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Abstract

The theoretical model for reaction systems is a relatively new framework originally proposed
as a mathematical model for biochemical processes which take place in living cells. Growing
interest in this research area has lead to the abstraction of the model for non-biological pur-
pose as well. Reaction systems, with a well understood behavior, have become important for
studying transition systems. As with any mathematical model, we want to simplify a given
implementation of the model as much as possible while maintaining functional equivalence.
This paper discusses the formal model for reaction systems, how we can simplify them with
minimization techniques, some of their capabilities and properties, and a comparison of those
properties for minimal and non-minimal reaction systems. Original software written for the
purpose of exploring reaction systems for this paper as well as well-known logic minimization

algorithms instrumental in simplifying reaction systems are discussed.
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1. Introduction

The theoretical model of reaction systems is a relatively new framework originally proposed
in 2007 by Ehrenfeucht and Rozenberg (see [8]) as a mathematical model for biochemical
processes which take place in living cells. Additionally, the model provides for the interaction
between a reaction system and the larger environment containing it or between reaction
system processes. These processes involve reactions which are based on the premise that the
two main mechanisms of reactions are facilitation and inhibition: reactions occur if all of the
facilitating reactants are present and none of the inhibiting entities are present.

Growing interest in this research area has lead to the abstraction of the theoretical model
for non-biological purposes. Reaction systems’ well-known behavior and their generative
capacity for long sequences makes them particularly useful for studying state transition
systems.

A topic of importance in studying any mathematical structure is that of equivalence
and minimization. Reaction systems can easily be converted to Boolean vector functions in
disjunctive normal form and vice versa. Thus, a functionally equivalent minimized reaction
system can be obtained using logic formula minimization algorithms.

The paper is organized as follows.

In Chapter 2, the theoretical model of reaction systems is defined. Also discussed are
functional equivalence and classes of reaction systems which are vital concepts throughout
the paper.

In Chapter 3, more topics on functions defined by reaction systems are discussed. Con-
text independent and interactive processes are defined and demonstrated for their capabilities
to generate sequences. Some known facts are presented and proved about the lower bounds
for lengths of sequences that can be generated by certain classes of reaction systems. Rep-

resenting reaction systems as a set of Boolean functions is discussed in detail, and this topic



is instrumental in minimizing reaction systems.

In Chapter 4, subadditive properties of reaction system functions are defined as are
special classes of minimal reaction systems. Characterization theorems are proved with
an emphasis on the existence of functionally equivalent reaction system functions for the
smallest class of reaction systems. Some of their properties are compared with larger classes
of reaction systems.

Chapter 5 considers a way to minimize reaction systems using logic minimization al-
gorithms. Provided is an elaborate example of finding a minimized reaction system which
models a state transition system given a one-out directed graph representing that system.

Chapter 6 is a review of RS Tools which is original software written for the purpose of
exploring reaction systems to provide insight into the topics discussed herein. Interspersed

throughout the paper are references to RS Tools and how it was used in some of the examples.



2. Reactions and reaction systems

2.1 Reactions

In a living cell, biochemical reactions take place that result in the production of certain
biochemical products when all the necessary reactants are present and none of the inhibiting
entities are present to suppress the formation of the products. If all the necessary reactants
are present but at least one of the inhibitors is present then no products result from the
reaction. This process is mathematically formalized in the following definition which was

introduced in [8].

Definition 2.1. A reaction is a 3-tuple a = (R,, I,, P,) of finite sets. If S is a set such that
Ry, 1,, P, C S then we say that a is a reaction in S. The set R, is the reactant set of a; the
set I, is the inhibitor set of a; and the set P, is the product set of a. The reaction (&, &, &)

is called the empty reaction and denoted by ®.

The reactant, inhibitor, and product sets may be denoted R, I, and P when the reaction
they are associated with is understood. Sometimes we are interested in R, U I, which we
will denote as M, and which we will refer to as the resources of a.

When the conditions are present for a reaction to occur, the reaction transforms the
reactants to produce its set of products. In other words, for a reaction a and a finite set

T C S, the result of a on T, denoted res,(T'), is defined in [8] by:

P, fR,CTand ,NT =&
resq.(T) =

&, otherwise.

When the conditions for the reaction to occur are present, we say that a is enabled on T,

denoted en,(T'), otherwise a is not enabled on 7.



Example 2.1.1. Suppose reaction a = ({a,b}, {c,d},{a,c}) can potentially occur in an
environment which contains a subset of the background set S = {a, b, ¢, d, e}. For a selection

of subsets T; C .S, the following shows the behavior of reaction a.

T eng(T) | res.(T)
{a,b, e} yes {a,c}

{a,b,c} no %)
{a,b} yes {a,c}
{a} no %)

Example 2.1.2. In E. coli cells, the metabolism of lactose is controlled by the expres-
sion of a specific set of genes in a complex genetic regulatory system. The reaction sys-
tem which models this regulatory system is discussed in [4]. One of the many reactions
in this system determines whether or not the gene is expressed, allowing lactose to be
digested. The biochemical environment where the reaction occurs involves the following
entities representing various molecules: lac (for lactose), cAMP-CAP, I-OP, Z, Y, and A.
If the reactants lac and cAMP-CAP are present and the inhibitor I-OP is not, then Z,
Y, and A are produced allowing the expression of genes that cause the lactose to be di-
gested. To model this reaction, let S = {lac, cAMP-CAP, I-OP, Z, Y, A} and let a =
({lac, cAMP-CAP},{I-OP},{Z, Y, A}). Then for T C S, if en,(T) then res,(T) =

{Z, Y, A} and lactose is digested, otherwise res,(T) = &.

We often refers to sets of reactions. The set of all reactions over background set S
is denoted by rac(S). For a set A C rac(S), the following are defined: Ry = |J,c4 Ra,
In =Uuea Lar and Py = e 4 P

Just as we have a result function for each individual reaction, we define the result of an
entire set of reactions A on T' by resa(T) = J{res.(T) |a € A}. f R, CT and I,NT = @,
i.e. eny(T), for at least one a € A, then we say that A is enabled on T, indicated by en(T),
otherwise we say that A is not enabled on T. If every reaction a € A is enabled on T', we

say that A is enabled by T.



2.2 Reaction Systems

The previous section discussed individual reactions and sets of reactions. We can now define

a reaction system, which originated in [8].

