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Extended Abstract

The termopen-ended evolutioiOEE”) is used by the AL-

ife community to refer to the kind of long-term evolutionary
dynamics observed in the biosphere. It is generally taken to ,
refer to evolutionary systems which display a continual pro
duction of adaptively significant innovations. Furthereor
some authors use the term to imply a sustained increase
in complexity and/or diversity of some components of the
evolving system; a system capable of open-ended evolution
could spontaneously generate rich ecosystems of complex
organisms.

For ALife practitioners who seek to build virtual worlds
capable of OEE, there is a need foparticular type of un-
derstandingf the issues involved; in addition to thealytic
understanding of evolutionary dynamics provided by theo-
retical biologists, there is also the need fosymtheticun-
derstanding of how to design systems that can produce these
dynamics. In the following paragraphs, an attempt is made
to unpack the concept of OEE into a number of separate (but
related) issues, with particular focus on issues whichyappl
to the synthesis of OEE systems.

Basic requirements 3
A number of common themes are apparent in previous work
on OEE. At a very general level, three basic requirements
can be identified for an evolutionary system if it is to exhibi

the continual appearance of new adaptive forms:

1. A practically unlimited space of potential phenotypes.
Clearly, if a system is to be capable of the continual pro-
duction of new organisms without practical limit, there
should be an unlimited space of potential organisms that
could be represented in the medium. Itis usually assumed
that this requires a mechanism with the potential for trans-
mitting an unlimited amount of genetic information from
one generation to the next; that is, unlimited heredity
replicators. However, Waddington (1969) and others em-
phasize the two-way interaction between genetic informa-
tion and the environment in determining the adult form of

unlimited heredity may not be strictly necessary if there
exists an unlimited variety of potential environments.

Mutational pathways of practically unlimited length
between potential phenotypes. It is insufficient to re-
quire just an unlimited space of potential phenotypes;
these potential forms must be reachable by the evolution-
ary process. OEE requires that pathways of practically
unlimited length exist in this possibility space from the
original ancestral organisms to an wide variety of possi-
ble future organisms. The shape of the adaptive landscape
will depend upon the nature of the information transmit-
ted from parent to offspring, on the properties of the evo-
lutionary operators (e.g. mutation and recombination), on
the way in which an adult organism is generated from this
information, and on the properties of the environment.
These factors will interact in complex ways to determine
the properties of the adaptive landscape with respect to
features such as neutrality and portals to new adaptive
landscapes (Schuster, 2011; Crutchfield, 2303).

. Changing adaptive landscapes to drive continual evo-

lution. The first two requirements endow a system with
the potentialfor OEE. If that potential is to be realized,
without external assistance, the system must generate an
intrinsic drive for continual adaptive evolution. This re-
quires that the adaptive landscape experienced by organ-
isms is changing rather than static, at least over evolution
ary time scales. A changing adaptive landscape can come
about intrinsically if the fitness of an organism depends on
its local environment rather than on the organismin isola-
tion. This can be introduced into a virtual world through
the property otonnectednessdescribed below.

lvon Neumann (1966) proposed an architecture that theoret-
ically allows mutational pathways of unlimited length, haltugh
this kind of architecture would appear to be unnecessarygitati
worlds lacking complex environmental dynamics, suchTasra

an organism. In this case, where the same genotype can(ray, 1991), where replication by self-inspection seentsetsuf-
produce different phenotypes in different environments, ficient.



Connectedness pand the range of possible organism behaviors, but it also
means that the full specification of complex behaviors can
be distributed between the organism’s genetic informa-
tion, and the physics of the environment (thereby reducing
the required information capacity of the genome).

The fitness of an organism will depend on its local environ-
ment if there is @&onnectednedsetween organism and envi-
ronment. Such connectedness can come about if organisms
engage in the consumption, transformation and excretion of

nutrients and energy, creating a food web which connects 2 Embeddedness of organisms in the environment. If
a wholebecosg/stekr? Qf olrganisms. fC(;nnectgdness can a'flo some parts of the organism are reproduced automatically
come about by physical aspects of the environment, such  according to a specific mechanism (i.e. not embedded in
as th_g tra_nsmission _of forces, the transmission of sigpals, the medium of the environment), there must be a prede-
modification of physical aspects of an ecosystem. The effec_t fined procedure to decidehen and howsuch a mech-
of connectedness, however it is achieved, is that changesin  gnism operates. Such parts will therefore not be sub-
the behavior of one organism in the system, or the introduc-  ject to variation and evolution, or, at best, only subject
tion of a new type of organism, or removal of an existing  to evolve in certain predefined ways. In order to avoid
itzFlﬁer\gggz\r/ﬁ Sgggf::tzzzlssiqtlﬁr:g]?(fr;o:noggﬁ;C;L%?ﬂéf;n any hard-wired restrictions on evolvability, the organssm
: - must therefore biully embeddeth the shared medium of

isms in an ecosystem live in a delicate balance, and evolu-  the world. Only then will all aspects of the organism, in-
tionary (;hagge inone s_pech|es will change the adaptive land-  ¢yding its very organization, mode of reproduction, etc.,
scape ot other species In the ecosystem. be evolvable. Depending on the design goals of the sys-

In order to achieve connectedness through the emergence  tem, one might choose to forgo total evolvability in the
?efraocr)r?u\g[el?jégﬁszlfvrggmﬁri); ?s]a;((e)giilbrlzstcz)u::chZtlen rt1he(\3/vsryes- interests of more easily achieving particular outcomes.
sources “out of thin air” (as iflierra when a program writes Lack of space prevents further elaboration of these issues
a new copy of itself in memory), then there is no need for here; a detailed examination is presented in (Taylor, 2013)
resources to be recycled, and hence no need for food webs; e present discussion has at least highlighted that the de-
such systems will therefore lack this type of connectedness Sign of virtual worlds with a capacity for OEE requires much

Particular kinds of connectedness can also promote the MOre than the consideration of information processing ca-
evolution of diversity and complexity in the system. For Pacities, including careful consideration of the naturéhef
example, a predator-prey relationship can lead to an evolu- rélationship between organisms, and of the relationship be
tionary increase in complexity of the species involved (Van fWween an organism and its physical environment.
Valen, 1973). It has also been argued that connectedness

through physical ecosystem engineering can result in a net i _ .
increase in species diversity over long time scales (Jones Crutcf?gllzlde.PP. éﬁgog)c'hm?gp %VOlggﬁggéfuvt%ﬂg?;'gy“rgm-

etal., 1997). ics: Exploring the Interplay of Selection, Neutrality, Acc
dent, and Functionpages 101-134. Oxford University Press.
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