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Abstract
Reaction systems are a model of computation inspired by the biochemistry exhibited by living cells. This paper introduces the
notion of agency as an extension to the reaction systems formalism, leading to distributed reaction systems. Adding agents
in the reaction systems setting, allows for the natural modelling and representation of multi-agent and distributed systems.
To support the specification of temporal-epistemic properties of distributed reaction systems, we introduce the logic rsctlk
and present experimental results of its associated model checking procedure run on a biological benchmark of within-cell
signal transduction networks. The experimental results are encouraging despite the complexity of the rsctlkmodel checking
problem that is shown to be pspace-complete.
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1 Introduction and related work

Natural computing is a fast developing research field con-
cerned with investigating models and computational tech-
niques inspired by nature, as well as investigating, in terms
of information processing, complex phenomena taking place
in nature (Kari and Rozenberg 2008) and Rozenberg et al.
(2012). Within the sub-field of bio-molecular computation, a
particular strand dealing with the latter kind of investigation
aims at establishing how bio-computations drive natural pro-
cesses. A prominent formalmodel introduced to support such
an endeavour is the model of reaction systems (Ehrenfeucht
and Rozenberg 2007b; Ehrenfeucht et al. 2013; Dennun-
zio et al. 2014). They were proposed as a formal model
of the functioning of the living cell, where this function-
ing is viewed in terms of formal processes resulting from
interactions between biochemical reactions. Crucially, these
interactions are driven by the mechanisms of facilitation and
inhibition: the (products of the) reactions may facilitate or
inhibit each other. The basic model of reaction systems is
qualitative rather than quantitative. However, it takes into
account the basic flow of energy of the living cell (Lehninger
1965), and the fact that the behaviour of the living cell is influ-
enced by its environment. Having originally been inspired by
the behaviour of the living cell, recent research on reaction
systems has been motivated by both biological and medical
considerations (Ehrenfeucht and Rozenberg 2007a, 2009;
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Brijder et al. 2011; Corolli et al. 2012; Azimi et al. 2015b;
Ehrenfeucht et al. 2017; Bowles et al. 2024) as well as the
general considerations concerned with the understanding of
computations taking place in reaction systems (Ehrenfeucht
et al. 2010, 2011; Kleijn et al. 2011; Salomaa 2013; Den-
nunzio et al. 2014; Genova et al. 2017). Reaction systems
are perceived as a novel general model of interactive compu-
tation.

Verification is a key area of reaction systems research,
e.g. Azimi et al. (2015a, 2016); Męski et al. (2015); Den-
nunzio et al. (2019); Brodo et al. (2023). There are results
showing model checking methods for branching time tem-
poral properties specified in ctl for reaction systems (rsctl)
(Męski et al. 2015) as well as for linear time temporal prop-
erties (Męski et al. 2016; Męski et al. 2017). An encoding
of a parametric version of reaction systems into smt was
defined and a synthesis based on bounded model checking
for properties specified in linear time temporal logic was
proposed (Męski et al. 2018), while languages of distributed
reaction systems (based on the definition of the preliminary
technical report (Męski et al. 2019) of this paper) are studied
in Ciencialová et al. (2022, 2023).

Temporal-epistemic properties ofmulti-agent systems can
be expressed using ctl∗k (van der Meyden and Wong
2003; Jones et al. 2012)—a logic combining epistemic and
temporal operators of ctl∗ (Emerson and Halpern 1986;
Ferrando and Malvone 2021). A symbolic model check-
ing method (Clarke et al. 2001) for interpreted systems
(Lomuscio and Ryan 1997) and ctlk specifications was
proposed in Raimondi and Lomuscio (2004, 2005) and
a bounded model checking approach for multi-agent sys-
tems (Wooldridge 2002; Maubert et al. 2023) and temporal-
epistemic properties was put forward in Penczek and Lomus-
cio (2003) and considered also in Męski et al. (2014).

Below, we discuss the main contributions of this paper.
First of all, we introduce the notion of agency as an exten-
sion to the reaction systems, leading to distributed reaction
systems (DRS). Adding agents in the reaction systems set-
ting allows for the natural modelling and verification of
multi-agent and distributed systems as well as different
synchronisation schemes. Crucially, it is possible to model
systems employing both synchronous and asynchronous exe-
cution semantics, and an extended notion of context automata
allowing conditional generation of contexts.We demonstrate
how the formalism of DRS can be applied to modelling of
multi-agent systems.

To enable specifying temporal-epistemic properties of
DRS we define a new logic for reaction systems, rsctlk,
which extends rsctl (Męski et al. 2017) with epistemic
operators. Then, we introduce a model checking method for
rsctlk. The method proposed is implemented using binary
decision diagrams for symbolic model checking and the

method is evaluated experimentally. Finally, we prove that
model checking for rsctlk is pspace-complete.

We present the running example inspired by the mech-
anistic model of within-cell signal transduction networks
of Zañudo et al. (2017). The modelled signal transduction
pathway consist of signalling proteins, enzymes, receptor
proteins, and signaling molecules that can take two states.
We define signalling pathway starting with growth factor gf
which, through receptor tyrosine kinase rtk, activates sig-
nalling protein ras and subsequently recruits other signaling
proteins like kinaseraf andmitogen-activated protein kinase
cascademek. This, togetherwith phosphorylated kinaseakt,
activates transcription factors tf. We check if an external
agent always knows whether or nor tf was observed in each
pathway.

The paper is organised as follows. In Sect. 2, we recall
the basic notions and definitions used by reaction systems.
Section 3 introduces distributed reaction systems and Sect. 4
defines rsctlk. In Sect. 5, a model checkingmethod for DRS
and rsctlk is introduced. In Sect. 7, we evaluate experimen-
tally an implementation of the proposed verification method.
In the last section of this paper we draw some conclusions.

2 Preliminaries

A reaction system is a pair R = (S, A), where S is a finite
background set and A is a set of reactions over S. Each
reaction in A is a triple b = (R, I , P) such that R, I , P are
nonempty subsets of S with R ∩ I = ∅. The sets R, I , and
P are respectively denoted by Rb, Ib, and Pb and called the
reactant, inhibitor, and product set of reaction b. By racS
we denote all reactions over S.

A reaction b ∈ A is enabled by T ⊆ S, denoted enb(T ),
if Rb ⊆ T and Ib ∩ T = ∅. The result of b on T is given
by resb(T ) = Pb if enb(T ), and by resb(T ) = ∅ otherwise.
Then the result of A on T is

resA(T ) = ⋃{resb(T ) | b ∈ A} = ⋃{Pb | b ∈
A and enb(T )}.

Intuitively, T represents a state of a biochemical system
being modelled by listing all present biochemical entities. A
reactionb is enabled by T and can take place if all its reactants
are present and none of its inhibitors is present in T .

Example 1 The running example is inspired by the mech-
anistic model of within-cell signal transduction networks
of Zañudo et al. (2017). We start with a simple reaction sys-
tem that mimics a simplified discrete dynamic model of the
signalling network.

The modelled signal transduction pathway consist of sig-
nalling proteins, enzymes, receptor proteins, and signalling
molecules that can take two states – ON and OFF. We define
signalling pathway starting with growth factor gf which,
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through receptor tyrosine kinase rtk, activates signalling
protein ras and subsequently recruits other signalling pro-
teins like kinase raf and mitogen-activated protein kinase
cascademek (mek/erk). This, together with phosphorylated
kinase akt, activates transcription factors tf. Note that in the
initialmodel presented in this example, kinaseakt is not pro-
duced by the considered pathway and needs to be provided
by the environment. We will model the second pathway pro-
viding kinase akt in subsequent examples.

Moreover, we simulate drug inhibition by adding to ini-
tial network rtk inhibitor rtki andmek inhibitormeki , and
introduce dummy inhibitor � (necessary to comply with the
definition, seeMęski et al. (2015)).More details are in Exam-
ple 3,whichdemonstrates that the experiment ofZañudo et al.
(2017) can be recreated with distributed reaction systems.

