislikes the idea of potentiality
(the various trgjectories of phase space of course being potential) inherent
in Thom's idea of science and invokes instead the unpredictable event as
his deepest level of explanation. This makes evident that a point of view
like Prigogine’s, completely deprived of potentiality, —contrary to its own
intention — ends up as scepticism: we can never know anything but what
is actualy redlized, that is, the other possibilities for a given process to
go do not in any sense exist beforehand and the outcome is “created” by
the fluctuating event. If one wants to avoid this consequence, one has to
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accept theidea of potentiality —but in arestricted sense. Potentiality asthe
possibility of saying: if thisprocessis repeated with this and that parameter
changed, then the development will changein such-and-suchaway. In this
point of view, emergence is not an omnipresent creative force, but simply
the fact that some of these virtual processes possess new properties.

Intheproblem of determinismand predictionthecrucial relationisbetween
the deterministic description of a system at one level, and the emerging
new properties, possibly at a higher level. There are at least two versions
of this:

(a) There exists a full-fledged deterministic theory of the domain, and
yet it ceases to yield an explanation of certain properties. This seems
to be case for instance in thermodynamics. In principle, given certain
boundary conditions, the behaviour and macrophysical properties (such as
heat, pressure, volume and temperature) of a gas is only determined by
the place and momentum (and form) of every single molecule within it —
parameters which we could in principle know — and is thus governed by
mechanical lawswhich are at our disposal. Neverthel ess, thisknowledgeis
for practical reasonsimpossibleto obtain, and one hasto resort to consider
the statistical behaviour of the constituent particles in order to derive the
equations of state (of these properties) of the gas, i.e., the phenomena
at the macro level. However, not all macroproperties can be derived, and
truly emergent phenomenalike phasetransitions, still unexplained at micro
level, cantakeplace. It isnot explained, for instance, at the micro level, that
the four phases solid, liquid, gazeous and plasma are the general options
possible—and not two, five, or seven phases. Thisisof coursenot to say that
the micro level cannot tell us alot about how the phases are constituted at
the higher level, but still these seemsto be only necessary and not sufficient
conditions for the phasesto occur.

The crucia point in this example is that it is not even possible to
identify the macrophysical phenomena at the microphysical level. If you
only existed at the microphysical level, you would never be ableto identify
the macrophysical phenomena. And thisis one of the large facts in favour
of emergence in contrast to the hard reductionists and eliminativists: the
fact that it isimpossiblein these casesto interpret alower level explanation
without using some higher level conceptsto identify what isgoing on. René
Thom (and many others) have pointed out a similar problem in genetics
where biol ogists pretend to be chemical reductionistsmaking DNA theuulti-
mate cause of the organism— but all thetimedoing thisby using higher level

conceptslike “information”, “code”, not to talk about “messenger-RNA*.
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In this respect Kincaid argues (Kincaid, 1988), that not every lower-
level theory needs to commit to such sins. It is perfectly possible to imag-
ine a genetics deprived of any expressions foreign to chemistry, but any
explanation of arecognized higher-level phenomenon must start with the
higher-level phenomena in order to identify what to investigate, thereby
using someidentification of the processor object. A purely chemical genet-
ics would be a branch of chemistry and would hardly be recognizable as
genetics. Thisvery identification can never betotally discarded in alower-
level explanation, becausein the ultimate through-and-through lower-level
explanation one might never know which higher-level phenomenon it was
an explanation of. The reductionist idea to create a sort of dictionary, in
which every higher-level phenomenon can be translated to its micro-level
constituentsin itself provesthat a conception of the higher level as merely
reducible, subjective epiphenomenais never possible: one always has to
use a description of the higher level to identify what is going on.*

To conclude on case (a): even when a system is described 100% deter-
ministically it does not follow that it is possible to predict the behavior
of the system or to reduce its behavior to a more elementary level. Chaos
theory and related subjects have shown that even inside physicsit is only
avery small amount of systems, in which it is possible to define each step
in the deterministic processes. Emergence in cross-disciplinary cases (for
instance, the relation physics-biology) involves more complicated issues
of physicswhich are not yet deterministically described.

