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Communicated by I. Petre Reaction systems are discrete dynamical systems that model biochemical processes in living
cells using finite sets of reactants, inhibitors, and products. We investigate the computational
complexity of a comprehensive set of problems related to the existence of fixed points and
Computational complexity attractors in two constrained classes of reaction systems, in which either reactants or inhibitors
Finite dynamical system are disallowed. These problems have biological relevance and have been extensively studied
Complexity of the dynamic in the unconstrained case; however, they remain unexplored in the context of reactantless
Resource-bounded reaction system or inhibitorless systems. Interestingly, we demonstrate that although the absence of reactants
or inhibitors simplifies the system’s dynamics, it does not always lead to a reduction in the
complexity of the considered problems.
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1. Introduction

Reaction systems are an abstract model of computation inspired by the chemical reactions in living cells, introduced by Ehren-
feucht and Rozenberg almost two decades ago [1,2]. The idea at the basis of reaction systems is that the processes carried out by
biochemical reactions within a cell can be described through a finite set of entities, modelling different substances, and a finite set
of rules, modelling reactions. A reaction is defined by a set of reactants, a set of inhibitors and a set of products: if any current set of
entities (defining a state of the reaction system) includes the set of reactants and does not contain any of the inhibitors, the reaction
takes place and the products are generated.

Reaction systems are a qualitative model: they assume that if a reactant is present at a certain state, then its amount is always
enough for all the reactions that use it to take place (i.e., reactions do not conflict even if they share some resources). The next state
of the reaction system is then given by the union of the products of the reactions that took place.

Despite the simplicity of this formulation, it has been proven that reaction systems can simulate a variety of real-world biological
processes [3], including heat shock response [4], gene regulatory networks [5] and oncogenic signalling [6]. Studying the computa-
tional complexity of the dynamics of reaction systems is also a rich and active research area [7-11]; while the standard model for
reaction systems does not pose any constraints on the number of reactants and inhibitors involved in the reactions, a different line of
research is focused on the study of reaction systems with limited resources (i.e., bounding the number of reactants and/or inhibitors
involved in any reaction) [12-14].
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Table 1

Computational complexity of the problems studied in this work for different classes of reaction systems. NP-c, coNP-c,
22" -c and 1'[2" -c are shorthands for NP-complete, coNP-complete, )3‘2’ -complete and H‘z’ -complete, respectively; RS(c0, ),
RS(0,00) and RS(c0,0) denote unconstrained, reactantless and inhibitorless reaction systems, respectively (see Defini-
tion 1). Highlighted cells contain the results proved in this paper.

Problem RS(c0,00) RS(0,00) RS(0,0)

A given state is a fixed point attractor NP-c [20] NP-c (Theorem 7) NP-c (Theorem 5)

3 fixed point NP-c [20] NP-c (Theorem 8) P [21]

3 common fixed point NP-c [20] NP-c (Corollary 9) NP-c (Theorem 23)
sharing all fixed points coNP-c [20] coNP-c (Theorem 20) coNP-c (Theorem 25)
3 fixed point attractor NP-c [20] NP-c (Theorem 10) Unknown

3 common fixed point attractor NP-c [20] NP-c (Corollary 11) NP-c (Corollary 24)
sharing all fixed points attractors I%-c [20] I?-c (Corollary 19) II?-c (Theorem 27)

3 fixed point not attractor £2-c (Corollary 17) X?-c (Theorem 12) £2-c (Corollary 28)

3 common fixed point not attractor £2-c (Corollary 18) =P-c (Corollary 16) £2-c (Corollary 29)
sharing all fixed points not attractors coNP-c (Corollary 22)  coNP-c (Corollary 21)  coNP-c (Corollary 26)
res, =resy coNP-c (Theorem 30) P (Corollary 35) P (Corollary 33)

res bijective coNP-c [22] P (Corollary 42) P (Corollary 41)

This work is in the latter vein and studies the computational complexity of deciding on the occurrence of behaviours related
to fixed points, attractors and result functions in the special classes of reactantless and inhibitorless reaction systems. Since reaction
systems can be used to model biological processes, these questions have biological relevance: for instance, determining whether fixed
points and cycles are present is crucial in modelling gene regulatory networks [15,16]; and attractors can represent cellular types or
states [17].

To the best of our knowledge, the only existing works studying the complexity of dynamical behaviours in reactantless and
inhibitorless reaction systems are concerned with the reachability problem [13] and the evolvability problem [18] (the latter work
considering a different type of reaction systems, recently introduced by Ehrenfeucht et al. [19]). This work is thus an important step
towards a full understanding of the dynamics in these constrained models.

The main contributions of this study are summarized in Table 1 (highlighted cells). It is interesting to notice that, although
the dynamical behaviours of the resource-bounded systems are less rich than those of unrestricted systems, the complexities of the
considered problems are not necessarily reduced. For example, the complexity of deciding whether two reaction systems have a
common fixed point is NP-complete in the general case and it remains so in both the resource-bounded classes we consider. In
contrast, e.g., deciding whether the result function is bijective is NP-complete in the unconstrained case, while it can be done in
polynomial time in reactantless and inhibitorless systems.

Furthermore, the complexity of a problem in reactantless reaction systems is not always the same as in inhibitorless systems:
e.g., deciding on the existence of a fixed point can be done in polynomial time in inhibitorless reaction systems, while it is an NP-
complete problem in reactantless systems. The complexities of different problems for different classes of reaction systems thus vary
in a non-uniform way.

This paper is organized as follows. In Section 2, we provide basic notions on reaction systems and introduce the notation we
use throughout the paper. In Section 3 we report a description of reaction systems and their dynamics in terms of logical formulae
which will be useful to prove most of our results. In Section 4, we study the problem of deciding whether a given state is a fixed
point attractor in both constrained models. In Section 5 we study the complexities of fixed point problems in reactantless systems; in
Section 6 we study the same problems in inhibitorless systems. In Section 7 we study the problem of deciding whether two reaction
systems have the same result function both in the general model and in the constrained classes. In Section 8 we consider the problem
of deciding whether the result function is bijective both in reactantless and inhibitorless systems. Finally, in Section 9 we discuss our
results and suggest future research directions.

2. Basics notions

In this section, we introduce the notation used in the paper and the main definitions concerning reaction systems.

Given a finite set S of entities, a reaction a over S is a triple (R,, I ,, P,) of subsets of S'; the set R, is the set of reactants, I, is the
set of inhibitors, and P, is the nonempty set of products. We remark that in this paper the set of reactants and inhibitors of a reaction
are allowed to be empty as in the original definition [1]. The set of all reactions over S is denoted by rac(:S). A reaction system (RS)
is a pair A = (S, A) where S is a finite set of entities, called the background set, and A C rac(.S).

Given a state T C S, a reaction a is said to be enabled in T when R, CT and I, N T = @. The result function res, : 25 — 25 of a,
where 25 denotes the power set of .S, is defined as

res, (T) = P, if aisenabled by T

@  otherwise.

1 While we do not restrict R, and I, to be disjoint, as it is usually done, it should be clear that all the results of the paper hold even then this assumption holds.
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Table 2
Functions computed by restricted
classes of RS.

Class of RS Subclass of 25 — 25

RS (00, 0) all
RS(0,00) antitone

RS(0,0) monotone
RS(1,0) additive
RS(0,0) constant

The definition of res, naturally extends to sets of reactions. Indeed, given T C .S and A C rac(S), define res,(T) :=J acaTes,(T).
The result function res 4 of a RS A = (S, A) is defined to be equal to res 4, i.e., the result function on the whole set of reactions.

