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Abstract

We use Artificial Chemistries (ACs) as a way of addressing
problems in Artificial Life (ALife) and evolution, by consid-
ering Eigen’s paradox — small replicators with poor fidelity
can not encode sufficient information to build a replicator
with improved fidelity. We describe three AC case studies
for different periods in the early evolution of the earth. From
these, we discuss more general properties that are useful for
ACs to possess for evolution, and compare our properties to
those described by other authors.

We do not present a resolution of Eigen’s paradox; rather we
demonstrate a way of thinking about AC in the context of
early evolution. Eigen’s paradox is one key issue in this pe-
riod. We use ACs as a model paradigm and from these we
extract relevant properties that can be considered separately
from the specific ACs that informed them; these properties
can be used to inform design and analysis of future ACs.

Introduction
Artificial Chemistries (ACs) are a useful basis for experi-
ments in Artificial life and evolution. Approaches to ACs
in this area tend to emulate the ‘central dogma’ of biology,
whereby information is encoded on macromolecules analo-
gous to DNA, RNA, and proteins. This is a difficult mod-
elling challenge due to the size of the molecules relative to
their atomic constituents, and the complexity of the inter-
actions between them. An alternative to this approach is to
seek ACs that more closely resemble models of the early
evolution of life on earth which do not have such a con-
strained linear flow of information. These stages may be
easier to model due to their relative simplicity, and from
these models, a set of properties can be derived that allow
better models of the macromolecules of the central dogma
of biology to be constructed. However, this pathway is not
well understood in paleobiology and is therefore difficult to
emulate. Recent work in paleobiology suggests that there
were many different modes of evolution before the central
dogma of biology became prevalent [25]. These modes ex-
ploit a more vague distinction between template (genotype-
carrying) molecules and machine (phenotype) molecules. In
this paper, we report work on ACs carried out separately by

the three authors, that collectively emulate this period in the
history of life.

One of the key problems an AC must handle is that any
route from pre-biotic chemistry to the central dogma of bi-
ology must resolve Eigen’s paradox [5]. This is Manfred
Eigen’s observation of the following cycle:

• Low-fidelity replicators are only able to preserve small
genomes reliably.

• Small genomes limit the power of the phenotypes they
express.

• So a small genome cannot encode a phenotype which con-
tains a high-fidelity replicating mechanism

In essence, the poor copy fidelity of early genotypes could
not encode the phenotype sufficiently accurately to preserve
any improvements in copy fidelity.

We do not attempt to resolve Eigen’s paradox here. In-
stead, we used the paradox as a challenge for AC design.
This allows us to set ACs in a context and discuss their
properties relative to this context. We argue for Goldberg’s
‘piecewise engineering’ approach in the first instance [12]
and take the view that a ‘one size fits all’ approach to AC
design is not the most efficient way of approaching diffi-
cult problems. These problems are characterised by a sys-
tem (such as chemistry, in the case of Eigen’s paradox) that
changes how it behaves as it develops through time. Be-
fore the resolution of Eigen’s paradox, replicators were con-
strained in their size and therefore in their functionality;
once the paradox has been resolved, this ceiling is lifted
which allows for further evolution and adaptation, eventu-
ally leading to the central dogma of biology that we recog-
nise today.

ACs can be used to produce Artificial Life (ALife) sys-
tems in which evolutionary features (such as reproduction
or mutation) are not explicitly defined a priori. Instead, they
are emergent properties of the system and as such are implic-
itly embedded:— they can be changed by the ALife system,
rather than having to be pre-specified by a designer.
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We investigate this by considering three different ACs
which can represent the chemistry that existed before, after
and during Eigen’s paradox (figure 1). These chemistries
come from recent work by the authors, developing ACs
for three challenges: the origin of life [10]; the evolu-
tion of evolvability (meta-evolution) [21]; and as the ba-
sis for a self-maintaining genetic algorithm [16]. Note that
the emphasis in these works is placed heavily on replica-
tion processes and do not consider the role of the container
in the context of resolving Eigen’s paradox. None of our
chemistries currently model a cell membrane within the
chemistry itself (but our chemistries do occupy a set volume
and thus at least have the abstract concept of a container)
although the emergence of membranes is linked to the emer-
gence of replicators in models of the early earth. After de-
scribing these three chemistries, we discuss the properties
they possess, how these relate to properties considered inter-
esting by other authors [24] and how they relate to Eigen’s
paradox.

