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Image from ”A New Kind of Science”, Stephen Wolfram (2002), Wolfram Media 
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Artificial multi-cellular organisms develop from a single zygote to 

different structures and shapes, some simple, some complex.  

 

 

Such phenotypic structural complexity is the result of 

morphogenesis, where cells grow and differentiate according to 

the information encoded in the genome. 
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Goal 

• Can genome information be used to predict emergent structural 

complexity?  

  

1. Measure phenotypic structural complexity of artificial cellular 

organisms (approximation of Kolmogorov complexity) 

 

2. Relate Lambda genome parameter to the measured structural 

complexity. Estimate developed organisms’ phenotypic complexity 
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Intro 

• Artificial developmental systems 
 An organism can develop (e.g. grow) from a zygote to a multi-cellular organism 

(phenotype) according to specific local rules, represented by a genome (genotype) 

 

 Genome specifications and gene regulatory information control the cells’ growth 

and differentiation. 

 

 Cellular Automata principles comply well to represent a developmental system, the 

CA behavior is represented by the emergent phenotype, which is subject to shape 

and size modification, along the developmental process. 

 

• Genotype – Phenotype mapping 
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Cellular Automata 

(von Neumann, 1950) 

 

• Countable array of discrete cells I 

• Discrete-time update rule Φ (operating in parallel on local neighborhoods  

 of a given radius r) 

• Alphabet: σi
t ∈ {0, 1,..., k- 1 } ≡ A 

• Update function: σi
t + 1 = Φ(σi - r

t , …., σi + r
t) 
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Point Attractor 
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Cyclic Attractor 



10 

Kolmogorov Complexity 

Image from xkcd.com 
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Kolmogorov Complexity 

• The notion of complexity is used differently in distinct fields of computer science. 

 

• Definition (Kolmogorov complexity): Fix a Turing Machine U. We define the 

Kolmogorov function, C(x) as the length of the smallest program generating x.  

 

 C(x) = minp { |p| : U(p) = x} 

 

 

• Invariance Theorem: the particular choice of the universal machine only affects 

C(x) by a constant additive factor  

     ∀ x, C(x) ≤ |x| + c 
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Incomputability 

• Kolmogorov complexity is incomputable. Proof by contradiction or by reduction 

to the non-computability of the halting problem (Turing equivalent) 

 

• Approximations by data compression: hardly compressible strings have 

presumably high Kolmogorov complexity. Complexity is proportional to the 

compression ratio 

 

• Incompressibility Lemma: some strings are not compressible, i.e. random strings 

 Formally, a string x is c-incompressible if C(x) ≥ |x| - c 
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Lempel-Ziv compression 

• Compression algorithms tend to compress repeated patterns and structures, 

thus being able to detect structural features in phenotype states. 

 

• Deflate: variation of LZ77, loseless data compression algorithm, computationally 

inexpensive, independent of the dimensionality of the state 
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• 1D CA: string representing the state of the system at a certain time step 

compressed directly 

 

• 2D CA (3x3 example, same for 3D where all the rows are listed for all the depth 

levels) 

 

 

 

 

t = Deflate (r) 

q = Length (t) 

   rmin = ”000000000”  rmax = ”012345678”  

  qmin = Length(Deflate(rmin)) qmax = Length(Deflate(rmax)) 

 

 

c = (q - qmin) / (qmax - qmin) 
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Cellular Developmental Model 
• minimalistic developmental system 

 

• 3 cell types  

  (type 0: quiescent, type 1 and type 2 for multicellularity) 

 

• all possible 3N regulatory input combinations are 

represented in a development table (N = neighborhood size) 
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Lambda Genome Parameter 
Genome information to estimate the dynamic behavior of the system 

 

 
 

• n =  number of transitions to the quiescent state (state 0)  

• K = number of cells types = 3 (in our model) 

• N = neighborhood size 
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Experimental Setup 

State space sizes: 

3by3 = 3^9   =                  19.683 

4by4 = 3^16 =           43.046.721 

5by5 = 3^25 =  847.288.609.443 
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Results (exp. 1) 
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Results (exp. 2) 
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Results (exp. 2) 
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Conclusion 

• Phenotypic structural complexity is strongly related to Lambda genome 

parameter and its ability to detect different behavioral regimes 

• Dimensionality independent (1D, 2D, 3D CA) 

• Possible to characterize parameter space when dimensionality, # states and 

neighborhood are rather small. Not possible with transient and attractor length 

• Knowledge of probable developing structures’ complexity may be helpful at 

the design stage of an EvoDevo system, if information on the desired target 

phenotypic complexity is known 

• Adaptivity and evolution: genomes with a given parameter value will most 

likely mutate to genomes with similar structural complexity, as long as the 

mutation results in an offspring with similar parameter value 

• Guide evolution towards favorable areas of the solution space where desired 

structural complexity is more likely to be found (ongoing work) 
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