Let (S, A1) = ({gf, rtk, rtki, ras, raf,mek, meki,
akt, tf, �}, {a1, . . . , a6}) be a reaction system, with reac-
tions:

a1 : ({gf}, {�}, {gf})
a2 : ({gf}, {�, rtki}, {rtk})
a3 : ({rtk}, {�}, {ras})
a4 : ({ras}, {�}, {raf})
a5 : ({raf}, {�,meki}, {mek})
a6 : ({mek,akt}, {�}, {tf})
Note that reaction a2 specifies that the presence (ON) of

growth factor gf and the absence (OFF) of both dummy
inhibitor � and inhibitor rtki , implies the activation (chang-
ing state to ON) or maintaining the activity (staying in ON)
of the receptor tyrosine kinase rtk. No other reaction acti-
vates the receptor tyrosine kinase rtk. Hence, if one of the
conditions is not met (presence of gf or absence of both �

and rtki), the receptor tyrosine kinase rtk is deactivated
(changing state to OFF).

Note that in the state T = {gf, rtki, rtk, raf,akt} the
reactions a1, a3 and a5 are enabled, while a2, a4 and a6 are
not. Hence resA1(T ) = resa1(T ) ∪ resa3(T ) ∪ resa5(T ) =

{gf, ras,mek}.
Entities in reaction systems are non-permanent, i.e., if

entity x is present in the successor state T ′ of a current state T ,
then it had to be produced (sustained) by a reaction enabled
by T (and so x ∈ resA(T )). Also, there are no conflicts
between reactions.

A reaction system is a finite system in the sense that the
size of each state is a priori limited (by the size of the back-
ground set), and the state transformations it describes are
deterministic since there are no conflicts between enabled
reactions. This changes once we decide to take account of the
external environment, which is necessary to reflect the fact
that the living cell is an open system. Such an environment
can be represented by a context automaton. The definition of
context automaton we provide allows for non-determinism
in two dimensions. Not only can one define different outgo-
ing edges that connect two different states, but also multiple

edges providing different contexts between the same pair of
states.

A context automaton (CA) over �, is a triple A =
(Q, qinit, R), where: � is a finite set of labels, Q is a
finite set of locations, qinit ∈ Q is the initial location, and
R ⊆ Q × � × Q is a transition relation labelled with ele-
ments of �. We assume that R is serial, i.e., for each q ∈ Q
there is c ∈ � and q′ ∈ Q such that (q, c, q′) ∈ R.

A context restricted reaction system (CRRS) is a pair
cr-R = (R,A) such that R = (S, A) is a reaction system
and A = (Q, qinit, R) is a context automaton over 2S . The
dynamic behaviour ofcr-R is then capturedby the sequences
of states of its interactive processes. An n-step interactive
process in cr-R is π = (ζ, γ, δ), where:

• ζ = (z0, z1, . . . , zn), γ = (C0,C1, . . . ,Cn), δ =
(D0, D1, . . . , Dn),

• z0, z1, . . . , zn ∈ Q with z0 = qinit,
• C0,C1, . . . ,Cn, D0, D1, . . . , Dn ⊆ S with D0 = ∅,
• (zi ,Ci , zi+1) ∈ R, for every i ∈ {0, . . . , n − 1},
• Di = res A(Di−1 ∪ Ci−1), for every i ∈ {1, . . . , n}.

The state sequence of π is τ = (C0 ∪ D0, . . . ,Cn ∪ Dn).
Intuitively, the state sequence of π captures the behaviour

of cr-R by recording the states obtained by the evolution of
the reaction system R in the environment modelled by the
context automaton A.

3 Distributed reaction systems

A distributed reaction system models a system that consists
of many agents, where each agent has its own set of reac-
tions defined over a common background set. Let A be an
nonempty finite set, the elements of which are called agents.
A distributed reaction system (DRS) is a tuple D =
(S, {Ai }i∈A), where S is a finite nonempty set, and Ai ⊆
rac(S) for each i ∈ A.

Given a DRS D, we refer to S as D’s background set.
Throughout this paper, A = {1, . . . ,m} is a fixed set of
agents, unless it is specified otherwise. Each agent maintains
its own local state, and the tuples of StD = ∏m 2S are called
the states of D.

At each transition from a global state to its successor, the
environment provides the DRS with a context. Each context
contains a set of entities for each agent, and specifies the
activated agents. The contexts are defined as pairs CtD =
StD × 2A, and we use Cc and Ca to respectively denote
the first and the second component of a context C ∈ CtD.
Thus Cc represent a tuple of sets of entities provided by the
environment, and Ca denotes the activated agents.

The evolution of a DRS in an unconstrained environment
is captured by a suitably redefined notion of an interactive
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process, where the activated agents combine (share) their
local states to derive the next local states. For dealing with
tuples we use the following notation: if x = (x1, x2, . . . , xn)
is a tuple, then x[i] = xi , for every i ≤ n. With ∅

m we
denote the tuple consisting of m empty sets.

We now introduce the notion of an interactive process for
DRS. LetD = (S, {Ai }i∈A) be a DRS. An n-step interactive
process in D is π = (γ, δ), where:

• γ = (C0,C1, . . . ,Cn) and δ = (D0,D1, . . . ,Dn),
• C0,C1, . . . ,Cn ∈ CtD,
• D0,D1, . . . ,Dn ∈ StD with D0 = ∅

m ,
• for each k ∈ {0, . . . , n − 1} and each i ∈ A:

Dk+1[i] =
{
resAi

(
Cc
k[i] ∪ ⋃

j∈Ca
k
Dk[ j]

)
if i ∈ Ca

k

Dk[i] if i /∈ Ca
k

.

Now we give an intuition for the above definition. For an
activated agent i ∈ A, i.e., i ∈ Ca

k , to calculate its local
successor state Dk+1[i], we take its context set Cc

k[i] and
the union of all local states of the activated agents (state
sharing). If i ∈ A is not activated (i /∈ Ca

k ), then Dk[i]
remains unchanged, i.e., Dk+1[i] = Dk[i].

Example 2 We modify Example 1 by adding the second sig-
nalling pathway, which using signalling protein pi3k and
phosphorylating the phospholipid pip2 into pip3, leads to the
phosphorylation of the kinaseakt. So, we get a simple exam-
ple where two agents synchronise to activate transcription
factors tf by combining their local states.

Let D1 = (S′, {A1, A2}) be a DRS, where S′ = S ∪
{pi3k, pip3} is the background set and A2 = {a7, a8, . . . , a13}
is the set of reactions defined as follows:

a7 : ({gf}, {�}, {gf}),
a8 : ({gf}, {�, rtki}, {rtk}),
a9 : ({rtk}, {�}, {pi3k}),
a10 : ({ras}, {�}, {pi3k}),
a11 : ({pi3k}, {�}, {pip3}),
a12 : ({pip3}, {�}, {akt}),
a13 : ({mek,akt}, {�}, {tf}).
Recall that the entity � is used as a dummy inhibitor. Con-

sider the process π = (γ, δ) inD1 s.t. γ = (C0,C1, . . .) and
δ = (D0,D1, . . .) where Ci and Di for i ∈ {0, . . . , 9} are
defined as in Fig. 1.

We begin with the context C0 = (({gf}, {gf}), {1, 2})
and the state D0 = ∅

2, where both agents 1 and 2 are active
and receive gf. By combining the local states of agents 1
and 2 we get ∅. We apply the reactions of A1 to {gf} ∪ ∅

and the reactions of A2 to {gf} ∪ ∅. As the result, we get the
stateD1 = ({gf, rtk}, {gf, rtk}), where resA1({gf}∪∅) =
{gf, rtk} is the local state of agent 1 and resA2({gf} ∪∅) =
{gf, rtk} is the local state of agent 2.