In this way, any RS A = (.S, A) induces a discrete dynamical system where the state set is 25 and the next state function is res 4.

In this paper, we are interested in the dynamics of RS, i.e., the study of the successive states of the system under the action of the
result function res 4 starting from some initial set of entities. The set of reactions of .A enabled in a state T is denoted by en 4(T).
The orbit or state sequence of a given state T" of a RS A is defined as the sequence of states obtained by subsequent iterations of
res 4 starting from T, namely the sequence (T, res A(T),resi\(T), ...). We remark that since S is finite, for any state T the sequence
(res’A(T))neN is ultimately periodic.

Given a RS A with background set S, a fixed point T C S is a state such that res 4, (T') = T. A fixed point attractor is a fixed point
T for which there exists a state U # T such that res ,(U) =T'. A fixed point not attractor is a fixed point that is not an attractor, i.e.,
not reachable from any state other than T itself.

We now recall the classification of reaction systems in terms of the number of resources employed per reaction [23].

Definition 1. Let i,r € N. The class RS(r, i) consists of all RS having at most r reactants and i inhibitors for reaction. We also define
the (partially) unbounded classes RS(c0,i) = Jio RS(r, ), RS(r,00) = [J2 RS(r, i), and RS(c0,0) = J 72 Ureg RS(r, D).

In the following, we will call RS(0, o) the class of reactantless systems, and R.S(o0,0) the class of inhibitorless systems.

Definition 2 ([23]). Let A =(S, A) and A’ = (S’, A), with § C S’, be two reaction systems, and let k € N. We say that A’ k-simulates
A if and only if, for all T C S and all n € N, we have

res”, (T) =res ,(T)" N S.

Definition 3 ([23]). Let X and Y be classes of reaction systems, and let kK € N. We define the binary relation < as follows: X <; Y
if and only if for all A € X there exists a reaction system in Y that /-simulates A for some / < k. We say that X <Y if and only if
X =, Y for some k € N. We write X =, Y if X 5, Y and Y <5, X, and X Y for X <Y AY < X. Finally, the notation X <Y is
shorthand for X <Y AY £ X.

The relation < is a preorder and the relation ~ induces exactly five equivalence classes [23, Theorem 30]:

RS(0,0) < RS(1,0) < RS(00,0) < RS(0, 00) < RS(c0, c0). (1)

We remark that this classification does not include the number of products as a parameter because RS can always be as-
sumed to be in singleton product normal form [24]: any reaction (R,I,{p;,...,p,}) can be replaced by the set of reactions
(R, 1,{p1})....,(R,I,{p,,}) since they produce the same result.

The five equivalence classes in (1) have a characterisation in terms of functions over the Boolean lattice 25 [23], see Table 2.
Recall that a function f : 25 — 29 is antitone if X CY implies f(X) 2 f(Y), monotone if X CY implies f(X) C f(Y), additive (or an
upper-semilattice endomorphism) if f(X UY) = f(X)U f(Y) for all X,Y €25. We say that the RS A = (.5, A) computes the function
f 25528 ifresy=f.

3. Logical description

In this section, we recall a logical description of RS and formulae related to their dynamics (see [20] for its first introduction).
This description is sufficient for proving membership in many complexity classes. For the background notions of logic and descriptive
complexity, we refer the reader to the classical book of Neil Immerman [25].

Each of the problems studied in this work can be characterised by a logical formula. A RS A = (S, A) with background set S C
{0,...,n—1} and |A| < n can be described by the vocabulary (S,R 4,I4,P4), where S is a unary relation symbol and R 4,1 ,,P 4 are
binary relation symbols. The intended meaning of the symbols is the following: the set of entities is .S = {i : S(i)} and each reaction
a;=(R;,I;,P)EAis described by the sets R; = {ieS R, 34,1}, I;= {ieS:1,43,))}, and P, = {ieS:P,G, )} We will also
need some additional vocabularies: (S,R 4,I4,P4,T), where T is a unary relation representing a subset of .S, (S,R 4,I4,P4,T;,T,)

3
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Table 3

Problems with the associated formula and logic class.
Problem Formula Logic class
3 fixed point AT CS)F1x 4 (T) SO3
3 common fixed point AT S S)(FIX 4 (T) A FIX5(T)) NeE!
sharing all fixed points (VT C S)(FIX 4(T) © F1xz(T)) Sov
A given state is a fixed point attractor ~ ATT 4(T) SO3
3 fixed point attractor AT CS)ATT ((T) SO3
3 common fixed point attractor (3T € S)ATT 4(T) A ATT(T) NeE!
sharing all fixed points attractors (VT C S)(ATT 4(T) & ATT5(T)) Ne)El
3 fixed point not attractor (AT C S)FIXGE(T) SO3v
3 common fixed point not attractor (3T C S)(FIXGE 4 (T) A FIXGE4(T)) NeEL
sharing all fixed points not attractors (VT C S)(FIXGE 4 (T) < FIXGE5(T)) SOV
res  =resy RES_EQ 4 55 SOV

with two additional unary relations representing sets, and (S,R 4,I,,P4,Rp3,15,P5) denoting two RS’s over the same background
set.
The following formulae, introduced in [20], describe the basic properties of .A. The first is true if a reaction a; is enabled in T*:

EN4(J, T) =Vi(S() = (R4 (G,)) = TGN AT 4G, J) = ~T())
and the following is verified if res ,(T}) =T, for T|,T, C S:

RES (T, T,) =Vi(S(i) = (T,(0) © Fj(EN . (j, T{) AP 4, 7).

Notice that EN 4 and RES4 are both first-order (FO) formulae. We define the bounded second-order quantifiers (VX C Y)p and
(3X CY)g as a short-hand for VX (Vi(X (i) = Y (i)) = ¢) and IX(Vi(X (i) = Y (i) A ¢). We will use the following formulae (given
in [20]) to describe our problems:

FIX 4(T) =RES 4 (T, T)
REACH 4(T) = (3U € S)(RES 4 (U, T) A =RES 4(T,U))
ATT 4(T) = FIX 4 (T) AREACH 4(T)
FIXGE 4 (T) = FIX 4 (T) A "REACH 4(T)

RES_EQ 4 5 = (VT C S)(VV C S)(RES 4(T, V) & RES(T, V)).

We say that a formula is SO3, SOV, or SOV if it is logically equivalent to a formula in the required prenex normal form.

In Table 3, we give the logic formulae associated with the problems considered in this work. The first six formulae were already
given in [20]; we added the last four to describe the new problems studied in this paper.

Remark that existential second-order logic SO3 characterizes NP (Fagin’s theorem [25]); universally quantified second-order
logic SOV gives coNP; second-order logic with one alternation of existential and universal quantifiers SO3V gives X¥, and, in a dual
way, second-order logic with one alternation of universal and existential quantifiers SOV3 gives l'IZP [25].

The hardness proofs we give in this paper are obtained via reductions from SAT, VALIDITY [26] or V3SAT [27]. In Definition 4 we
introduce a few sets of entities corresponding to a Boolean formula in CNF or DNF that will be used in such proofs.

Definition 4. Given ¢ a Boolean formula in CNF or DNF with clauses C = {¢;,...,9,,} over the variables V = {x{,...,x,}, we
define the additional set of entities V := {x_j : x; €V'}. The elements of the power set of V" and V are in a natural bijection: thus for
any X CV, X denotes the set {(x:xeX}c V. Furthermore, we will denote by pos(¢,) C V' the variables that occur non-negated
in ¢, and neg(¢,) C V the variables that occur negated in ¢,. With the identification above we will also have pos(¢,) C V and
neg(p,) C V. In addition, we will use card suit symbols to denote extra entities that do not belong to any of the sets defined above.

