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ABSTRACT

Reaction systems provide a qualitative formalism for modeling
cellular behavior through facilitation and inhibition. We present
an extension of the tool Reactics supporting distributed reaction
systems and enabling the model checking of temporal-epistemic
properties using the rscTLk logic and a BDD-based verification
engine.
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1 INTRODUCTION

Natural computing investigates computational models inspired by
natural processes and information processing in nature. A key area
within this field, bio-molecular computation, explores biological
processes as computational phenomena, focusing on interactions
between biochemical reactions governed by facilitation and inhibi-
tion [34]. Reaction systems [9, 14, 15, 25-29, 35] provide a qualita-
tive formalism in this domain [13]. This paper presents a tool for
verifying distributed (multi-agent) reaction systems [36].

Challenges. Model checking for distributed reaction systems
with temporal-epistemic properties requires managing a complex
space of interactions and knowledge states [20, 21, 30], and was
proven PSPACE-complete [5, 18, 40]. supporting model checking
for rscTLK 36, 37] (alogic that combines temporal and epistemic op-
erators) implemented using BDDs [1]. To the best of our knowledge,
this is the only model checker supporting such verification.

2 RELATED WORK

In recent years, several tools have been developed to simulate reac-
tion systems, including HERESY [39], cl-rs [17], WebRSim [19], and
brsim [6]. More recent tools have adopted reaction-system-based
analytical frameworks for applications in systems biology [7, 8,
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10], with special attention devoted to a simulator BioResolve [11].
Among general-purpose model-checking tools, the most prominent
ones supporting multi-agent systems with epistemic modalities MC-
MAS [33], Verics [23], MCK [3], UppaAL [32], PRISM [31], STV [24],
and VITAMIN [16]. However, none of these tools supports seman-
tics that closely match reaction systems. Therefore, their use for
verifying reaction systems suffers from an exponential growth in
complexity, which is demonstrated for MCMAS in [36].

3 APPLICATION DOMAIN

Distributed reaction systems provide a flexible framework for mod-
eling complex biological processes involving multiple interacting
agents with individual dynamics [13, 36]. Typical examples include
tumor immune system interactions, bacterial competition in mi-
crobiomes, and immune system coordination among different cell
types [12]. A key advantage of the proposed approach is its support
for modular modeling. Individual components can be developed
independently and later integrated into a unified system, with their
interactions mediated by the distributed environment. This envi-
ronment can be used to control agent activity across different stages
of the modeled process. Our tool enables integrated inspection of
system evolution and agents’ knowledge states. We demonstrate
the tool in action on a benchmark of the signaling transduction
pathways in breast cancer motivated by [43].

4 FORMAL BACKGROUND AND LOGIC

Distributed reaction systems (DRS) are a structure consisting of
multiple agents, each having their own reactions, and operating
over a shared set of entities [36]. A reaction consists of three finite
sets of entities: reactants, inhibitors, and products. It is enabled when
all reactants are present and all inhibitors are absent; when enabled,
the reaction produces all entities in its product set [13]. The global
states of a system (tuples of agents’ local states) are defined by finite
sets of entities and evolve through predefined reactions [38]. An
evolution (an interactive process) proceeds stepwise, where at each
step, all active agents apply their local reactions in parallel and their
results are combined to produce the global system state. Inactive
agents retain their state until they become active again. We use a
context-automaton that produces a context sequence, selecting the
active agents and optionally providing them with additional entities.
A model M for DRS is a product of the global state space and a
context automaton. The paths correspond to interactive processes.

The computation tree logic of knowledge for reaction systems [36]
(rscTLK) is an extension of rscTL [38] with epistemic operators. Its
formulas use the propositional and temporal operators of rscTL,
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Figure 1: The model of signal transduction (a) and screenshots with corresponding DRS (b) and resulting transition system (c).
The graphs of the operation time and memory used versus time for x equal to 2 (0), 3 () and 4 (]) (d).

such as next (X), globally (G), and until (U). Each operator is pre-
ceded by the existential or universal path quantifier (Esc, Asc) that
can be restricted by a state constraint (s¢). The state constraint
limits the admissible contexts (intuitively, actions) over which path
quantification ranges. Instead of standard propositional variables,
the logic uses atoms of the form i.ent describing the presence of
entity ent in the local state of individual agent i. The logic also
incorporates epistemic operators for expressing knowledge, and
it is interpreted in models M for distributed reaction systems. The
formula K;¢ states that agent i knows ¢. Formally M, s |= K;¢ if
M, s’ £ ¢ for all global states s’ in M sharing the same i-local state
of s. For example, M, s | A;cG(Ko¢) if for all states at all paths in
M starting at s and constrained by sc we have that agent 0 knows
that ¢ holds.