Fig. 1 Sample interactive process

Then D9 = ({gf, rtk, ras, raf,mek, tf}, {gf, rtk,

pi3k, pip3,akt, tf}) is a DRS obtained after eight steps pre-
sented in Fig. 1.

Notice thatakt is required fortf to be producedby agent 1
and the entity is providedby agent 2 by sharing the local states
of the active agents. Similarly mek is required for tf to be
produced in 2. The context C9 is defined only for complete-
ness and it could be used only to calculate the successor ofD9.
In this way, we have modelled two asynchronous signalling
pathways. They are independent in the middle of the pro-
cess, while the synchronisation takes place at the initial stage
(appearance of rtk, common activation signal), as well as at
the end (activation of the transcription factor requires signals
from both pathways). Note that the interaction between both
pathways is hardcoded in the utilised formalism and can be
further specified and fitted using context automata. Note that
in the provided example we have an apparent synchronisa-
tion in step 4, where both agents are activated. However, it
does not affect the entire process, as for agent 1 it is an idle
step (context is empty, second agent does not provide any-
thing interesting, and the set of performed reactions is equal
to the previous step). In Example 3, we provide an alter-
native context sequence with the same result, but without
this apparent synchronisation. The simultaneous activation
of two agents is necessary to synchronise them; however,
it might be not sufficient and result in parallel execution of
independent activities.

Interactive processes for DRS capture all possible evolu-
tions of a DRS. However, the behaviour of an environment
is constrained on the current state of the DRS. Note that
this solution is biologically motivated and allows feedback
loops between an organism and the environment (Meacock
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and Mitri 2025). In general, this gives a possibility to treat
the environment as a (collective) agent that may respond
to the actions of other agents. We capture such an environ-
ment through the notion of an extended context automaton,
where the transitions between the states are guarded by for-
mulae restricting the allowed transitions for local states of
the agents.

The state constraints SCD are Boolean formulae with
propositions in the form of i .ent, where i ∈ A and ent ∈ S.
Their grammar is:

sc ::= true | i .ent | ¬sc | sc ∨ sc.
By W |�sc sc we denote that sc ∈ SCD holds in W ∈

StD. The satisfaction relation |�sc is defined recursively as
follows:

• W |�sc true for any W ∈ StD,
• W |�sc i .e iff e ∈ W[i],
• W |�sc ¬sc iffW �|�sc sc,
• W |�sc sc1 ∨ sc2 iffW |�sc sc1 or W |�sc sc2.

An extended context automaton (ECA) over D, is a triple
E = (Q, qinit, R) where:Q is a finite set of locations, qinit ∈
Q is the initial location, and R ⊆ Q × SCD × CtD × Q is a
transition relation.

For (q, sc,C, q′) ∈ R we also write q
sc,C−−→ q′. An

extended context automaton overD is simply called extended
context automaton if D is clear from the context.

E is progressive if for all q ∈ Q and W ∈ StD there exist
sc ∈ SCD, C ∈ CtD, and q′ ∈ Q such that (q, sc,C, q′) ∈ R
and W |�sc sc.

We formalise the notion of a DRS evolving in an environ-
ment provided by a progressive ECA: a context-restricted
distributed reaction system (CRDRS) is a pair cr-D =
(D,E) such that D is a DRS and E is a progressive ECA.
The set of states of cr-D is defined as Stcr-D = StD ×Q. Let
S ∈ Stcr-D and S = (W, q), then we write D(S) for W and
E(S) for q.

In CAwe assume that the transition relation is serial. This
allows us to avoid the situation where ‘the environment dies’,
i.e., where the context automaton stops providing contexts to
the reaction system. Similarly, given a CRDRS, we assume
that the ECA is progressive. In ECAs, for a transition to
be enabled, the state constraint associated with the transi-
tion must be satisfied. Checking progressiveness of an ECA
amounts to checking, if for each location and eachW ∈ StD
there exists a transition for which its state constraint is sat-
isfied. This means that checking if an ECA is progressive
could be involved. We take a different approach and instead
of checking if a given ECA is progressive, we construct a
corresponding progressive ECA.

Progressiveness can be easily imposed on any extended
context automaton E = (Q, qinit, R). Let ⊥ /∈ Q be a loca-

tion, Q′ = Q ∪ {⊥}, and let prg(E) = (Q′, qinit, R′) be
an ECA such that R′ = R ∪ R⊥ ∪ {(⊥, true, (∅m

, ∅),⊥)},
where
R⊥ = {(q,¬scq , (∅

m
, ∅),⊥) | q ∈ Q} and scq = ∨{sc |

(q, sc,C, q′) ∈ R},
for every q ∈ Q.

In the above construction, we add a special location ⊥
with a self-loop, and for each transition we add an additional
transition with the state constraint negated. The added tran-
sitions lead to⊥, provide empty contexts, and do not activate
any agents. The following result follows immediately from
the above construction.

Lemma 1 prg(E) is a progressive ECA, for every E.

An n-step interactive process in cr-D is a triple (ζ, γ, δ),
where:

• ζ = (q0, . . . , qn), γ = (C0, . . . ,Cn), and δ =
(D0, . . . ,Dn),

• q0, . . . , qn ∈ Q with q0 = qinit, and C0, . . . ,Cn ∈ CtD,
• D0, . . . ,Dn ∈ StD with D0 = ∅

m ,
• for each k ∈ {0, . . . , n − 1} there exists sc ∈ SCD such

thatDk |�sc sc as well as (qk, sc,Ck, qk+1) ∈ R and, for
each i ∈ A:

Dk+1[i] =
{
resAi (C

c
k[i] ∪ ⋃

j∈Ca
k
Dk[ j]) if i ∈ Ca

k ,

Dk[i] if i /∈ Ca
k .

Example 3 We continue with the discrete dynamic network
model of Zañudo et al. (2017), which was exploited to give
Examples 1 and 2. Its dynamic part is defined through a
series of regulatory functions (denoted with the symbol f )
assigned to positive values of state variables (denoted with
the symbol σ ) with the use of logical operators and,or,
and not. This way fpi3k = σrtk or σras means that a
regulatory function fpi3k activates or maintains active the
signalling protein pi3k (resulting in setting the state of the
variable σpi3k to ON) assuming that the state of at least one of
the variables σrtk or σras is equal to ON (meaning that either
receptor tyrosine kinase rtk or signalling protein ras or both
of them are active). A simplified network of pi3k and mapk
signalling initialized by receptor tyrosine kinases (rtk) can
be represented by the following logical rules (see Fig. 2):

• fpi3k = σrtk or σras
• fraf = σras
• fGrowthFactor = σGrowthFactor

• fras = σrtk
• fmek = σraf and not σmeki
• fakt = σpip3
• frtk = σGrowthFactor and not σrtki
• fpip3 = σpi3k
• fT ranscriptionFactors = σakt and σmek
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Fig. 2 The network model
inspired by Zañudo et al. (2017).
In the network model two or
more inputs can influence one
node being combined via logical
AND or logical OR operator. We
treat AND operator as default,
putting OR operator implicitly

Fig. 3 Two possible trajectories taken from Zañudo et al. (2017). Rows
represent quanta of time, while columns represent states of the consid-
ered signals, where a red box depicts the ON state and a blue box depicts
the OFF state

It is quite natural to treat the activated elements as prod-
ucts, the positive state variables as reactants, and the negative
state variables as inhibitors. This way one can use logical for-
mulas in disjunctive normal form to identify each logical rule
with a set of reactions. Note that all presented logical rules
were mapped to reactions from either A1 or A2 defined in
Examples 1 and 2. Moreover, the presented evolution of the
system from Example 2 can be identified with the one pre-
sented in the leftmost diagram of Fig. 1b of Zañudo et al.
(2017) (reprinted as Fig. 3(left)) as one of possible effects of
the application of the above set of logical rules.

