Higher-order Chemical Model of Computation
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The chemical reaction metaphor has been discussed in various occasions in the literature. This
metaphor describes computation in terms of a chemical solution in which molecules (representing
data) interact freely according to reaction rules. Chemical solutions are represented by multisets.
Computation proceeds by rewritings of the multiset which consume and produce new elements
according to reaction conditions and transformation rules.
To the best of our knowledge, the Gamma formalism was the first “chemical model of computation” proposed as early as in 1986 [4] and later extended in [5]. A Gamma program is a
collection of reaction rules acting on a multiset of basic elements. A reaction rule is made of a
condition and an action. Execution proceeds by replacing elements satisfying the reaction condition by the elements specified by the action. The result of a Gamma program is obtained when
a stable state is reached, that is to say, when no reaction can take place anymore.
Let’s illustrate this style of programming of Gamma with three small examples: the maximum,
the prime numbers and the majority element. The reaction max = replace x, y by x if x ≥ y
computes the maximum element of a non empty set. The reaction replaces any couple of elements
x and y such that the reaction condition (x ≥ y) holds by x. This process goes on till a stable
state is reached, that is to say, when only the maximum element remains. The reaction primes =
replace x, y by y if multiple(x, y) computes the prime numbers lower or equal to a given number
N when applied to the multiset of all numbers between 2 and N (multiple(x, y) is true if and
only if x is multiple of y). The majority element of a multiset M is an element which occurs
more than card(M )/2 times in the multiset. Assuming that such an element exists, the reaction
maj = replace x, y by{} if x 6= y yields a multiset which only contains instances of the majority
element just by removing pairs of distinct elements. Let us emphasize the conciseness and elegance
of these programs. Nothing had to be said about the order of evaluation of the reactions. If several
disjoint pairs of elements satisfy the condition, the reactions can be performed in parallel.
Gamma makes it possible to express programs without artificial sequentiality. By artificial,
we mean sequentiality only imposed by the computation model and unrelated to the logic of the
program. This allows the programmer to describe programs in a very abstract way. In some sense,
one can say that Gamma programs express the very idea of an algorithm without any unnecessary
linguistic idiosyncrasies. The interested reader may find in [5] a long series of examples (string
processing problems, graph problems, geometry problems, etc.) illustrating the Gamma style of
programming.
The chemical reaction model has served as the basis of a number of extensions. In [1], the
reader may find a review of contributions related to the chemical reaction model. Let’s mention
here only two of them. The chemical abstract machine (or cham) [6] extends Gamma with the
notions of membrane and airlock mechanism. The cham was proposed to describe the operational
semantics of process calculi in a chemical way. Gamma has also been extended to handle data
structures and types [8]. This work led to the definition of a richer type system for C named shape
types [7]. Even if Gamma is a quite high-level and abstract language, the metaphor provides new
points of view on problems and so it inspires new and original solutions to these problems.
In our recent work [3], we have extended Gamma to higher-order (programs may be parameters of any program). In this model, called the γ-calculus, reaction rules are themselves molecules
that can be consumed like any other molecule. The model comes in two flavors: a minimal version
called γ0 and a more expressive version called γcn . In γ0 , reaction rules have no reaction condition and can only replace one molecule at a time (no atomic catch). Despite these limitations, it
is Turing-complete. It shows that the principles of chemical models lie in the Brownian motion
and the locality of reactions. However, γ0 is not very convenient to write programs. The γcn

model includes the reaction condition and the atomic catch. Both extensions really increase the
expressive power of the γ-calculus. Here is an example in γcn that computes the largest prime
number lower than 10:
hh2, 3, 4, 5, 6, 7, 8, 9, 10, primei, replacehprime, ωi byhω, max ii
where h. . .i represents solutions and prime and max the previous reaction rules (which are now
molecules in the solution). The reaction rule that matches the sub-solution (higher-order property) cannot react since the prime numbers are not computed. So first, reactions inside the
sub-solution occur. When it is inert, the reaction rule spots the prime reaction rule in the solution and matches ω for the rest of the solution which corresponds to all the computed prime
numbers. It then replaces the sub-solution by the prime numbers (ω) and the max reaction rule
which starts computing the maximum.
The article [2] illustrates the adequacy of the chemical paradigm to the description of autonomic systems. The higher-order property of γcn is used to program coordination. Reactions may
be generated or removed according to predefined situations. The autonomy property is based on
the natural self-organization of a (higher-order) chemical solution. A reaction rule in a solution
may be seen as an invariant for the solution: if it is not satisfied, the reaction rule transforms
the solution such that it is satisfied (it self-organizes). The solution will reach a stable state that
satisfies the invariant. If new molecules are added to the solution, it may break the invariant: it
perturbs the stable state. The reaction rule will then react to reach a new stable state.
Let us point out another interesting extension. The multiplicity of a molecule is the number of
copy of it in a solution. The extension consists in considering negative and infinite multiplicities.
A solution is interpreted as a table (representing the characteristic function of the solution) which
gives the multiplicity for any molecule in the solution. When molecules are added or removed
from the solution, the table is updated accordingly. For example, if a solution contains a molecule
m with a multiplicity –3, and a copy of M is added to the solution, then the new multiplicity
of M is –2. Thus negative multiplicities are viewed as destroyers. A molecule may also have an
infinite multiplicity: whatever the number of copies of this molecule react, the multiplicity of
the molecule is still infinite. Thus molecules with infinite multiplicity are viewed as persistent
molecules.
This higher-order chemical model can be used as a coordination language. It allows to express
coordination in a simple way for the application programmer through the chemical metaphor. It
provides also a useful model to program operating systems which can exploit the independence of
reactions, the non-determinism and higher-order properties to adapt the execution of applications
in complex systems.
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