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Using cellular automata to uncover evolutionary 
landscapes



The origins of variation

Dynamics vs. kinetics in evolutionary theory

Genotype Phenotype Fitness (function)

Evolution in a nutshell

Most of evolutionary theory has concerned itself with the dynamics of 
evolution -- what is the probability that a new mutant with fitness X 

takes over in the population?

However, very little is known the kinetics of evolution -- what are the 
chances of that mutant of fitness X appearing in the first place?

Natural selection



Genetic neighborhoods

0 1 0 0

1 1 0 0 0 0 0 0 0 1 1 0 0 1 0 1

1 1 1 0 0 0 1 0 0 1 0 0 0 1 1 1

Wild-type sequence

One-step neighbors

Two-step neighbors

Mutation gives rise to genetic distance



Fitness landscapes

Genotype to fitness mapping results in 'fitness 
landscapes'

Visual metaphor introduced by Sewell Wright -- natural selection 
pushes a population toward higher regions of the landscape

Fi
tn

es
s

Genotype space

This landscape has only one 
dimension, actual genic 

landscapes have thousands of 
dimensions



Genotype space in CA

One-step neighborhood of an elementary CA

Rule 30

One-step neighbors

Rule 158

Rule 94

Rule 62

Rules 14, 22, 26, 
28, 31, 62, 94, 158



Genotype ⇒ phenotype mapping  
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ü Genetic neighborhood

In@12D:= neighborDigits@list_D := MapIndexed@MapAt@Abs@Ò - 1D &, list, 8Ò2<D &, listD

In@23D:= neighbors@rule_D :=

Map@FromDigits@Ò, 2D &, neighborDigits@IntegerDigits@rule, 2, 32DDD

In@11D:= 2^5

Out@11D= 32

In@14D:= 2^32

Out@14D= 4294967296

ü CA behavior

In@40D:= tempca = Random@Integer, 81, 2^32<D

Out@40D= 2076882954

In@41D:= nca = neighbors@tempcaD;

In@42D:= tempinit = Table@Random@IntegerD, 8100<D;

In@43D:= ArrayPlot@CellularAutomaton@8tempca, 2, 2<, tempinit, 100D,

PixelConstrainedØ 1, Frame Ø NoneD

Out@43D=

!

In@44D:= Table@ArrayPlot@CellularAutomaton@8nca@@iDD, 2, 2<, tempinit, 100D,

PixelConstrainedØ 1, Frame Ø NoneD, 8i, 1, 32<D

Out@44D=

mappings.nb 1

Wild-type

One-step neighbors

Rules that are genetically similar tend to have similar phenotypes

r=2 2-color CA

2^5 = 32 neighbors



Genotype ⇒ phenotype mapping  
Rules that are genetically similar tend to have similar phenotypes

Wild-type

One-step neighbors

ü Genetic neighborhood

In@12D:= neighborDigits@list_D := MapIndexed@MapAt@Abs@Ò - 1D &, list, 8Ò2<D &, listD

In@23D:= neighbors@rule_D :=

Map@FromDigits@Ò, 2D &, neighborDigits@IntegerDigits@rule, 2, 32DDD

In@11D:= 2^5

Out@11D= 32

In@14D:= 2^32

Out@14D= 4294967296

ü CA behavior

In@131D:= tempca = Random@Integer, 81, 2^32<D

Out@131D= 3482113144

In@132D:= nca = neighbors@tempcaD;

In@133D:= tempinit = Table@Random@IntegerD, 8100<D;

In@134D:= ArrayPlot@CellularAutomaton@8tempca, 2, 2<, tempinit, 100D,

PixelConstrainedØ 1, Frame Ø NoneD

Out@134D=

!

In@135D:= Table@ArrayPlot@CellularAutomaton@8nca@@iDD, 2, 2<, tempinit, 100D,

PixelConstrainedØ 1, Frame Ø NoneD, 8i, 1, 32<D

Out@135D=
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r=2 2-color CA

2^5 = 32 neighbors
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Genotype ⇒ phenotype mapping  

Wild-type

One-step neighbors

Rules that are genetically similar tend to have similar phenotypes

r=2 2-color CA

2^5 = 32 neighbors

ü Genetic neighborhood

In@12D:= neighborDigits@list_D := MapIndexed@MapAt@Abs@Ò - 1D &, list, 8Ò2<D &, listD

In@23D:= neighbors@rule_D :=

Map@FromDigits@Ò, 2D &, neighborDigits@IntegerDigits@rule, 2, 32DDD

In@11D:= 2^5

Out@11D= 32

In@14D:= 2^32

Out@14D= 4294967296

ü CA behavior

In@152D:= tempca = Random@Integer, 81, 2^32<D

Out@152D= 1916663259

In@153D:= nca = neighbors@tempcaD;

In@154D:= tempinit = Table@Random@IntegerD, 8100<D;

In@155D:= ArrayPlot@CellularAutomaton@8tempca, 2, 2<, tempinit, 100D,

PixelConstrainedØ 1, Frame Ø NoneD

Out@155D=

!