Recall that Cc
0 = ({gf}, {gf}) is the initial set of entities

provided by the environment and, for any i > 0, we have
Cc
i = ∅

2. Moreover, the sequence of active agents is
({1, 2}, {1}, {1}, {1}, {1, 2}, {2}, {2}, ∅, {1, 2}, ∅).
We obtain the same result taking Cc

0 = ({gf}, ∅) and the
sequence of active agents

({1, 2}, {1}, {1}, {1}, {2}, {2}, {2}, ∅, {1, 2}, ∅).
However, if we leave Cc

0 = ({gf}, {gf}) and change the
sequence of active agents to

({1, 2}, {2}, {2}, {2}, {1}, {1}, {1}, ∅, {1, 2}, ∅)

then the obtained sequence of resulting states could be
indentified with the middle diagram of Fig. 1b of Zañudo
et al. (2017) (reprinted as Fig. 3(right)).

To complete the example we can obtain the sequence of
resulting states identified with the rightmost diagram of Fig.
1b of Zañudo et al. (2017) by taking the sequence of active
agents

({1}, {1}, {2}, {2}, {1}, {1}, {2}, ∅, {1, 2}, ∅).

Example 4 Wenowpresent a parameterised variant of the dis-
tributed reaction system D[x, y, z] = (Sx,y, {A1, . . . , Ay})
for x, y, z ≥ 2 and y ≥ z, inspired by Examples 1, 2 and 3,
as follows:

• Sx,y = {gf, rtk, rtki, tf, �, en11, . . . , en
x
y, eni

1
1 , . . . ,

eni xy };
• A j = {({gf}, {�}, {gf}), ({gf}, {�, rtki}, {rtk}),

({rtk}, {eni1j }, {en1j }),
({en1j }, {eni2j }, {en2j }), . . . , ({enx−1

j }, {eni xj }, {enxj })}

∪ ⋃
{a1,...,az}⊆{1,...,y}{({enxa1, . . . , enxaz }, {�}, {tf})}.

This way we introduce a system consisting of y pathways
of length x+3 each, where any z signalling pathways need to
simultaneously activate the last signal enxi in order to jointly
activate transcription factor. Note that the i-th pathway has x
unique reactantsen j

i and three common reactantsgf,rtk and
tf together with inhibitor rtki as well as dummy inhibitor
�. Moreover, we have a specified inhibitor eni ji that blocks

the propagation of the signal en j
i . Each pathway ends with a

set of reactions which activate Transcription factor tf.
We can specify a system almost equivalent to our running

example (without creation of pi3k on a base of ras and with
many additional inhibitors) as D[3, 2, 2].

For further examples, we also introduce an additional
agent with the set of reactions A[x,y,z,B]

0 , where B is a set

of reactants of the shape en j
i , that is responsible for the
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treatment application: A[x,y,z,B]
0 = {({rtk}, {�}, {rtki}),

({en j
i }, {�}, {eni xi })} for all en j

i ∈ B. Intuitively, agent 0
reacts to the activation of receptor tyrosine kinase and several
other signals related to independent pathways introducing the
appropriate inhibitors into the model.

4 Logic for temporal-epistemic properties

Recall that defining a context automaton we have already
introduced the satisfaction relation |�sc.

The language of computation tree logic of knowledge for
reaction systems, rsctlk for short, is defined by the following
grammar: φ := i .ent | ¬φ | φ ∨ φ | EscXφ | EscGφ |
Esc[φUφ] | Kiφ | C�φ,where i ∈ A, ent ∈ S, sc ∈ SCD and
� ⊆ A.

The aim of the logic is to resemble ctlk (Penczek and
Lomuscio 2003), while retaining the expressive power of
rsctl. The grammar uses the propositional and temporal
operators of rsctl (Męski et al. 2015). In place of propo-
sitional variables we use i .ent, which allows for specifying
entities in local states of the individual agents. Additionally,
the logic uses epistemic operators for specifying knowledge
properties: the operators Kiφ and C�φ are the existential
counterparts of the universal Kiφ and C�φ, respectively,
which we derive later. Here we provide the intuitive mean-
ing of the universal operators: Kiφ means the agent i ∈ A
knows φ and C�φ means φ is common knowledge amongst
the agents of �.

In contrast to rsctl (Męski et al. 2015), to restrict the
scope of the path quantifiers in this logic we use state con-
straints. One advantage of such an approach is the ability to
obtain compact representations for families of sets of enti-
ties (sets of the allowed actions) under path quantifiers. Let
φ be an rsctlk formula. Then, d(φ) is the depth of φ defined
recursively as follows:

• if φ = i .ent, where i ∈ A and ent ∈ S, then d(φ) = 1,
• if φ ∈ {¬φ′, EscXφ′, EscGφ′,Kiφ

′,C�φ′}, then d(φ) =
d(φ′) + 1,

• if φ ∈ {φ′ ∨ φ′′, Esc[φ′Uφ′′]}, then d(φ) = max({d(φ′),
d(φ′′)}) + 1.

Let cr-D = (D,E) where D = (S, {Ai }i∈A) is a DRS and
E = (Q, qinit, R) is an extended context automaton over D.
Themodel for cr-D is a tupleMcr-D = (Stcr-D,Sinit ,−→),
where:

1. Stcr-D is the set of states of Mcr-D,
2. Sinit = (

(∅, . . . , ∅), qinit
) ∈ Stcr-D is the initial state,

3. −→ ⊆ Stcr-D × CtD × Stcr-D
is the transition relation such that for all S,S′ ∈ StD,
q, q′ ∈ Q, C ∈ CtD:

(
(S, q),C, (S′, q′)

) ∈ −→ iff

(a) (q, sc,C, q′) ∈ R for some sc ∈ SCD and S |�sc sc,
(b) for each k ∈ A:

• S′[k] = resAk (C
c[k] ∪ ⋃

j∈Ca
S[ j]) if k ∈ Ca and

• S′[k] = S[k] if k /∈ Ca .

Each element (S,C,S′) ∈ −→ is denoted by S C−→ S′.
The following lemma follows from the above definition

and seriality of the transition relation of E.

Lemma 2 For each S ∈ Stcr-D there exist C ∈ CtD and

S′ ∈ Stcr-D such that S C−→ S′.

A path over sc ∈ SCD in Mcr-D is an infinite sequence

σ = (S0,C0,S1,C1, . . . ) s.t. Si Ci−→ Si+1 and Cc
i |�sc sc

for each i ≥ 0. The set of all paths over sc is denoted by
�inf

sc . For each i ≥ 0, the i th state of the path σ is denoted
by σs(i) and the i th action (i.e. a step of reaction sytem)
of the path σ is denoted by σa(i). By �inf

sc (S) we denote
the set of all paths over sc that start in S ∈ Stcr-D, i.e.,
�inf

sc (S) = {σ ∈ �inf
sc | σs(0) = S}.

Let S,S′ ∈ Stcr-D and sc ∈ SCD. We say that S′ is
an sc-successor of S (denoted by S −→sc S′) iff there

exists C ∈ CtD such that Cc |�sc sc and S C−→ S′.
The relation � ⊆ Stcr-D × Stcr-D is defined as follows:

(S,S′) ∈ � iff there exists C ∈ CtD such that S C−→ S′.
The relation �r ⊆ Stcr-D × Stcr-D is the transitive closure
of �. A state S ∈ Stcr-D is reachable iff Sinit�rS. Then,
Reach(cr-D) ⊆ Stcr-D is the set of the reachable states of
Mcr-D, i.e., Reach(cr-D) = {S ∈ Stcr-D | Sinit�rS}. To
denote Reach(cr-D) we also write Reach(Mcr-D).

For each agent i ∈ A, the epistemic indistinguishabil-
ity relation ∼i⊆ Stcr-D × Stcr-D is defined by: S ∼i S′ iff
D(S)[i] = D(S′)[i] and S,S′ ∈ Reach(cr-D). For a group
of agents � ⊂ A, the union of the indistinguishability rela-
tions of � is defined as ∼E

� = ⋃
i∈� ∼i . By ∼C

� we denote
the transitive closure of ∼E

� . If S ∼i S′ for some i ∈ �, we
say S is a �-neighbour, or an i-neighbour, of S′ (denoting
them also as nb� and nb{i}).