Definition 2.2. A reaction system, abbreviated RS, is an ordered pair A = (S, A) such that

S is a finite set and A C rac(9).

The elements of S are referred to as entities. The entities used as reactants and inhibitors
are called resources. The set S, called the background set of A, consists of all the entities
used as the resources and products of the reactions of A.

For a reaction system A = (S, A) and a set T" C S, the result of A on T (also referred
to as the result function), denoted res4(7") which is defined as the result of the reaction set
A (ie., resy(T) = resa(T) = J{resa(T) | a € A}). The set {a € A | a is enabled by T'} is
called the T-activity of A (or activity of A on T), denoted by en4(7T). The set T describes
the state of the RS at any given moment. It is the set of entities that are present at that
moment. Once the set of reactions A operates on the available resources specified by T, the
state could change which would constitute a process which may also produce a sequence.
Processes are discussed in section 3.1.

As defined above, eny(T) is a set of reactions. In this paper, as in some others such
as [5], the notation en,(T"),en(T), and eny(T') can also be understood, depending on the

context, to mean ‘“reaction a (resp. reaction set A, RS A) is enabled on T7”.

2.3 Model assumptions

The reaction system model established in [8] includes a discussion about the following model
assumptions which are believed to hold for the majority of biological reactions, and so they

are axiomatic for the basic model.



2.3.1 Threshold assumption

In Example 2.1.2, an actual biological process is described which involves the presence of
lactose (or lack thereof) in a living cell. There is nothing in the example that concerns the
quantity of lactose molecules; we are only concerned about whether or not it is present.
The threshold assumption of reaction systems is that if a resource is included in T € S,
for the purpose of evaluating res(7T), there is enough of it present for all enabled reactions
in the system to consume that resource. According to [5], we can also assume that the
concentration of resources present is irrelevant. This assumptions is also described as the

threshold nature of resources [5], or in other words there is a threshold supply of resources
[3].
2.3.2 Non-permanency assumption

In Example 2.1.2, a set of reactions take place in an environment which may contain re-
actants and inhibitors. For the model of reaction systems, we assume that once the set of
reactions transforms the available reactants into products, the environment only consists of
the products. For example, if lactose was present and needed to enable any of the reactions,
those enabled reactions transform lactose into products, and lactose remains only if it is in
the product set of the enabled reactions. Furthermore, all resources that were present but
not include in the product set cease to exist. This describes the non-permanency assumption

of the model.

2.3.3 Reactions are primary

Because of the non-permanency assumption, once the enabled reactions of a reaction system
have converted reactants into products, a new state, resy, is created and the new environ-
ment is based only on the entities of the new state. As described in [8], reactions are primary
while structures are secondary. Reaction do not transform states, they create states and no
structure irrelevant to the enabled reactions is carried over. According to [8], this aspect of

reaction systems is different from traditional models.



2.4 Classes of reaction systems

Classes of reaction systems (and RS functions which are discussed in the next chapter) are
defined based on the cardinalities of the reactant and inhibitor sets of the corresponding
reaction systems. A reaction system A = (R, I, P) is referred to as an (r,4) system if for
every a € rac(A), |R,| <r and |I,| <i [15], [18]. In Example 3.2.1, the RS A is a (1,2) RS
and B is a (2,1) RS. Examining the properties of (1,1) reaction systems is a focus of this
paper, and simplifying reaction systems as much as possible to the extent of (1,1) systems

is another focus.

2.5 Functional equivalence

As mentioned above, res is a function. Two reaction systems A and B over the same back-
ground set can be very different, e.g. they can be of different classes, they can have different
cardinalities of reactions, and their reactions can be different, and yet the functions defined

by them can be equivalent.

Definition 2.3. For two reaction systems, A = (S, A) and B = (S5, B) where A is not
necessarily identical to B, if resa(T) = resg(T) for every T' C S, then A is functionally

equivalent to B, denoted A ~ B. [8]



3. Processes, sequences, and functions

3.1 Interactive and context-independent processes

A reaction system process is a state transition process in which the result set of one step of
the process then becomes the input resources for the next step of the process. If external
input is added to the resources at any step, this can be viewed as interaction with the reaction

system. These processes are defined in [8].

3.1.1 Context-independent process

Consider a RS A = (S, A) with Wy, C S. Let Dy = resa(Wp). Then let Dy = resa(Dy),
D3 = resa(Ds), and so on. This process generates the sequence {D;},i =1,2,3,....

For a specific step in the sequence, say D3, another way to view how D3 is generated is:
D3 = resa(resa(resa(Wy))) = res® (Wo). Except for the initial state Wy, there is no other
context surrounding this process, i.e. there is no interaction. Hence, this process is called a
context-independent process.

As an example, if S = {a,b,c} and A = {({qa,b},{c},{a,c}), {a,c},{b},{a,b})}, then
the steps of the sequence for the initial state Wy = {a, b} are {a,c}, {a,b},{a,c},{a,b}, ..,
and we see that res’y(Wy) = {a, c} if i is even.

A much larger example of a context-independent reaction system function which, given
a specific initial state, generates the first few terms of the Fibonacci sequence in a six-step

process, is shown in Appendix A.3.

3.1.2 Interactive process

In the theoretical model for reaction systems, it is possible for additional entities from a
source of interaction to be added to the result set of one step to be used as the resources for

the next step. This process was originally defined in [8].



Definition 3.1. Let A = (S, A) be a RS. An interactive process m in A is a pair of finite
sequences m = (v,0) such that, for some n > 1, v = Cy,C4,...,C,, § = Dy, ..., D,, where
Co,C4,....,Cn, Dy, ...;D,, € S, Dy = resy(Cy) and, for each 1 < i < n, D; = ress(Ci_1 U
D;_1). The sequence Cy,C, ...,C,, is the interaction sequence (also referred to as context
sequence) of m, and the sequence Dy, ..., D, 11 is the result sequence of w. For each 1 <i < mn,
we define W; = C;|J D; and Wy = Cy. The sequence Wy, Wy, Wy, ..., W, is called the sequence
of states of m; while Wy is called the initial state of . For each 0 < j < n, the set C} is
called the context of W;. The sequence Ey, E, ..., £, of subsets ofA such that E; = en4(W;),

for all 1 <7 <n —1,is called the activity sequence of .

