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Despite its early successes, ALife has not tended to live up to its origi-
nal promise, with any emergent behaviour very rarely manifesting itself in
such a way that new higher level emergence can occur. This problem has
been recognised in two related concepts; the failure of ALife simulations to
display Open Ended Evolution, and their inability to dynamically generate
more than two hierarchical levels of behaviour. This paper will suggest
that these problems of ALife stem from a missing sense ofcontextuality
in the models of ALife. A number of theories which exhibit some form of
contextual dependence will be discussed, in particular, the gauge theories
of quantum �eld theory.

1.1 Life and ALife

Arti�cial Life is a diverse and sometimes disparate �eld, with a number of
di�ering goals, theories, models and proposed outcomes. There is a drive
to understand concepts such as complexity and emergence as they relate to
the �eld. There are the attempts to generate emergent, cell-like behavior
invitro, and insilico. Some models, such as Avida, in addition to their
primary role as a platform for the investigation of digital life, ar e being used
to investigate current theoretical and evolutionary problems. Then, there
is the attempt to achieve a living organism, what might be called Strong
ALife . This diversity is indicative of a new vital �eld, with a number of

1



October 6, 2006 1:27 WSPC/Book Trim Size for 9in x 6in gaugedAL ife

2 The Second Australian Conference on Arti�cial Life 2005

promising avenues of research, however, it also indicates what might be
perceived as a lack of direction; there are no obvious answers in the �eld,
no well accepted theories that might be used to guide research. These two
perceptions are in esscence compatible, a newly established �eld will lack
theories, which can acquire the status of dogma in a more developed �eld
of knowledge. One of the few mature theories relevant to arti�cial life is the
theory of evolution, but, although this concept is relied upon extensively in
both �elds, it does not have one universal interpretation or even de�nition.
In particular, the way in which evolution couples with developmentis still
very poorly understood.

1.1.1 Development

This process, whereby a phenotype emerges from its specifying genotype,
poses some of the most important, as well as the least understood problems
in the �eld of biology. In particular, there is a lack of robust models, and
a general questioning over whether such models are even feasible. As such,
this is a �eld which could bene�t from arti�cial models, and yet few complex
arti�cial models exist. There are a number of simple morphogenic models
such as Dawkin's tree growing program[1], but these models do not seem
to capture the true complexity of the coupling between the phenotype and
the selective process. For example the tree growing program requires that
an observer choose the most `pleasing' con�guration at each time step.

Development involves some very interesting phenomena. Consider for
example phenotypic plasticity; \the ability of a single genotype to produce
more than one alternative form of morphology, physiological state, and/or
behavior in response to environmental conditions." [2] This phenomenon
amounts to a situation where evolutionarily important traits do not hav e
to be `genetic' (immune to environmental e�ects). Thus, this phenomenon
reinforces an often cited (but perhaps not truly recognized) fact that the
phenotype is a product ofinteraction of the genotypeand the environment.
That is, the phenotype that develops in biological systems depends in a
strong way upon the environment that surrounds it; a di�erent environ-
ment can result in a vastly di�erent organism. Phenomena such of this
are not generally possible in ALife simulations, a genotype results in only
one phenotype. Thecontextuality of genotypic behaviour is not generally
recognised.

Even the complexity of genotype-genotype reactions is rarely acknowl-
edged. Most organisms are diploid (i.e. having more than one copy of each
bit of information or strand of DNA), and yet arti�cial organisms are g en-
erally haploid (posessing only a single strand of DNA). It is often claimed
that the phenomena of evolution can be captured without this added com-
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plexity, but, in the next section, we shall examine two problems indicating
that this may not be the case.

It is my contention that the contextuality of actual biological systems is
missing from arti�cial life, and that this manifests itself in their consequent
lack of complexity. This article will propose a manner in which we might
start to incorporate this missing contextuality.

1.1.2 ALife and Emergence

In order to achieve some form of arti�cial life, it will be necessary that
our arti�cial models display some sort of `strongly' emergent behaviour.
However, two results in the �eld suggest that this is not happening.

Firstly, it is widely accepted that ALife models do not display Open
Ended Evolution (OEE) [3; 4], but very little research has been conducted
into the reasons why this might be the case. Rather, the tendency has been
to construct ever more complicated environments, or to throw out existing
environments and to almost arbitrarily develop new ones. Although there is
sometimes an explanation of the reasons behind this substitution[5], there
is very little general analysis of the source of this failure.

