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• Optimization
• Anything!  (air foil shape, packet routing, art, …)

• Scientific modeling
• Evolutionary Biology

- Kin selection
- Altruism as a function of genetic similarity

- Speciation as a function of isolation
- Parasitism, symbiosis, “arms races”, co-evolution
- Large-scale evolutionary trends (e.g., complexity)

• Behavioral Ecology
- Optimal foraging

- Patch depletion (Marginal Value Theorem)
- Patch selection (Ideal Free Distribution)
- Patch profitability vs. predation risk

- Specific populations (e.g., Vancouver whales)
• Open-ended exploration

Evolutionary Computation



Aesthetic Selection - Biomorphs

Blind Watchmaker (1986)

Biomorph java app



Aesthetic Selection - Karl Sims



Studying Evolution in Silico
• Tom Ray’s Tierra
• Biologist by training

• Specialized in plant ecology
• Studied vines, ants, butterflies, and beetles
• Rainforests in Costa Rica

• Began modeling evolutionary processes in 1990
• Evolved specially designed computer code
• CPU time plays role of “energy” resource
• Computer memory is the “material” resource
• Study structure, behavior of genetic lines over time
• Evolved parasitism, arms races, symbiosis, etc.



RNA World
• “Central Dogma” of modern biology:

• DNA -> RNA -> protein
• “Chicken and egg problem”

• DNA requires protein enzymes to copy itself
• Proteins are synthesized by DNA

• RNA to the rescue
• RNA can act as a catalytic enzyme (to produce

copies of itself)
• Hence the theory of an early “RNA World”



Instructions in an RNA World
• Tierra’s machine instructions are analogous to amino

acids in an RNA world
• They are the fundamental code and
• They are “chemically active”

• Tierra’s digital organisms are analogous to RNA (Ray
calls them “creatures”) in an RNA world
• They embody the “genetic” code and
• They carry out all “metabolic” activity



Initialization and Labeling
• A block of computer RAM is designated as a “soup”
• The soup is inoculated with a seed creature of 80

instructions, that is able to do nothing but copy itself
• The creature’s genotype is these 80 instructions
• Evolution is tracked by following genetic lineages

• Genotypes are labeled as
 <# of instructions> <distinct instruction set identifier>

80aaaa
80aaab
45aaaa
…



Tierran Language
• Size of instruction set is comparable to size of genetic

code
• DNA uses 64 codons that are translated into 20 amino

acids
• Tierran language uses 32 instructions, including

operands
- Accomplished by addressing only registers and stack

• “Address by template” (branch to pattern)
• Real molecular interactions are based on patterns,  not

locations
• Patterns are specified by inline NOP_0 and NOP_1

instructions
• Errors are ignored (except for effect on “reaping”)



Tierran Creatures
• Size is just the size of its allocated block of memory

(usually the number of instructions)
• “Cells” have “semi-permeable membranes”

• Only the creature itself has write permission
• Any creature has read permission in any other

• During reproduction, parent cell has write permission
to newly allocated memory of daughter cell
• Write permission is surrendered when daughter cell

is made independent of parent



Time Resource Management
• Each creature is given a virtual CPU
• Virtual CPUs are maintained in a circular queue to be

executed in sequence on the real CPU
• Number of Tierran instructions executed in each time

slice can be made proportional to creature size,
inversely proportional to creature size, or invariant
with respect to creature size
• Proportionality constant controls whether selection

favors large or small creatures, or is size neutral
• In practice, since the ability to reproduce in fewer

cycles conveys a reproductive advantage on
creatures, Tierra tends to evolve smaller and
smaller programs



The Reaper
• Since memory rapidly fills up, a “reaper” kills less fit

creatures
• All creatures are on the reaper’s linear queue

• At birth creatures enter the bottom of the queue
• The reaper kills creatures at the top of the queue
• Creatures move up in the queue when they generate

an error condition (unless the creature above them
has more errors)

• Creatures move down in the queue when they
execute certain difficult instructions successfully
(unless the creature below them has fewer errors)



Variation
• Mutation

• At a low rate (1 bit/10,000 instructions executed) a
random bit from anywhere in the soup is flipped