(b) No fully fledged deterministic theory of the lower level exists, but the
lower level phenomenon partakesin a domain which is generally consid-
ered deterministically explainable and predictable. Thisis most often the
casein the relation between physics and the various higher-level sciences.
The conceptual background in which the emerging (i.e., not yet determin-
istically explained) phenomenon is conceived is physics own ideal as a
science which will soon be ableto explain “everything” completely deter-
ministically. Thisis taken as a background on which the emerging — that
is, not yet deterministically explained — phenomenon is conceived. At the
moment we are not able to explain a great amount of phenomena, but it is
only seen as a question of time. This point of view, which could be coined
“potential determinism” has not the dlightest bearing in reaity. Asis evi-
dent, this practice canin most casesbe characterized asan ideol ogy exactly
because even physics in itself does not posses this complete determinism
(thoroughly argued in Penrose, 1989) or predictability, against which every
emergent phenomenon should be measured.



EXPLAINING EMERGENCE 105

The problem primarily arises when you define determinism as closely
related to prediction. Theideathat science only can copewith deterministic
processes goes back to at least Thomas Hobbes, but can also be found in
a more critical version in Immanuel Kant, who held determinism to be
a hecessity, i.e. a condition of the possibility of natural science. Indeed,
the idea contains a rational core. If a phenomenon behaves completely
indeterministic, it would be impossible to reach a scientific description of
the process. Even physicsmust admit that classical determinism remainsan
ideal —and it isin thisway every phenomenon, also emergent phenomena,
must be characterized as deterministic.

4. EMERGENCE AND LEVELS

(a) Some ontological specifications

In the preceding discussion, we have been taking the notion of levels for
granted. The concept of levels is for instance implied in the preceding
distinction between global and local processes. When we say that physical
processes are global and biological processes are local, the implication is
that physical laws are identical all over the universe — the physical level
is the most basic level, from which all other levels arise. The biological
level islocal becauseit seemsevident that essentially different sorts of life
could emerge in local corners of the universe (this does not preclude that
universally valid principles of biological organization might exist). Life
as such, independent of its specific nature, will always be related to the
physical level by arelation we term “inclusive”.

That levelsareinclusivemeansthat ahigher level doesnot violate lower
level laws, that the higher level is materially related to the lower one, and
that this does not imply that the organizing principle of the higher level
can be deduced from lower level laws. The organizing principles are, as
the entities belonging to various levels, ontologically existing. It is not
just epistemologically alevel theory (saying that ontologically al entities
belong to the lower level), but also ontological.

At this placeit is hecessary to explicate our ontological theory. It must
satisfy the following conditions:

(1) Dualism, the belief in the existence of some immaterial substance, is
not useful in a scientific context. In this respect we prefer some version of
the monistic position.

(2) Eliminativism, physicalism or reductionistic materialism are not useful
in ascientific context either. If the elementary particles and the fundamen-
tal forces of physics were the only phenomena existing, you have to be
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reductionist also in your scientific theories —we should all study physics
in this restrained, non-Finkian use of the word.

(3) Thesetwo viewpoints can be combined inthefollowing statement: onto-
logically, there exist other entitiesthan elementary particles. These entities
are no less material or materialistically existing than elementary particles.
By materialistic we only mean that these entities exist independently of a
human subject, that is without any subject having thought of, measured or
otherwise related itself to the entity. They exist not only epistemol ogically
but also ontologically — understood as independent, objective, and materi-
aistic existence — one might as well say realistic —without reducibility to
elementary particles. It isimportant to note that this concept of matter or of
objectivity — as existing independent of the observer — encompasses both
sidesof thetraditional form/matter distinction of the Aristotelian tradition,
so that the structural relations of an entity are considered material. It per-
mits us to make the old idea of the whole as more than sum of the parts
more precise. What is“ more” about the wholeis a specific series of spatial
and morphological relationships between the parts. This implies that this
conception of matter could as well in a figure-ground reversal be inter-
preted as a conception of form: any whole is aform composed of material
elements, but each of these material elements considered in turn can only
be described by looking at a lower level of form arrangements of smaller
elementsin space... Thusmatter and form arein thisview opposing but not
contradictory pointsof view of the samereality: seen“from above” agiven
phenomenonis form which is secondarily composed of material elements;
seen “from below” a given phenomenon is matter which is secondarily
moulded into some form. A common materialist mistake now amounts to
see the first of these views as superficial or subjectivist, making questions
of form impossible to grasp for science. But if form, structure, relation,
Gestalt etc. are no longer considered as subjectivist features, but rather as
objectively existing then form and matter may unite as equally objective.