Finding a single chemistry to span these phases is much
harder than finding different chemistries modelling each sit-
uation appropriately. The goal of our work in these three
areas is to derive a new set of desired properties, to aid us in
designing a series of ACs that together form an innovative
artificial evolutionary platform. We are interested in finding
which properties of ACs contribute to evolution and evolv-
ability in general. Focusing on Eigen’s paradox as an exam-
ple of evolvability is a way in which we can tease out these
properties.

The Context of Eigen’s Paradox
A time-line of the beginnings of evolution on the early earth
is shown in figure 1. This period is interesting to ALife re-
searchers because it resolved Eigen’s paradox [22], a key
problem in evolution. The period begins with the ‘late heavy
bombardment’ of the earth by debris from space as the so-
lar system formed — only after this was the planet thought
to be stable enough for life to prosper. Then come the well-
known phases in the development of life on this planet, from
the pre-biotic chemical ‘soup’ to the emergence of the cen-
tral dogma of biology. The graphic in the middle of figure
1 illustrates the inheritance of genetic strategies over this
period. Essentially, many different evolutionary strategies
are prevalent, until the central dogma sweeps the planet as
shown by the shaded region at the bottom of the graphic.
Eigen’s paradox is resolved before the emergence of repli-
cator molecules that precede the central dogma of biology.
The three chemistries forming the basis of the current con-
tribution are shown to the right of the graphic in figure 1.
These are described below.

From the perspective of the central dogma, Eigen’s para-
dox is insoluble. It is not possible to construct a long geno-
type for an accurate copying phenotype from the basis of a
short genotype that encodes an inaccurately-copying pheno-

Figure 1: Timeline of the beginning of evolving systems.
Events leading to the central dogma of biology are shown
on the left. The resolution of Eigen’s paradox is required for
the emergence of competent replicators. The central graphic
shows the myriad different evolutionary processes that are
thought to have been prevalent before the central dogma.
The three Artificial chemistries are shown on the right of
the figure.

type. And yet, the central dogma is common to all known
life. Potential resolutions to Eigen’s paradox are:

1. Stochastic processes throughout the planet over a billion
years could ensure that, even though on average a short
sequence does not copy well, given enough sequences,
some might work well enough for long enough to encode
a faithful genotype-copying arrangement.

2. Environment: there may have been local isolated envi-
ronments where fidelity was higher and denaturation was
reduced. If a long & accurate replicator could have arisen
there, it could have spread to other locations; e.g. the pres-
ence of inorganic compounds such as clay crystals, could
have aided replication [2].

3. The assumption that short sequences imply low fidelity
is false. It may have been possible to construct some effi-
cient copier from a short genome in some ‘lost’ chemistry.
Alternatively, some collective property of the system does
the job of forming an accurate template before the arrival
of specialised template-carrying molecules.

Our chemistries explore the third possibility for resolution
of the paradox. ACs for ALife could be used to find evolu-
tionary mechanisms simpler than the central dogma of biol-
ogy — this forms the central design objective of our ACs.
It involves seeking simpler molecular machinery than DNA,
RNA and protein, which will be easier to simulate compu-
tationally. However, by discarding the central dogma of bi-
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ology, we have lost the ability to design replicators by look-
ing at biology and attempting to copy what we see because
these primitive replicators no longer exist on the Earth. We
are faced with the task of designing from scratch an AC that
can support recognisable evolution.

The paradox is related to ACs in two ways. Firstly, if we
have an AC that cannot resolve this paradox, then the AC has
a (small) maximum genome size that it can not overcome. If
we want genomes larger than this size, then we must ex-
plicitly add in high-fidelity replicators. Secondly, the ACs
may foster new theories about how Eigen’s paradox can be
resolved. We can design ACs to test these new theories.