A second problem with ALife models their general failure to exhibit
more than two levels of hierarchical development[6]. Without the genera-
tion of new, more complex levels there will be a highest level of complexity
attainable, a point emphasised by the Ansatz for Dynamical Hierarchies
(ADH):

Given an appropriate simulation framework, an appropri-
ate increase of the object complexity of the primitives is
necessary and su�cient for the generation of successively
higher-order emergent properties through aggregation.[7]

This statement has some rather profound consequences. It limits the overall
complexity that might be obtained from any system formed as part of a
dynamical hierarchy and thus violates what Rasmussenet. al. call the
\complex systems dogma" which claims that we can use simple rules and
states to generate complex behaviour. If the ansatz is true then our current
modelling methodology may not be able to produce dynamical structures
of unlimited complexity. Before we can consider the truth or falsity of the
ansatz, we must consider the core concepts of simulation framework and
object complexity that it utilises.

Object Complexity: This is the key term of the ansatz, specifying the
complexity of the individual objects in the hierarchy. It is impor-
tant that we are able to de�ne the complexity of the objects con-
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tained in a hierarchy in order to make use of, or even to test the
ansatz. Unfortunately there is no formalised de�nition of object
complexity.

Simulation Framework: This rather ad hocde�nition of object complex-
ity in the ansatz is made possible by the requirement that the sim-
ulation framework be given. A simulation framework is provided
by the speci�cation of the rule set of the system. Thus the require-
ment that a simulation framework be given forces the rule set of the
system to be fully speci�ed, and to remain constant, throughout
an application of the ansatz to some system or set of systems.

Perhaps the most interesting aspect of the ADH comes from the observation
that the rule set de�ning the simulation framework is precisely the rule set
used to de�ne object complexity in all analyses performed to date. With
this point in mind, we might rephrase the ansatz as:

Given an appropriate rule set, an appropriate increase of
the rule set of the primitives is necessary and su�cient for
the generation of successively higher-order emergent prop-
erties through aggregation.

This makes the ansatz appear to be rather trivial, a point independently
raised by Rasmussenet. al.:

The ansatz is in some sense trivial: Assume that we
have a minimal rule set that generates a particular dynam-
ical hierarchy but only up to order N . If we stay within this
simulation framework, it is necessary to add new rules to
generate an additional order (N + 1) of emergence. How
can the system generate a new, higher level of behaviour
unless something new is added to the elements?[8]

This triviality leads to a rather strange outcome that arises if we attempt
to consider it in the light of our current understanding of object complexity
as obtained from examining the rule set of agent based models. It appears
there is some sense in which the complexity of any system satisfying the
ansatz is built into the lowest level objects [9]. In an agent based model,
this means that the most complex objects are those de�ned as primitive
objects, the available interactions are e�ectively `used up' as the zeroth
order objects interact and form bonds with each other to form new higher
order objects. This appears to be rather counter-intuitive. In the natural
world, higher order objects often seem to have a higher complexity.

The ansatz has been subject to some debate[10; 8; 11]. One key point of
disagreement concerns the possibility of comparing the object complexity
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of two di�erent hierarchies. The simulation framework restriction reduces
the applicability of the ansatz rather dramatically, limiting the result to
individual systems. No comparison between di�erent systems is allowed
as they are automatically considered to be part of a di�erent simulation
framework.

These problems suggest that the ansatz may be part of some sort of
fundamental misconception; one that leaves the ADH appearing reasonable
until a more indepth analysis points to inconsistencies in its implications.
It is my belief that the ADH, actually points to the missing contextuality
of current ALife models and that without this contextuality the models
will not be capable of displaying `strong' emergence and hence OEE. For
example, the interactions of the standard agent based methodology, we can
immediately identify the problem; interactions are de�ned in the primitive
objects, there is no room in which new interactions or behaviourcan emerge.