Table 3.1: General interactive process

Stepi C; W, E; Di1

0 Co Wo=0Ch Ey =ena(Co) Dy =resa(Co)
1 Cl W1 = Cl U D1 El = 67’LA(W1) Dg = T@SA(Wl)
2 CQ W2 == 02 U D2 EQ == €’I'LA(W2) D3 == T@SA(Wg)
n C, W,=C,UD, E,=ens(W,) D,=ress(W,)

Table 3.1 shows the general process that follow from Definition 3.1. In this table,
Y= {Cz} and 0 = {Di—i-l}-

Example 3.1.1. In an interactive process, the reactions shown in Table 3.2 generate a
sequence which oscillates between 0 and 1 until a trigger is applied (the interaction), and it
switches to oscillating between 0 and -1. If the trigger is applied again, the RS switches to

oscillating between 0 and 1 again. The trigger is applied through the context sequence.

Table 3.2: Reactions for Example 3.1.1

ar = ({0, h}, {tr}, {1}) as = ({0}, {h, tr}, {-1})
ay = ({0, b, try, {1}, {=1}) as = ({0, 47}, {h}, {1})

ag = ({1}, {tr}, {0, n}) a7 = ({1}, {tr}, {0})

as = ({1,tr},{0},{0}) as = ({=1,tr}, {0}, {0, h})



0
) ]
-1 .
Step: 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Figure 3.1: Visual representation of interactive process with triggers at arrows.
Table 3.3: Interactive process for Example 3.1.1.
Stepi C; W, E; Di Stepi C; W, E; Diyq
0 {1 {1} {as; {0,h} 8 {gr {-13  A{ar} {0}
1 {g} {0,n}  A{a} {1} 9 {o} {0} {as} {-1}
2 {o} {1} {as} {0,h} 10 {tr} {-Ltr} {as} {0,h}
3 {tr} {0,h,tr} {ax} {-1} 11 {o} {0,h} {a;} {1}
4 {o} {-1} {ar} {0} 12 {o} {1} {as} {0,h}
5 {try {0,¢r}  {as} {1} 13 {g} {0,n}  A{a} {1}
6 {o} {1} {as; {0,h} 14 {o} {1} {as} {0,h}
7 {tr} {0,h,tr} {as} {-1} 15 {2} {0,h} {a1} {1} (state 16)

Each step of the result sequence can be interpreted as 1, 0, or -1 if those entities are in

the result set; there are sometimes additional entities in the result set which are needed for

the RS to work. Suppose we want the result sequence to contain no extra entities (i.e., h),

we can use the result sequence as a context sequence for another RS with the three simple

reactions: ({0}, {1},{0}), ({1},{0}, {1}), ({=1}, {0}, {-1}).

The RS was designed so that the trigger can be applied at any step, and if the trigger

is at a step that is not in a zero state (as is the case in step 10), the RS will remember that

the trigger was there even though it is no longer there in the next context sequence step,

and in this case, the RS is designed to still switch behavior.

When the process is oscillating between 0 and 1, there is no way for it to switch to

oscillating between 0 and -1 without the interaction of the trigger from the context sequence.

This behavior of two modes is depicted in Figure 3.2 by the presence of two subgraphs.

10



{-1, tr}

S

10, h}

{0, tr} —» {1} |

(0, h, tr}

S

10} -1

{1,tr} —» >

Figure 3.2: Directed graph for Example 3.1.1.

3.1.3 Interpretations of interactive processes

Some biochemical systems, such as the eukaryotic heat shock response of cells, can be mod-
eled as an interactive process (see [1]). This reaction system (a model of the heat shock
response taking place in an individual cell) is part of a bigger system (the entire organism
and the external environment). The bigger system interacts with the RS defined in [1] by
introducing or removing heat stress through the context sequence. This is an example of a
common interpretation of interactive processes.

Another interpretation, mentioned in [8], is described as the result sequence representing
our knowledge about the system that is being modeled, and the state sequence represents
observations of the system. Each observation predicts the next.

Also described in [8], being able to associate a transition system (a finite automaton)

with a reaction system is another implication of interactive processes. The transition system

of a RS is defined below.

Definition 3.2. Let A = (S, A) be a RS. The transition system of A, denoted by tr(A),
is the ordered pair (@, 7) where the set of states @ = P(5), and the transition relationship
T C @ x @ is defined by: for X, Y € Q, (X,Y) € 7 if and only if res4(X) C Y [8].

11



3.1.4 Sequences generated by reaction systems

In an interactive process m of RS A = (S5, A) with interaction sequence C; and result sequence

D;, the notation used in [8] to denote the transition from one step to the next is
m:Cy— (Dl,Cl) — = (Dn,Cn)

A process is described in [3] which has the initial state W, = Cj, but otherwise, if
C; C D;, 1 <1i <n, then we have an equivalent process m to one where each C; = @. If this
is the case, then 7 is called context-independent .

In a context-independent process, we can describe the state transitions, starting with

initial state W}, with the notation:
WO —>_,4D1 —>_,4D2 —)_,4...—)_,4Dm

The sequence Dy, Ds, ..., D,, is called a sequence of length m generated by the reaction
system A. According to [20], for large enough m, one of the following always occurs at some

point in the sequence D;.

1. D,, = @ at which point en4(D,,) = &, and in this case the sequence is a terminating
sequence of length m.

2. D,, = D; for some j < m, in which case the sequence contains a cycle of length m.

The sequence generated by the reaction system in Example 3.1.2 (as shown, it will
produce a cycle, but by removing reaction 6, it produces a terminating sequence) is an
example of a terminating sequence. Every reaction in the example RS is inhibited by the
entity X, so when that entity shows up in res_4, the next step in the sequence is @ and the
process stops. The sequence terminates.

Some of the theorems in this section make a distinction between terminating sequences
and cycles. However, when there is no need to make that distinction, we could say that a
terminating sequence is a cycle of length one since @ — &.

There are several known facts about the lengths of cycles and terminating sequences

12



which reaction system are capable of generating. For a given background set S, the no-
tion of maximally inhibited reactions, defined in [16], makes it possible to easily construct
a RS which generates either a cycle or terminating sequence that includes every state in

P(S)\{S, 2} in any order we may choose.

Definition 3.3. A reaction over the background set S is mazimally inhibited if it is of the
form R, S\ R, P. A reaction system is maximally inhibited if all of its reactions are maximally

inhibited.

Theorem 3.4. Given the base set S with n elements, there exists effectively a reaction
system with a terminating state sequence of length 2" — 1, as well as a reaction system with
a cycle of length 2™ — 2. Moreover, the reaction systems can be constructed in such a way

that the elements in the terminating state sequence and cycle are in any preassigned order.