Let Mcr-D = (Stcr-D,Sinit ,−→) be a model for cr-D,
S ∈ Stcr-D be a state ofMcr-D, and φ be an rsctlk formula.

The fact that φ holds in S is denoted by Mcr-D,S |� φ,
or simply S |� φ when Mcr-D is clear from the context.

The relation |� is defined recursively as follows:

• S |� i .ent iff ent ∈ D(S)[i],
• S |� ¬φ iff S �|� φ,
• S |� φ ∨ ψ iff S |� φ or S |� ψ ,
• S |� EscXφ iff (∃σ ∈ �inf

sc (S)) σs(1) |� φ,
• S |� EscGφ iff (∃σ ∈ �inf

sc (S))(∀i ≥ 0)(σs(i) |� φ
)
,

• S |� Esc[φUψ] iff (∃σ ∈ �inf
sc (S))(∃i ≥ 0)

(
σs(i) |� ψ

and (∀0 ≤ j < i) σs( j) |� φ
)
,

• S |� Kiφ iff (∃S′ ∈ Stcr-D)(S ∼i S′ and S′ |� φ)
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Fig. 4 Automaton E1. Since we do not specify any sophisticated state
constraints and in all arcs except for the first one (between q0 and q1)
we provide empty contexts, on the labels related to the transitions we
give only the sets of activated agents

• S |� C�φ iff (∃S′ ∈ Stcr-D)(S ∼C
� S′ and S′ |� φ).

Next, we introduce some useful derived operators. First,

true
de f= i .ent ∨ ¬i .ent, for any i ∈ A and ent ∈ S. Then we

define:
φ ⇒ ψ

de f= ¬φ ∨ ψ, EscFφ
de f= Esc[ trueUφ].

We also introduce the universal path quantifier Asc mean-
ing ‘for all the paths over sc’:

AscFφ
de f= ¬EscG¬φ, AscXφ

de f= ¬EscX¬φ, AscGφ
de f=

¬Esc[ trueU¬φ].
Moreover, we assume sc = true when sc is not explic-

itly specified for any of the rsctlk operators, e.g., EFφ
de f=

E trueFφ. We also introduce derived epistemic operators:

Kiφ
de f= ¬Ki¬φ, C�φ

de f= ¬C�¬φ, E�φ
de f=

∨
i∈� Kiφ, E�φ

de f= ¬E�¬φ.
We say that an rsctlk formula φ holds in the model

Mcr-D if and only if φ holds in the initial state of Mcr-D:
Mcr-D |� φ iff Sinit |� φ.

Example 5 Here we specify some rsctlk properties of the
biological running example presented in Examples 1–3.

Let us recall two agents 1 and 2 with sets of reactions A1

and A2 from Example 2, and add another agent 0 (similar to
the treatment agent in Example 4) with the reaction set A0 =
{({rtk}, {�}, {rtki}), ({raf}, {�}, {meki}), ({ras}, {�},
{meki})}. Together they form a DRSD2 = (S′, {A0, A1,

A2}).
Let us checkwhether agent 0 always knowswhether Tran-

scription Factor was observed in any pathway or in neither
of them. This property is specified as the rsctlk formula
φ = AG(K0(1.TF ∨ 2.TF) ∨ K0(¬1.TF ∧ ¬2.TF)). More-
over, let us define three extended context automata overD as
presented in Figs. 4, 5, 6.

Consider two processes π j = (γ j , δ j ), where j ∈
{1, 2}, in D2 such that γ j = (C j

0,C
j
1,C

j
2, . . .) and δ j =

(D j
0,D

j
1,D

j
2, . . .) where C j

i and D j
i for i ∈ {0, . . . , 9} are

defined by tables presented in Fig. 7.
Notice that both processes are (at least up to this point)

indistinguishable for agent 0. Moreover, π1 and π2 are both
finite processes of D2 with automaton E3. Hence, φ is not
satisfied for this CRDRS. On the other hand, π1 is a finite

Fig. 5 Automaton E2

Fig. 6 Automaton E3

prefix of the only infinite process of D2 with automaton E1.
After that the last six states repeat periodically. Hence, φ is
satisfied for this CRDRS (with the first component of the
internal formula true). Finally, π2 is a finite prefix of the only
infinite process ofD2 with automatonE2. For similar reasons
as before, φ is not satisfied for this CRDRS.

Example 6 Let us recall the parametric variant of the DRS
D[x, y, z] of Example 4 together with the medical treatment
agent 0 with the set of reactions Ax,y,z,B

0 . This way we can
model the applicationof drugs (inhibitors specifiedbyparam-
eter B) in the situation where more then two independent
signalling pathways (of equal lengths) are considered.
Basing on finite automata E3 of Example 5, we con-
sider parameterized context automata E4 that start with
the transition engaging all agents with context of the form
({gf} . . . {gf}) and then engage alternately one non-zero
agent and all agents (always with empty contexts and with a
special non-zero agent chosen no more than twice in a row)
(Figs. 8, 9).

E4 = ({qI , qS} ∪ ⋃
i=1,...,y{qi A, qi B , qiC , qiD}, qI ,

{(qI , true, (({gf}, {gf}, . . . , {gf}), {0, 1, . . . , y}), qS)}
∪⋃

i=1,...,y{(qS, true, (∅y+1
, {i}), qi A),

(qi A, true, (∅y+1
, {0, 1, . . . , y}), qi B),

(qi B, true, (∅y+1
, {i}), qiC ),

(qiC , true, (∅y+1
, {0, 1, . . . , y}), qiD)}

∪⋃
i=1,...,y

⋃
j=1,...,y∧ j �=i {(qi B, true, (∅y+1

, { j}),
q j A),

(qiD, true, (∅y+1
, { j}), q j A)} ).

Moreover, let us consider some specific automata that gen-
erate single infinite paths accepted byE4. As an example one
can define the automaton inspired by E2.

E5 = ({q0, q1, . . . , q4y}, q0,
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Fig. 7 We present prefixes of
two interactive processes π1 and
π2. Since γ1 is almost equal to
γ2, we present them in the
common, second column,
proving two corresponding
values in the rows 11 and 15 that
distinguish them

{(q0, true, (({gf}, {gf}, . . . , {gf}), {0, 1, . . . , y}), q1)}
∪⋃

i=0,...,y−1{(q4i+1, true, (∅
y+1

, {i + 1}), q4i+2),

(q4i+2, true, (∅
y+1

, {0, 1, . . . , y}), q4i+3),

(q4i+3, true, (∅
y+1

, {i + 1}), q4i+4),

∪⋃
i=0,...,y−2{(q4i+4, true, (∅

y+1
, {0, 1, . . . , y}),

q4i+5)}
∪{(q4y, true, (∅y+1

, {0, 1, . . . , y}), q1)} ).

Finally, for the discussed parametric distributed reaction
systemwith both variants of context automatonwe can verify
the following sample logical formula:

φ = AG(K0(

y∨

i=1

i .TF) ∨ K0(

y∧

i=1

¬i .TF)). (1)

123



A. Meski et al.

Fig. 8 Automaton E4

Fig. 9 Automaton E5

Similarily to the formula from Example 5, we are asking if
the treatment agent 0 always knows whether the proposed
therapy is effective or not.

5 Model checking for rsCTLK

In this section we describe a model checking method for
rsctlk, which is based on computing fixed points. To calcu-
late the set of the reachable states and the results for temporal
operators we use algorithms similar to the ones presented
inMęski et al. (2015). The difference is in how the set of suc-
cessor and predecessor states are defined. In this section we
restrict the sets of states to only those which are obtained via
transitions restricted with state constraints, whereas inMęski
et al. (2015) sets of actions were used. Firstly, we give an
algorithm for computing all reachable states of Mcr-D, and
then we provide a method for computing the set of states,
where an rsctlk formula holds.