Implementations
We now present a brief overview of the three chemistries ref-
erenced in figure 1. In its most basic form, an AC is defined
as[4]:

• A set of molecules (both those present at a point in time
and all possible molecules)

• Reactions that describe transformations between sets of
molecules

• An algorithm which determines how the reactions are ap-
plied to the set of molecules present

A number of different ACs have been developed from this
basis, without much consensus on which approach is ‘best’.
However, there have been a number of different properties
and characteristics proposed as interesting features or re-
quirements. ACs have also been applied in various other
contexts [23, 20], but the power of ACs is limited if evolu-
tionary processes are not implicit in the representation.

Our approach is to decompose the problem into three
phases: emergence of self-replicators (AC1); evolution of
evolvability (AC2); stable but primitive evolutionary system
(AC3).

AC1: Emergence of Replicators
AC1 is an analogue of the pre-biotic soup in which early
replicators emerged. It is designed as an source of open-
ended chemical novelty and innovation, in which replicating
molecular species may be initially formed. In this phase,
replicators do not yet exist and therefore other processes and
structures, such as autocatalytic sets [19] and hypercycles
[6, 7, 8], are the focus of investigation.

One of the problems investigating the earliest phase of
evolution is that there cannot be an assumption of a pre-
existing replicating structure — it must be initially formed
from other reactions. In order to achieve this, the chemistry
must spontaneously generate sufficient novelty in order to
describe templates and the molecular machinery to replicate
them.

To implement an AC for this phase, we have developed a
novel molecular representation classification, which we call

Organism

Evolutionary
algorithm

Meta-evolutionary
a lgorithm

Meta-meta-
evolutionary a lgorithm

changes

changes

changes

Organism

Evolutionary
algorithm

changes

produces

a ) b)

Figure 2: a) Naive meta-evolution suffers from the problem
of how many meta-levels to use. b) Having the evolutionary
algorithm as an emergent property of the organisms solves
this problem. Evolution itself can choose how many levels
of evolutionary algorithm to encode within the organism.

“sub-symbolic”. Rather than reactants and products of re-
actions being defined in advance, they are determined by
bonding criteria applied to bonding properties of the molec-
ular species present; the bonding properties are themselves a
emergent property of each atoms collection of sub-symbolic
components. This means that for any molecule (either cre-
ated within the system or provided by external input) all of
its interactions can be generated dynamically.

Rather than try to specify a single AC that can achieve the
emergence we seek, we have designed a framework within
which many ACs can exist (RBN-World [10]). To find in-
dividual ACs that may achieve the goal of emergent replica-
tors within this design space, we have developed a series of
tests for desirable low-level properties. These form a set of
‘stepping stones’ that lead towards self-replicating systems.
[9]

At the end of this phase, we anticipate a collection of
molecules that form an autocatalytic set — production of
every member of the set is catalysed by at least one member
of the set. Taken as a cooperative collective, this forms a
proto-organism capable of growth and replication.

AC2: Meta-Evolution
AC2 overlaps with AC1. AC2 is a meta-evolution phase
in which speed and fidelity of replications increases as a
loosely-replicating proto-entity becomes more capable of
maintaining both its own fidelity and the fidelity of a larger
reaction network [21]. The proto-entity will gradually
evolve robust replication until it is widespread and preva-
lent.

AC2 implements an analogue of a traditional genetic algo-
rithm (GA) in the same medium as the organisms themselves
(figure 2). This requires the organisms and algorithm to be
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implemented in a single representation, which a sufficiently
rich AC can provide. We have identified the following re-
quirements of an AC for meta-evolution:

• template molecule(s) that encode enzymes, including in-
directly encoding the reactions that they can perform.

• translation enzymes that “read” the template molecule and
construct the enzymes that are coded for.

• replication enzymes that can copy templates with some
stochastic error so that mutations can occur.

We will encode initial examples of all of the above into
template molecules within the system. This will allow meta-
evolution to happen, because mutations occurring on the
template molecule can cause the EA to change.

One part of evolving the EA is evolving the concept of
mutation. We enable evolution of mutation because mu-
tations can occur due to inexact copying of the template
(mutation-on-copy). The replication enzymes are encoded
on the template, and so the process of replication (and thus
the process of mutation) can evolve under its own control.