In the reductions provided in several proofs in this paper, we will represent any assignment for a Boolean formula ¢ as a subset
of entities X U V\—X, where X C V is the subset of variables that are assigned value true and V' \ X is the subset of variables that
are assigned value false. In general, when interpreting sets of entities as assignments, the elements of V' represent variables that are
assigned value true, and the elements of V variables that are assigned value false. For instance, the inclusion pos(g,) € X can be
interpreted as all variables non-negated in ¢, are set to true; pos(g,) N V\—X # @ as there exists a non-negated variable in ¢, that is set
to false; neg(p,) NV \ X = @ as none of the variables that occurred negated in ¢, is set to false; and similarly for all the other cases.
Furthermore, X U m E @ (resp. XU m F @) denotes that the assignment satisfies (resp. does not satisfy) ¢.
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4. A given state is a fixed point attractor

In this section, we study the problem of deciding whether a given state is a fixed point attractor. The problem is NP-complete for
RS(00,00) [20, Theorem 4]; we prove that it remains so also for reactantless and inhibitorless reaction systems.

Theorem 5. Given A € RS(0,0) and a state T C S, it is NP-complete to decide whether T is a fixed point attractor.
Proof. The problem is in NP (see Table 3). In order to show NP-hardness, we give a reduction from SAT [26]. Given a Boolean

formula ¢ = ¢ A --- A @,, in CNF over the variables V' = {x,...,x,}, we define a RS A with background set S :=V UV ucCu({e},
where C,V,V, & are as in Definition 4, and reactions

({x},2.{e; ) for 1 <j <mand x € pos(¢;) @)
({x).@.{e;) for 1 <j <m and X € neg(p;) 3)
({x;.x;},2, {8} for 1 <i<n @
({xi. 0}, 2. {8} forl<i<nand1<j<m )
({xp 0;},0.{8}) forI<i<nand1<j<m )
(o;}.2.{e;} for 1 <j<m e
(&}, 2. {8)). ®

Reactions (7) imply that T' := C is a fixed point for A. Furthermore, consider a state T’ # C such that res 4(7") = C. It must hold
T =X, UX_2 with X, CV, X, CV and X| N X, = @, as otherwise # would be generated by one of the reactions of type (4), (5), (6)
or (8). Furthermore, consider ¢; € res 4(T”) for any 1 < j <m: since T’ n C = @, then either X n pos(p;) # @ or X, Nneg(p;) # D
because at least one of the reactions of type (2) or (3) with ¢ ; in the product must be enabled. We can thus construct an assignment
satisfying ¢ from 7' = X, U X_z We remark that if X; U X, C V, the variables in V' \ (X; U X,) are irrelevant to the satisfiability of
@, thus they can be assigned any value. Therefore, we proved that if C is an attractor then ¢ is satisfiable.

The converse follows immediately, since if X C V' is the subset of variables that are given a true value in an assignment that
satisfies @, then X UV \ X enables at least one reaction of type (2) or (3) for each clause, thus res (X UV \ X) = C. We obtain
that T = C is a fixed point attractor if and only if ¢ is satisfiable. The mapping ¢ — (A, T) is clearly computable in polynomial time;
hence deciding if a given fixed point T is an attractor is NP-hard. Wl

We highlight that all the reactions used in the proof of Theorem 5 involve at most two reactants, implying that the problem is
NP-complete even for the more restricted class RS(2,0). Note, however, that if we are given a fixed point of A, it is in P to decide
whether it is a special kind of attractor: namely if it can be reached from one of its subsets or from one of its supersets, as we prove
in the following remark.

Remark 6. Let A = (S,A) € RS(0,0) and T be a fixed point for res 4. If there exists 7/ ¢ T such that res ,(T’) =T, then for all
xeT\T'

T= resA(T') Cres (T \ {x})Cres,(T)=T,
thus T is reachable from T \ {x}; and if there exists T" 2 T such that res 4(T"") =T, then forall xe T\ T

T =res 4(T) Cres ,(T U {x}) Cres ((T")=T,
thus T is reachable from T U {x}. To decide whether T is an attractor of the form T’ and T" it thus suffices to check, for all x € .5,
whether T is reachable from T \ {x} or T U {x}, and it thus requires polynomial time.

Theorem 7. Given A € RS(0, ) and a state T C S, it is NP-complete to decide whether T is a fixed point attractor.

Proof. The problem is in NP (see Table 3). In order to show NP-hardness, we give a reduction from SAT [26]. Given a Boolean formula
@ =@, A A @, in CNF over the variables V' = {x,...,x,}, we define A a RS with background set S :=V UV UCU {&,0,8},
where each set is as defined in Definition 4, and the set of reactions is

@, {x.».8},{0;}) for 1 < j <mand X € pos(g;) 9)
@, {x. &, 8}, {0} for 1 <j <m and x € neg(p;) (10)
(D, {x;,x;, b, 8}, {#}) for1<i<n an
@.{0,}. (&) for 1 <j<m 12)
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{0} {#} LY
. N -~

%) (%087 of (.0}

{0, 8}

Fig. 1. Graph representation of the dynamics given by the reactions (14), (15), (16) over the subset of the background set {&, O, #}.

(@.S\(Cu{a}),0) (13)
(@,{0, 8}, {8}) 14
(D, {#.8). (&) (15)
(D, {#.0},{#,0.8}) (16)

By reactions (13) and (14), T := C U {#} is a fixed point for A. Let 7/ # C U {#} such that res ,(T’) = C U {#}, then C C T,
otherwise & € res 4(T”’) because of the reactions of type (12). In order to have res4,(I') N {&,¢,#} = {#}, T’ must either satisfy
T N{&,O.8}={&}orT' n{s&, O ,8}={0} (see Fig. 1). We prove by contradiction that the first case cannot occur: indeed, in this
case, the only reactions enabled by T’ are (13) and (14). Since adding any element of V U V to T' would disable (13) and we have
C Cres 4(T"), we deduce that we would have 7/ = C U {#}, a contradiction. Therefore T’ must be of the form X; U X_2 uCu{o},
where X, CV and X, C V. If we had X, U X, C V then we would also have & & res 4(T") because one of the reactions (11) would
be enabled; thus it must hold X, U X, =V.

If x € X; N X, then neither x nor x will be able to generate any ¢ ; because of reactions (9) and (10), and its value is therefore
irrelevant to the satisfiability of ¢; however, since C Cres 4(T”), for each ¢ ; € C it must hold either (X, \ X,) N pos(¢ ;) # D or
(X, \ X1) Nneg(g;) # @. Therefore, we proved that if C U {#} is an attractor then ¢ is satisfiable with an assignment of the type
X\ (X; N X,)U X, \ (X|NX,), where the variables in (X; N X,) can be assigned any value. The converse follows immediately,
since if X C V are the variables set to true in an assignment satisfying ¢, then X UV \ X UC U {¢} is a state attracted by CU {&}. We
obtain that 7= C U {#} is a fixed point attractor if and only if ¢ is satisfiable. The mapping ¢ — (A, T) is computable in polynomial
time, hence deciding if a given fixed point T is an attractor is NP-hard. W

5. Fixed points for reactantless RS

In this section, we prove NP-hardness, coNP-hardness, Eg—hardness and Hg—hardness for problems of fixed points in the class of
reactantless RS.