In@156D:= Table@ArrayPlot@CellularAutomaton@8nca@@iDD, 2, 2<, tempinit, 100D,

PixelConstrainedØ 1, Frame Ø NoneD, 8i, 1, 32<D

Out@156D=
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Density classification CA

0.52

ü CA behavior

In@239D:= tempinit = Table@Random@IntegerD, 8149<D;

In@240D:= ArrayPlot@CellularAutomaton@8ca, 2, 3<, tempinit, 200D,

PixelConstrainedØ True, Frame Ø NoneD

Out@240D=

!

In@241D:= N@Total@tempinitDê149D

Out@241D= 0.52349

Untitled-2 1

ü CA behavior

In@281D:= tempinit = Table@Random@IntegerD, 8149<D;

In@282D:= ArrayPlot@CellularAutomaton@8ca, 2, 3<, tempinit, 200D,

PixelConstrainedØ True, Frame Ø NoneD

Out@282D=

!

In@283D:= N@Total@tempinitDê149D

Out@283D= 0.483221

Untitled-2 1

0.48

ü CA behavior

In@368D:= tempinit = Table@Random@IntegerD, 8149<D;

In@369D:= ArrayPlot@CellularAutomaton@8ca, 2, 3<, tempinit, 200D,

PixelConstrainedØ True, Frame Ø NoneD

Out@369D=

!

In@370D:= N@Total@tempinitDê149D

Out@370D= 0.530201

Untitled-3 1

0.53

r = 3 2-color cellular automata -- 128 one-step neighbors

Correctly identifies initial density 74.4% of the time -- fitness = 0.744

Rule 340,281,450,309,255,942,604,150,056,210,657,181,704 discovered by Crutchfield and Mitchell (1996)

Fitness as proportion of initial conditions correctly assigned

Assays function rather than form



Alternate phenotypes

Phenotypic effects fall into three broad categories
In@222D:= With@8tempinit = Table@Random@IntegerD, 8149<D<,

Table@ArrayPlot@CellularAutomaton@8onestepnordered@@iDD, 2, 3<, tempinit, 149D,

PixelConstrainedØ True, Frame Ø NoneD, 8i, 1, 6<DD

Out@222D= :

!
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>

Untitled-3 1

In@222D:= With@8tempinit = Table@Random@IntegerD, 8149<D<,

Table@ArrayPlot@CellularAutomaton@8onestepnordered@@iDD, 2, 3<, tempinit, 149D,

PixelConstrainedØ True, Frame Ø NoneD, 8i, 1, 6<DD

Out@222D= :

!
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,
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,

!

>

Untitled-3 1

In@222D:= With@8tempinit = Table@Random@IntegerD, 8149<D<,

Table@ArrayPlot@CellularAutomaton@8onestepnordered@@iDD, 2, 3<, tempinit, 149D,

PixelConstrainedØ True, Frame Ø NoneD, 8i, 1, 6<DD

Out@222D= :

!
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!

>

Untitled-3 1

In@223D:= With@8tempinit = Table@Random@IntegerD, 8149<D<,

Table@ArrayPlot@CellularAutomaton@8onestepnordered@@iDD, 2, 3<, tempinit, 149D,

PixelConstrainedØ True, Frame Ø NoneD, 8i, 22, 26<DD

Out@223D= :

!
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!
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!

>

Untitled-3 2

In@224D:= With@8tempinit = Table@Random@IntegerD, 8149<D<,

Table@ArrayPlot@CellularAutomaton@8onestepnordered@@iDD, 2, 3<, tempinit, 149D,

PixelConstrainedØ True, Frame Ø NoneD, 8i, 26, 30<DD

Out@224D= :
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Untitled-3 3

In@223D:= With@8tempinit = Table@Random@IntegerD, 8149<D<,

Table@ArrayPlot@CellularAutomaton@8onestepnordered@@iDD, 2, 3<, tempinit, 149D,

PixelConstrainedØ True, Frame Ø NoneD, 8i, 22, 26<DD

Out@223D= :
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Untitled-3 2

In@233D:= With@8tempinit = Table@Random@IntegerD, 8149<D<,

Table@ArrayPlot@CellularAutomaton@8onestepnordered@@iDD, 2, 3<, tempinit, 149D,

PixelConstrainedØ True, Frame Ø NoneD, 8i, 124, 128<DD

Out@233D= :
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Untitled-3 6

In@232D:= With@8tempinit = Table@Random@IntegerD, 8149<D<,

Table@ArrayPlot@CellularAutomaton@8onestepnordered@@iDD, 2, 3<, tempinit, 149D,

PixelConstrainedØ True, Frame Ø NoneD, 8i, 104, 108<DD

Out@232D= :
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>

Untitled-3 5

In@232D:= With@8tempinit = Table@Random@IntegerD, 8149<D<,

Table@ArrayPlot@CellularAutomaton@8onestepnordered@@iDD, 2, 3<, tempinit, 149D,

PixelConstrainedØ True, Frame Ø NoneD, 8i, 104, 108<DD

Out@232D= :

!
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!
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!
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!