The replication machines in this AC contain complex in-
ternal structure, and replication is a multi-step, character-by-
character process. To replicate a template molecule, each
character is replicated in turn by the following sequence of
steps:

1. The next character from the template is read;

2. The replicator makes an internal representation of the next
character;

3. Raw materials are picked up from the environment;

4. The raw materials are used to write the next character to
the copy;

5. The replicator moves on to the next character on the tem-
plate and the copy.

Because the copying process involves many steps, there are
many ways in which is can go wrong. This means that many
different types of mutation are possible, and also many dif-
ferent ways in which the replicator can evolve.

The replicators emerging from AC1 can be seen in AC2
as primitive and unstable with have low fidelity (high muta-
tion). These will undergo metaevolution within AC2 to be-
come the stable replicators of AC 3 exhibiting high fidelity
(low mutation).

In relation to Eigen’s paradox, this AC has a representa-
tion of replicating chemicals that can evolve their own copy-
ing fidelity. Therefore changes in the template and/or copy
fidelity can be recorded over time and different conditions.
This will enable examination of the conditions under which
Eigen’s paradox is resolvable and if it is inevitable.

AC3: “RNA world”
AC3 represents molecules that can copy with relatively high
accuracy, even though there is not necessarily a distinction
between template and machine.

AC 3 is called Stringmol . The Stringmol chemistry was
developed to emulate molecular systems in such a man-
ner that the binding and reactions between molecules could
be varied using evolutionary approaches. In a nutshell, a
molecule consists of a sequence along with a set of flags and
pointers that allow the sequence to be executed as a program.
Further details are available in [16] and [14]

There are two key features of the Stringmol system. The
first is the binding scheme, which specifies the probability
of two molecules joining together and creating a reaction.
The second is the mutation-reaction scheme, which specifies
how reactions occur under an environment of mutation, and
determines what the products of the reaction are. Thus we
have rules that handle the alignment of two strings of sym-
bols (bound pair of molecules), and interprets the strings as
a program and a data repository simultaneously.

Experiments with mutation in the Stringmol system have
shown that a wide variety of phenomena can occur with no
extenally-applied evolutionary pressure. In particular, we
see the spontaneous emergence of autocatalytic sets from a
basic replicase system [15].

Properties of Artificial Chemistries
It is useful to consider ACs in the light of the properties of
ALife listed in [1]. ACs offer a route to generating “life”
from the non-living by: A.2, exploring the transition to
life in silico; A.3, discovering novel living organisations;
A.4, determining how rules and symbols are generated from
physical dynamics. Once a ‘living’ AC is constructed, then
investigation can proceed, to: B.6, determine what is in-
evitable in open-ended evolution; B.7, explore evolution-
ary transitions (e.g. Eigen’s paradox); B.8, provide the base
layer of a hierarchical dynamical system; B.10, form the
currency of an information processing theory for evolving
systems. These ALife properties drive the properties of the
underlying chemistry. One classification of desirable prop-
erties of an AC by Suzuki et al was published in [24] and
is reproduced for convenience in table 1 alongside our sum-
marised interpretations. We divide those ten properties into
three groups: molecule & reaction properties, membrane
properties and mutation properties.

New properties
Each of the three authors of this paper has independently de-
veloped ACs analogous to different stages in early evolution.
We use these three ‘case study’ ACs to think about desirable
properties of ACs in general.

In addition to the properties in table 1, there are some
further properties we perceive to be desirable in an AC:
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No. Property Interpretation

1. The symbols or symbol ingredients be conserved (or quasi-conserved)
in each elementary reaction, at least with the aid of a higher-level man-
ager.

Conservation of Mass

M
ol

ec
ul

es
&

re
ac

tio
ns

2. An unlimited amount of information be coded in a symbol or a sequence
of symbols.

Molecules composed of
atoms & bonds

3. Particular symbols that specify and activate reactions be present. Catalysis
4. The translation relation from genotypes to phenotypes be specified as a

phenotypic function.
Phenotypic gene expression

5. The information space be able to be partitioned by semi-permeable
membranes, creating cellular compartments in the space.

Cells

M
em

br
an

e

6. The number of symbols in a cell can be freely changed by symbol trans-
portation, or at least can be changed by a modification in the breeding
operation.

