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1. Introduction

Model checking [9] is a method that allows for checking whether or not the system in question satisfies a given formula
specifying either a desired or an undesired property of that system. Typically, the verified properties are expressed using
some modal logic formalism. This method is fully automatic and to be used in practice it does not require expert knowledge
of verification techniques.

The basic idea behind the original motivation of reaction systems as models of processes inspired by the functioning of
the living cell (see, e.g., [5,12,13]) is that this functioning is based on the interactions of individual biochemical reactions.
Moreover, these interactions are driven by two mechanisms: facilitation/acceleration and inhibition/retardation.

This paper introduces Computation Tree Logic for reaction systems (rsCTL), which is a logic for specifying properties of
reaction systems, together with a method for verifying these properties. This is the first paper providing a verification
method for reaction systems.

Because the processes of reaction systems are guided by the context sequences (which model an interaction with the
environment), to enable the verification we introduce a generalisation of reaction systems which allows to specify context
entities generating all the context sequences for the processes of the given reaction system. Moreover, we describe an encod-
ing of the model for reaction systems into boolean formulae that can be used for the symbolic model checking approach. We
also provide some complexity results for the problem of model checking reaction systems.

In this paper we extend the results of our technical report [21] with a theoretical and experimental analysis of the pro-
posed approach to verification of reaction systems. Following the introduction of reaction systems [13], their extensions
were also studied: [14] introduced time in reaction systems, [18] dealt with quantum and probabilistic reaction systems,
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and [22] approached reaction systems with an automata semantics. However, none of the proposed extensions dealt with
restrictions on the context sequences of reaction systems. A significant part of the research on reaction systems is focused
on their mathematical properties. Fixed points, attractors, and cycles for reaction systems were investigated in [15,16].
Occurrence and convergence problems were tackled in [17,28,29]. Different classes and properties of reaction systems
related to their state sequences were studied in [26,27]. Another strand of research focuses on applying reaction systems
to modelling of systems. In [11] the authors modelled the gene regulation mechanism for lactose operon of Escherichia coli
and explored modelling possibilities for several well-known computer science problems. A reaction systems model of the
eukaryotic heat shock response, which we use in this paper as a benchmark, was described in [4] together with properties
of its expected behaviour. There is also an increasing interest in verification of reaction systems. In [2] the authors define
several biologically inspired properties, including a mass conservation property, together with the corresponding verification
problems. These properties can be expressed in the logic considered in the technical report [21], in which the logic was called
RSTL, and this paper (rsCTL). Some of the problems defined in the paper are of lower complexity than for the model checking
of rsCTL. The paper focuses mostly on complexity considerations for decision problems related to verification and does not
develop any language for specifying properties of reaction systems. In [3] the authors investigate the property of mass con-
servation using dependency graphs, and introduce a simulator for reaction systems.

The paper is organised as follows. In Section 2 we recall the basic notions of reaction systems, while in Section 3 we define
two generalisations of reaction systems. Two basic illustrative examples are given in Section 4. In Section 5 we define the
syntax of the logic for reaction systems together with a model used to define the semantics of the logic, based on which,
in Section 6 we define a model checking method for reaction systems and prove its complexity. In Section 7 we present
the encoding for the model defined in Section 5 - this encoding can be used for symbolic model checking of reaction systems.
In Section 8 we introduce a tool which is an experimental implementation of the model checking method for reaction sys-
tems. We use the tool to evaluate our approach on four reaction systems revealing various practical aspects of the tackled
verification problems. The last section of the paper provides concluding remarks.

2. Reaction systems

Reaction systems are a formal model for processes instigated by the functioning of living cell. Research topics in this
research area are motivated either by biological issues or by a need to understand computations/processes underlying the
dynamic behaviour of reaction systems. By now reaction systems became an interesting and novel model of computation.

In this section we recall some basic notions of reaction systems that are used in this paper. First of all, we recall the notion
of a reaction.

Definition 2.1. A reaction is a triplet b = (R, I, P) such that R, I, P are finite nonempty sets with RN I = (.

The sets R, I, P are called the reactant set of b, the inhibitor set of b, and the product set of b, respectively - they are also
denoted by Py, I, and Py, respectively. The requirement that all three sets R, I, and P are nonempty is motivated by biological
considerations: there is no creation from nothing (R # @), each reaction may be inhibited (I # (#), and if a reaction takes place
then this creates a “material” effect - something is produced (P # 0).

If R,I,P C Z for a finite set Z, then we say that b is a reaction in Z. We use rac(Z) to denote the set of all reactions in Z.

The above formal notion of a reaction corresponds closely to the basic intuition behind a biochemical reaction. Such a
reaction will take place if all of its reactants are present and none of its inhibitors is present, and if it takes place it produces
its set of products.

Definition 2.2. Let Z be a finite set, and let T C Z.

1. We say that b € rac(2) is enabled by T, denoted en,(T), if R, C T, and I, N T = 0. The result of b on T, denoted by res,(T), is
defined by: res,(T) = Py if en,(T), and res,(T) = () otherwise.
2. For BCrac(Z), the result of B on T, denoted by resg(T), is defined by resz(T) = (J{res,(T)|b € B}.

The intuition underlying the above definition is that T formalises a state of a biochemical system under consideration: it is
simply the set of all biochemical entities present in the given state. A reaction b is enabled by T (can take place at T) if all the
reactants of b are present in T and none of the inhibitors of b is present in T. Therefore we require that R, NI, = @ — in this way
we do not consider “trivial reactions”, i.e., reaction that are never enabled.

Then the result of a set of reactions B is cumulative, i.e., it is the union of results of the individual reactions from B - clearly,
resg(T) = (J{resy(T)|b € Banden,(T)}.

We are ready now to define the notion of reaction system.

Definition 2.3. A reaction system, rs for short, is an ordered pair R = (S, A), where S is a finite set and A C rac(S).

The set S is the background set of R. The elements of S are called entities, each subset of S is called a state of R, and A is the
set of reactions from R.
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