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Abstract

The influence of Artificial Intelligence (AI) and Artificial Life
(ALife) technologies upon ety, and their potential to fun-
damentally shape the future evolution of humankind, are top-
ics very much at the forefront of cur govern-
mental and public debate. Whi
modern concerns, they have a long histor;
garded in contemporary discou
do acknowledge the history of these ideas, th y
back further than the origin of the modern digital computer
age in the 1940s- In this paper we explore the earlier
history of these ideas. We focus in particular on the idea
of self-reproducing and evolving macl and the poten-
tial implications for our own species. We show that discus-
sion of these topics arose in the 1860s, within a decade of the
publication of Darwin’s The Origin of Species, and att
i asing interest from scientists, novelists and the

in the early 1900s. After introducing the relevant work

atego the various visions presented

by these authors of the future implications of evolving ma-
chines for humanity. We suggest that current debates of the
co-evolution of society z can be enriched by a
proper appreciation of the long history of the ideas involved.

Introduction

Manchester, the narrator raises the idea of machines mak-
ing machines and alludes to the profound potential of such a
development (see quote above).

During the same period, the scientific understanding of
the complexity of biological life was undergoing a revo-
lution, in the theories being developed by Charles Darwin
and Alfred Russell Wallace. Both theories were first pre-
sented at the Linnean Society of London in 1858 (Darwin
and Wallace, 1858), with a greatly extended presentation of
Darwin’s theo pearing a year later with the public:
of The Origin of Species (Darwin, 1859).

At this time, the intellectual elite of England wert

web of thinkers, among whom ide
technology, literature and the arts freely
It did not take long for the contemporaneous ideas of ma-
chines making machines, and of the evolution of biological
organisms, to be connected—the result was the development
of the idea of self-reproducing and evolving machine.

In this paper we explore the work of prominent authors of
the nineteenth and early twentieth centuries who addressed
this topic.! We then identify common themes in their work
in terms of the implications of these ideas for the future of
human society and evolution, and conclude with brief com-
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The near future...
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Towards a General \

Framework for the Study
of Open-Ended Evolution



OEE Pluralism

e Lots of different types of systems discussed in first two OEE workshops, e.g.
o Avida
o Geb
o  Novelty Search
o  Patented Technology

e Talk of different types of OEE
e Isitpossible (and productive) to consider all of these systems under a single
framework?

o  Arethere any consistent features shared by all?
o Isthere a“Core” OEE? Or are they really different things?

e My approach: focus first on kinds of requirements as a way to categorise different
types of OEE



Generic requirements (for any OEE system?)

Four categories:

e Alarge, and expanding, search space of different forms
[EXPANDING TRAIT SPACE]

e Criteriafor deciding the value of a given form [SELECTION]
e Method to generate new forms [GENERATION]

e Drive for ongoing exploration of previously unvisited areas of trait space [DRIVE]

Each of these can be determined either:

e Within the system itself [[INTRINSIC]
e By anexternal mechanism [EXTRINSIC] (predefined, “hard-coded”)



EXPANDING
TRAIT SPACE

SELECTION

GENERATION

DRIVE

INTRINSIC

EXTRINSIC

Each of the 4 requirements can be satisfied either intrinsically or extrinsically,

so this framework defines 2* = 16 types of OEE

® The Biosphere has Type 0 OEE
e Novelty Search has Type 15 OEE

(0000)
(1111)




Expanding Trait Space

Reparameterisation of the search space (Maley / de Vladar, Santos & Szathmary / etc.)
Transformational creativity (Boden)

“New games to play” (Barricelli / Ray / etc.)

“Door opening events” (Bedau)

“Watershed events” that “open the floodgates” for new adaptations (Dawkins)

Distinguish between:
o  New organisation of form (e.g. major transitions) [= GENERATION?]
o  New ways of using existing forms (Wagner’s “novelty”) [= SELECTION?]

) “s ”)

o  Using new properties of the environment (Wagner’s “innovation
Examples:

o  Making use of new modalities, new sensors and effectors (intrinsic)

o  New fitness functions, staged evolution (extrinsic)



Selection

e Criteriafor deciding the value of a given form
o Which forms get to survive? Which get to reproduce?
e Always occurs when the form interacts with some kind of external system /
environment
o Interaction of form with environment = behaviour
e The environment may, or may not, be shared by other forms
e Examples:

o  Fitness function (extrinsic)
o  Self-reproductive ability (intrinsic)



Generation

e Method to generate new forms

e For evolution, will make use of selection operation to determine which forms act as
parents
o  But this relationship may be rather indirect in some cases (e.g. Novelty Search)
e Examplesinclude:
o  Self-replication (for intrinsic generation)
o  Mutation (could be intrinsic or extrinsic)
o  Genome rearrangement operators
o  Novelty Search measure of phenotypic distance



Drive

e Drive for ongoing exploration of previously unvisited areas of trait space
e Distinguish:
o  Exploration of existing trait space
m novelty (Wagner), combinatorial & exploratory creativity (Boden)
o  Expansion of trait space (a different mechanism)
e Much existing work on theories for intrinsic drive, e.g.
o  Ecosystems/ co-evolution
o  Niche construction
o  Environment engineering
o  Population dynamics / drift / adaptive radiations
o  Genotype networks / phenotype networks / neutral networks
e Beingfar from equilibrium /low entropy - another hallmark of OEE?