Variable cell volume / con-
centration

7. Cellular compartments mingle with each other by some random pro-
cess.

Cell movement

8. In-cell or between-cell signals be transmitted in the manner of symbol
transportation.

Diffusion through mem-
branes

10. Symbols be selectively transferred to specific target positions by partic-
ular activator symbols (strongly selective), or at least selectively trans-
ferred by symbol interaction rules (weakly selective).

Membrane pores & pumps

9. There be a possibility of symbols being changed or rearranged by some
random process.

Spontaneous Mutation

M
ut

at
io

n

Table 1: The list of desirable AC properties from [24]. On the left is the original description, on the right is our summarised
interpretation. NB: we classify property 10 as a membrane property along with 5-8 rather than a genome property with 9.

11. Novelty & innovation This is a property desired in
evolutionary systems, and AC design should reflect this. If
a new molecule is introduced to the chemistry, it should be
able to interact with the other molecules present without re-
quiring the AC to be changed. Furthermore, the AC should
be able to generate novel molecules itself to allow innovative
genetic architectures to emerge. This is related to Suzuki’s
properties #2: Atoms and bonds and #3: Catalysis, but rather
than defining the function of molecules a priori, the possi-
bility of novelty should be a general property of the molecu-
lar design. It is clear that ACs require this property in order
to resolve Eigen’s paradox, since without novelty there can
be no transition between replicating systems. One can de-
tect this property in absolute terms by asking whether it is
possible to add a new molecular species to the system. If
it is possible, one should then ask how easy it is to do so,
and how easy it is for the system to generate new molecular
species.

12. Range of Scales Although we do not think that all evo-
lutionary phases should be supported by a single chemistry,
we do think that chemistries should exhibit a wide range
of scales — both spatially and temporally. Much of biol-
ogy relies on reactions that proceed much slower than oth-

ers, spanning several orders of magnitude in some cases. A
large range of sizes of molecules are also present — from
small metabolites consisting of a handful to atoms, to huge
enzyme complexes with tens of thousands. Without such
diversity, an AC would have limited scope for evolutionary
exploration and therefore be restricted in terms of its poten-
tial behaviours and solutions to encountered problems.

A large range of spatio-temporal scales would also al-
low for smoother evolutionary slope climbing by gradual
improvements once a solution has been found, for example
with a faster rate or greater stability. Scale need not be mea-
sured in terms of size alone. Multi-scale representations are
useful, because they offer a route to increase the efficiency
of the system.

13. Dynamic environment History is littered with cases
where an environmental change triggered an evolutionary
breakthrough (punctuated equilibria [13]). There is also
evidence that variation maintained by different environ-
ments can provide useful raw material for evolution, such as
around deep-sea geothermal vents [11]. These dynamic en-
vironments can occur on many different scales; real-world
biology varies from day/night cycles, to changing seasons
and ice ages on a temporal scale and varies from micro-
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environments between soil particles, through regional varia-
tions to continents (which themselves change over geologi-
cal timescales). In order to utilise some of these dynamics,
an AC should have parameters that can be varied (over time,
space or both) to created different environments – analogous
to temperature, pressure, pH, or other similar characteristics.

Dynamic environments allows a system to fully explore
a chemistry, particularly if the rate of mutation varies. If
the system can resolve Eigen’s paradox locally within one
environment, it can improve there and then spread to other
environments — even if it could not evolve in those other
environments directly.

14. Redundancy & degeneracy Successful evolutionary
systems often contain neutral mutation. In an AC, this can
be characterised by redundancy — multiple molecules that
participate in equivalent reactions. However, neutral mu-
tation is rarely completely neutral; it may have small side-
effects. Degeneracy in an AC captures this by allowing two
molecules to be equivalent for some reactions, but not for
others.

In relation to Eigen’s Paradox, redundancy and/or degen-
eracy can help by allowing multiple molecules to fulfil the
same roles in the system. If one or more of these are lost
through mutation, then the others may be able to partially
or fully compensate. Techniques for measuring redundancy
and degeneracy should be applicable to the AC, and give a
feel for the expressive power of the system.