The proof in [16] for Theorem 3.4 is a simple construction proof. For a given background
set S and the desired state transition sequence 11, T, ..., T,, where n = |P(S) — 2|, then for
each transition T; — T; 1,7 = 1,2,...,n — 1 a maximally inhibited reaction a; is constructed
with R, = T;,1, = S\R, and P, = T;;1. If we are constructing a RS for a cycle, then the

last reaction, a,, maps back to 77. For a terminating sequence, there is no a, needed.

Example 3.1.2. For the background set S = {a, b, c} and state transition sequence {a} —
{a,b} = {b} — {a,c} — {c} — {b,c} — {a}, the maximally inhibited reactions for the RS

which generates this cycle are:

a1 = ({a},{b, ¢}, {a,b}) as = ({a, c}, {0}, {c})
az = ({a, b}, {c}, {b}) as = ({c}, {a, b}, {b, c})
as = ({b},{a, c},{a,c}) ag = ({b,c}, {a}, {a}).
By removing ag from the reaction set, we will get the terminating sequence instead.

Figure 3.3 is a visual depiction of the cycle and terminating sequence just described.

13



{ b

Figure 3.3: The cycle and terminating sequence for Example 3.1.2.

Although a large maximally inhibited RS may seem bloated, they can usually be simpli-
fied using the minimization techniques discussed in Chapter 5, and the functionally equivalent
RS is much smaller. See Appendix A.2 for an example.

In [3], sequences generated by reaction systems are described as potentially having
elaborate behavior and capability to generate long sequences. As seen in the following
theorem summarized in [3] and proved in [7], the length of a sequence (whether terminating
or cyclic) can be exponential based on certain (r,4) classes of the RS function. Although
there are advantages to reaction systems of small classes such as (1, 1), this theorem shows
one of the limitations of smaller classes. The following theorem shows a much greater lower
bound capability for the length of cycles and terminating sequences for higher classes of

reaction system.
Theorem 3.5. Let k > 0 be an integer. Then:

1. There exists a (3k,2) reaction system with a (3-2% —3)-step terminating state sequence,

and

2. There exists a (3(k + 1),2) reaction system with a (3-2% —1)-step cycle.
The proof of Theorem 3.5 requires the following lemma proved in [7].

14



Lemma 3.6. Let n > 1 be an integer, and let A = (S, A) be a reaction system with an
n-step terminating state sequence. Then there exists a reaction system A" = (S’, A") with a

(2n + 3)-step terminating state sequence of A’.

The proof of this lemma is by construction. Three new entities, u,v, and w, are added
to S to construct S’, and five (1,1) reactions are constructed and added to A to form
A’. Hence, A"\ A consists of only (1,1) reactions which are constructed in such a way that
resi(f’?’({u,v} UTy) = @, where Ty is the initial state of the n-step terminating sequence

of A. The proof details the iterations for this choice for the initial state and shows that

resa # @ until it reaches the (2n + 3)™ step.

Proof. Theorem 3.5, part 1. Let k = 0, then a RS of class (3%k,2) = (0,2) has no enabled
reactions, and so res 4 is always @. Hence, the RS has a (3-2% — 3)-step terminating sequence
(i.e. a O-step sequence). Thus, the statement is true for & = 0.

Assume that for every integer & > 0 there exists a (3k,2) reaction system A with a
(3 - 2% — 3)-step terminating sequence. We need to show that there exists a (3(k + 1),2)
reaction system with a (3- 2(k+1) _ 3)-step terminating sequence. When applying Lemma 3.6
for A and n = 3-2% — 3, the lemma constructs A’ with a (2n + 3)-step terminating sequence.

Thus, the terminating sequence of A’ has 2n +3 = 2(3-2F —3) +3 = 3-2-*) — 3 steps. [

The proof of Theorem 3.5, part 2, is very similar. Given a RS with an n-step terminating
sequence, a lemma similar to Lemma 3.6 shows how to construct a RS with an (n + 2)-step
cycle, and then it is shown by induction that there is a cycle of length n = 3 - 2% — 3.

The next theorem discussed in [3] and proved in [6], is of interest because it provides
a way to design a reaction system by controlling the cardinalities |S| = s, |R| = r, || = 1,

|P| = p, and a proportion u so that the state sequence has a low probability of terminating,.

Theorem 3.7. Consider a background set of size s and a state T' that contains a certain

proportion, p, of entities from the background set, i.e. |T| = us. For positive integers
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r.i, and p (with r +1i < n and p < n), the probability that a random (r,i,p) reaction is

enabled by T is given by the following closed formula using binomial coefficients:

$\ /(1 — p)s
()

Proof. The denominator of the formula is the number of all possible (r,7) reactions, i.e. r

reactants are chosen from s entities, and from the remaining entities numbering s — r, 7
inhibitors are chosen. The numerator is the number of possible enabled reactions when the
current state has us entities, i.e. r reactants are chosen from us entities, and from the

remaining entities numbers s — us = (1 — p)s, 7 inhibitors are chosen. O

The limit of Formula 3.1 as s — oo is " (1 — )*, and so this simpler formula can be
used when the background set is large.

According to the limit formula, for a (1,1) RS over background set S with a large
|S|, the probability that a random reaction will be enabled by 7" when |T'| = p|S| is given
by p'(1—p)' = p — g2 This probability is maximized when p = 0.5, hence the highest
probability that a (1,1) RS does not terminate is 0.25. Clearly, higher (r,7) classes have
greater potential to generate non-terminating sequences, nevertheless this shows that the

probability of a (1,1) RS not terminating is not negligible.

3.2 Functions defined by reaction systems

We mentioned the res function in Chapter 2. In [18], RS functions are described in more
detail. A function defined by a reaction system A = (5, A) is a mapping P(S) — P(5). If f

is such a mapping, then it is a representation of the mapping res4 .

Definition 3.8. Consider a reaction system .4 over a finite set S. Denote by S; (resp. S5)
the set of all nonempty (resp. proper nonempty) subsets of S. (Thus, the cardinalities of S}

and Sy are 21° — 1 and 21 — 2, respectively.) Consider the function f4 defined as follows, for
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Y CS. Ifresa(Y)=Y"# &, then f4(Y)=Y". Ilf resa(Y) =@, then f4(Y) is undefined.