To compute the set of all reachable states we need the
notion of a fixed point (we use |W | to denote the cardinality
of a set W ). Let W be a finite set and τ : 2W −→ 2W be
a monotone function, i.e., X ⊆ Y implies τ(X) ⊆ τ(Y ) for
all X ,Y ⊆ W . Let τ i (X) be defined by τ 0(X) = X and
τ i+1(X) = τ(τ i (X)). We say that X ′ ⊆ W is a fixed point
of τ if τ(X ′) = X ′. It can be proved that if τ is monotone
and W is a finite set, then there exist m, n ≤ |W | such that
τm(∅) is the least fixed point of τ (denoted byμX .τ (X)) and
τ n(W ) is the greatest fixed point of τ (denoted by νX .τ (X)).

Let Mcr-D = (Stcr-D,Sinit ,−→) be a model. We define
the function that assigns the set of the sc-successors to
the states in W ⊆ Stcr-D: postsc(W ) = {S′ ∈ Stcr-D |
(∃S ∈ W ) S −→sc S′)}, where sc ∈ SCD. The set
Reach(cr-D) ⊆ S can be characterised by the fixed point
equation: Reach(cr-D) = μX .

(Sinit ∪ X ∪ post true(X)
)
.

Algorithm 1: checkNC(�, φ1)

1 X := ∅;
2 X p := Reach(cr-D);
3 Yφ1 = checkrsctlk(φ1);
4 while X �= X p do
5 X p := X , X := nb�(Yφ1 ∪ X);
6 end
7 return X ;

The set of all the reachable states of Mcr-D in which φ

holds is denoted by �Mcr-D, φ� or by �φ� ifMcr-D is implic-
itly understood. ForW ⊆ Reach(cr-D)we define a function
that assigns the set of the sc-predecessors to W :

pre∃
sc(W )

de f= {S ∈ Reach(cr-D) | (∃S′ ∈ W ) S −→sc

S′)}.
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Algorithm 2: checkrsctlk(φ)

1 if φ = i .ent then return
{S ∈ Stcr-D | ent ∈ D(S)[i]} ∩ Reach(cr-D) else if φ = ¬φ1
then return Reach(cr-D) \ checkrsctlk(φ1) else if
φ = φ1 ∨ φ2 then return checkrsctlk(φ1) ∪ checkrsctlk(φ2)

else if φ = EscXφ1 then return pre∃
sc(checkrsctlk(φ1)) else if

φ = EscGφ1 then return checkEG(sc, φ1) else if
φ = Esc[φ1Uφ2] then return checkEU(sc, φ1, φ2) else if
φ = Kiφ1 then

2 X := checkrsctlk(φ1);
3 return nb{i}(X);
4 end
5 else if φ = C�φ1 then return checkNC(�, φ1)

Let φ1, φ2 be rsctlk formulae. For the non-epistemic for-
mulae of rsctlk the sets of states in which they hold are
defined as follows:

�¬φ1�
de f= Reach(cr-D)\�φ1�, �φ1∨φ2�

de f= �φ1�∪�φ2�,

�φ1 ∧ φ2�
de f= �φ1� ∩ �φ2�,

�EscXφ1�
de f= pre∃

sc(�φ1�), �EscGφ1�
de f= νX .

(
�φ1� ∩

pre∃
sc(X)

)
,

�Esc[φ1Uφ2]� de f= μX .
(
�φ2� ∪ (�φ1� ∩ pre∃

sc(X))
)
.

The above definitions differ from the ones presented
in Męski et al. (2015) in how the predecessors are defined –
here we restrict the set of predecessors with state constraints.

Recall that we have already defined neighbours and epis-
temic indistinguishability relation.

The sets for the epistemic operators (Fagin et al. 2003) are
defined as follows:

�Kiφ1�
de f= nb{i}(�φ1�), �C�φ1�

de f= μX .
(
�φ1�∪

nb�(X)).
To compute the set of states for Kiφ1 we find all the

i-neighbours of the states in which φ1 holds. In the case
of C�φ1, to obtain the set of states in which the formula
holds, we calculate the least fixed point. The procedure
checkrsctlk(φ) for computing the set of states in which an
rsctlk formula φ holds is outlined in Algorithm 2. It uses the
procedure for calculating �C�φ1� presented in Algorithm 1.

Given cr-D and an rsctlk formula φ, the rsctlk
model checking problem is the problem of deciding whether
Mcr-D |� φ. See Męski et al. (2015) for the pseudo-code
for calculating �EscGφ1� and �Esc[φ1Uφ2]� (checkEG(sc, φ1)

and checkEU(sc, φ1, φ2), respectively).

Lemma 3 The rsctlk model checking problem is pspace-
hard.

Proof Follows from the fact that qsat can be reduced to the
rsctlk model checking problem. It is easy to see that every
initialised context restricted reaction system ICRRS can be
translated into CRDRS with a single agent and rsctl is a
subset of rsctlk. Therefore, the reduction is similar to the
one for ICRRS and rsctl (Męski et al. 2015). ��

Lemma 4 The rsctlkmodel checking problem is in pspace.

Proof We show a nondeterministic algorithm for deciding
whether Mcr-D |� φ, which requires at most polynomial
space in the size of the input, i.e., the formula φ and cr-D.

The proof for the operators common with rsctl is similar
to the one of Męski et al. (2015) for rsctl and initialised
context-restricted reaction systems.

The algorithm uses the recursive procedure label(S, φ),
which returns true iff Mcr-D,S |� φ, where S ⊆ Stcr-D;
otherwise, it returns false.

The encoding of each state requires spaceO(|S| · |A|) and
each successor canbegenerated in spaceO(|S|·|A|),whereas
the overall algorithm requires space O(|S| · |A| · d(φ)

)
.

The proof follows by the induction on the length of the for-
mula φ. The cases in which φ does not contain any temporal
and epistemic operators, or φ = EscXφ1, are straightforward.

We omit the part of the proof for the temporal operators
since it is similar to the one for rsctl (Męski et al. 2015).

The intuition for the procedure for checking φ = C�φ1 in
S ∈ Stcr-D is outlined in Algorithm 3.

The algorithm searches for a path via the relation∼C
� from

S to a state in which φ1 holds and it is a reachable state of
the model. Initially, Ŝ is set to S. If φ1 holds in Ŝ and the
state is reachable, then the algorithm returns true; otherwise
it nondeterministically selects Ŝ′ ∈ Stcr-D accessible via ∼i

for i ∈ � and then it jumps to the beginning of the procedure
and checks if φ1 holds in that state.

Algorithm 3: Nondeterministic procedure for checking
C�φ1

1

We do not explicitly refer to the context automaton of
cr-D in the algorithms as it does not affect the complexity
considerations. However, when selecting a CRDRS state Ŝ,
in fact, a state of D and a location of E are selected.

To verify if the rsctlk formula φ holds in the model
Mcr-D, the label procedure is called for the initial state of
the model, i.e.,Mcr-D |� φ iff label(Sinit , φ).

The procedure is called recursively for each subformula
of φ. At a given recursion level the procedure requires only
a constant number of variables to be stored. The total space
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requirement depends onO(d(φ)) calls of label, where a sin-
gle call needs space O(|S| · |A|). The space requirement
for label is not affected by the size of sc as it is only used
in nondeterministic choices. For each call of label, i.e., for
each nesting level of φ, label is called recursively at most
twice, as each operator of rsctlk has at most two arguments.

Thus, the overall space requirement of the procedure is
O(|S| · |A| · d(φ)

)
.

Therefore, by Savitch’s theorem, the deterministic algo-
rithm can be implemented in polynomial space. ��
The following theorem follows directly from Lemmas 3
and 4.