This problem, while less obvious in some of the other ALife environ-
ments, still exists. Consider for example Avida[5], one of the most com-
prehensively developed environments. Avidans evolve within an environ-
ment that rewards them for their ability to solve a set of de�ned problems,
but this set of problems does not generally change, or increase during this
process. Certainly, the environment of the Avidans is also a�ected by the
(biotic) interactions between the Avidans themselves, however, the (abiotic)
environment of problems is not likely to be su�ciently complex for either
`strong' emergence, OEE behaviour, or levels upon levels of hierarchical
structure to form. Attempts to increase the complexity of the simulation,
such as the current drive to introduce diploidity will certainly increase the
amount of behaviour displayed by Avida, but until a much higher amount
of both biotic and abiotic interaction becomes possible it is unlikely that
Avida will not display the truly complex behaviour of the natural world.

We are now in a position to, at least partially recognize what the term
`strong' emergence implies in the �eld of ALife; strongly emergent phenom-
ena can in turn be used in the creation of higher levels of new emergent
phenomena. If such behaviour was manifesting in ALife simulations, then it
is probable that they would display more open ended behaviour. However,
the emergence exibited to date appears not to be amenable to interacting
in any higher level interactions.

1.1.3 Complexity and Contextuality

Although there is an ongoing debate surrounding the de�nition of com-
plexity which shall not be covered here,1 there is a general agreement that

1See for example, Bruce Edmonds' Hypertext Bibliography of Measures of Complexity ,
while no longer maintained, contains a vast list of articles that cover the many di�erent
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emergent behaviour, such as that sought by ALife researchers, results from
the dynamics of complex systems.

The above discussion, suggests that a sense of contextuality should be
apparent in, at the least, our understanding of complexity as it relates to the
developmental process, and possibly ALife modelling in general. However,
there are very few theories of complexity that achieve this.

There is one such class; what might be termedobserver driventheories
and de�nitions of complexity. Although more promising due to this possi-
bility, such theories are often ignored, as they o�er no easy answers in our
attempts to understand complexity. Some examples of theories that fall
into this class include:

Pattee's Epistemic Cut which separates our knowledge from the thing
that it describes; description from construction, the observer from
the system, the genotype from the phenotype[13; 14; 15]. This
concept has been used to examine a number of di�erent systems,
all generally recognised as complex.

Rosen's de�nition, where a system is de�ned by Rosen as complex if it
can only be described by a combination of inequivalent descriptions,
each de�ned with respect to his Modelling Relation [16].

Casti's conception of complexity as the number of nonequivalent descrip-
tions that an observer can generate for a system of interest[17].

An epistemic cut places the observer in a very di�erent class from the system
that they are observing, but there is often a certain exibility about where
the cut can be placed. Thus it recognises that there is a sense in which
how the observer is speci�ed will change the system under examination.
However the epistemic cut does not give much indication of how we might
incorporate this dependency into our modelling. The Rosen and Casti
de�nitions start to give us a greater understanding of this problem; if a
system is contextual, then di�erent observers will describe it in di�erent
ways, and it is likely that at least some of them will be inequivalent, thus
the system will be complex according to Rosen and Casti. Therefore we
can claim that contextual systemsare complex, and may therefore display
more of the behaviour sought by the ALife community.

ideas surrounding complex systems. This, and a number of oth er resources are available
at http://bruce.edmonds.name, including Edmonds' PhD the sis [12], which examines
many of the varying de�nitions of complexity, before Edmond s settles on a de�nition
that is highly contextual.
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1.2 Incorporating Context into our Models

This section will explore some of the ways in which context has, to some
extent, been incorporated into our modelling techniques.

1.2.1 The Baas De�nition of Emergence

Baas has developed a theory of hyperstructures, hierarchies and emergence
[18] which incorporates observer dependence explicitly. First, Baas de�nes a
set of primitive objects or entities, which are termed �rst-order structures ,
denoted f S1

i g; i 2 J is some index, �nite or in�nite, denoting that the
structures are �rst-order in nature. If these structures exhibit one or more
�rst-order properties , then these are denotedP = O1(Si ): Properties are
dependent upon the observational mechanismsO1 identi�ed as relevant to
the �rst-order structures. Note that these observational mechanisms may
or may not be dynamical in nature. Subjecting the �rst-order structures
to a family of interactions, Int , as allowed by their �rst-order properties
we may obtain new, second-order structuresS2 = R(S1

i ; O1(Si ); Int 1) i 2 J

where R stands for the result of the construction process. These second-
order structures may themselves be observed by a set of mechanisms,O2