The problem of deciding if there exists a fixed point is NP-complete for RS (o0, o0) [20, Theorem 2]; the following theorem shows
that it remains difficult also in RS(0, oo0).

Theorem 8. Given A € RS(0, o), it is NP-complete to decide if A has a fixed point.

Proof. The problem is in NP (see Table 3). In order to show NP-hardness, we reduce SAT [26] to this problem. Giv_en a Boolean
formula ¢ = @ A - A @,,, in CNF over the variables V' = {x, ..., x,}, we define a RS A with background set S :=V UV U{&} U {&}
(the sets are as in Definition 4) and the reactions

(@, neg(@;) Upos(p;), {#}) for1<j<m a7)
@ =@, (x ) (%) for 1<i<n 18)
a; :=(@,{%;}, {x;}) for 1 <i<n 19
(2. {8}, (&, 0} (20)
(2. {s}.{&}). 21D

Givenastate TC.S,letTy =TnV and T;; =T N V. When x; €Ty & X; ¢ Ty; for every j, then Ty, U Ty, encodes an assignment of
@ in which the variables having true value are those in T}, and the variables having false value are those in 75;. In this case we say
that T is a well-formed state of A and the reactions of type (18), (19) preserve T}, U T3, ie., Ty UT;- Cres 4(T). Instead, if T is not a
well-formed state then we distinguish two cases:

« if 3x;,Xx; € Ty UTy; then x;,X; € res 4(T'), since neither a; nor a; are enabled;
* if 3x;,X; € Ty U Ty, then x;,X; € res 4(T), since both g; and a; are enabled.

6
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In both cases, T # res 4(T); so if T is a fixed point, T is a well-formed state. For well-formed states, we can also give an interpretation
of the reactions of type (17): they evaluate each disjunctive clause (which is not satisfied if and only if no positive variables are set
to true and no negative ones to false) and generate # when @ itself is not satisfied by Ty, U T3;.

Consider the dynamic of the reaction system restricted to a well-formed state Y C V' U V.If Y does not satisfy ¢ then there are
no fixed points among the well-formed states containing Y because of the following (the arrows represent function res ):

Y

7 A

YU({s e} Yu{e}
\_/

YU({s}
Instead, if Y satisfies ¢, then Y U {&} is a fixed point since:
/_\
YU{#) —> YU (48] Y YU ()
o D)

In particular, .4 has a fixed point if and only if ¢ is satisfiable. The mapping ¢ — A is computable in polynomial time, hence deciding
on the existence of fixed points for reactantless RS is NP-hard. [l

As an immediate consequence of Theorem 8 we obtain that deciding if there exists a state that is a common fixed point of two
reactantless reaction systems remains NP-complete.

Corollary 9. Given A, B € RS(0, ) with a common background set S, it is NP-complete to decide whether A and BB have a common fixed
point.

Proof. The problem is in NP (see Table 3). By Theorem 8, when A = 3 the problem is NP-complete. W

With a small adaptation of the proof of Theorem 8, deciding if a fixed point attractor exists is still an NP-complete problem. The
NP-completeness for RS(o0, ) is proved in [20, Corollary 3]; the following theorem proves it for the case of reactantless systems.

Theorem 10. Given A = (S, A) € RS(0, ), it is NP-complete to decide if A has a fixed point attractor.

Proof. The problem is in NP, as highlighted in Table 3. In order to show NP-hardness, we reduce SAT [26] to this problem. Given a
Boolean formula ¢ = ¢, A -+ A @,, in CNF, we construct the same reaction system .4 of Theorem 8 and we substitute reaction (20)
with (&, {#}, {#}). In this way, if Y CV UV is a well-formed state satisfying ¢ we have:

Yui{s.e} —— Y

\
/YU{Q}D

YU {e}

which means that Y U {&} is a fixed point reachable from Y or Y U {#}. In the other cases (either a well-formed state not satisfying
@ or a not well-formed state), T C .S is never a fixed point, as in the proof of Theorem 8. Since the mapping ¢ — A is computable in
polynomial time, deciding on the existence of a fixed points attractor for reactantless RS is NP-hard. W

Corollary 11. Given A, B € RS(0, ) with a common background set S, it is NP-complete to decide whether A and 13 have a common
fixed point attractor.

Proof. The problem is in NP (see Table 3). By Theorem 10, when .4 = /3 the problem is NP-hard. W

In contrast, if we consider the existence of a fixed point not attractor the problem is in XF; the following theorem proves the
2P-hardness.

Theorem 12. Given A € RS(0, ), it is Eg—complete to decide if A has a fixed point which is not an attractor.

Proof. The problem is in 212’ (see Table 3). Consider the converse problem, i.e. decide if all fixed points are attractors. In order to
show Hzp—hardness of the latter, we construct a reduction from V3sSAT [27]. Given a quantified Boolean formula (VV})(3V,)¢ over
V={xy,....x,}, with V] CV, V, =V \ V| and ¢ = ¢ A - A @,, quantifier-free and in CNF, let Qg :={Q; : 1 <i <n} be a set of

extra entities that are not contained in V UV U C and V,V,C are as in Definition 4. In other words, we want to prove that for any
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assignment for the variables in V], there exists an assignment for the variables in V, that satisfies ¢ if and only if all fixed points of
a suitably defined reaction system are attractors. We thus define a RS .A with background set S :=V UV UCUQVg U {&, 0,8} and
the reactions

@, {x. 8,8}, {0;}) for 1 <j <mand x € pos(g;) (22)
@, {x. & 8}, {0;}) for 1 <j <mand x € neg(¢;) (23)
(@.1eg(p;) Upos(p;) U {&. 8}, {#}) for1<j<m (24)
(D, {x;, &, 8}, {0} for1<i<n (25)
(D, {x;, %, 8},{0;}) for1<i<n (26)
(@, {x;,x;, &, 8}, {8}) for 1 <i<n 27)
@.{p;}.{8}) for1<j<m (28)
(@,{9;},{8}) for1<i<n (29)
@, {x}. {x}) for x € V; (30)
@, {x},{x}) forxeV, (31)
(@,S\(CUVgU (#}UV; UV)),CUQy) (32)
(@, {0, 8}, (&) (33)
(D, {®, 8}, {8}) (34)
(D, {#,0},{#,0,8}). (35)

To study the dynamics of .A we first analyze the form of its fixed points.
Claim 13. If T is a fixed point of A, then & €T, 0 ¢T and # ¢ T.

Proof. If we had ¢ €T, then the only reaction that can produce ¢, i.e., reaction (35), is not enabled, thus ¢ &€res (T) =T, a
contradiction. If we had @ €T and & ¢ T, then {&, ¢} Cres ,(T) =T by reaction (35), a contradiction. f wehad # €T and 4 €T,
no reaction that can produce & would be enabled (reactions (33), (34), (35)), a contradiction. Therefore, it must hold ¢ ¢ T and
& ¢ T; if in addition we had & ¢ T, then reaction (35) would be enabled and thus we would have {&,0,8} Cres,(T)=T, a
contradiction. For a visual representation of the dynamics of reactions (33), (34), (35) see Fig. 1. The statement follows. [l

Claim 14. The fixed points of A are the states of type

Ty :=CuUQguUU UV \UU{&}, (36)
forany U C V.