(b) Primary levels and sublevels

We further have to elaborate upon the idea of a pragmatical distinction
between primary levels and constitution of sublevels. To exemplify, it is
reasonable to suggest that the primary levelsinclude the physical, the bio-
logical, the psychological, and the sociological level; as possible sublevels
within the primary biological one we many mention the cell level, the
organism, the population, the species and the community levels. One of
the key conceptsto this distinction is the preceding notion of thefirst time
emergence of a primary level and the repetitions of the creation of entities
at the primary levels, which eventually constitute sublevels. No doubt, it
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isin relation to the emergent constitution of the primary levels that the
concept of emergence might seem to have some theological connotations.
If you think of the constitution of a primary level like something popping
up or out of the blue—thiswould beidentical with revitalizing the concept
of emergence. Wethink it is possibleto give a solution to this problem that
is describing the constitution of levels without theol ogical connotation by
the concepts of initiating and constraining conditions.

(c) Boundary, initiating and constraining conditions

It was Polanyi who introduced the notion of boundary conditions as useful
for describing conditionswhich constrain the behaviour of an entity at some
level within a hierarchical system. The concept of boundary conditionsis
amathematical one, often used more or lessinformally on physicstoo, but
Polanyi used theterm in amore general way in hispaper “Life’sirreducible
structure” (1968). Its mathematical meaning is that if the solution to a
differential equation containsr arbitrary constants, these may be eliminated
to give one unique solution to a problem if there are r given conditions
that the solution must satisfy; some of these may be boundary or initial
conditions. Boundary conditions (which may be for the function and/or its
derivatives at certain boundary points) may be used to obtain a solution
which is valid over the region specified by the conditions. One could say
that the general idea is that of restricting the space of possibilities by
choosing or specifying conditions to get an actual solution to a problem.
Polanyi observesthat machines are peculiar things which, even though
they work by applying mechanical power according to the laws of physics,
possess a structure shaped by man in order to harness these laws to serve
man’s purpose. Accordingly, the machine as a whole works under the
control of two distinct principles; “The higher one is the principle of the
machine’s design, and this harnesses the lower one, which consists in the
physical-chemical processes on which the machinerelies’; the higher one
is considered as “the imposing of boundary conditions on the laws of
physics and chemistry” (1968, p. 1308). Polanyi distinguishes between
very simple types of boundaries (e.g., atest-tube bounds a chemical reac-
tion, but we cannot gain knowledge of the reaction by just studying the
test-tube) and more complex ones (e.g., the strategy of a chess-player
imposing boundaries on several moves), the latter are also exemplified by
the machine. A living organism is submitted to boundary conditions of the
machine type, and is thus working according to two distinct principles: Its
structure serves as a boundary condition harnessing the physical-chemical
processes by which its organs performs its functions. Systems under such
‘dual control’ as machines and organisms are thus governed in part by
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irreducible higher principles which are “additional to the laws of physics
and chemistry” (p. 1310, ibid.). (This does not imply, of course, subscrip-
tion to the Cartesian idea of animals being machines, rather to an idea
of machines as being constructed by animals). Thus, Polanyi’'s theory of
boundary conditions lends itself to a genera theory of levels and their
relations. Each level relies for its operations on all levels below it. The
level reduces according to Polanyi the scope of the oneimmediately below
it by imposing on it boundary conditions that harnessesit to the service of
the next-higher level, and so on. The operations of ahigher level cannot be
accounted for by the laws governing the entities at the lower level.

Polanyi identifies the information content in the DNA with a set of
boundary conditions, because during ontogenesis, the genetic information
regulates the growth and morphogenesis of the developing organism. (He
even speculatesabout further controlling principles such as morphogenetic
fields or Waddingtonian epigenetic landscapes). Even though DNA is a
macromolecule, itsrole as carrier of information is not entailed merely by
its chemical constitution. It follows that life is irreducible to chemistry.
For example, if you list all known chemical regularities and laws, it would
be impossible for you, on the basis of this list and without any knowledge
of the biological cell, to select those entities, regularities and types of
behaviour which are specific for the biological cell. It would be not only
impossiblein relation to your actual knowledge, but in principleimpossible
(regardless of your knowledge) for computational reasons. to determine
which possible chemical combinations possess life-like properties, you
haveto “run” al possible proto-cells and their development, atask which
isapt to be computably irreducible. We cannot say much more than that the
constitution and reproduction of life usesamicroscopic part of the possible
combinations of basic elements (by Salthe called initiating conditions, cf.
below).

