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Differential efuations
Differential equations provide the fabric
we are made of and the rules of events we
measure and experience. They relate
quantities changing in time.

We use mostly the variable t for now.

Quantities changing with time are in this
lecture called y(t) or M(t).




Differential equations were first studied in
the context of physics and astronomy. The
goal was to understand where we come
from and how things will continue.
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Also very complex processes like life are
described by differential equations.
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A famous reaction is the

Belousov-Zhabotinski system. It is a non-
linear chemical oscillator found in the
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Here 1s an
example using
this process
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How Chemistry Computes: Language Recognition

by Non-Biochemical Chemical Automata.

From Finite Automata to Turing Machines

Marta Duefias-Diez!-2 and Juan Pérez-Mercader?:34*

SUMMARY

Every problem in computing can be cast as decision problems of whether strings are in a language or
not. Computations and language recognition are carried out by three classes of automata, the most
complex of which is the Turing machine. Living systems compute using biochemistry; in the artificial,
computation today is mostly electronic. Thinking of chemical reactions as molecular recognition
machines, and without using biochemistry, we realize one automaton in each class by means of one-
pot, table top chemical reactors: from the simplest, Finite automata, to the most complex, Turing
machines. Language acceptance/rejection criteria by automata can be formulated using energy con-
siderations. Our Turing machine uses the Belousov-Zhabotinsky chemical reaction and checks the
same symbol in an Avogadro’s number of processors. Our findings have implications for chemical
and general computing, artificial intelligence, bioengineering, the study of the origin and presence
of life on other planets, and for artificial biology.

INTRODUCTION

Computation is everywhere around us (Moore and Mertens, 2011; Rich, 2008) and is central to life on Earth.
Computation takes place not only in the myriad of electronic devices we use daily but also in living systems.
In life, biochemistry implements computation via the chemical properties of “organic” matter (Conrad,
1972, Katz, 2012), i.e., using chemical support: inputs are chemical substances, the mechanical processing
occurs via chemical reaction mechanisms, and the result is chemical before its transduction into specific
functionalities, chemical or otherwise.

More specifically, a computation is (Rich, 2008; Katz, 2012) the process by which information in sequences
belonging to a language and consisting of “symbols” in an alphabet are fed to a computing device
("automaton”) that recognizes the symbols and is endowed with some rules that allow the automaton to
process the symbols according to these rules to eventually deliver an output, such as Acceptance or Rejec-
tion of the sequence as belonging or not to the language recognized by the automaton. The pattern of
symbols in the sequence is characteristic of the language to which the sequence belongs. We can interpret
this process as a metaphor for a chemical reaction or combination of chemical reactions, as one can think of
chemical reactions as the result of molecular recognition events that occur precisely, predictably, and
repeatably.

Then, we can ask if the power and complexity of biochemistry are necessary to carry out computations using
only chemistry. To do so it is useful to recall that languages are classified into an inclusive hierarchy, the
Chomsky hierarchy (Rich, 2008; Hopcroft et al., 2007; Chomsky, 1956; Sudkamp, 2006) (cf. Table 1), and
that there is a direct correspondence between language complexity and the capabilities of the automata
that recognize the language. The most powerful automata are the Turing machines (Turing, 1936).

We answer the aforementioned question by providing non-biochemical realizations of the automata using
non-biochemical reactions running in a “one-pot reactor,” that is, in a single well-mixed container where
multiple rounds of reactions can take place. We do not need any intermediation from either external
geometrical aids to channel and direct the chemical fluids or from reactions involving complex biomole-
cules. To carry out computations we rely fully on the power of molecular recognition associated with the
occurrence of chemical reactions and the robustness provided by an Avogadro’s number of “processors”
working simultaneously. For this, we will introduce in our experimental examples the means for the chem-
ical rendering (translation) of alphabet symbols, the chemical copy of the sequence (transcription), a means
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HIGHLIGHTS
Computations are
language recognition
events carried out by
“computing automata”

Chemical reactions are
molecular recognition
events equivalent to
automata

Words in a language can
be represented by
sequences of chemical
reactants

Inorganic reactions like
automata, including
Turing machines,
recognize languages
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Assume we know a quantity now,

and how 1t has changed in the past,

can we predict its behavior in the

future? Diff equations are a theory of time.

past: rates of changes
present: current state

future: integrate
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Assume we know that M(0)=10 and
that M'(t) = sin(t). Can you predict
M(t) for all time t?

past: M'(t)
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present: M(0)
future: M(t)
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Could youget M(1)? If yes, you
predicted the tuture!
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