Proof. Let T be a fixed point for 4; by Claim 13 and looking at the products of the reactions it mustbe T CCuUQgU VU 71 U{s}
with & € T'. Moreover, if we had C NnT ¢ C then at least one of the reactions of group (28) would be enabled, thus it would be
@ cres 4 (T) =T, a contradiction. If we had O N T C V¢ then at least one of the reactions of group (29) would be enabled, thus we
would have & €res ,(T) =T, a contradiction. By reactions (30), (31) and (27), arguing as in the proof of Theorem 8, we get that T'
must be a well-formed state for V; UV}, i.e., x € TNV if and only if X & T N V. Therefore, T is of type (36) with U =T n V. Finally,
we can immediately check that if a state is of type (36), then it is a fixed point because of reactions (30), (31), (32) and (33). W

We are now interested in studying when a fixed point Ty, for a given U C V), is an attractor. Let T’ # T, such that res 4,(T") =Ty, .
If it was C N T’ ¢ C then at least one of the reactions of group (28) would be enabled, thus it would be & €res ((T') =T, a
contradiction; and if it was Q¢ N T’ € Vg then at least one of the reactions of group (29) would be enabled, thus it would be
& cres (T')=T, a contradiction. Therefore it must be CUQ4 CT".

Claim 15. If T’ # Ty andres ,(T") =Ty then & ¢ T/, O €T and 4 ¢ T'.

Proof. If we had & € T’ then reactions (22), (23) and (32) would not be enabled, thus we would have C Nnres A(T’ ) =@, a contra-
diction since C C Ty; =res 4 (T"). Therefore we obtain & ¢ T”. If we had & € T’ we divide two cases:

- if & € T’ then none of the reactions (33), (34), (35) would be enabled, therefore we would have & & res ,(T”) =Ty, a contra-
diction.
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- if ¢ ¢ T’, the only way to get C Cres 4(T”) would be with reaction (32), since (22), (23) are not enabled if & € T’. Therefore
to enable (32), we must have 7/ CCU Qg U {#} UV, U 71, and since C U Qg C T’, as previously remarked, we obtain T’ =
CUVsU (&} UU, UU, for some U; CV, and U, C V;. Since res 4(T") =Ty contains a well-formed state for V; U V,, then
U, U U, must be a well-formed state for ¥, U ;. In this case we would obtain res ATH=CuQsu{atulUu U,, hence we
would have U, =U, U, =V \ U and thus T' =T, a contradiction.

Therefore & ¢ T’. Finally, if ¢ ¢ T’ then {&, 0,8} Cres4(T') =Ty (35), a contradiction. The statement follows. [l

We obtain that if T’ # Ty, is an attractor for Ty, then it must be of the form T/ =CuUQg U {0} U X U X_2 for some X; €V and
X, C V' this follows from C U Qg C T’ and from Claim 15. In this case, reaction (32) is not enabled, thus the fact that C U Q s €
res 4(T") = Ty, will only depend on how X, U X, is constructed. We consider two cases:

« if 3x;,%; € X; U X, then ©; ¢ res (T"), since neither the i-th reaction of (25) nor the i-th reaction of (26) are enabled;
- if 3x;,X; € X| U X, then & €res ,(T"), since the i-th reaction in (27) is enabled.

Therefore X; U X, must be a well-formed state for ¥ UV, and thus X, = V' \ X;. We now prove that 7’ being an attractor for Ty,
implies satisfiability of @, obtained via an assignment that extends the assignment U UV} \ U of the variables in ;. We can interpret

XUV \ X, as an assignment for ¢, as in the proof of Theorem 8. If we had X; UV \ X| ¥ ¢, then one of the reactions (24) would be

enabled, thus we would have & € res A(T’ ), a contradiction. Therefore, if T’ is an attractor for Ty, it must hold X; UV \ X, E ¢, thus
all clauses are satisfied, i.e., each ¢; € C is generated by at least one reaction of type (22) or (23). We obtain, using also reactions
(30) and (31),

res (T)=CUVgU{d}U{x:xeX, NVJU{Xx:XEX, NV} (37)

Since res 4(I") = Ty;, comparing (37) and the definition of Ty, (36) we find that U = X, n¥V; and V;\U =V \ X; n V,. This means
that if T}, is an attractor there exists an assignment X, UV \ X, satisfying ¢ where all variables in U are set to true and all variables
in ¥; \ U are set to false. The converse is also true, i.e., if there exists an assignment X U m such that X, nV; =U and ¢ is
satisfied then Ty; is reached by CUQgU {0} UX U m Therefore, we proved that any assignment for the variables in V| can be
extended to a complete assignment that satisfies ¢ if and only if all fixed points of .4 are attractors. Or in other words, all the fixed
points of A are attractors if and only if (VV})(3V,)g is valid.

The mapping ¢ — A is computable in polynomial time, hence deciding if all the fixed points of A are attractors is Hg-hard.
Therefore, deciding if A has a fixed point which is not attractor is le’—hard. [ ]

Corollary 16. Given A, B € RS(0, ) with a common background set .S, it is Zg—complete to decide whether A and B have a common
fixed point which is not an attractor.

Proof. The problem is in 212’ (see Table 3); by Theorem 12, when A = 3 the problem is Eg-complete. [ |

Since the problems are Eg—complete for RS(0, ), we have that they are also Eg—complete for RS(o0, ), as stated by the
following corollaries.

Corollary 17. Given A = (S, A) € RS(c0, ), it is Zg-complete to decide if A has a fixed point which is not an attractor.

Corollary 18. Given A, B € RS(, ) with a common background set S, it is Eg-complete to decide whether A and 13 have a common
fixed point which is not an attractor.

We now study the problem of deciding if two reaction systems share all their fixed point attractors.

Corollary 19. Given A, B € RS(0, o) with a common background set S, it is Hg—complete to decide whether A and B share all their fixed
point attractors.

Proof. The problem is in Hg (see Table 3). In order to show Hg-hardness, we reduce VISAT [27] to this problem. Consider the
reaction system A in the proof of Theorem 12; we just need to construct a RS BB over the same background set as .A such that all the
fixed points attractors of /3 are of the form Ty, for any U C V. Therefore we define the reactions of 5 to be the reactions (28), (29),
(30), (31), (32), (33), (34) and (35) from the proof of Theorem 12. We remark that Claims 13 and 14 can be applied to 3, therefore
all the fixed points of B are the states Ty; for any U C V. Furthermore, all the fixed points of /3 are attractors and coincide with the
ones of A. The mapping ¢ — (A, B) is computable in polynomial time, hence deciding if two RS share all their fixed point attractors
is I5-hard. W
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We now study the problem of deciding whether two reaction systems share all their fixed points. The problem is coNP-complete
for RS(o0, 00) [20, Theorem 3], and this is also true for reactantless reaction systems, as proved in the following theorem.

Theorem 20. Given A, 3 € RS(0, o) with a common background set .S, it is coNP-complete to decide whether A and 3 share all their
fixed points.