The function f4 is termed total if it is defined for all elements of Ss.

As described in [5], [10], and Section 5.1.1, there are two “boundary conditions” which
characterize RS functions. A function f : P(S) — P(S) is an RS function if and only if
f(@) = f(S) = @. This statement is equivalent to Proposition 5.2 (see also [10]) which is

part of a discussion about viewing a reaction system as a graph.

Example 3.2.1. This example shows two small reaction systems A4 = (S, A) and B = (5, B)
over a background set S = {a, b, ¢} and the set functions defined by them. A has the property
that all reactions have exactly one reactant, and B has the property that all reactions have

exactly one inhibitor. These properties will be further discussed in Section 4.1.

Table 3.4: Examples of reaction systems and functions defined by them.

ar = ({a}, {b, c}, {b}) ({a} T e {{b}.{b.c}}
az = <{b}7 {av C}, {CL}) f (T) _ {b} T e {{a}’ {a7 C}}
az = ({c},{a},{a}) * {a,b} T ={c}

ay = ({c}, {0}, {0}) ¥z , otherwise.

({a,b} T ={a,b}
= {CL, b}7 {0}7 {CL}) {b} T = {CL, C}

by = (
by = ({a, c}, {b},{b}) B B
b= ({0} {a}, e}y B =t T=dbe)
by = ({0}, {c}, {b}) {b,c} T ={b}

%) , otherwise.

\

3.3 Boolean functions

There is a close relationship between RS functions and Boolean functions. Translating an
RS function into a Boolean vector function is instrumental in simplifying/minimizing the
RS using logic minimization algorithms.

A reaction system A = (S, A), where S = {a,b,c,d} and A = {ay,...,a10} is shown in

Table 3.5. This RS can be represented as a Boolean vector function. Sometimes, instead,
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an RS will be discussed as being equivalent to a set of Boolean functions.
More generally, for a RS A = (S, A), where S = {s1,...,s,}, A = {a1,...,a,}, and
T CS, let F:[0,1]" — [0,1]" be a function with Boolean variable 1, ..., x,, where n = |S|

and the 2’s are defined as:

1, ;€T
T, = ,i=1,2,...,n.
O, S; é T
Consider resy(T). Let X and Y be Boolean vectors. Let X = [961 Ty ... q;n‘|

represent the input 7" to RS A, then Y = F(X) is the Boolean vector representing res (7).
The mapping X — Y is defined by a set of logic functions fi, ..., f,. Thus, y; = fi(X).
All possible inputs for A, i.e. P(S), have corresponding values for X. Thus, a truth

table for F' can be generated with each row having the form:

1 @2 oz | fi(X) (X)L fu(X)

The following shows, by example, how a reaction system can be converted to an equiv-

alent set of Boolean functions.

Example 3.3.1. Table 3.5 shows an example of a RS A = (S, A) where S = {a, b, ¢,d}. For
each entity s; € S, we associated s; with the variable x; of input vector X, and we associate
s; with the Boolean function f;. Then each f; contains one term for each reaction which
is capable of producing s; as a product. Within each of those terms, there is one literal x;
for each reactant s; in the reactant set, and one negated literal 7; for each inhibitor s; in
the inhibitor set. In this example, in the reaction set A, no product sets contain a, hence
f1(X) = @ in Table 3.6. But for entity b, we see that there are six reactions such that b € P,,
hence we see six terms in fo with the literals as described above. This process translates RS

A into its equivalent disjunctive normal form Boolean vector function F'(z) which is shown

in Table 3.6.
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The truth table for the RS in Table 3.5 is shown in Table 3.7 with two extra columns: the
first column shows the set of entities represented by the z;’s (i.e. T C P(S5)), and the last

column shows the set represented by the f;’s (i.e. resy).

Table 3.5: Reactions of A for RS A.

ar = ({b,c,d},{a},{c,d})  as = ({a,c},{b,d},{c})
ay = ({b,c}, {a,d}, {c,d}) a7 = ({b},{a,c,d},{b,c,d})
az = ({b,d},{a,c},{b,c.d}) as = ({a,c,d}, {b}, {c})
as = ({a,d}, {b,c},{b,c})  ag = ({a,b},{c,d},{b})
as = ({a},{b,c,d},{b,c})  aw = ({a,b,d},{c},{b})

Table 3.6: Boolean vector function for RS A shown in Table 3.5.

F(X) = [A(X) AX) KX f0)]

where:

hX)= o

fo(X) = (a0 ANxgy ATIANT3)V (01 Axg ANTa ANT3) V(81 ATa ANT3 ATg) V (22 AT A
T3NT1)V (01 Aeg ATz ANTq) V (21 A2 A2y A T3)

[3(X) = (2aA23 ATy ATV (22 AXs ATIATL) V (22 ATy ANTIAT3) V(X1 ATy AT AT3) V
(TA ANTIANTZAT) V(21 AXs AT ANT2) V(22 ATTAT3AT) V (21 AXg ATy A T3)

fi(X) = (2o A3 Azg ATV (2o A3 ATTATL) V (22 Aoy ATTAT3)V (22 ATT AT3 A T)
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Table 3.7: Truth table.

T CP(9) v xy w3 T4 | f1 f2 fso fa|resa(T)
%} o 0 O 0,0 O 0 O (%}
{a} 1 0 0 00 1 1 0] {be
(b 01 0 0l0 1 1 1| {bed
{a,b} 1 1 0 0|0 1 0 0o f{b
() 0 0 1 0|0 0 0 0| o
{a,c} 1 0 1 0]0 0O 1 O {c}
(b, ¢} 01 1 0l0 0 1 1| {ed)
{a,b,c} 1 1 1 0|0 O 0 O %)
(4} 0 0 0 1|0 0 0 0| o
{a,d} 1 0 0 1]0 1 1 0/ {be
(b, d} 01 0 10 1 1 1] {bed
{abdl |1 1 0 1]0 1 0 0| {b)
{e,d)} 00 1 110 0 0 0| o
{aedy |1 0 1 1]0 0 1 0| {
ed |0 1 1 1]0 0 1 1] {ed
{abed=S|1 1 1 1]0 0 0 0| o

Since reaction systems have a correspondence to Boolean functions, they have a natural
correspondence to digital logic circuits. Since there has been tremendous interest in mini-
mizing Boolean functions for the purpose of simplifying logic circuit designs, many Boolean
function minimization methods have been developed. A discussion of many of the known
methods for Boolean function minimization is in [13], and among the algorithms discussed
is called Espresso. The Espresso algorithm stands out as being so successful that it has been
included as the logic minimization tool used in nearly all contemporary logic synthesis tools.
How we can use Espresso to minimize reaction systems is discussed in more detail in Chapter
D.