>

Untitled-3 5

Class 1 ⇒ Indeterminate

Class 2 ⇒ Insensitive

Class 3 ⇒ Successful
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Fitness distributions

Class 1 Class 2 Class 3

Wildtype 'fitness' 0.744

11 neighbors more than 
1% fitter than wildtype
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Initial density

Assaying fitness at different initial densities
Initial density

O
ne
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In@115D:= ArrayPlot@880.3<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@115D=

!

In@114D:= ArrayPlot@880.6<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@114D=

!

In@113D:= ArrayPlot@880.9<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@113D=

!

In@110D:= ArrayPlot@Take@twostepordered, 81, 6<, 81, 6<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@110D=

!

In@109D:= ArrayPlot@Take@twostepordered, 87, 45<, 87, 45<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@109D=

!

In@108D:= ArrayPlot@Take@twostepordered, 81, 6<, 87, 45<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@108D=

!

Untitled-2 1

0.0 0.33 0.66 1.0
In@30D:= ArrayPlot@880.33<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 1<D

Out@30D=

!

In@29D:= ArrayPlot@880.66<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 1<D

Out@29D=

!

In@26D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 81, 6<, 81, 128<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@26D=

!

In@27D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 87, 45<, 81, 128<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@27D=

!

In@28D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 846, 128<, 81, 128<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@28D=

!

Untitled-1 1

In@30D:= ArrayPlot@880.33<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 1<D

Out@30D=

!

In@29D:= ArrayPlot@880.66<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 1<D

Out@29D=

!

In@26D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 81, 6<, 81, 128<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@26D=

!

In@27D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 87, 45<, 81, 128<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@27D=

!

In@28D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 846, 128<, 81, 128<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@28D=

!

Untitled-1 1
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In@33D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 81, 6<, 81, 141<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@33D=

!

In@34D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 87, 45<, 81, 141<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@34D=

!

In@35D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 846, 128<, 81, 141<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@35D=

!

Untitled-1 1

In@33D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 81, 6<, 81, 141<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@33D=

!

In@34D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 87, 45<, 81, 141<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@34D=

!

In@35D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 846, 128<, 81, 141<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@35D=

!

Untitled-1 1

In@33D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 81, 6<, 81, 141<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@33D=

!

In@34D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 87, 45<, 81, 141<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@34D=

!

In@35D:= ArrayPlot@Take@Map@compareinits@@ÒDD &, Ordering@onestepfDD, 846, 128<, 81, 141<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 1<D

Out@35D=

!

Untitled-1 1



Mutation interaction effects

Fitness landscape of the two-step neighbors

1

1

2

2

3

3

Fitness

In@115D:= ArrayPlot@880.3<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@115D=

!

In@114D:= ArrayPlot@880.6<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@114D=

!

In@113D:= ArrayPlot@880.9<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@113D=

!

In@110D:= ArrayPlot@Take@twostepordered, 81, 6<, 81, 6<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@110D=

!

In@109D:= ArrayPlot@Take@twostepordered, 87, 45<, 87, 45<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@109D=

!

In@108D:= ArrayPlot@Take@twostepordered, 81, 6<, 87, 45<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@108D=

!

Untitled-2 1
In@115D:= ArrayPlot@880.3<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@115D=

!

In@114D:= ArrayPlot@880.6<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@114D=

!

In@113D:= ArrayPlot@880.9<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@113D=

!

In@110D:= ArrayPlot@Take@twostepordered, 81, 6<, 81, 6<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@110D=

!

In@109D:= ArrayPlot@Take@twostepordered, 87, 45<, 87, 45<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@109D=

!

In@108D:= ArrayPlot@Take@twostepordered, 81, 6<, 87, 45<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@108D=

!

Untitled-2 1
In@115D:= ArrayPlot@880.3<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@115D=

!

In@114D:= ArrayPlot@880.6<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@114D=

!

In@113D:= ArrayPlot@880.9<<, Frame Ø None, PixelConstrainedØ 40, PlotRange Ø 80, 0.9<D

Out@113D=

!

In@110D:= ArrayPlot@Take@twostepordered, 81, 6<, 81, 6<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@110D=

!

In@109D:= ArrayPlot@Take@twostepordered, 87, 45<, 87, 45<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D

Out@109D=

!

In@108D:= ArrayPlot@Take@twostepordered, 81, 6<, 87, 45<D,

Frame Ø None, PixelConstrainedØ 3, PlotRange Ø 80, 0.9<D
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Conclusions

Cellular automata as model systems

Displays 'function' rather than 'form'

Mutations of large phenotypic effect

Dominant and recessive mutations

Epistasis

Phenotypic 'classes'
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