Proof. The problem lies in coNP (see Table 3). In order to show coNP-completeness, we reduce VALIDITY [26] to this problem.
Given a Boolean formula ¢ = ¢ V - V @,, in DNF over the variables V' = {xi,...,x,}, we define a RS A with background set
S =V UV uU{Q}uU{a} (where the sets are as in Definition 4) and the reactions:

(2, neg(@;) Upos(®;) U {#},{V}) for1<j<m (38)
@, {x;},{x;}) for1<i<n (39)
@, {x;}, {x;H) for1<i<n (40)
(@,{9} {0, 8}). (41)

As in the proof of Theorem 8, if T is not a well-formed state then 7 is not a fixed point. Reactions of type (38) evaluate each
conjunctive clause (which is satisfied if and only if no positive variables are set to false and no negative ones to true) and generate
Q when ¢ itself is satisfied by T n (V' U V). Consider the dynamic of the reaction system restricted to a well-formed state Y C V' uv.
If Y does not satisfy ¢ there are no fixed points among the well-formed states containing Y since:

/—\A
Yu{Q} — Y YU{O. 8} «<— YU({s}
x
where the arrow represent the function res 4. Instead, if Y satisfies ¢, Y U {Q} is a fixed point since:
/—\L
C Cvuio Y YU(O.8) <— YU(4).
x

Finally, the fixed points of A are the well-formed states Y U {Q} such that Y F ¢. Now, let /3 be defined by the following reactions:

(®7{xi}7{x_i}) for 1 <i<n
(®9{x_i}’{xi}) fOI‘ISiSn
(2,{#}.{0})

(@.{9}.{0. 8}).

In a similar way as above, the fixed points of 3 are the states Y U {®} where Y C V UV is well-formed. We can conclude that .A and
BB share all fixed points exactly when all assignments satisfy ¢, i.e., ¢ is a tautology. Since the mapping ¢ — (A, 3) is computable in
polynomial time, the problem is coNP-hard. W

Note that in the proof of Theorem 20, the fixed points of .4 and B are not attractors: this implies the following result.

Corollary 21. Given A, B € RS(0, o0) with a common background set S, it is coNP-complete to decide whether A and B share all their
fixed points which are not attractors.

Since the problem is coNP-complete for RS (0, o0), we have that it is also coNP-complete for RS (o0, ), as stated by the following
corollary.

Corollary 22. Given A, B € RS(c0, o) with a common background set S, it is coNP-complete to decide whether A and B share all their
fixed points which are not attractors.

6. Fixed points for inhibitorless RS

In this section, we prove NP-hardness and coNP-hardness for problems of fixed points in the class of inhibitorless RS.

The problem of deciding the existence of a fixed point is entirely trivial for RS(c0,0) thanks to the Knaster-Tarski theorem, as
first remarked in [23]. On the contrary, the following theorem shows that it is NP-complete to decide whether two inhibitorless RS
have a common fixed point.

Theorem 23. Given A, B € RS(c0,0) with a common background set S, it is NP-complete to decide whether A and B have a common
fixed point.

10
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Proof. The problem is in NP (see Table 3). In order to show NP-hardness, we reduce SAT [26] to this problem. Given a Boolean
formula ¢ = ¢ A --- A @,, in CNF over the variables V' = {x,,...,x,}, let O¢ :={Q; : 1 <i <n} be a set of extra entities that are not
contained in V UV . We define a RS .4 with background set S :=V UV uQ sU{s} (withe gV uvuo s and V,V as in Definition 4)
and the reactions

(neg(¢;) UDPOS(p;) UV, D, (#}) forl1<j<m (42)
({x;}U9s,2,{9;, x; ) for1<i<n 43)
(X} V95,8, {95} for 1<i<n (44)
({x, X1 U5, 0, (8)) for 1 <i<n (45)
({8} U0, 2, {8}). (46)

Note that for all Y C V UV, and for every Z, & Qg it holds

res (YU Zy)=res (YU Zy U {@#}) = =res (D) 47)

because no reaction is enabled. We thus consider states T'C .S such that Qg CT. For every Y CV U V, we define Qy = {9, :
X, €Y VX; €Y} CQg. Note that Oy =res (Y UQVg) NVg =res ,(Y UVg U {#}) N Vg, so when Q) C Vg, the states Y UV and
Y UQgU {@} reach @ in two steps. In particular, if T # @ is a fixed point then it must be of the form T =Y UQy or T =Y UQy U { &}
with ¥ CV UV and Oy = Q. We remark that Oy = O means that x; €Y or x; € Y for all 1 <i < n. We divide two cases:

(1) Y is not a well-formed state. Since Qy = Qg, there exist x;,X; €Y, so @& is generated by one of the reactions of type (45). We
obtain that Y UQg U {#} is a fixed point reachable from Y U Qg.

(i) Y is a well-formed state. If Y ¢ then no reaction of type (42) is enabled, so Y U Qg is a fixed point (not reachable from
any other state). Also in this case, Y UQg U {@#} is a fixed point, thanks to reaction (46). On the other hand, if Y ¥ ¢ then
Y UQg U {@} is a fixed point reachable from Y U Q.

Now, consider the RS B given by the following reactions:

(2,2,95) (48)
({xi}’gv{xi}) for 1 <i<n (49)
GARZREN)) for 1<i<n. (50)

The fixed points of /3 are the states Y UQg forallY CV U V. We can conclude that A and B share a fixed point exactly when there
exists an assignment satisfying ¢, i.e., @ is satisfiable. Since the mapping ¢ — (A, B) is computable in polynomial time, the problem
is NP-hard. W

We next show that determining whether two inhibitorless RS have a common fixed point attractor is NP-complete. The proof is
an adaptation of the proof of Theorem 23.

Corollary 24. Given A, B € RS(c0,0) with a common background set S, it is NP-complete to decide whether A and I3 have a common
fixed point attractor.

Proof. The problem is in NP (see Table 3). Following the proof of Theorem 23, we just need to ensure that the fixed points of A are
attractors, so we delete reaction (46) from the reactions of .A. In this way, when Y C V UV and Y E ¢, we have that

res Y UQgU {#}) =Y UQg =res (Y UQy),

thus Y U Qg is a fixed point reachable from Y UQ 4 U {#}. We can conclude that .A and B share a fixed point attractor exactly when
there exists an assignment satisfying ¢, i.e., ¢ is satisfiable. Since the mapping ¢ — (A, B) is computable in polynomial time, the
problem is NP-hard. W

We now consider the problem of deciding if two RS share all their fixed points and prove that, like in the case of reactantless
systems, this problem is coNP-complete.

Theorem 25. Given A, 3 € RS(0,0) with a common background set .S, it is coNP-complete to decide whether A and 3 share all their
fixed points.

Proof. The problem lies in coNP (see Table 3). In order to show coNP-completeness, we reduce VALIDITY [26] to this problem.
Given a Boolean formula ¢ = ¢; V --- V @,, in DNF over the variables V' = {x;,...,x,}, let Oy :={Q; : 1 <i <n} be a set of extra

11
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entities. We define a RS A with background set .S :=V U Vu Vg UV} WithQ gV u Vu Vg and V,V as in Definition 4) and the
reactions

(neg(@;) Upos(@;) UVs U {0}, 2, {V}) for 1 <j<m 51)
({x;}U9s,2,{V;x; D) for1<i<n (52)
(X} V9. 2. {9 %) for 1 <i<n 53)
(i, X1 Vs, @, {0)) for 1 <i<n. (54)

For every Y CV UV, we define Oy :={©, : x; €Y VX, €Y} C Ug. As in the proof of Theorem 23, if T # @ is a fixed point then it

must be of the form T=Y UQy or T =Y UQy U {V} with O, =0. We divide two cases:

(1) Y is not a well-formed state. Then, since Q) = Qg, there exist x;,Xx; €Y, so  is generated by one of the reactions of type (54).
We get that Y U Qy U {Q} is a fixed point reachable from Y U Qy.

(i) Y is a well-formed state. Then, if Y ¢, a reaction of type (51) is enabled by Y U Qy U {Q}, so Y UQy U {V} is a fixed point
(not reachable from any other state). In this case, also Y U Qg is a fixed point since reactions of type (51) are not enabled. On
the other hand, if Y ¥ ¢ then Y U Qy is a fixed point reachable from Y UQ4 U {Q}.