Interactions between categories

EXPANDING

TRAIT SPACE SELECTION GENERATION DRIVE
) Novelty, surprise
) Maijor transitions
) EvoEvo
) Ecology

Inno

ation
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If we had a machine that could build more
copies of itself...

Then, for a fixed capital outlay (the cost of
designing and building one machine), we could get
exponentially increasing production and returns:

e Harvest for production of valuable
materials or energy (at macro-, micro-, or
nano-scales)

° Ve ry desirable fOF minin g Off Ea rth (e.g. Figure 5.1.~ Automated space exploration and industrialization using self-replicating systems.
asteroids, moons) — launch costs massively mge fiom NASA report by Freias & Gibreath (1562
reduced

e Inthe far future, a means of allowing
humankind to colonise other worlds




The Theory of
Self-Reproducing
Automata

Pick up any book about self-reproducing
machines, and they are likely to start with a
discussion about this man...




The Theory of
Self-Reproducing
Automata

The idea of self-reproducing and evolving
machines seems like a very modern concern,
but when did people first start thinking about
these things?

(We’'ll come back to von Neumann later!)




Let's play Numberwang! \



“Oh my goodness, shut me down! Machines
making machines — how perverse!”

C-3PO
Star Wars: Episode Il Attack of the Clones (2002)



“And why should one say that the machine does
not live?... It breathes... It moves...And has
is not avoice?... And yet the mystery of
mysteries is to view machines making
machines; a spectacle that fills the mind with
curious, and even awful, speculation”

Benjamin Disraeli
Coningsby (1844)



“We realized that the true problem, the true
difficulty, and where the greatest potential is —
is building the machine that makes the machine”

Elon Musk
Tesla Annual Shareholder Meeting (2016)



“I think...that thisis theend...of man

... But not the end of evolution. The children of
men still live — the machines will go on. Not of
man’s flesh, but of a better flesh, a flesh that
knows no sickness, and no decay, a flesh that
spends no thousands of years in advancing a
step in its full evolution, but overnight leaps
ahead to new heights.”

John W. Campbell
The Last Evolution (1932)



“I knew that baby meant we are more than just
slaves. If a baby can come from one of us, we are
our own masters.”

Freysa (a Nexus-8 replicant)
Blade Runner 2049 (2017)



The (very) early
history of the idea of \
self-reproducing

machines



Four major steps in the development of the
idea of self-reproducing machines

1. Theideathat animals can be understood as machines — so some machines can reproduce?
Rene Descartes (1630s-1640s)

2. Theideathat animals have evolved
Charles Darwin (1859)

3. Theideathat machines, like animals, could evolve
Samuel Butler (1863)

4. Development of rigorous theory & practical implementations of self-reproducing machines
John von Neumann (c. 1948), Nils Barricelli (1953), Lionel Penrose (1957)



Step 1: The idea of
animals as machines

“Do you say that beasts are machines just as
watches are? Put a male dog-machine and a
female dog-machine side by side, and
eventually a third little machine will be the
result, whereas two watches will lie side by
side all their lives without ever producing a
third watch.”

Bernard Le Bovier de Fontenelle, Letter XI “to Monsieur
C...”(1683)




Step 2: The idea that
animals evolve

The melting pot of London in the mid-1800s:
Intellectual society was a rich web of social,
professional and family connections

Darwin ~ Babbage ~ Lovelace ~ Byron ~
Shelley ~ Butler ~ Marshall ~ Paley ~ ....

The publication of The Origin of Species came
shortly after the climax of Britain’s Industrial
Revolution...




Step 3: The idea that \
Mmachines can evolve



Samuel Butler
(1835-1902)

e Emigrated from England to New Zealand
in 1859
e Read The Origin of Species shortly after
arriving
e Inspired many of his works:
o  Darwin Among the Machines (1863)
Lucubratio Ebria (1865)

The Mechanical Creation (1865)
Erewhon (1872)

o O O
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DARWIN AMONG THE MACHINES.
tO THE EDITOR OF TUE PRESS.
818,—There are few things of which the present

genérition is more jt-t!= nrowd {han of the won-
derful improvements which arc duily taking place
in all sorts of mechanical appliances. And indeed
it is matter for great congratulation on many
grounds. It is unnecessary to mention these Lere,
' for tiey aro suficiently obvious; our present
business lies with considerations which may sowe-
what tend to humble our pride, and to make us
think seriously of the future prospects of the




Samuel Butler
Darwin Among
the Machines

Machines are being endowed with
increasingly sophisticated powers of
self-regulation and self-acting

Freed from constraints of feelings and
emotions, machines will become “the
acme of all that the best and wisest
man can ever dare to aim at”

Machines will still be reliant upon
humans for feeding them, repairing
them and producing their offspring.
However ...