(d) The emergence of a primary level

In general, we can claim that alevel is constituted by the interplay between
a set of elementary entities and processes acting on a level below (the
initiating conditions), constrained by specific boundary conditions (that
may have an environmental origin relative to the emerging entities) that
determines the “shape” or “form” of the entities at the emerging level.

If we combine Polanyi’s view of constraining conditions with the dis-
tinction between global and local processes, we can define the constitution
of primary levels as the emergent process which selects the constrain-
ing conditions. And further: this level constitution does not happenin “a
moment” — it may take millions of years, but when it has happened, it
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seems to be exclusive and will probably never be redone at that specific
locality. When in fact (as concluded in the preceding) it is not possible
to constitute a level in one emergent process, we also have to distinguish
between the entities and the level.

Let us take an example. The life-constituting process in the “primor-
dial soup” can be seen as a very time consuming process. There exists
competing theories about the specific phases and details in this process,
but our purpose here is not to commit ourselves to any of these, but to
draw attention to general aspects of the process which isinteresting from
an ontological point of view. A possible scenario is that the primordial
soup has produced very different primitive life forms, each with their set
of boundary conditions, during thousands of years — and that vitualy all
of them became extinct. The life form which we identify as basic to life
on Earth, the cell including DNA, was just one sort of proto-life. When
it became the dominant part, and later the only one, it is probable due to
a combination of “directive” (natural selection of “fit” structures relative
to the environment) and “contingent” (mutation, environmental changes)
factors.

There are two noticeable pointsin this. First, the entity constituting this
process did not happen in a moment. It was a very long process. Second,
what definesthe primary emergence of life hasto be split up in (a) an entity
constituting emergence, and (b) alevel constituting emergence. The first
one is (in a material and temporal sense) the primary one, but both are
necessary to constitute a level. The first processes within the system will
constitute abasic (primary) entity, and subsequently the level-constituting
relations between entities will appear. Thus, the primary emergence of a
level of living systemson earth consists of (@) the emergence of an entity, a
living cell with DNA, wherethe geneticinformationinthe DNA constitutes
the constraining conditions for life on Earth (the “boundary conditions’
of Polanyi 1968), and (b) the subsequent constitution of the (ecological,
physiological, genetical, etc.) relations between various versions of the
primary entity. This latter process of alevel constituting emergenceisin
genera the process unfolding when the potentialities in the entity develop
in relation to other entities.

When the biological is constituted, the further development inside the
biological level may lead to the constitution of alot of biological sublevels
which do not, however, remove or transcend the cell with DNA as the
primary entity. But on the other hand, you cannot derive all biological
sublevelsfrom the DNA-equipped cell.

We have thus specified four conditions which characterize the emer-
gence of aprimary level (at least in the biological case):
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(1) The constitution of a primary entity presupposes a time consuming
“Darwiniantrial-and-error” period, wheredifferent sortsof potentially
primary entities are created and die out.

(2) Oneformswinsthe battle®, and after that, in principlethereonly exists
one (or very few) specific local form (DNA is hereafter constraining
condition for life). Starting with avery poor ontology, it later gainsin
complexity.

(3) When the primary constituents exist exclusively, there is locally no
repeted emergence of the primary entity. When the DNA and the cell
is established as the primary entity, it will not be created again.

(4) The primary level is constituted by a number of subsequent emergent
processes characterized by — in case of biology — intercellularity (see
R. Chandebois, 1983) and the ecol ogical relationsbetween individuals
of various species generated by the process of evolution. Following
this, a level can be defined by its entities and the relations between
entities.

Likewise we have specified three conditions which characterize the
subsequent processes of level constitution:

(1) Level constitutions organize primary entities into a new structure of
relations.

(2) Entities which by the subsequent level constituting processes are
developed out of the primary entity cannot transcend the primary enti-
ty. Itis not possible to develop biological entities which can dispense
with cellswith DNA. If this happened it could only be understood as
the constitution of a new primary level entity.

(3) Entities at sublevels will always be reproduced. That is, later repeti-
tions of entity emergence is specific for sublevels.