5 DESIGN AND IMPLEMENTATION

Reactics is a comprehensive open-source toolkit for modelling and
verifying reaction systems, implemented in C++. The original al-
gorithms for rscTL were introduced in [38]. The core functionality
supporting rsCTLK was implemented within a doctoral disserta-
tion [4] and has not been published elsewhere. Reactics comprises
two main modules: a BDD-based module for compact representa-
tion and efficient manipulation of the system state space, and an
SMT-based module that encodes verification problems as satisfi-
ability modulo theories. In addition, it supports symbolic model
checking for rscTLk, allowing the formal verification of systems
where both temporal and epistemic aspects are crucial. Recently,
Reactics has been extended with a Java-based graphical user inter-
face (GUI) that uses the JUNG 2.0 library [22] for graph visualisation.
The system editor module enables users to define and modify the
structure of a distributed reaction system by specifying its processes
(or agents) and their associated reactions. The context automaton
editor module provides graphical support for editing the context
automaton, including states, transitions, guards, and agent-specific
context. The state space visualisation module allows users to in-
spect the system behaviour as a transition system, either in its full
form or in a compressed representation that abstracts from context
automaton states. The verification module enables direct verifica-
tion of system properties expressed in rscTLK via the graphical
interface.

6 EXAMPLE SCENARIO

As an example application, we consider a model of simplified in-
tracellular signal transduction in breast cancer from [36]. The sig-
nalling process is represented using distributed reaction systems,
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which capture the discrete and asynchronous dynamics of interact-
ing signalling pathways. The model describes a signalling network
composed of growth factors, receptor tyrosine kinases, signalling
proteins, enzymes, and transcription factors, as shown in Figure 1(a).
Each component can be either present (activated) or absent (de-
activated). Drug inhibition is explicitly modelled by introducing
inhibitors.

The system evolution is formalised as an interactive process in
which agents apply their local reactions in parallel at each step,
and the global state is obtained by combining their local results
under the influence of a shared context. This example demonstrates
how logical regulatory rules of a signalling network [2] can be
systematically translated into distributed reaction systems, and how
activation sequences of agents lead to system evolutions reported
in [43], from which the original motivation was derived.

7 EXPERIMENTAL EVALUATIONS

For the experimental evaluation, we used a benchmark based on
the example from Section 6, maintaining the same pathway struc-
ture with a common beginning and end. We considered the scaling
parameter x between 2 and 4 for the number of modules, and y
between 2 and 15 for the process length. We evaluated the formulas
by = ASCG(KO(.\y/1 i.TF) v Ko(_/}< -i.TF)), where sc = /\iy=1 i.GF,
expressing that tile treatment aglerllt 0 knows whether the proposed
therapy is effective. Here, i.GF indicates that the growth factor is
overactive for agent i, while i.TF indicates that agent i has pro-
duced the entity TF, implying the therapy was not successful. The
experiments were conducted on a machine equipped with an Intel®
Xeon® Platinum 8260 processor and 1 TB of RAM, running Debian
Linux. The resulting time and memory consumption for model
checking ¢ are shown in Fig. 1 (d).

8 CONCLUSIONS

Unlike existing approaches focused on simulation, Reactics enables
formal verification of both system dynamics and agents’ knowledge
using the rscTLK logic. The tool is complemented by an intuitive
graphical user interface that supports modular modelling, inspec-
tion of state spaces, and verification of properties without requiring
in-depth expertise in formal methods. A biologically motivated
case study demonstrates that Reactics faithfully captures asynchro-
nous signalling behaviour while allowing exhaustive analysis of all
possible executions.

The complete system and example input files are available at [41];
a short video presentation can be found at [42].
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