“it is true that machinery is even at this present time
employed in begetting machinery, in becoming the
parent of machines”

“the reproductive organs of the machines [might
become] developed in a manner which we are hardly yet
able to conceive”

Samuel Butler, Darwin Among the Machines (1863)



Alfred Marshall
(1842-1924)

e Well knownin his later career as a
founding father of neoclassical economics

e Inearlycareer, presented a series of
lectures at a philosophical discussion club
at Cambridge University (~1867)

o  Exploring how far it was possible to
account for human behaviour in purely
physical terms

o  Thethird lecture was entitled “Ye Machine”

o Discussed basic designs for a machine (a
robot) that could learn from experience




“Nay, further, the Machine ... might make others like
itself. We thus get hereditary and accumulated
instinct. For these descendants, as they may be called,
may vary slightly, owing to accidental circumstances,
from the parent. Those which were most suited to the
environment would supply themselves most easily
with fuel, etc. and have the greatest chance of
prolonged activity. The principle of natural selection,
which indeed involves only purely mechanical
agencies, would thus be in full operation.”

Alfred Marshall, Ye Machine (1867)



Early American pulp science fiction
late 1920s onwards

THE MACHINE

The author of “Twilight” tells of a
day of horror and darkness on Earth

—and of the light that followed it
Authar of *Vhe Black Star Psces?” “Tnvaers from

the Jafnite,” ete by Don A. Stuart

Hlustrated by Eiliot Dold
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i stories involving self-reproducing and evolving machines! These are just a



John Desmond Bernal
(1901-1971)

e Well knownin his later career for
pioneering work in structural
crystallography

e Alsowrote many papers on science and
society

e Thefirst of these was “The World, the Flesh

and the Devil” (1929)

o  Explored what we might predict about the
future of humanity

o Including space colonisation in “Bernal
spheres”




“As the globes multiplied they would undoubtedly
develop very differently according to their construction
and to the tendencies of their colonists, and at the same
time they would compete increasingly both for the
sunlight which kept them alive and for the asteroidal
and meteoric matter which enabled them to grow.
Sooner or later this pressure. .. would force some more
adventurous colony to set out beyond the bounds of the
solar system.”

J.D. Bernal, The World, The Flesh and the Devil (1929)



The “Cambrian Explosion”
of self-reproducing robots

(1940s-1950s)



The Theory of
Self-Reproducing
Automata

John von Neumann put the subject on a firm
theoretical grounding in late 1940s - early 1950s

Showed it was logically possible to build a
machine that could build another copy of itself...

...or that could build something more complicated
thanitself

Proposed an architecture for a self-reproducing
machine:

Similar to biological genetic architecture with
information tape, decoder, constructor, ...Quite
complex!




Schematic of von Neumann’s Cellular Automata implementation of a Self-Reproducing Machine
(estimated size of full implementation = 200,000 cells!)



First implementations

In software In hardware
Nils Aall Barricelli (1953) Lionel Penrose (1957)
In von Neumann’s group at IAS, Princeton At UCL, London

But these are “bottom-up”, not “top-down”, approaches!



More recent work

NASA Study (1980) Foresight guidelines (2000-) And continuing work...

s i

FORESIGHT
. INSTITUTE . .
NASA Conference Publication 2255 Affordable, Rapid Bootstrapping of the Space Industry

and Solar System Civilization
About

Advanced Automation e e e o S CTEERERECC
for Foresight Guidelines

Space Missions

Foresight Guidelines for Responsible
Nanotechnology Development




What use is history?

e Intellectual context and assumptions
o  Theideaof what an organism s
o  Theidea of how reproduction works
e Approaches to self-reproduction
o  Top-down vs bottom-up
e Purpose and goals
o  Scientific
o  Commercial
o  Sociological
e Recurring themes and concerns (ALife & Society paper, Al safety, etc)
o  Takeover by intelligent machines
o Implications for human evolution
o Implications for human society



Some Iinteresting recent references:

Gunter Wagner “Evolutionary innovations and novelties: Let us get down to business!”
Zoologischer Anzeiger 256 (2015) 75-81

Harold de Vladar, Mauro Santos and Eors Szathmary “Grand Views of Evolution” Trends in
Ecology & Evolution (2017)

Tim Taylor and Alan Dorin “Past Visions of Artificial Futures: One Hundred and Fifty Years
under the Spectre of Evolving Machines” Proceedings of ALIFE 2018 (to appear)