Now primary levels will be the levels whose entities are central to a
large population of higher levels. Thus physics, biology, psychology and
sociology seem to be the most important primary levels. There may be
other primary levels, for instance chemistry, multicellular biology, animal
psychology (entities with consiousness but not selfconsciousness) etc.

Thislevel-model can be characterizedfurther by discussingitinrelation
to somekey conceptsin different level theories. One of thoseispotentiality.
Certain writers have stated that the development of a level aways exists
implicit, that is, asa potentiality. Now, the plausibility of thisidea depends
highly upon the use of the word “potentiality”, so let us analyze it in
detall. In S. N. Salthe's Evolving Hierarchical Systems (1985), the author
introduces potentiality in relation to his so-called Basic Triadic System.
According to Salthe, it is only relevant to describe an entity at a given
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(focal) level in relation to the level beneath and the level above. In the
dynamics of the basic triadic system, both upper and lower levels produce
effects which according to Salthe constrain the dynamics of the focal
level. Salthe's argument for the Basic Triadic System is epistemological,
and is, in short, that in the scientific operation of choosing an object, or
selecting the scientific object, the scientist automatically chooses a point
of view, a level of description, which restrict the possible description to
the levels beneath and above. Further, in relation to Polanyi (and Pattee)
Salthe stresses the importance of higher-level constraints, called boundary
conditions, which harness or regulate the dynamics of the focal level. The
lower-level constraints are called initiating conditions, which is the set
of possibilities which the boundary conditions select from or constrain.
According to Salthe, the initiating conditions give rise “autonomously”
(ibid, p. 69) to focal level dynamics. In relation to the biological level,
the initiating conditions are all those possible combinations of organic
substances which in the primordial soup could be basic for the primary
emergence constituting the primary entity.

Salthe's theory® accentuates a paradox in level theories which is very
common. If one defines levels as boundary conditions working on initiat-
ing conditions it is a problem where to locate these conditions. Salthe's
answer is that initiating conditions are manifested at the lower level and
the boundary conditions at the level above. Probably this is a workable
hypothesisfrom an epistemol ogical point of view, but it is clearly ontolog-
ically unreasonable or rather only consistent with a certain interpretation
of potentiality. If the constraining conditions are to be placed at the lev-
el above, the only solution is that all levels and entities exist potentially
from the beginning — and what is more, exerting their potentiality as some
kind of “cause” before being realised themselves, in short you have a
constitution of levels presupposing that the next level already exists. In a
materialistic or realistic context thisisof coursean argument of an uncanny
Munchhausenian flavour. It is of course not possible (materialistically or
realistically) to presupposethe biological organism asabiological sublevel
constraining the constitution of the primary cell level. Asfar aswe can see,
there is only one possibility if constitution of alevel presupposes higher
levels with boundary conditions — and that is an idealistic ontology where
every level and every entity are potentially existing and exerting attracting
influences downward in the level system (the organism as attractor for
the cell). We think this idealistic concept of potentiality can be refused
on ontological grounds; we do not hereby want to refuse every sort of
potentiality, but only in this holistic level-constituting sense.
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In a previous paragraph we saw the impossibility of getting totally rid
of potentiality. Any theory claiming only the actual to exist will end up in
some kind of scepticism (does the particle exist when not being observed
etc.). In one sense potentiality is evidently relevant. If it was possible to
draw the whole phase space of the universe, the formation of for instance
biology would occupy some regions of this space, that is, the possibility
of biology is determined by physics, and given some specific changesthe
universe might have developed in a direction with no realized (but still
potential) biology. As can be seen, any evolutionary theory presupposes
thiskind of potentiality (asinthe Darwinian case: the host of speciesextinct
or unrealized at various steps of development (from zygote to ecological
niche) which we can never know asactual but must be posited asapotential
to explain the selection of the known species.