(which may be equal, overlapping or disjoint from O1), resulting in new
second-order properties. This set of de�nitions allowed Baas to propose a
de�nition of �rst-order emergence , where P is an emergent property ofS2

i� P 2 O2(S2); but P =2 O2(S1
i 1

) for all i 1.
These ideas can be naturally extended, with a family of second-order

structures forming f S2
i g which may then form (perhaps with the assis-

tance of �rst-order structures) third-order structures S3 = R(S2
i 2 ; O2; Int 2),

and so on, with an N-th order structure being represented generically by
SN = R(SN � 1

i N � 1 ; ON � 1; Int N � 1); i N � 1 2 JN � 1; and the associated emergent
behaviour de�ned with respect to the lower levels as occured above.

This de�nition does provide for a sense of observer dependence, and
therefore incorporates a weak sense of contextuality. However, Baas does
not show a general way in which this dependency interacts with the system
of interest in any dynamical sense. This leads to the somewhat unsat-
isfactory nature of the de�nition, we have learned very little through its
application. This problem was highlighted during ALife VIII with the pre-
sentation of a system that clearly pushed the boundary of what should be
considered a dynamical hierarchy[11] and yet was rightly claimed to be
hierarchical in the Baas sense.

The question of how to incorporate context in a more systematic
manner arises. There is another class of contextual models which
have not been recognised as such in ALife, although they are starting
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to be incorporated (see for example the Quantum Coreworld website
http://non.�ction.org/ � await/qcw/); the quantum theories of physics are
intrinsically contextual [19; 20].

1.2.2 Quantum Mechanics

Quantum theory has a well developed formalism. It is also an inherently
contextual theory, as has been shown by its violation of the by now infamous
Bell inequalities [19].

There are indications that the formalism of quantum theory can be used
more generally than has been appreciated, speci�cally that the need to ap-
ply a quantum rather than a classical theory arises whenever contextual
systems are under examination[20]. Aerts and coworkers have developed
a generalisation of the quantum formalism that explicitly takes into ac-
count the contextuality of quantum mechanical systems, the SCOP (or
State COntext Property system).2 SCOP-type systems are now being used
to describe a much more generic set of systems than those that occur in
the quantum world, providing for example a new theory of concepts able to
deal with the `pet-�sh' problem [21]. We shall not discuss this work, the in-
terested reader is referred to the references. Instead, we shall conclude this
very brief introduction to this �eld with an examination of an alternative
formalism also utilising the contextuality of quantum mechanics; quantum
�eld theory.

1.2.3 Gauge Theories and The Principle of Local Symmetry

Gauged Quantum Field Theories such as Quantum Electrodyanamics
(QED), and Quantum Chromodynamics (QCD) are some of the most suc-
cessful theories of physics. Obviously this paper shall not discuss gauge
theories in any detail whatsoever3 rather, this section shall sketch out the
form of gauge �eld theories. Some of the more complicated mathematical
expressions are kept to the footnotes, but can be perused if the reader is
interested. The ideas covered in this section will then be utilised in the
formation of a new principle that could be used to generate models with

2For the sake of clarity this list of references has been kept t o a minimum, con-
sult the CLEA webpage (http://www.vub.ac.be/CLEA) for a fa r more extensive list of
publications.

3To do so would require a monograph. There are many texts on the subject [22],
but perhaps the most useful for the current discussion are th ose that cover some of
the philosophical issues of these theories, and review thei r form [23; 24]. Interestingly,
General Relativity, the other lauded theory of physics migh t also be considered a gauge
�eld theory, which has led to the suggestion that these theor ies point to a new, more
fundamental class of theories.
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contextual behaviour, and perhaps the associated complexity that ALife is
missing. We shall begin with a (shamefully) short summary of the func-
tional formulation of Quantum Field Theory (QFT).

QFTs are constructed from a set of �elds, � , obeying a dynamics
described by what is termed the action, S[� ]. The action is generated
from taking some relevant Lagrangian4, L [� ], and integrating it over time:
S[� ] =

R
dtL [� ]: Physically, a Lagrangian describes the di�erence between

the kinetic and potential energies of the �elds, L [� ] = K [� ] � V [� ]. The Ac-
tion is then used to de�ne correlation functions5 a process which is known
as quantization, but which shall not be discussed here.

