
Fundamental conceptual issue 

physics/chemistry                    biology 

physics/chemistry:      

matter, force, energy, reaction rates,  

molecular binding affinities… 

 

biology:   

instructions, transcription, editing, translation,  

coding, signals, instructions… 



Life = information management 



Informational hallmarks of life 

*Digital information storage 

*Analog and digital information processing 

*Explicitly encoded information: context dependent 

*Physical separation of information storage from  

 information processing 

*Dynamics is a function of the physical state 

*Top-down and bottom-up causation 



The origin of life 

When? 

Where? 

How? 





Bizarre fluke?  Or chemical inevitability? 

If we do not know the process that 

transformed non-life into life we  

cannot estimate the probability for 

it to happen 
 



Chemical  

mixture 
life 

? 



Biology is very complex! 





Chemistry = hardware 

 

Si Cu Fe 



von Neumann on Self-Replication 

 Trivial v. Non-Trivial 

Replication operation is implicit in local physics/chemistry 

Some examples of trivial replicators: 

 

• Crystals 

• Computer viruses 

• Memes 

• Non-enzymatic template replicators 

• Lipid vesicles  



Information Flow, Universality, and 

Programmability in Life 

Ribosomes can be instructed by 

DNA to make any combination of 

amino acids from a set of 20. 
 

 

Non-Trivial Self-Replicators are 

programmable – they can 

produce any constructible object 

in their universality class, 

including themselves.  

 
 

Genetic code 



But… 

 

that’s not all! 



Biological information: not just “any old bits”. 

It does stuff! 
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Which is “junk”? 

Shannon information  

i.e.  “bits”  

context is all 

Biological information 

functional/semantic/contextual/“meaningful” 

Genetic information flows from local to global, or “bottom up” 



But… 

 

even that’s not all! 



Top-down Causation by Information Control 

Figure from D. Noble. Claude Bernard, the first systems biologist, and the future of physiology. Experimental 

Physiology (2012) 93:1 -16. 



Top-down causation 

Michael Levin, Tufts University 

Electric fields can affect gene expression! 

“Epigenetics” 



Bottom-up causation,  

i.e. standard physics 
Top-down causation occurs when a ‘higher’ 

level influences a ‘lower’ level 

The Origin of Life as a Transition in  

Informational and Causal Architecture 

Higher Level 

Lower Level 

Higher Level 

Lower Level 



State-dependent dynamical rules 

256 rules 

Global 

state 

Local 

rules 



Emergent self-organization 

N dynamical elements obeying logistic equation and 

coupled to a mean “field” 





Transfer Entropy as a measure of 

information flow 



So how did it all start? 

 
How did: 

1. Software emerge from hardware? 

2. Non-trivial, programmable, construction emerge from 

“dumb molecules”? 

3. Digital information storage and processing emerge from 

analog information? 

4. Instructional or contextual information emerge from 

“mere bits” (Shannon information)? 

5. Top-down information flow emerge from bottom-up 

information flow? 

 