(e) Thekinds of primary levels

To generalize our discussion of levels, wefind it arealistic and stimulating
working hypothesis to concentrate on four primary levels — the physical,
the biological, the psychological and the sociological. As sociobiology
has shown, there are a lot of group structures in the animal kingdom.
We see the primary entity defining the sociological level as the institution
(and the associated concept of institutionally defined social role), and, in
accordance with this, we do not see status hierarchies and pecking order
as sufficient for institutions. Institutions are changeable by the members
of the society and presuppose symbolic systems (language). The psycho-
logical level is defined by the self-consciousness (the primary entity at
the psychological level), and not some lower cognitive activity, such as
sensation and perception or plain consciousness which may define animal
psychology. Sensation exists in principle when biological evolution has
devel oped receptors, and perception does only require sensation and some
primitive form of memory to select between incoming sensations. Con-
sciousness as such — as representational mapping of the local surroundings
—is presumably a function in most higher animals, while man’s specific
defining feature seems to be self-consciousness, intimately related to lan-
guage acquisition, to the possibility to transcend the local situation both
spatialy and temporally, and again to intersubjectivity. It remains to be
analyzed further what the defining entity of the psychological level is. If
an entity, like most emergent entities, isto be composed of an arrangement
of entities from the lower level, some specific electrophysiological pat-
ternsin the brain would be the most vital parts of the arrangement, having
self-consiousness as a property. Others will argue that self-consciousness
might itself be this entity; we shall not go further into this discussion here.
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It is very interesting that even if we shall become able to point out the
defining entities for the psychological and the sociological levels, some
primary characteristicsare the samefor both of them. Intersubjectivity and
language are necessary for both self-consciousness and institutions. We
thus have to see the development of the psychological level and the soci-
ological level as interconnecting. It seems we have two levels interwoven
in such a manner that they are each part of what constitutes the other. If
thisis the case, we might have another kind of level constituting process,
different from the one constituting the biological level. Still, another pos-
sible direction of researchisthat the two levelsform different descriptions
of propertiesin one and the same psycho-social level to be defined.

Thus it may not be possible to sketch a general theory of interlevel
relations in the emergence of primary levels, because the genesis of four
primary levels are asymmetric or nonhomomorphic.

We cannot say with certainty which primary ontological levelsexist and
whether the most important ones are actually the four mentioned. Further-
more, our idea of the inclusiveness of levels discussed above implied that
other “local ontologies’ of other higher levels may exist within the global,
physical primary level (see Figure 1), and we cannot tell beforehand which
other initiating conditions for mentality or sociality other “local biolo-
gies’ may constitute. We think that the philosophical connections between
epistemol ogy and ontology are so interwoven that the specification of lev-
els is very difficult to prove, and that the specification in the last resort
stands on epistemological grounds. But — and this is the important thing
— there is a very big difference between saying that levels are only epis-
temological forms, and saying that levels have a materialistic existence.’
One of the main differences is the concept of evolution or development.
The distinction between global and local, and the notion of ever develop-
ing levels (including the physical) are in essence ontological statements.
In accordance with this, the levels exist ontologically (and materialisti-
cally/redlistically), but we might never be able to say where exactly the
borders are.

5. CONCLUDING REMARKS. EMERGENCE EXPLAINED

New developmentsin science have constantly challenged the phil osophical
approach to emergent phenomena. The recent approaches to emergence
and their implications for the ontology and epistemology of the concept of
emergence will be considered in detail in a separate paper, but the general
implicationsfor explaining emergent phenomenaseem to be clear and shall
be considered briefly.
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(a) Recent approaches: complex systems

In a popular book dealing with the philosophical implications of non-
equilibrium thermodynamics, the physicist Paul Davies (1987) claimsthat
“as more and more attention is devoted to the study of self-organization
and complexity in nature so it is becoming clear that there must be new
genera principles— organizing principles over and above the known laws
of physics — which have yet to be discovered” (Davies, 1987, p. 142;
see also Needham, 1941; Schrodinger, 1944). It is important that Davies
emphasizes that such organizing principles do not mean that we have to
conceive of them as “ deploying mysterious new forces specifically for the
purpose’, which would be tantamount to vitalism. Though it cannot be
exluded a priori that physicists may discover new forces, the collective
behaviour of particles may take place entirely through the operation of
known interparticle forces. So the organizing principles “could be said to
harness the existing interparticle forces’, they “need therefore in no way
contradict the underlying laws of physics as they apply to the constituent
components of the complex system” (ibid p. 143). Today a whole branch
of research — not only within physics but also acrossits bordersto biology,
computer science — deals with complex dynamical systems and can be
seen as an attempt to find such organizing principles; and related efforts
have been made, often in vain, to define the notions of complexity and
organization quantitatively (cf. Aschby, 1962; Baas, 1994; Bennett, 1988;
Cariani, 1992; Chaitin, 1992; Jantsch, 1980; Kauffman, 1993; Landauer,
1988; Langton, 1989; Pagels, 1988; Wicken, 1987; Wolfram, 1984; Yates,
1989). Though it is not possible to extract a single general theory of emer-
gence from these approaches with rather different points of departure, this
whole area of research reveals an important take home lesson about emer-
gent structures, namely that they are in many respects indeed accessible
for formal and scientific treatment, e.g. by the computational methods of
dynamical systemstheory, automatatheory and in simulations within such
fieldsas artificial life and cognitive science. In a broader historical view it
isafact, that the concept of emergence does have a central position inside
these new domains. Even if it is only a part of the total set of emergent
processes which they can handle, it is avery promising step in relation to
afully developed theory of emergence.