15. Emergent complex properties The reactions a molec-
ular species participates in should be based on its struc-
ture, with similar molecules participating in similar reac-
tions. However, there should be variation in this mapping
such that while similar molecules in general have similar
interactions, some similar molecules have very different in-
teractions. This will allow an evolutionary landscape where
gradual change generally occurs, yet there are some large
changes in some regions. Combined with appropriate evolu-
tionary pressures, this will lead to an efficient evolutionary
engine.

16. Unified molecular representation There should be
no ‘special privileges’ for template molecules — the prop-
erty of holding genetic instructions should be an emergent
property of the AC. This does not mean they have to be
constructed from the same materials as other aspects of the
chemistry, only that they should obey the same constraints
and rules. In addition, if explicit membranes are used, they
should also be represented without ‘special privileges’.

The advantage of a unified molecular representation is
that any part of the system can potentially interact with
by any other part. This allows wider-ranging evolutionary
changes and potentially highly innovative solutions to meta-
evolutionary problems. It also means that the ‘best’ imple-
mentation of template molecules (or membranes) does not

need to be hard-wired into the system beforehand — the sys-
tem can be bootstrapped with an implementation that works
and go on to optimise this itself.

17. Stochasticity Deterministic interactions between
agents are a potential barrier to novel behaviour, and
stochasticity can help smooth evolutionary changes by
sampling the search space of possible alternatives. This
leads to more efficient evolution when there are a large
number of possible improvements.

18. Emergent mutation rates The replication mecha-
nisms should enable the rate of error-on-copy to be modi-
fied. This allows the evolution of evolvability. A system
that can reduce its own mutation rate in this manner can re-
solve Eigen’s paradox by allowing larger templates to mu-
tate less and so be more stable. But since the mechanism
of genotype-encoding is changeable, the rate at which error
accumulates cannot be set as an individual system-level pa-
rameter. Rather, the manifestation of error emerges from the
reaction mechanism of the AC.

Mapping properties to three chemistries
Our three chemistries conform to the new properties listed in
the previous section, thought no one chemistry contains all
of them, but do not conform to some of the properties listed
[24]. Below we show where our chemistries fit into Suzuki’s
and our own framework and the implications of those design
decisions.

AC 1: Emergence of Replicators This AC analogue has
a number of key properties within it. AC 1 implements #1:
conservation of mass and #2: atoms and bonds of Suzuki’s
properties. Properties #3: catalysis and #4: phenotypic gene
expression are deliberately not implemented in advance but
are sought as emergent properties of the system. Our new
property #11: novelty & innovation is the most important for
this problem as we rely on novelty in order for replicators to
emerge. Property #16: unified molecular representation is
also key as we do not define what molecules fulfil which
functions of the evolution of the system. #15: Emergent
complex properties is another property that this systems is
designed to exhibit, and is fundamental for the problem we
are attempting to address.

Some properties we deliberately do not attempt to include
in this AC. #18: Emergent mutation and Suzuki’s #9: spon-
taneous mutation are not applicable to this phase, as there
is not an explicit genome to be mutated; mutation-on-copy
may appear as an emergent phenomenon however.

AC 2: Meta-Evolution The purpose of this AC is to inves-
tigate a rich mutation scheme, in particular #18: emergent
mutation This is done by an enzyme-driven copying pro-
cess with both #14: redundancy and degeneracy and #17:
stochastic properties. This AC will display the emergent
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complex property of meta-evolution when the copying ma-
chine is both encoded on the template being copied (which
requires a #16: unified molecular representation) and situ-
ated in a #13: dynamic environment to provide a changing
evolutionary pressure.

Relating this to Suzuki’s properties, exploring #9: sponta-
neous mutation is also part of the purpose of this chemistry.
In order for there to be a template to copy, this chemistry
must satisfy #2: atoms and bonds. To be able to encode
enzymes, we must satisfy #3: catalysis. The translation ma-
chines described above satisfy #4: phenotypic expression as
they are both encoded and represented within the chemistry.
To make evolution happen, this chemistry will enforce #1:
conservation of mass through the atomic structures, which
imposes additional restrictions upon the potential evolution-
ary solutions. As with AC 1 above, this chemistry is not
especially concerned with membranes, and so properties #6,
#7, #8 and #10 are not applicable to this chemistry. How-
ever, property #5: containers is satisfied in that membranes
are implemented as simple containers, but their only func-
tion is to keep enzymes close to the templates they are acting
on. There is no direct cell-cell interaction.

