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1 Introduction

Chemical and biochemical systems as part of living or-
ganisms have been shown to possess interesting com-
putational properties [1, 2, 7]. As an example Figure
1 shows the information flow in the chemotaxis system
of Escherichia Coli [10]. In a parallel development, the
chemical computation metaphor is becoming more and
more frequently used as part of the emergent computa-
tion paradigm in Computer Science [3, 4, 5, 6, 8]. In
this contribution we will discuss two ways of how in-
formation can be processed by a collection of molecules
floating around in well-stirred tank reactor. In the first
case the information is stored as a concentration of a sub-
stances and computation is carried out by increase and
decrease of concentration levels. We will refer to this as
macroscopic computation.

In the second case — microscopic computation —
the result of a computation is represented by single mo-
lecules. The dynamics is stochastic, in contrast to macro-
scopic computation where the dynamics can be described
with ordinary differential equations [11].

In both cases the result emerges from many simple
and parallel interactions. In order to show the abilit-
ies of such systems we will use artificial chemistries
which are simulated reaction systems of mathematical
or algorithmic objects.
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Figure 1: Information flow in the chemotaxis system of Escheri-
chia Coli. Binding of stimulus molecules causes activation of CheA
by CheW. CheA activates CheB which resets the receptor thereby
closing the feedback loop. CheY binds to the switch complex and
causes clockwise rotation. It is antagonized by CheZ. Diagram
from [9].

2 Example for Microscopic Chemical
Computation: Prime Number Gener-
ator

In this example we set up a reaction system which pro-
duces prime numbers. In addition we will demonstrate
that the population size is critical for a successful com-
putation. When increasing the population size a phase
transition occurs with respect to the qualitative behavior
of the system, i.e. to the production of prime numbers.

Starting with a pool of M integer numbers selected
randomly from the set {2,3,..., maz} with M << maz
the following must be considered:

1. Prime numbers should be generated either directly or
through intermediate numbers.

2. Prime numbers and intermediate numbers should
have advantages over numbers with many prime
factors.

The first point is taken into account by using the math-
ematical division as the collision or reaction rule. More
precisely, the product s3z of the collision s; + s93 = s3 18
defined as

$3 = 51/89 if 51 mod s =0 and s1 # s2 .
Otherwise the collision is ”elastic” and no result occurs.
A number s; is only replaced if a reaction sy + s = s3
successfully produces a number s3.

Figure 2 shows a simulation where the population size
M 1s set to 100 and maz = 10000. The concentration of
prime numbers increases until no non-prime is left.

Figure 3 demonstrates that the soup size could be
critical. As always, it is decisive to have reaction path-
ways at hand which do not lead into dead ends but keep
enough reaction paths open toward the state aimed at
(high prime number concentration). Here the numbers
can be viewed as simple machines that manipulate other
numbers by dividing them. Too small a soup size would
not provide enough useful ”machines” (e.g. numbers that
are able to divide other numbers) at the beginning to ini-
tiate the avalanche-like process depicted in Figure 2.



1
09 r
0.8 r
0.7
0.6
05 r
04 r
03 r
02 r
0.1

prime number conzentration

0 50 100 150 200 250 300 350 400 450 500
time in generations

Figure 2: A single run for the prime number problem where at
last every object inside the reactor is a prime number. The soup is
initialized with random numbers out of {2,...,10000}. Soup size:
M = 100.
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Figure 3: Dependence of prime number production on the pop-
ulation size. The figures summarize a series of runs with different
soup sizes. Each dot represents 30 runs with the same soup size
M. In the first graph the average prime concentration at the end
of each run (generation 700) is displayed. For small soup sizes
( M < 40) the algorithm runs mostly into a dead end so that
the soup still contains a lot of non-prime numbers. With a large
soup size (M > 100) the reactor is nearly always able to trans-
form every number to prime number resulting in a prime num-
ber concentration of 100%. In the vicinity of the phase transition
(40 < M < 100) a strong fluctuation of the number of primes each
run produced can be observed. This results in the second figure

where the mean variation of a single run is depicted.

3 Example for Macroscopic Chemical
Computation: Robot Control

In this example the principle of macroscopic chemical
computation should be demonstrated by applying it to
the problem of controlling an autonomous robot. Figure
4 shows the relationship of the robot and its environ-
ment. Here, the flow of data would correspond to the
flow of substances and processing of the data, i.e. com-
putation, would correspond to chemical reactions which
are carried out in a simulated well-stirred tank reactor
inside the robot.

Figure 5 shows a simple hand-written reaction net-
work. In consists of 15 substances. Sensory information
is inserted into the system as ”sensor substances” (e.g.
AW, AN etc.). These are processed by ”working sub-
stances” leading to concentration changes in the ”motor
substances”. The motor system is able to measure the
concentration of the “motor substances” and moves the
robot accordingly.

Current work aims at building a robot controller based
on a more general artificial chemistry consisting of a po-
tentially infinite number of different substances. In addi-
tion, a topology will be introduced where different com-
partments are connected via diffusion. Figure 6 and 7
show preliminary results.
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Figure 4: The robot and its environment. Here the transmis-
sion of sensory data is interpreted as a flow of substances. The
processing of these substances is achieved by an algorithmic well

stirred tank reactor.

4 Discussion

In this contribution it is demonstrated on an abstract
level how computation can be achieved by chemical sys-
tems. Despite the fact that the reactors presented in this
paper make use of artificial interactions they point to a
strategy for the implementation of parallel algorithms
in molecular computation and give insight into the re-
actor’s design and system dynamics that will determine
the behavior of in vitro reactors.
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Figure 6: Development of substance concentration of one com-
partment. Polymerisation builds new species and the system fi-
nally reaches steady state. Initial population is {a,g,z}. Fi-
nal population is {a, aa,aaa,ag, g, 99, z, ra,raa,rg,zz,zzz}. The
catalytic efficiency is computed by a string matching algorithm.

Species can only catalyse the polymerisation of other species.
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Figure 7: The concentration of g exceeds the threshold and it
participates in the reaction system. Immediately after the increase
of g the polymerisation product gg increases, particularly at ¢t & 7.5
and t & 14.
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