As an aside, since a reaction system can so naturally be represented as a set of logical
formulas, this means it can also be represented as a logic circuit. As an example, consider

the reaction system described in Table 3.5. The software RS Tools was used to convert the
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reactions in Table 3.6 to Boolean functions (see Chapter 6 for a description of RS Tools

and how it converts reactions into Boolean functions). The Boolean functions generated are

shown in Table 3.6. These formulas are represented as the logic circuit diagram in Figure 3.4.

This diagram was generated by entering the Boolean functions into software which optimizes

the formulas and automatically generates an equivalent logic circuit diagram. The software

used to generate Figure 3.4 is called Logic Friday.

’ a} —] \ >C ) |t2
—/ [11]
[o] [10]
N > \ i
[1] _/
[3]
qf >° >: [ )3 j‘>_1 4
[4]
[5] 8 [12]
b

\/

15

T

[7]

Figure 3.4: Logic circuit diagram.

]
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4. Minimality of reaction systems

There are many facets to the minimality of reaction systems. Classifications and properties

of reaction systems, especially where minimality is concerned, are discussed in this chapter.

4.1 Minimality and classes of reaction systems

As discussed in Section 2.4, classes of reaction systems are based on the cardinalities of the
reactant and inhibitor sets, R, and I, or the cardinality of their union which is notation M,.
In this section, we discuss reaction system classified as reactant-minimal, inhibitor-minimal,
resource-minimal, product-minimal, and almost minimal as defined in [5], [18], and [19]. In
[5], “minimal” reaction systems are defined as (1,1). To avoid confusion, this paper will
refer to (1,1) reaction systems as resource-minimal so that we can make a clear distinction
between (1, 1) reaction systems and those that are minimized but not necessarily all the way
to (1,1).

In addition, “almost minimal” reaction systems are defined. These classifications are

based on the maximum cardinality of the sets of reactants, inhibitors, or both, i.e. resources.
Definition 4.1. Let A = (S, A) be a RS.

1. A is reactant-minimal if |R,| = 1 for each a € A.
2. A is inhibitor-minimal if |I,| = 1 for each a € A.

3. A is resource-minimal if |M,| = 2 for each a € A.

The terms in Definition 4.1 also apply to RS functions. So an RS function f is reactant-
minimal (inhibitor-minimal, resource-minimal) if there is a reactant-minimal (inhibitor-
minimal, resource-minimal) RS implementing f.

A product-minimal RS is defined in [19] to be a (1,1) RS where each of the reactions

in the RS has a product set that is a singleton.
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4.2 Subadditive properties of RS functions

Following is a description of set functions that have the union-subadditive or intersection-
subadditive properties as defined in [5] and Definition 4.2 below. When RS functions have
these properties, they can be used to provide a way to determine if reactions systems are of

one of the minimality classes in Definition 4.1.
Definition 4.2. For a reaction system function f : P(S) — P(S5) over a background set S:

1. fis union-subadditive if for any two subsets X and Y of S, f(X UY) C f(X)Uf (Y),

and
2. f is intersection-subadditive if for any two subsets X and Y of S, f(X NY) C f(X)U
fY).

Example 4.2.1. Regarding the set functions defined below over S = {a,b,¢,d} and T C S,

f1 is union-subadditive, f5 is intersection-subadditive, f3 is neither, and f; is both.

{a},  Te{{b},{bc}} ({a,b}, T ={ab}
f1<T) _ {b}> T e {{a}v {a’ C}} fQ(T) _ {b}’ T = {a7 C}
{a7 b}v T = {C} {b7 C}v T= {b}

& otherwise. a, otherwise.
\

{a}, T ={a}

(b,c, T=1a
W T— {b,c} {a}

{Ca d}> T= {b}

T) = = W) =
{d}, T= {b7 C} i
@, otherwise.
a, otherwise. )

The definitions above are used to prove the following lemma which is instrumental in

the characterization proofs in this chapter.
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Lemma 4.3. Let S be a finite set and f be a function f: P(S) — P(9).

1. f is union-subadditive if and only if for every non-empty F C P(S), f(UF) C U f(F).
2. f is intersection-subadditive if and only if for every for every non-empty F C P(S5),
FNF) cUFF).
Proof. Let F C P(S),F # @. Since S is finite, F = {Uy, Uy, ..., Uy} where U; € P(S), k =
1,2,..., 218+,

1. f is union-subadditive if and only if

fUF) = fiuu..uth)
C f(Uh)U f(UUuU3U...UTy))
C f(U)U f(U)U f(UsU...UUy))
C ..
C f(U) U f(Uz) U ... U f(Uy)
= J .

2. f is intersection-subadditive if and only if

F(O)F) = fU N (U0 ..0T))
C f(U)U f(UyN...0Uy))
C UV FU) U f(UsN...N Uy
C ..

C f(U)U f(U) U f(UsU...UTy))

=Jr.
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4.3 Characterization theorems

Given a reaction system A that is not apparent to be reactant-, inhibitor-, or resource-
minimal, the theorems in this section, introduced and proved in [5], determine whether there
exists a functionally equivalent reaction system, based on the subadditive properties of f 4,

that is in one of those special classes.

4.3.1 Reactant-minimal

Consider the reaction system, C = (C,S) over background set S = {a,b,c} and with the

reactions of C' shown below with emphasis on reactant sets with more than one entity.

a = ({b, ¢}, {a}, {a}) = ({b},{a,c},{a})  cs=({a, c},{b},{b})
cs = ({a}, {b}, {b}) ¢s = ({c},{a, b}, {a,b})

At first glance, C does not appear to be reactant-minimal. Since P(S) is so small, it is easy
to check if fe is union-subadditive. This is done in Table 4.1. Some pairs of subsets are
not in the table since they do not need to be checked. For example, X = {a},Y = {c} is
checked so we do not need to check the pair X = {c},Y = {a}. We see that f¢ is indeed
union-subadditive. Alternatively,we could have used software, such as RS Tools, to verify
union-subadditivity.