Now, consider the RS B given by the following reactions:

(CARSAVEN - BIV)] (55)
{x U9, @, {V;, x; 1) forl<i<n (56)
{x}U9s, 2, {9V, X }) for 1<i<n (57)
({x;, X} UQg,2,{0}) for1<i<n. (58)

With a similar analysis as above, for every well-formed state Y C V UV the states Y U Q) s, Y UQy U {Q} are fixed points (not
attractors), and for every not-well-formed state ¥ C ¥ UV such that Oy = ¢ the state Y UQy U {Q} is a fixed point reachable from
Y UQg. We can conclude that .A and B share all fixed points exactly when all assignments satisfy ¢, i.e., ¢ is a tautology. Since the
mapping ¢ — (A, B) is computable in polynomial time, the problem is coNP-hard. W

Corollary 26. Given A, B € RS(c0,0) with a common background set S, it is coNP-complete to decide whether A and I3 share all their
fixed points that are not attractors.

Proof. The problem is in coNP (see Table 3). The coNP-hardness follows from the same construction of Theorem 25. [l
In contrast, deciding whether two inhibitorless reaction systems share all their fixed points that are attractors is Hzp—complete.

Theorem 27. Given A, B € RS(c0,0) with a common background set .S, it is Hg—complete to decide if A and 3 share all their fixed point
attractors.

Proof. The problem is in l'[zp (see Table 3). In order to show Hg—hardness, we reduce V3SAT [27] to this problem. Given a quantified
Boolean formula (VV})(3V,)@ over V = {xq,...,x,}, with V] CV, V, =V \ V| and @ = ¢ A - A @, quantifier-free and in CNF, let
Vl’ ={x':x€V,}and Vg :={Q, : 1 <i <n} be extra sets of entities. We define .4 a RS with background set .S :=V uvu Vl’ uCu
Vs U {&, @} (see also Definition 4) and the reactions

({x}.@.{o;}) for 1 <j <m and x € pos(¢;) (59)
({x},2,{9;D for 1 <j <mand x € neg(e;) (60)
(neg(@,) UDOS(9;), D, {#}) for1<j<m 61)
Ux;},2,{9; D for1<i<n (62)
(x}.2.{9;hH for1<i<n (63)
(B AR-RTY) for 1 <i<n 64)
(x}.@,{x'}) for x e V; 65)
(C UV B.CUV) ©6)
(Cugu{x'},@,{x'}) forx’eVl’ 67)

12
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(Cuvguix}, o (s} for1<i<n 68)
(CUVgU{X;},2,{s}) for1<i<n 69)
({8}, 2.{8}) 70)
({8}, 2, {#)). (71)

We first note that for any T C .S\ {&} we have res ,(T' U {&}) =res 4,(T) U {&}. We start by determining the fixed points of A. We
notice that if T is a fixed point then it must be T =res ,(T) CCUQg U Vl’ U {&, @}, because this is the union of the products of all

reactions. Furthermore, the only way for & to be part of the product is through reactions (61) which use reactants in V' U V that are
never part of a fixed point, as we already noticed.

For the same reason, the only reactions that can give rise to a fixed point are (66), (67), (70) and thus we deduce that all the fixed
points of A are &, {#}, and those of the form CUQgUU U {&} or CUVgUU, with U C Vl’. The states @, {#} and CUQgUU U { &}
are all attractors, so we now focus on understanding when a state of the form CUQgUU is a fixed point attractor for a given U C V]’ .

Let T # CUVgUU be a state such that res 4 (T) = CUQgUU. Since & & res 4(T), neither (70) or (71) can be enabled, thus & ¢ T
and & ¢ T. We obtain that T is of the form

T=Ty UTFUTy UTe U Ty,

where Ty, :=T' NV and analogously for T3, TVlr , Tc and Ty, . If we had T = C and Tyy , = O, then we would also have Ty, = T3, = @
as otherwise & € res 4(T') would be generated by at least one of reactions of type (68) or (69). Thus, in this case, we would have
CUQgUU =res(T)=CUQgU TVIr =T, which is a contradiction. Therefore it must hold T ¢ C and Ty, & U, and, collecting
all together, the reactions of type (66), (67), (68), (69), (70) and (71) are not enabled.

We further remark that as in the previous proofs, T}, U T3> must be a well-formed assignment for ¢. Furthermore if T, UTy, F @
then res 4(T) = CU g U {x' : x €Ty NV;}. We can also remark that & € res ,(T) if and only if there exists a ¢; € C that is not
satisfied by the assignment corresponding to T}, U T3;. We deduce that C U Qg U U is a fixed point attractor if and only if there
exists an assignment X UV \ X such that XNV, ={x:x' €U} and XUV \ X E ¢, i.e., an assignment satisfying ¢ that extends the
assignment for the variables in V] in which the only variables set to true are {x : x’ € U }. Therefore, we proved that any assignment
for the variables in V] can be extended to a complete assignment that satisfies ¢ if and only if all fixed points of .A are attractors. We
conclude that all fixed points of A are attractors if and only if (VV)(3V;)e is valid.

We now finally consider a RS B with background set .S and reactions (66), (67), (70). All the fixed points of /3 are attractors and
coincide with the ones of .4. The mapping ¢ — (A, B) is computable in polynomial time, hence deciding if two RS share all their
fixed point attractors is l'[lz’ -hard. W

Corollary 28. Given A € RS(0,0) it is Elz’—complete to decide whether A has a fixed point which is not an attractor.

Proof. The problem is in EZP (see Table 3). Consider the converse problem, i.e., deciding if all fixed points are attractors. The
l'[lz’—hardness of the latter follows from the construction of the RS A in the proof of Theorem 27. Therefore our problem is 212’—
complete. W

Corollary 29. Given A, B € RS(c0,0) with a common background set S, it is Eg—complete to decide whether A and BB have a common
fixed point which is not an attractor.

Proof. The problem is in 212’ (see Table 3); by Corollary 28, when A = BB the problem is 2§-complete. [ |

7. Equal result function

In this section, we study the problem of deciding if two RS have the same result function. This problem lies in coNP and is
complete in general RS.

Theorem 30. Given A, B € RS (0, 00) with the same background set .S, it is coNP-complete to decide whether res 4 =resg.

Proof. The problem lies in coNP (see Table 3). In order to show coNP-completeness, we reduce VALIDITY [26] to this problem.
Given a Boolean formula ¢ = ¢, V --- V @,, in DNF over the variables V' = {x,...,x,}, build the RS A consisting of the background
set S :=V U {Q} (with © ¢ V, and pos(e,) C V' and neg(p,) C V the set of variables that occur non-negated and negated in ¢,,
respectively) and the following reactions:

(pos(¢;).neg(@;),{V})  for1<j<m. (72)

For any state T C .S, T NV encodes a truth assignment of ¢. In this way, the reactions of type (72) evaluate each conjunctive clause
and produce the element Q if the clause (and thus the whole formula ¢) is satisfied. Then the RS behaves as follows:
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Q fTnNnVEe
res 4(T) = .
g ifTnNV Ee.

Now let 13 be the constant RS defined by the reaction (@, @, {V}) alone.
By construction, res 4 =resz when all assignments satisfy ¢. Since the map ¢ ~ (A, B3) is computable in polynomial time, deciding
if res 4 =resy is coNP-hard. W

Since in the previous proof the RS B is constant, the problem of deciding if the result function of a RS is a non-empty constant is
coNP-complete in unconstrained reaction systems. In contrast, deciding if a result function is empty can be done in polynomial time.