AC 3: “RNA world” Relating this AC to the the molec-
ular and mutation-reaction properties described in table 1
[24] indicates that #1: conservation of mass, #2: atoms and
bonds, #3: catalysis, and #4: phenotypic gene expression are
all applicable to Stringmol . The mutation-reaction frame-
work is more complicated however. In Stringmol mutation
only occurs as new molecules are constructed, not sponta-
neously as specified by Suzuki et al. Mutations occur during
the selective copy of symbols during a reaction of a partic-
ular type. This mimics biology more closely and can poten-
tially be built into the AC to implement the meta-evolution
described in AC 2.

Although this deviates from Suzuki et al.’s specification,
mutation still occurs and it’s rate can be controlled in a sim-
ilar manner to the ‘spontaneous’ mutation in described (a
‘cosmic ray rate’). Stringmol system allows reliable replica-
tion to be specified, but has a set mutation rate that allows
adaptation to occur. These are the conditions in an ‘RNA-
world’ which the Stringmol system was designed to emu-
late, and which has the capability to produce innovative re-
sponses.

Turning to the remainder of our new properties, #14: Re-
dundancy & degeneracy are properties of this system, as
well as #17: stochasticity due to the variable binding affini-
ties. There is also the possibility for #11: novelty & inno-
vation in terms of novel sequences with novel behaviours.
Interestingly, the baseline mutation scheme allows a richer
suite of macro-mutations to arise, with dramatic changes
in the inter-molecular dynamics of the replication process.
Stringmol therefore possesses our new property #18: Emer-
gent mutation rates.

Conclusion
AC designs have to trade off between being rich enough to
exhibit interesting behaviours and being simple enough to
be computationally tractable. To address this, we develop
abstractions with two goals: 1, to make the rich behaviour
computationally tractable, and 2, to discover which proper-
ties underlie the richness. When using ACs to address evo-
lutionary problems, the goals become further complicated.
For example, in real chemistry the problems and solutions
regarding survival of the organism have changed over time
— the first forms of life were very different to modern popu-
lations of multi-cellular organisms. We use Eigen’s paradox
as an example of applying ACs to a evolutionary problem.
We are not aiming to provide a resolution of Eigen’s para-
dox: we provide a way of thinking about problems in which
the properties and behaviours of the chemistry change over
time (before, during and after the paradox).

In this work we have not looked at properties involving
membranes and other spatial characteristics (#5: cells with
membranes, #6: variable cell volume / concentration, #7:
cell movement, #8: diffusion through membranes, and #10:
membrane pores & pumps from Suzuki et al.). This is be-
cause these properties are predominantly under the control
of the ‘kinetics’ used for any particular implementation of an
AC. In our experiences, the kinetics component of the model
can often be interchanged between different ACs depending
on the features under investigation and available computa-
tional resources. For example, previous work on membranes
in an AC [17, 18, 3], whilst clearly demonstrating interest-
ing behaviours, poses computational challenges when used
for investigations of evolution and novelty.

By considering specific ACs for three phases of evolution
in the context of Eigen’s paradox, we have concentrated on
the properties needed for each phase. In all of these ACs,
sub-symbolic atomic representations are useful because they
preclude the need to create a set of reaction rules whenever
a novel molecular species is produced, and so provide an
appropriate platform for evolution to discover and preserve
novel solutions which confer some benefit on the system.
Effectively, using the sub-symbolic representation provides
many properties for ‘free’; #1: conservation of mass, #2:
atoms and bonds and #3: catalysis from Suzuki’s proper-
ties as well as #11: novelty & innovation and #16: unified
molecular representation from our additional properties.

We have presented eight new properties in addition to the
ten given in [24]. We have used Eigen’s paradox as a context
to map these properties onto our ACs to demonstrate how
they can be used in the design and evaluation process. The
resulting set of principles can be used for the design of a
more generally applicable set of ACs.
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