Table 4.1: Verification of union-subadditivty of f¢

X Y fe(XUY) fe(X)Ufe(Y) Subadditive?
{a} {a} {b} {b} v
{a} {c} {b} {a,b} v
by {g {a} {a,b} v

Theorem 4.5 below allows us to conclude that there exists a reactant-minimal reaction
system that is functionally equivalent to C. In fact, A in Example 3.2.1, which is clearly

reactant-minimal, is functionally equivalent to C.

Lemma 4.4. For a finite set S, let f : P(S) — P(S) be a union-subadditive function. Let
TCS,TH#a,andletqe f(T). If there ezists an x € T such that for everyU CT, x € U,
then q € f(U).
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Proof. Assume, to the contrary, that f is union-subadditive, T" C S,T # &, and that
q € f(T) such that for every x € T', there exists a U C T such that x € U but g ¢ f(U).

For each x € T we choose any not necessarily unique U, which meets the conditions
above. Let F ={U, : x € T'}. We observe the following.

1. Since z € T then z € U, C T, so it follows that (JF =T
2. By our assumption, ¢ € f(T).

3. Also by our assumption, for every x € T,

¢¢ f(U,) = q¢|JfU.) = q¢ f(JF)

Thus, by observations 1 and 2, ¢ € f(|JF), and by observation 3, ¢ ¢ f(|JF), which is

a contradiction. Therefore, the original claim holds. O]

Theorem 4.5. For a finite non-empty set S, let f : P(S) — P(S) be a reaction system

function. Then f is reactant-minimal if and only if f is union-subadditive.

Proof. First we will show that f is reactant-minimal implies f is union-subadditive. Let
A = (S, A) be a reactant-minimal RS and let f be the RS function defined by A. Let
T,U C S. We will address the two cases: res4(TUU) # @ and res (T UU) = @.

For the first case, assume resy(T U U) # &, then there exists an a € A such that
eng(TUU). Let g € res,(T'UU), and let = € R,, i.e. R, = {x}, a single reactant since A is
reactant-minimal. If 2 € T, then en,(T") and hence q € resy(T). If x € U, then en,(U) and
hence g € res4(U). Thus,

q€resa(T)Uresa(U) = f(T)U f(U).
The other case is that if res (T UU) = &, then
resa(TUU) = f(TUU)=o C f(T)U f(U).

In both cases, f(TTUU) C f(T)U f(U) and therefore f is union-subadditive.

Now we will show that f is union-subadditive implies f is reactant-minimal. Let f
be union-subadditive. By applying Lemma 4.4 we construct a set of reactions A and a

reactant-minimal RS in the following manner.

1. Foreach T'C S, T # @, and for every q € f(T):

(a) We choose one x € T, hereafter referred to as z., such that for every U C T, if
zh € U, then g € f(U).
(b) Define the reaction af = ({z%}, S\T, {q}).
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2. Let A={at: T C Sandqe f(T)}.
3. Define A = (S, A). Since each al has one reactant, by definition A is a reactant-

minimal RS.

Note that we excluded T € {@, S} above since reactions are not enabled for these subsets.
For the RS A just constructed, we show that res4 = f by showing that for every T' C S,
J(T) Cresa(T) and ress(T) € f(T).

1. Let T C S and ¢ € f(T), then ak = ({zk},S\T,{q}) € A and zL € T due to the way
A was constructed. Hence, al. is enabled by T and so ¢ € res4(T"). Thus, since this
holds for every q € f(T),

f(T) Cresa(T).

2. Let T C S and ¢ € resa(T). We do not know that ¢ € res of af. necessarily, but
since ¢ € res4(T), there exists an a € A for some W C S such that a = afj, and
eng(T'). From this we know that T C W (if not, there exists a y € T'N (S\W), and
since I, € (S\W), then y € T'N I, in which case a would not be enabled which is
a contradiction). We know that zf;, € T since {z};,} = R, and so en,(T), and also

P, ={q}, consequently ¢ € f(T). Thus, since this holds for every q € ress(T),
resa(T) C f(T).
We have shown that for every T'C S, f(T) C resa(T) and resa(T) C f(T), therefore

ress = f, and since A is reactant-minimal, so is f.

We have shown that f is reactant-minimal implies f is union-subadditive and f is

union-subadditive implies f is reactant-minimal, therefore the proof is complete. n

4.3.2 Inhibitor-minimal

The reaction system D = (D, S) over background set S = {a, b, ¢} has the following reactions.

dy = ({aa b}v {6}7 {av b}) dy = ({aa C}v {b}v {b})
d3 = <{b’ C}v {a}7 {C}) dy = ({b}’ {a, C}7 {07 b})

Reaction system D appears to be neither reactant-minimal nor inhibitor-minimal. Once
again, since P(S) is so small, we could verify subadditive properties of RS function fp but
henceforth we will rely on RS Tools to check such properties. In fact, RS D is intersection-

subadditive (incidentally, it is not union-subadditive). The next theorem tells us there
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exists an inhibitor-minimal RS that is functionally equivalent to RS D. In fact, RS D is
functionally equivalent to RS B in Example 3.2.1 which is immediately apparent as being

inhibitor-minimal.

Theorem 4.6. For a finite non-empty set S, let f : P(S) — P(S) be an RS function. Then

f s inhibitor-minimal if and only if f is intersection-subadditive.
The following definition and lemma will be used in the proof of Theorem 4.6.

Definition 4.7. Let f be an RS function over S, V C S, y € S\V, and ¢ € f(V). Then
y is f-excluding for V,q if for every W C S, V C W and y ¢ W implies g € f(W). We use
excluding(f, V, q) to denote the set of f-excluding entities for V, q.

Lemma 4.8. Let V. C S and f(V) be an intersection-subadditive RS function over S. Then
for every q € S\V, there exists a y € S\V such that y € excluding(f,V,q).