All realistic Lagrangians satisfy a conservation law of some type, afact
which is used to derive them. Noether's theoremslink conservation laws
with the symmetriesapparent in both the con�gurations, and the dynamics
of the �elds. If a �eld satis�es Noether's theorem, then it also satis�es the
Euler-Lagrange equations of motion.6 Thus, one way in which to discover
the dynamics of a system involves identifying its symmetries. Sometimes,
however, not all of the symmetries of a �eld are immediately apparent.
Often, a symmetry group isbrokenin a process calledspontaneous symmetry
breaking (SSB). Consider for example a thin metal rod, balanced on its
end, as shown in �gure 1.1. This con�guration has an obvious rotational
symmetry; at a given height, the rod looks the same regardless of which

4 Instead of the Lagrangian, quantum �eld theorists often use what is termed the
Lagrangian density L (�; @� � ), which describes the �elds, and their behaviour with re-
spect to changes in space and time (represented by taking a de rivative, @� � ). The
action can be obtained by integrating the Lagrangian densit y over all spacetime:
S[� ] =

R
d4x L (�; @� � ): A word of caution for the uninitiated, both physicists and te xts

tend to use the terms Lagrangian and Lagrangian density, as w ell as the notation L and
L , interchangably. Which term is in use must be deciphered fro m the context of the
text, however, the two terms are related, L =

R
d3xL (�; @� � ), so this sloppy notation is

not generally too hard to understand.
5Correlation functions describe the way in which a �eld at one point in space and time

can inuence other �elds for the system of interest. For exam ple the two point correlation
function describes the inuence of a �eld upon the (possibly distant) spacetime points
x 1 and x 2 :

G(x 1 ; x 2 ) = h 0 ; �̂ (x 1 ) �̂ (x 2 ) 0 i (1.1)

=

R
D� � (x1 )� (x2 )e� S [� ]

R
D� e � S [� ]

: (1.2)

It is possible to de�ne far more complex correlation functio ns, with multiple �elds, and
many di�erent spacetime points, although it may be impossib le to solve.

6The Euler-Lagrange equations of motion, for the system unde r description are

@�

�
@L

@(@� � )

�
�

@L

@�
= 0 : (1.3)
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angle we examine it from. However, if we push down on the top of the
rod so that it buckles, then the direction from which we look at the rod
now changes the orientation of the buckle; the symmetry is lost. Thus, the
rotational symmetry of our system has been destroyed by the force of the
push on its top. This broken symmetry can be regained however, if we
consider a larger system consisting ofall possible directions in which the
rod could bend. Thus, even though they are not immediately apparent,

( c )( b )( a )

Fig. 1.1 A thin metal rod (for example a needle) exempli�es th e process of symmetry
breaking, and the mathematical mechanism used to regain a br oader conception of the
symmetry. (a) The straight upright rod is rotationally inva riant, as we move around the
rod is appears the same, this system has a rotational symmetr y. (b) If we push down
on the top of the rod so that it buckles then it no longer has thi s rotational symmetry,
however, (c) if we consider all possible bucklings then rota tional symmetry is regained.

there may be relevant symmetries satis�ed by a �eld of interest. Some
forms of symmetry breaking, rather than being arbitrarily imposed upon
the �eld of interest, as was the case in the simple example above when
a force was applied to the rod, arise dynamically from within the system
itself, in which case the process is called Dynamical Symmetry Breaking
(DSB) [25]. Two of the best known examples of symmetry breaking in
physics take this dynamical form. These are the Bardeen{Cooper{Schrie�er
(BCS) theory of superconductivity, and the 1961 theory of broken chiral
symmetry created by Nambu and Jona-Lasinio[26]. This lessad hocnature
of DSB, where the �elds that break the symmetry arise dynamically rather
than being introduced, leads to the identi�cation of DSB as an interesting
alternative to SSB. Despite this promise, it has not been shown that DSB
can reproduce physically important models such as the Standard Model, a
fact which has led to its largely ignored status by the physics community.
However, it is possible that this process will be much more important in
`higher level' phenomena such as biological systems where it could provide
a dynamical explanation for the process of symmetry breaking that occurs
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during, for example, development.
A gauge symmetry is a local internal symmetry. When physicists �x

a gauge they make an arbitrary choice which �xes the local internal sym-
metry to one of a continuous set of options.7 Through the application of
gauge symmetry principles what generally starts as two sets of noninter-
acting �elds, a matter �eld and an interaction �eld are coupled 8; there is a
deep sense in which symmetry is fundamentally linked with the concept of
interaction. This idea will be fundamental to the Recursive Gauge Principle
(RGP) that shall be proposed in the next section.