Corollary 31. Given A € RS(c0, ), it is coNP-complete to decide if res 4 is a non-empty constant function; however, deciding if res , = @
isin P.

Proof. The first part of the statement follows directly from the proof of Theorem 30. Note that given a RS A = (.S, A) and a reaction

a=(R,,1,, P,) € A, there exists a state T C .S that enables a if and only if R, N I, = @. Since res 4 = @ if and only if any reaction is
not enabled by all states, we just need to check that R, NI, #@ forallac A. W

We now consider the same problem for inhibitorless RS.

Proposition 32. Given A =(S, A), B= (S, B) € RS(,0), if
res 4(R,) Cresp(R,) Vae€A, (73)

thenres 4,(T') Cresg(T) for all states T C S.

Proof. Let T C .S such that T # R, for all a € A. By definition we have

res 4(T) = U res,(T) = U res,(R,) = U res 4(R,).

a€A:R,GCT a€A:R,CT a€A:R,CT

By monotonicity of resg, if R, C T then resg(R,) Cresg(T), so using (73) we obtain

res 1 C | resg(R,) Cresy(T). W
a€A:R,GT

Corollary 33. Given A, B € RS(c0,0) with a common background set S, it is in P to decide whether res 4, =resg.

Proof. Applying Proposition 32 twice, it is possible to verify in polynomial time that res ,(T) C resz(T') and resy(T) Cres 4(T) for
allstatesTCS. H

With a proof similar to the one of Proposition 32, we obtain the following result for reactantless RS.

Proposition 34. Given A = (S, A),B=(S, B) € RS(0, »), if
res(S\ I,) Cresg(S\1,) Va€A, (74)

thenres 4(T') Cresg(T) for all states T C S.

Proof. Let T C .S such that T # .5\ I, for all a € A. By definition we have

resu M= | res M= |J  res,S\Ip= ] res S\ 1.
a€A: 1,NT=Q a€A:1,NT=Q a€A: 1,NT=0

IfI,NT=@thenT C S\ I, and, since B is antitone, we have resz(T) 2 resz(S \ 1,). Using (74), we obtain

resMC ) resg(S\ 1) Cresg(T). W
a€A: 1,NT=Q

Corollary 35. Given A, B € RS(0, ) with a common background set S, it is in P to decide whether res 4 =resp.

14
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8. Bijective result function

In this section, we study the problem of deciding if the result function of a RS is bijective. This problem is coNP-complete for
RS(00,00) [22, Theorem 7]. In this section, we prove that for inhibitorless and reactantless reaction systems, the problem is in P.

Proposition 36. Given S a finite set and f : 25 — 25 monotone and bijective, then | f(T)| = |T| for all T C S.

Proof. FixT C.S andset k :=|T|, n :=|S|. Given T}, T, C .S such that T} C T C T, then, since f is monotone and injective, it holds

ST G M) G f(T). (75)

We can deduce two facts from (75) and the injectivity of f:

(i) f(T) strictly contains 2¥ — 1 distinct subsets of .S.
(i) f(T) is strictly contained in 2"~ — 1 distinct subsets of .S.

Now suppose towards a contradiction that m :=|f(T)| < k; then f(T') can strictly contain at most 2" — 1 < 2k _ 1 different subsets
of S, contradicting (i). On the other hand, if m > k then f(T') is strictly contained in 2"~ — 1 > 2"~k — | different subsets of .S, and
this contradicts (ii). We thus conclude that m =k, i.e., | f(T)|=|T|. W

The first consequence of Proposition 36 is that bijective monotonic functions are completely determined by their values on the
singletons.

Corollary 37. Given S a finite set and f : 25 — 25 monotone and bijective, then for all T C .S

ra = rdxh. (76)

xeT

Proof. Since f is injective (thus, in particular, it is injective on singletons), we have | U,cr f({x})| = |T|; and by Proposition 36
we have |U,cr f({x})| =|f(T)|. By monotonicity of f, U.crf({x}) C f(T); therefore, since the two sets have the same cardinality,
they are equal. Wl

Proposition 38. Given f : 25 — 25 injective on singletons such that () = @, | f({x})| =1 for dll x € S and Equation (76) holds for all
T C S, then f is monotone and injective.

Proof. Monotonicity follows directly from Equation (76). To prove injectivity, consider T| # T,, then there exists x € T}, x ¢ T,.
Since f is injective on singletons, f({x}) # f({y}) for all y e T5. Then f({x}) € f(T}) and f({x}) & f(T,), so in particular f(T}) #
f(T). A

Remark 39. Given A € RS(c0,0) such that res 4 is injective then res 4 is additive, by Proposition 38 and Corollary 37. This means
that A can be 1-simulated by a reaction system in RS(1,0) obtained deleting the reactions of .A with more than two entities in the
reactants.

The following sufficient and necessary conditions for a monotonic function to be bijective follow from Propositions 36 and 38
and Corollary 37.

Corollary 40. Given A = (S, A) € RS(c0,0), res 4 is injective if and only if the following three conditions are satisfied:

1. resy(@)=@, |res,({x})| =1 forall x € S.
2. res 4 is injective on singletons.
3. fordll (R,@,P) € A, it holds res 4(R) = |, cgres 4 ({x}).

Proof. (=) Follows directly from Proposition 36 and Corollary 37.
(&) Arguing as in the proof of Proposition 32, we obtain that for all T' C S,

res ,(T) = U res 4(R,) = U UresA({x}).

a€A:R,CT a€A:R,CT xeR,

By Condition 2, every element x € T' belongs to some reaction of the form ({x},@, P,) € A with |P, | =1, so we obtain res 4(T') =
U.er res 4({x}). The conclusion follows from Proposition 38. [l

Given an inhibitorless RS, we can check the three conditions of Corollary 40 in polynomial time, obtaining the following.
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Corollary 41. Given A € RS(c0,0), deciding whether res 4 is bijective is in P.

Recall that if a function f : 25 — 25 is antitone, then f2 is monotone. Due to this remark, we can decide in polynomial time if
the result function of a reactantless RS is bijective.

Corollary 42. Given A € RS(0, ), deciding whether res 4 is bijective is in P.

2
A

is injective, and since resil(T ) can be computed in polynomial time from res 4(T'), the

Proof. Since res 4 is antitone, res? is injective. By Corollary 41, we

A
can check in polynomial time whether res

statement follows. [l

is monotone. Furthermore, res 4 is injective if and only if res

2
A

9. Conclusions

We have determined the computational complexity of an extensive set of decision problems regarding the dynamical behaviour
of reactantless and inhibitorless reaction systems. This analysis contributes to providing a more comprehensive understanding of
how problem complexity varies across different models. Our findings reveal that the simplification of models does not uniformly
reduce complexity: most of the analyzed problems retain the same complexity as in the unconstrained model in both reactantless and
inhibitorless systems, some become simpler in both the constrained settings, and some others are equally difficult in unconstrained
and reactantless systems but become polynomially decidable in inhibitorless systems.

We leave as an open problem to determine the computational complexity of deciding on the existence of a fixed point attractor in
an inhibitorless reaction system. As future directions for extending this work, we also plan to study the complexity of other problems
related to the dynamics of resource-bounded reaction systems: for instance, studying cycles and global attractors, similar to what
has been done for resource-unbounded systems [22]. Moreover, it would be interesting to establish the computational complexity of
the problems analyzed in this paper in even more constrained classes of reaction systems, such as the special case of inhibitorless
reaction systems using only one reactant per reaction.
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