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Meal and flour preparation in ancient worlds and with indigenous peoples 

quern                     and                        motar      



1.Hopper 2.Shoe 3.Crook string 
4.Shoe handle 5.Damsel 6.Eye 
7.Runner stone 8.Bedstone 
9.Rind 10.Mace 11.Stone 
spindle 12.Millstone support 
13.Wooden beam 14.Casing 
(Tentering gear not shown) 

Source: Wikipedia, 18.04.2016 

Watermill technology 



Mühlengleichnis: „Man muss übrigens notwendig zugestehen, dass die 
Perzeption und das, was von ihr abhängt, aus mechanischen Gründen, d. h. 
aus Figuren und Bewegungen, nicht erklärbar ist. Denkt man sich etwa eine 
Maschine, die so beschaffen wäre, dass sie denken, empfinden und 
perzipieren könnte, so kann man sie sich derart proportional vergrößert 
vorstellen, dass man in sie wie in eine Mühle eintreten könnte. Dies 
vorausgesetzt, wird man bei der Besichtigung ihres Inneren nichts weiter als 
einzelne Teile finden, die einander stoßen, niemals aber etwas, woraus eine 
Perzeption zu erklären wäre.“  

Gottfried Wilhelm Leibniz (1646-1716), Monadologie, §. 17.  



Horse carriage of the emperor Qin Shihuangdis  



Industrial revolution 
and railroad 

Source: Wikipedia, 18.04.2016 



prokaryotic cell 

Zaldua I., Equisoain J.J., Zabalza A., Gonzalez E.M., Marzo A., Public University of Navarre - 
Own work, https://commons.wikimedia.org/w/index.php?curid=46386894 

 eukaryotic cell 



Industrial revolution  18th and 19th century:  
cheap energy from fossil fuels 

Origin of the eukaryotic cell 2.2 109  
(1.8 – 2.7) years ago:  

cheap energy from  oxidative phosphorylation 
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The continuously fed stirred tank reactor (CFSTR) 



Toy model for the analysis of competition and cooperation 



n2 catalytic terms 



n2 catalytic terms 

n catalytic terms 



Toy model for the analysis of competition and cooperation 



stationary solutions: 

In case of compatibility and linear equations we obtain  2n  solution. 
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increasing  a0-values 



Hypercycle dynamics in the flow reactor 



Long-time behavior of hypercycles in the flow reactor 

P. Schuster, K. Sigmund. Dynamics of evolutionary optimization.  
Ber.Bunsenges.Phys.Chem. 89:668-682, 1985. 



n = 2 
k1 = k2 = 2, r = 0.01, a0 = 1 
a(0) = 0, x1(0) = 0.05, x2(0) = 0.01 

n = 3 
k1 = k2 = k3 = 2, r = 0.01, a0 = 1 
a(0) = 0, x1(0) = 0.05,  
x2(0) = x3(0) = 0.01 



n = 5 
k1 = k2 = k3 = k4 = k5 = 3,  
r = 0.01, a0 = 1 
a(0) = 0, x1(0) = 0.011,  
x2(0) = x3(0) = x4(0) = x5(0) = 0.01 

n = 4 
k1 = k2 = k3 = k4 = 2, r = 0.01, a0 = 1 
a(0) = 0, x1(0) = 0.05,  
x2(0) = x3(0) = x4(0) = 0.01 
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The master equation for competition and cooperation 



Gillespie simulation:  D.T. Gillespie, Annu.Rev.Phys.Chem. 58:35-55, 2007 

A 

X1 

X2 

X3 

I II III 

phase I: raise of [A] ; phase II: random choice of quasistationary state ;  

phase III: convergence to quasistationary state 



quasistationary state of  
cooperation 

absorbing state of  
extinction 



Stochastic selection 



extinction and selection 



other solutions 



Choice of parameters: f1 = 0.11 [M-1t-1]; f2 = 0.09 [M-1t-1]; a0 = 200; r = 0.5 [Vt-1] 

Counting of final states 



Stochastic cooperation 



Choice of other parameters:  a0 = 200; r = 0.5 [Vt-1] 

k1 = k2 = 0.002 [M-1t-1] 

k1 = k2 = 0.01 [M-1t-1] 

Stochastic cooperation with n = 2 



  stochastic hypercycles with n = 3 



stochastic hypercycles with n = 4 

stochastic hypercycles with n = 5 



Competition and cooperation with  n = 2 



Choice of parameters: f1 = 0.011 [M-1t-1];  f2 = 0.009 [M-1t-1];  

 k1 = 0.0050 [M-2t-1];  k2 = 0.0045 [M-2t-1];  

a0 = 200; r = 0.5 [Vt-1]; a(0) = 0 

Competition and cooperation with  n = 2 



Random decision in the stochastic process 



expectation values and 1-bands 

a(0) = 0, x1(0) = x2(0) = 1 

a(0) = 0, x1(0) = x2(0) = 10 

choice of parameters: a0 = 200, r = 0.5 [Vt -1] 
f1 = 0.09 [M-1t -1], f2 = 0.11 [M-1t -1], 

k 1 = 0.0050 [M-2t -1], k2 = 0.0045 [M-2t -1] 



n = 3, state of exclusion S2
(1) 

a0 = 220  

a0 = 2200  



n = 3, state of cooperation S3 
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Symbiosis Austerity versus abundance 

Complexity  21 (4): 13 (2016) 



Thank you for your attention! 
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