Like quantum mechanics, QFT is inherently contextual, more so as
the localised particles of quantum mechanics become �elds spread over all
of space and time; everything interacts with everything else, leading to
the irony that the di�culty in QFT is to separatethe descriptions, rather
than trying to incorporate missing contextuality. This places QFT in the
interesting position of having a very well developed set of techniques that
might perhaps be applied in new ways.

1.3 The Recursive Gauge Principle

ALife models, and their theories, tend to reveal, and to describe what
we might term (in the Baas sense) 1st level emergence, and yet getting
any form of secondary level emergent behaviour has proved to be rather
elusive. Can we possibly generate higher levels emergence through the use
of a more contextual formalism? In doing so, we may gain an understanding
of the form our simulations should take. Gauge theories o�er just such an
opportunity.

Assume that we are interested in a system describable by a set of �elds�
the dynamics of which are given by some ActionS. A dynamical interaction
between the �elds which respects their basic dynamics could be instantiated
through an appropriate application of local internal symmetry principles to
this base system. This interaction, and its consequent behaviour, form
what should be considered as a set of second order phenomena. But these
would then be describable by a set of �elds themselves; the process could
then be repeated. As long as there is behaviour emergent from this process
it would make sense to apply it.

Obviously, the choice of �elds will be important throughout this process.
7This has led to an interesting tension between the arbitrari ness of the choice of gauge

and the genererally percieved importance of symmetry [27], which we shall not examine
here.

8Technically, matter �elds are spin 1
2 , or fermion �eld, and interaction �elds are spin-

1, or boson �elds. In QCD for example, quarks play the role of f ermions, and gluons
play a bosonic role.
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There is a technique developed at Flinders University[28; 29], known as
Action SequencingwhereFunctional Integral Calculus (FIC) techniques are
used to derive nucleon dynamics (i.e. describe the dynamics of atomic
nuclei) from the theory of quarks and gluons, quantum chromodynamics
(QCD). FIC makes use of dynamically determined changes of variables.
Thus the techique consists of what might be seen as two steps:

(1) First, a new set of �eld variables  are identi�ed which represent the
new emergent variables. These variables are dynamically determined
from the behaviour of the original system.

(2) A new action S is then derived from the original action S� . This
derivation usually consists of a number of intermediate steps, where
the original �elds � are one by one replaced and the e�ect upon the
action investigated.

In its original application, this process was used to jump four descriptive
levels in QCD, thus it consistently describes the dynamics of what might
be considered a number of di�erent hierarchical levels. Action Sequencing
can thus be used to describe the emergent nucleonic dynamics arising from
the interactions of quarks.

Obviously, it will not be possible to use precisely the same formalism
in any attempts to create arti�cial life. In particular it will be unlikely
that one action will smoothly transform across as many levels as occurs
in QCD. Physics is perhaps the discipline most amenable to mathemat-
ical analysis as the systems that it examines are among the most sep-
arable. The contextuality of physical systems is arguably the weakest;
most of them are well solved by a classical analysis, it was only at the
boundaries of physics that it became necessary to introduce the new quan-
tum formalism. In contrast, biological systems are inherently contextual,
and as such, far less separable. However there are enough parallels to
make this avenue of investigation worthwhile. Firstly, the concept of a
�eld transfers easily to areas other than physics. For example, the con-
cept of a morphogenic �eld is again regaining ground in theoretical biology
[30], and a number of di�erent �elds are widely used in economics [31;
32]. Commonly, an Action is de�nable in these applications for a wide
range of systems. Symmetry often plays an important role in the above
proceedure (as with all �eld theories), and again, this concept makes a
lot of sense in �elds other than physics. (Consider for example the use of
symmetry principles, and symmetry breaking in developmental biology.)