Theorem 1 he rsctlk model checking problem is pspace-
complete.

6 Model checking toolkit

Reactics is a comprehensive toolkit for the modelling and
verification of reaction systems. It consists of two mod-
ules: one based on binary decision diagrams (BDDs) for
compact storage and efficient state-space manipulation, and
another that reduces verification problems to satisfiabil-
ity modulo theories (SMT). Moreover, Reactics supports
symbolic model checking for rsctlk, enabling the formal
verification of systems in which both temporal and epistemic
properties are essential aspects of the modelled behaviour.

6.1 Translation to ISPL

We validated the effectiveness of Reactics by comparing it
with another model checking tool. To this end, we simulated
a distributed reaction system with a context automaton and
verified rsctl formulae using mcmas.

mcmas (Lomuscio et al. 2017) is an open-source model
checker for the verification of multi-agent systems. It sup-
ports symbolic techniques for verifying such systems against
specifications expressing temporal, epistemic, and strategic
properties. Due to differing operational paradigms, simulat-
ing the behaviour of distributed reaction systems required
translating the DRS descriptions into the Interpreted Systems
Programming Language (ISPL) used by mcmas.

Due to technical restrictions on accessing the values of
local variables, the translation does not fully capture the
described framework. We simulated distributed reaction sys-
tems and validated rsctl formulae. The only difference lies
in the operation of the context automaton, which was left
unconstrained; specifically, we universally applied trivial
state constraints, always equal to true. Nevertheless, we suc-
ceeded in preserving key properties of reaction systems –
most notably, the qualitative nature of non-permanent enti-
ties.

A multi-agent system described by an ISPL program
consists of several independent agents and a single moder-
ating agent called the Environment. The local state of each
agent is represented by internal private variables and can-
not be observed by other agents, including the Environment.
Communication between agents is realised through publicly
observable local actions. Moreover, the Environment agent
may provide a set of so-called observable variables, which
can be read by other agents.

The environment state is represented by the local private
variables of the agent Environment. Moreover, the Envi-
ronment is responsible for handling the context automaton,
storing its current state q and the transition t used to reach q.
Information about reactants and inhibitors available to agents
is shared via observable variables of the agent Environment.
Note that separate sets of observable variables are required
for each agent, as some agents may receive additional enti-
ties from the context. The simulation proceeds step by step,
guided by the actions of the Environment (see below for
details).

Each agent updates its local state by copying the rele-
vant values (activity status, available entities, etc.) from the
observable variables of theEnvironment.After performing all
reactions, each agent informs the Environment of the prod-
ucts it possesses (or their absence) by triggering appropriate
actions in response to the Environment’s queries.

A single computation step of a distributed reaction system
is simulated by executing the following sequence of compu-
tational steps in the ISPL program:

1. The agent Environment resets the system state by clear-
ing all variables associatedwith entity presence and agent
activity, ensuring the qualitative (non-permanent) seman-
tics of entities.

2. Active agents are determined based on the current transi-
tion of the context automaton. Activation status is stored
in observable variables, which agents use to update their
local state.

3. The Environment issues queries to active agents regard-
ing products produced in the previous step. Each agent
responds by invoking the corresponding action, indicat-
ing whether it possesses the queried product.

4. Observable variables representing product possession are
synchronised with the environment state.

5. Additional entities, if specified by the context automaton,
are assigned to each active agent.

6. Each active agent updates its local possession state using
the values of the corresponding observable variables.

7. Each active agent executes all enabled reactions.
8. TheEnvironment selects the next transition of the context

automaton.
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Fig. 10 The graphs of the
operation time and memory
used versus time. The presented
data are related to values of x
equal to 2 (�), 3 (�) and 4 (⊗).
The graphs on the left-hand side
depict systems with context
automaton E4, while the ones on
the right-hand side with E5
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All active agents execute their reactions synchronously
within a single ISPL computation step.

The translation is defined for formulae interpreted under
ctlk semantics. Its correctness is ensured by the stuttering
nature of global state sequences. Recall that a global state
of a distributed reaction system is a composition of the local
states of all agents. The translation modifies all variables
corresponding to local states referenced in ctlk formulae
simultaneously, during step 7. Between such updates, the
global state remains constant. This is sufficient for the correct
interpretation ofG andU operators, but introduces difficulties
in handling the X operator. Each occurrence of X in rsctl
must be replaced with a sequence (of appropriate length) of
X operators in ctlk.

Furthermore, to ensure the correct evaluation of knowl-
edge operators, only those entities that will be used in step 7
are distributed in step 6. As a result, agents cannot distin-
guish between global states in which particular reactions are
disabled due to different causes – whether due to the absence
of required products or the presence of inhibitors.

7 Experimental results

The proposedmodel checkingmethod has been implemented
in our toolkit—Reactics (the results can be reproduced
using https://github.com/arturmeski/reactics). The imple-
mentation uses C++ as the implementation language and the
CUDD library (Somenzi 2009) for creating binary decision
diagrams (bdd) and handling the operations on them. The
tool uses the algorithms from Sect. 5.

The experiments were conducted on a machine equipped
with an Intel® Xeon® Platinum 8260 processor and 1TB of
RAM, running the Debian Linux operating system.

In the experimental evaluation we used our implemen-
tation with the models presented in Examples 4 and 6,
employing both provided context automata. We configured
the CUDD library to attempt to optimise the bdd variables
by using its implementation of the group sifting algorithm
from Panda and Somenzi (1995). However, an analysis of
bdd variable orders and their optimal reordering strategies
is beyond the scope of this paper. The experimental results
are presented in Fig. 10. We considered values of the scal-
ing parameter y = z between 2 and 15. For each value of
the scaling parameter we evaluated the rsctlk formula (1),
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Table 1 The comparison of
model checking time (MC, sec.),
total running time (TT, sec.),
and total memory used (M, MB)
by Reactics and mcmas for the
formula (1) and systems with
context automata E4

x y, z Context automaton E4

Reactics mcmas Value

MC TT M MC TT M

2 2 0.30 0.36 21.00 0.23 1.09 17 False

2 3 0.87 0.99 21.00 1.05 3.64 37 False

2 4 2.45 2.74 21.00 3.56 15.19 54 False

2 5 6.42 7.00 22.00 14.03 29.25 58 False

2 6 12.22 13.06 23.00 35.55 62.63 65 False

2 7 25.13 26.53 23.00 61.03 115.01 83 False

2 8 42.64 44.95 24.00 176.35 315.77 147 False

2 9 73.42 77.09 26.00 366.02 579.12 157 False

2 10 105.70 111.50 26.00 328.02 667.80 187 False

2 11 153.40 160.30 28.00 1006.19 1924.15 314 False

2 12 204.60 214.10 29.00 2819.00 3695.35 665 False

2 13 278.30 289.70 29.00 1643.08 3323.01 634 False

2 14 410.00 424.70 40.00 4665.78 6213.95 945 False

2 15 521.30 539.50 42.00 7699.47 11507.60 1910 False

3 2 0.41 0.47 21.00 0.40 1.89 19 False

3 3 0.67 0.82 21.00 0.13 5.45 38 True

3 4 1.72 2.07 21.00 0.34 14.10 55 True

3 5 3.52 4.28 21.00 0.81 33.49 58 True

3 6 6.37 7.61 22.00 1.83 60.86 74 True

3 7 11.08 13.37 22.00 3.77 162.08 124 True

3 8 17.99 21.00 22.00 4.86 188.89 135 True

3 9 27.10 31.32 23.00 11.82 508.04 267 True

3 10 38.71 45.65 23.00 14.34 527.34 270 True

3 11 53.95 64.31 23.00 30.91 1026.20 470 True

3 12 72.77 85.35 24.00 63.16 2422.59 973 True

3 13 102.60 118.80 24.00 98.60 1840.90 1178 True

3 14 124.70 150.40 24.00 170.55 3579.14 1562 True

3 15 157.60 185.20 25.00 290.35 18414.90 2496 True

4 2 0.34 0.41 21.00 0.03 2.40 21 True

4 3 1.13 1.31 21.00 0.13 9.26 38 True

4 4 3.28 3.74 22.00 0.67 27.00 58 True

4 5 6.47 7.36 22.00 1.33 52.68 69 True

4 6 13.85 15.46 22.00 3.04 155.44 114 True

4 7 23.57 26.01 23.00 6.50 250.04 180 True

4 8 41.23 45.09 24.00 10.65 691.44 250 True

4 9 56.48 62.59 24.00 30.24 1449.25 502 True

4 10 85.82 93.51 25.00 37.61 1601.89 710 True

4 11 123.50 135.40 25.00 99.06 3302.76 1402 True

4 12 177.50 196.70 27.00 282.10 25488.80 4509 True

4 13 242.30 265.30 28.00 416.01 16638.00 4239 True

which holds in most of the tested models. It does not hold for
x = 2 with E4 and x = 3, y = z = 2 with E4, as expected.
For the remaining cases, we have positively verified the for-
mula. This means that the outcome of the treatment could be