• At a higher rate (1 bit/1,000 to 2,500 instructions
copied) a bit is flipped during a copy instruction
(normally associated with a creature reproducing)

• Probabilistic execution
• At a low rate (not specified) Tierran instructions

are executed imperfectly
- Usually the same instruction is executed, but off by one

- Increment by one actually increments by zero or two
- Bit flipping instruction flips second bit instead of first
- Shift instructions shifts two bits instead of one



The Tierran Ancestor
• Consists of:

Begin-Creature pattern
Size calculation (uses Begin/End-Creature patterns)
Memory allocator
Begin-Loop pattern

Copy loop (uses Begin-Loop pattern)
End-Creature pattern



Evolution in Tierra
• Parasites evolve that have no copy loop, instead using

the copy loop of a host organism
• Their smaller size confers a speed advantage

• Immunity to parasites evolves in the host population
• New parasites emerge that are able to circumvent this

immunity
• Hyper-parasites parasitize the parasites, forcing the

parasites to copy the hyper-parasites
• Social hyper-parasites evolve which can only reproduce

in communities of hyper-parasites
• Cheaters (hyper-hyper-parasites) then subvert the

social convention
• Efficiency improves by “Unrolling the loop”
• Time course is one of “punctuated equilibrium”



Evolution in Tierra
• Creatures represented by colored bars; colors indicate

genome size (e.g., red = 80, yellow = 45, blue = 79)
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Evolution in Tierra
• Parasite-Host populations, when cultured without

further mutation, produce predator/prey, Lotka-
Volterra population cycling



Evolutionary Optimization
• Size vs. Time with different mutation rates (# is count

of individuals affected by mutation in each “generation”)



Evolutionary Optimization
• Multiple runs at same mutation rate



Code Optimization
• Tierran creatures learn to “unroll loops” for efficiency
• Size drops from 80 instructions to 22 instructions, a

factor of 3.64 increase in efficiency due to size
• Compute time to reproduce drops from 839 CPU cycles

to 146 CPU cycles, a factor of 5.75 increase in overall
efficiency

• Difference between the increase in overall efficiency
and the efficiency increase due to size is a result of
code optimizations



Morphology & Behavior in Silico
• Karl Sims’s “blocky creatures” (1994)

• Evolved art was published in 1991
• Work done at Danny Hillis’s Thinking Machines Corp. on

a Connection Machine
• Evolved multi-segment, jointed bodies with integrated

control system to accomplish
• Swimming
• Walking
• Jumping
• Following
• (And, later, Competition)

• Embodied evolution (within the context of the
simulation)



Creature Morphology
Genotype
Directed graph of
nodes and
connections

Nodes describe a
body part, a joint
type, a local set of
“neurons”, and a set
of connections to
other nodes

Connections
determine part
placement relative
to the parent part

Phenotype
Hierarchy of rigid
3D parts

Parts contain:
• sensors (joint
angle, contact, light)
• “neurons” (control
functions) that take
input from sensors
or other neurons
• effectors that
take input from
neurons and control
limb motion



Physical Simulation
• Articulated body dynamics

• Accelerations computed for each body part
• Numerical integration

• Determines motion resulting from accelerations
• Collision detection

• Faces of blocks are either in contact (1.0) or not in
contact (-1.0) with another surface

• Collision response uses either impulse response (at
high velocity) or spring force (at low velocity)

• Friction
• Gravity
• Optional viscous fluid effect



Genetic Algorithm
• Population size is about 300
• Fitness is assigned according to the desired task

(swimming, walking, jumping, following, competition)
• Top 1/5 of the population (rank) is retained and bred

proportionate to fitness (roulette wheel)
• Nodes and connections in the graph are mutated to

produce some offspring
• Crossover (two crossover points) and “grafting” (one

crossover point) are used to produce some offspring
• Method of variation is random

• 40% asexual (mutation), 30% crossover, 30%
grafting



Evolved Morphologies & Behaviors



Credits
• Biomorph program by Richard G. Baldwin at

www.developer.com/java/other/article.php/3345631
• Lotka-Volterra predator/prey image from

www.wikipedia.org/
• Tierra images from www.his.atr.jp/~ray/pubs/tierra/
• Block creature images from

www.genarts.com/karl/papers/siggraph94.pdf