We thus encounter a new proceedure that might be used to discover,
and even create, systems capable of displaying emergent behaviour. First,
we �nd a mathematical model which exhibits some sort of contextually
dependent �rst order emergence. We can then assign new physically de-
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termined �elds to the emergent objects of the theory, and determine the
dynamics of the new �elds using some sort of action sequencing. If we �nd
any symmetries in the con�guration, as well as the dynamics of the �elds,
then we might localise the symmetries, and use this to determine any extra
interaction between the �elds. Finally, we examine the behaviour of the
new system to determine if there is any new emergent behaviour.

This is obviously no small task. However, this proceedure o�ers a frame-
work, which succeed or fail, will o�er a number of new avenues by which
our theoretical understanding of emergent systems might be enhanced. The
most di�cult aspect of such a proceedure is the identi�cation of the emer-
gent objects within any model. This emergence will quite possibly have
contextual characteristics which will add to the complication of of the anal-
ysis. The remainder of this paper will consist of a very brief discussion of
two example systems, and then a return to our original theme of biological
development.

1.3.1 Cellular Automata and Solitons

One obvious candidate for a mathematical model exhibiting �rst order
emergence is thesoliton. This is a solitary wave which results from a
balance between nonlinearity and dispersion in a well understood set of
wave equations. Speci�cally, solitons preserve their shape and speed in
collision with one another, making them very stable emergent structures.9

Solitons have been invoked to explain many emergent phenomena includ-
ing: Jupiters long lived \giant red spot", energy storage and transfer in
proteins (the Davydov soliton), and, the propogation of short laser pulses
in optical �bres over long distances with negligible shape change. Even
three dimensional spherical soliton-type solutions, light bullets, have now
been identi�ed.10

Because of their stabilty, solitons make ideal candidates for the �rst or-
der emergent behaviour that we are searching for, they can even be quan-
tized, a process which induces a certain amount of contextuality into their
interaction. Most importantly for the current discussion, there is a direct
way in which they can be used in ALife; discrete soliton equations have al-
ready been implemented in a number of cellular automata[34]. There exist
speci�c implementations CA which exhibit `particles' attracting, repelling,
and bouncing o� of each other.11 Often, the `particles' come together in
what might be seen as an interaction, forming complex structures before

9A good source of general information about solitons is the co llection [33].
10 Strictly speaking, light bullets are not solitons, as they l ose energy during collisions.
11 See Pawel Siwak's page on iterons for an introduction to thes e models

(http://www.cie.put.poznan.pl/Tutorials/Iterons/ind ex-main.html).
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separating after a period of time. This model is particularly interesting with
respect to the programme outlined above as it exhibits all of the dynam-
ics required in order to implement the proposed method; stable structures
emerge from a simple set of rules, which exhibit a number of interesting
interactions, which themselves lead to higer order phenomena.

1.3.2 BCS Superconductivity and Nambu{Goldstone modes

DSB provides another avenue of research in the attempt to achieve a
stronger form of emergent behaviour in ALife. This is because of a physical
mechanism that occurs in all SSB; symmetry breaking leads to the emer-
gence of what are termed Nambu{Goldstone modes. TheNambu{Goldstone
theorem12 states that for every spontaneously broken continuous symmetry
there must be a massless particle (or boson) associated with that broken
symmetry. This is the process that drives all gauge theoies, as bosons are
the particles that are associated with interaction between �elds; emergent
bosons imply new coupling. With a careful analysis of DSB we start to
see a general mechanism that might be applied, where a process of dynam-
ically driven symmetry breaking leads to the generation of new emergent
Nambu{Goldstone-type modes of behaviour. This is a very promising av-
enue of research which could be used to develop a dynamical model of
emergent behaviour.

1.3.3 Returning to Development

Thus, this new methodology may provide a model of development, with
all its complexity. This model is currently under construction, and I feel
that such a model will be theoretically interesting, even if it turns out to
be computationally intractible. In developing this model, a number of new
techniques are being investigated, many of which could become useful to
ALife, biology, and the analysis of highly complex systems in general.

12 Any good textbook on QFT has a discussion of this theorem, som etimes called
simply the Goldstone theorem, see for example [22].
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