(b) Origin of life: emergence explained

The title of a previous version of this paper was the rather pessimistic
“In search of the unexplainable”, alluding to the implicit contradiction in
the concept of emergence, that everyone uses it as a notion of processes
which they cannot explain. However, we want to stress that emergence
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is not necessarily unexplainable. In the discussions of this paper we have
argued that it is possibleto reach an understanding of emergent phenomena
which does not exclude them from a reliable scientific context, and that
the very idea of emergence should be viewed as one of the most central
ideas in modern science. Especially in relation to the epistemological
and ontological consequences of non-reductionist theories of hierarchical
organisation and level theories.

We are going to conclude this paper by an example: how it is possible
to view the creation of life from the angle of emergence.

As the neo-Darwinian geneticist Theodosius Dobzhansky once noted,
nothing in biology makes sense except in the light of evolution. Hence, the
question of the origin of the cell as afundamental entity of the biological
phenomenology or level isacrucia case of the nature of emergent entities.
In asense, the emergence of cells constituted the emergence of life (wecan,
at least preliminarily, define life to be a cell-based phenomenon) and the
creation of one of the “primary” levels of a hypothetical irreducible mate-
rialistic ontology, the biological level of organization. If we accept that in
principlethis casecan be convincingly accounted for by natural science, be
it contemporary or future (and in fact, “protobiology”, or inquiry into the
conditionsfor the evolution of life from aprebiotic “ soup” of macromole-
culesistoday alegitimate area of research), then we have a strong case that
the emergence of new levels in evolution can be scientifically explained,
even if we till consider life asirreducible to the laws of physics or chem-
istry because it manifest very specific properties. Thus “emergence’ is a
genuine phenomenon, but we can conceive of an explanation in the form of
ascenario or a sequence of plausible events, each contributing to increase
the complexity of the constituent sub-system (macromolecules and their
chemical reactions) and ending up with full-fledged cells. We do not claim
here that such a scenario already has been constructed in any satisfying
way (e.g., in away that would allow a test under laboratory conditions
in the form of a formidable sequence of controlled experiments to gener-
ate biological cells, not “constructed by design”, but generated merely by
application of self-organizing principles). We only claim that this would
constitute a case for the explainability of emergent phenomena.

These lines of thoughts contribute to dissolve the apparent paradox,
involved in attemptsto “explain” the emergence of new irreducible levels
of reality, by loosening the requirementsfor explanation. Something which
is unpredictable does not have to be unexplainable. The phenomenon of
deterministic chaosin complex dynamical systemshas shown how futile it
is to demand that the competence of prediction in physics should be com-
plete, when the development of systemsin phase space may be extremely
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sensitive on the initial conditions. Thisis no obstacle to make as good as
possible descriptions of the system in terms of their basic mechanisms of
movement, or in terms of their qualitative behaviour to catch these mecha-
nismsin aproper model. A comprehensive model of the emergence of life
must account for many separate steps and should thus decomposeinto sep-
arate submodels of various kinds (chemical, biophysical, genetical) which
might be linked up with an overall historical account. Thus, we arguefor a
multiplicity of explanatory models, linked by ageneral historical or, if you
wish, evolutionary model — similar to the cosmology-crafting of physics.
Asisthe casein any historical explanation, we can never know for certain
the actual sequence of eventsin complete detail, but we can invent hypo-
thetical, virtual or artificial universesin which we can re-run the conditions
that make the new phenomenaappear and compare them to different devel-
opments caused by various parameter changes. The theories of proto-cells,
the computer simulations of “emergent” autocatalytic reaction networks
of molecules, or artificial cells in the form of proteinoid micro-spheresin
the test tube, al points to the possibility of establishing a scenario for the
origin of autonomous self-reproducing entities.