determined (the activation of the transcription factor can be
deduced from the local states of the 0th agent).

The verification time scales exponentially. The only non-
obvious case concerns the execution times for E4. The
computation times for two agents are shorter than the com-

123



Model checking for distributed reaction systems with…

Table 2 The comparison of
model checking time (MC, sec.),
total running time (TT, sec.),
and total memory used (M, MB)
by Reactics and mcmas for the
formula (1) and systems with
context automata E5

x y, z Context automaton E5

Reactics mcmas Value
MC TT M MC TT M

2 2 0.24 0.28 21.00 0.01 0.74 13 True

2 3 0.91 1.01 21.00 0.03 2.00 18 True

2 4 2.51 2.72 21.00 0.06 5.18 36 True

2 5 5.66 6.06 21.00 0.12 10.49 40 True

2 6 11.71 12.35 21.00 0.27 16.34 51 True

2 7 21.28 22.33 21.00 0.46 29.73 49 True

2 8 38.80 40.22 21.00 0.60 58.69 52 True

2 9 57.55 59.61 22.00 1.17 79.54 58 True

2 10 92.56 95.85 22.00 2.03 150.54 66 True

2 11 129.40 133.40 22.00 2.14 206.50 70 True

2 12 187.10 192.60 22.00 3.63 281.41 94 True

2 13 252.60 259.40 22.00 4.46 353.73 107 True

2 14 356.70 365.10 23.00 8.22 476.67 159 True

2 15 486.90 498.00 23.00 8.61 959.82 160 True

3 2 0.32 0.39 21.00 0.01 1.21 16 True

3 3 1.29 1.48 21.00 0.05 3.83 28 True

3 4 3.41 3.65 21.00 0.11 9.18 34 True

3 5 8.17 8.69 21.00 0.30 16.28 54 True

3 6 15.71 16.49 21.00 0.51 27.13 41 True

3 7 29.25 30.63 21.00 0.62 51.31 57 True

3 8 47.92 50.03 22.00 1.53 115.99 64 True

3 9 79.18 82.12 22.00 1.82 166.46 68 True

3 10 119.00 123.10 22.00 2.48 289.47 85 True

3 11 180.10 185.80 22.00 4.21 364.15 110 True

3 12 270.20 277.20 23.00 7.77 467.15 168 True

3 13 355.80 364.80 23.00 34.38 1041.26 212 True

3 14 530.70 542.70 23.00 16.86 1828.61 286 True

3 15 701.50 716.70 23.00 22.63 3237.66 273 True

4 2 0.43 0.51 21.00 0.02 2.08 17 True

4 3 1.70 1.85 21.00 0.07 6.14 29 True

4 4 4.81 5.18 21.00 0.19 16.74 45 True

4 5 10.47 11.14 21.00 0.36 33.37 43 True

4 6 21.68 22.71 22.00 0.88 54.07 59 True

4 7 39.60 41.42 22.00 1.60 98.00 67 True

4 8 70.11 72.72 22.00 2.81 219.00 91 True

4 9 109.90 114.00 22.00 5.64 261.68 114 True

4 10 167.20 172.30 22.00 5.89 440.83 147 True

4 11 258.10 265.80 23.00 9.57 566.65 213 True

4 12 341.50 350.40 23.00 165.30 2799.84 383 True

putation times for three and four agents. Note that this
corresponds to the result of the verification, where the veri-
fied formula did not hold for x = 2. This can be explained
by the following observation: for x > 2, where the verified
formula holds, it was sufficient to explore only a portion of

the state space; in contrast, when the formula did not hold,
the entire state space had to be explored.

As an additional step in evaluating our tool, we con-
ducted comparative experiments with mcmas (Lomuscio
et al. 2017). For each considered scaling parameter value
(2 ≤ x ≤ 4, 2 ≤ y = z ≤ 15) and formula (1), we per-
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formed model checking using Reactics. Then, the input file
was translated to ISPLusing themethoddescribed inSect. 6.1
and the resulting output file was processed by mcmas. In
both cases, the model checking time, total computation time,
and memory used were measured. The results are presented
in Tables 1 and 2. In most cases—particularly for larger val-
ues of the scaling parameters—both themodel checking time
and total running time are better for Reactics. The maxi-
mum total running time observed for Reactics was 539.5s,
compared to 25488.8s for mcmas, making mcmas nearly
two orders of magnitude slower in the worst case among the
tested parameters. The memory consumption gap widens in
favour of Reactics, with mcmas demonstrating significantly
higher usage.

Our experimental results demonstrated that a model
checker specialised for DRS outperforms a comparable tool
designed for general multi-agent systems when verifying
DRS models. One reason for this is that DRS are a qual-
itative formalism that also assumes non-permanency. As
demonstrated by our translation in Sect. 6.1, emulating this
behaviour is non-trivial and, as the results indicate, incurs a
performance penalty.

8 Conclusions

We introduced a generalisation of reaction systems that
allows for modelling distributed systems. We also extended
the notion of context automata by allowing the behaviour
of the environment also depend on the state of the reaction
system.To allow for expressing temporal and epistemic prop-
erties of multi-agent systems, we defined rsctlk, which is
a logic combining rsctl with ctlk. For the introduced for-
malisms we described a symbolic model checking method
based on binary decision diagrams. The approach was imple-
mented in Reactics and evaluated experimentally on a
biological benchmark of within-cell signal transduction net-
works. We also provided a comparison with another model
checking tool that is, to the best of our knowledge, function-
ally most similar to Reactics.

Distributed reaction systems offer a range of new oppor-
tunities for modelling complex biological processes. Our
framework enables the modelling of competitive and col-
laborative systems where multiple agents (each with their
owndynamics) interact, compete, or cooperate. Such systems
are common in biology, including tumour-immune system
interactions (with drug interventions), bacterial competition
withinmicrobiomes (where different strains vie for space and
nutrients), and immune system coordination (where different
cell typeswork together to identify and eliminate pathogens).

An important advantage of distributed reaction systems
is their support for modular modelling. As shown in our
examples, components can be developed independently and

later integrated into a more comprehensive model, with their
interactions governed by the distributed environment. This
environment can be used to indicate which agents are active
at different stages of the dynamic process. Furthermore, the
context automaton adds an additional layer of flexibility,
making it possible to explore alternative model scenarios,
such as the effects of external interventions like drug treat-
ments in disease models.

The ability tomodelmulti-agent interactionswith reaction
systems can be further extended by incorporating quantita-
tive descriptions of the models, for instance, through various
kinetic laws. These can be implemented in either continu-
ous or discrete frameworks and may involve deterministic,
non-deterministic, or stochastic dynamics. Introducing such
quantitative elements would bring reaction systems closer
to traditional mathematical modelling approaches and make
them more compatible with existing computational tools for
model analysis.
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