One might criticize the idea that such an explanation is within reach,
because it could be based on a too simplified view of the simplest forms
of life, which are indeed eminently complex. It is not enough to know the
structure and functions of the molecules of a prokaryote cell, or how for
instance some conceived component molecules of thefirst cell membranes
got together and formed closed compartments. Contemporary cells have
all acoded “message’ contained in their DNA which code for the primary
sequence of aminoacids in each protein building block. How this genetic
code, and the whole machinery for its trandation in the cell originated
is gtill a huge mystery. Even if we today know the mechanisms of DNA-
replication, repair, and protein synthesisfairly well, many detailsstill elude
us, and what ismorecrucia inthiscontext, it isextremely difficult to estab-
lish some mechanisms in which much simpler kinds of metabolic systems
could evolveand transform into the elaborate structuresthat constitute con-
temporary cells. This kind of complexity is a nice example that indicates
therise of new principles of organization in evolution, here, the emergence
of a “genetic language” and of “measurement processes’ in the form of
entities capable to respond selectively to inputs from their surroundings
(the semantic and measurement emergence of Pattee, 1989). These prop-
erties transcend the mere self-organization of physical systems far from
thermodynamic equilibrium, which does not rely on coding (“semantic
closure”) or measurement.
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To summarise our conclusions regarding emergence, we have argued that:

— Emergence exists as a key phenomenon, and it should be taken seri-
ously in science.

— Emergence does not exclude explanation, in some cases not even a
deterministic one, and emergence is not an indeterministic process.

— Emergencein relation to levels can only be analyzed within the dis-
tinction between gobal/local perspective.

— Emergence as a single process does not constitute levels but only
entities; the emergence of primary levels are a combination of enti-
ty constitution and subsequent level constitution, by generation of
relations between the entities.

— Though it may not be possible to reach a final conclusion regarding
the existence of objective ontological levelsand their specification, we
adopt as a useful “working hypothesis’ an ontology of four primary
levels: the physical-chemical, the biological, the psychological and
the sociological.

— Some emergent phenomenamay be described within aformal frame-
work and computationally modelled. To which extent this will ade-
quately explain emergent processesin amaterial world cannot yet be
decided. However, it is the hope that aspects of emergence can be
accounted for by exact, mathematical approaches.

NOTES

! Discussed by Sven-Eric Liedmann, 1977.

2 These concepts seem to be linguistically analysable by means of f.i. Roman Jakobson's
marked/unmarked distinction (hence nature is unmarked, culture is marked).

3 Asfar aswe can see, it is not decisive which of three primary types of physical causality
we are talking about: the classical causality in mechanical physics, the statistical causality
in statistical mechanics or the probability-causality in quantum mechanics. Each of the
three types can be used as descriptive causality and explainable causality, respectively.

4 This argument is similar to Pattee’s idea (Pattee, 1977) — inspired by Bohr’s principle of
complementarity —that it is never explainable in micro termswhat a measurement actually
is: thisrequires the passage to amacro level. In micro terms, ameasurement isbut aprocess
as any other process.

® One should note, that we do not imply that there is selection for a“globally fittest” form
of life— Darwinian selection does not mean creation of the perfect. The processis probably
characterized by what Gould (1989) terms contingency: if one could “replay the tape of
history”, it would yield an entirely different outcome.

6 We are aware of Salthe's subsequent elaboration of hisideas of hierarchy, emergence and
complexity (as presented in Salthe, 1993), which are, however, too difficult to be dealt with
here. We hope to contribute to a deeper discussion of Salthe's work in a subsequent paper.
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Wewould like to thank Stanley Salthe for hiskind help and commentsto an earlier version
of this paper.

" We find that this stance is supported by various recent developments in theories dealing
with complex phenomena— chaos theory, theories of self-organizing phenomena, complex-
ity and algorithmic information theory. We analyse this in aanother article.

8 Thisisinfact the same principleasused for constructing datacompression algorithms used
in electronic communication and data processing. Some picture compression agorithms
are based on fractals, an instance of iterated function systems. Think of the fact that the
highly complex Mandelbrot set (or other popular and spectacular fractals) are defined by a
very short formula describing an iterative process.
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