Proof. Let T C S and f be an intersection-subadditive RS function over S, and let g € f(7T).
Assume, contrary to the claim, that for every y ¢ T, there exists a W C S such that T C W
and y ¢ W and y ¢ excluding(f,T,q). Hence g ¢ f(W) by Definition 4.7. For each y ¢ T,
we choose a not necessarily unique set W, denoted by W,, that meets the condition above
for W. Thus,

Since ¢ € f(T'), then
q € F(NygrWy)-
Also,

q¢ f(Wy) = q¢ Uyng(Wy)'

Consequently,

FygrWy) € Uygrf(Wy)

which is a contradiction since we assumed that f is intersection-subadditive. Therefore the
claim holds. O

Proof (Theorem 4.6). First we will show that f is inhibitor-minimal implies f is intersection-
subadditive. Let A = (S, A) be an inhibitor-minimal RS, and let f be a RS function defined
by A. Let F C P(S). If A is not enabled on (| F then,

ena(NF) =2 = f(NF) =2 CUS(F)
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thus f is intersection-subadditive.
So then we assume A is enabled on [ F, hence f([F) # @ and there exists a reaction
a = (Rg, 1, P,) € A such that en,([)F). Since A is inhibitor-minimal, I, is a singleton, i.e.
I, = {y} such that y € S\R,. Let ¢ € P,, then
F.CfNF) = q€ f(NF) = qeresa(F). (4.1)

Let T € F such that y ¢ T (we know such a T exists since en, ([ F') implies I, = y ¢
) F). We also know en,([)F). Thus,

R, CNFCT.
Since R, C T, then
eng((VF) = eng(T) = qeres,(T) = qeresy(T). (4.2)

Consider now F, specifically J;,.zresa(V'). From the fact that one of the V'’sis T and
from (4.2):

q € Uyerresa(V) =Uresa(F) = U f(F).
So from (4.1) we have ¢ € f(NF) and from (4.2) g € |J f(F), therefore, by definition, f is

intersection-subadditive.

We will now show that f is intersection-subadditive implies f is inhibitor-minimal. Let
f be intersection-subadditive and let A = (S, A) such that

A={(T,{y},{q}): T C S,q € f(T), and y € excluding(f,T,q)}. (4.3)

Hence, A is constructed to be inhibitor-minimal. We will show that f is an RS function
defined by A.

We will first show that for every T C S, f(T') C resary. Let T'C S and q € f(T'). By
Lemma 4.8 and the construction of A we know there exists a reaction a = (T, {y}, {q}) € A
such that y € excluding(f,T,q). Since y is a member of the f-excluding entities for T ¢,

reaction a will not be inhibited, hence
eng(T) and P, = {q} = q € res,(T) = q € resa(T). (4.4)
Thus, from the assumption that ¢ € f(T') leading to (4.4) , we have
g€ f(T)and g € resa(T) = f(T) Cresu(T). (4.5)

Next, we will show that for every T'C S, resa(T) C f(T'). Let U C S and ¢ € resa(U).
Then there exists a reaction a € A such that en,(U) and P, = {q}. We know from (4.3)
and Definition 4.7 that for some 7 such that U CT C Sandy ¢ T, a = (T,{y},{q}) and

29



y € excluding(f,T,q). Thus,
g€ f(T) = resa(T) € f(T). (4.6)

We have shown that for every T' C S, (4.3) and (4.6) hold, thus f(T") = resa(T), i.e. f
is defined by A which was constructed to be inhibitor-minimal, hence f is inhibitor-minimal.
This completes the proof that f is inhibitor-minimal if and only if f is intersection-
subadditive. O

4.3.3 Resource-minimal

The function defined by a RS with the reactions shown in Table 3.5 has both union- and
intersection-subadditive properties. As we will see, because it has both subadditive proper-
ties, it has a functionally equivalent resource-minimal RS that is much simpler.

Before we get to the characterization theorem for arbitrary resource-minimal reaction
system, we first need to discuss several prerequisite theorems. In particular, we first need to

provide a characterization theorem for RS focus functions.

Resource-minimal focus function defined by an RS

Definition 4.9. A function f : P(S) — P(S) for a finite set S is a focus function if there
is an element ¢ € S, referred to as the focus of f, such that the range of f is {&,¢}. The

focus of f is unique.

Let T'C S. T is focused by f if f(T) # @ (i.e., f(T) = q). The notation focused(T)
refers to the set {T'C S : T is focused by f}.

Let z € Tand U CT. If f(U) # @ when z € U for every U C T, then x is f-special for
T. The notation special(f,T) refers to the set {x € T': x is f-special}.

Let y € T,y # x. If f(U) # @ for every U C S where x € U and y ¢ U, then y is an
f-partner of x. The notation partner(f,x) refers to the set {y € S : y is an f-partner ofz}.

The following lemmas, originally proved in [5], are needed for the proof of the main

theorem in this section.

Lemma 4.10. For a finite non-empty set S, let f : P(S) — P(S) be a focus function that
is both union- and intersection-subadditive. For every non-empty T C S, if T € focused(f)
then there exists an x € T such that x € special(f,T).

Proof. Assume that there exists a T C S such that T € focused(f) and, contrary to the
claim, there does not exists an x € T such that x € special(f,T). That is, for every z € T,
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there exists U, C T (U, is not necessarily unique) such that z € U, and f(U,) = @. Since

for every x € T,x € U, and U, C T, it follows that |J U, = T. Since T is focused by f,
zeT
then

FJ U = 1(1) = {a}. (4.7)
zeT
By our assumption, for every x € T, f(U,) = &, hence
U rw.) =2. (4.8)
zeT

Comparing (4.7) and (4.8), we see that f(|J U.) # U f(U.), thus f is not union-subadditive.
xzeT zeT
This is a contradiction since f is given to be union- and intersection-subadditive. Therefore,

the claim of the lemma holds. O

Lemma 4.11. For a finite non-empty set S, let f : P(S) — P(S) be a focus function that
is both union- and intersection-subadditive. For every non-empty T C S, and for every
x €T, if T € focused(f) and x € special(f,T), then there exists a y ¢ T such that
y € partner(f,z).

Proof. Assume that there exists a T'C S and there exists an x € T such that T' € focused(f)
and x € special(f,T) and for every y ¢ T, contrary to the claim, y € partner(f,z), i.e.
y ¢ T but there exists W, C S such that + € W, and f(W,) = @. Following from this

assumption are:

foreachy ¢ T,y ¢ W, = ﬂWygT (4.9)
y¢T
foreachy ¢ T,z e W, = =z € ﬂWy (4.10)
y¢T
(4.9),(4.10), and € special(f,T) = f([|W,) = {q} (4.11)
y¢T
foreachy ¢ T, f(W,) =2 = | Jf(W,) =2 (4.12)
y¢T
Comparing (4.11) and (4.12), we see that f( () W,) # U f(W,), thus f is not intersection-
y¢T y¢T
subadditive. This is a contradiction since f is given to be union- and intersection-subadditive.
Therefore, the claim of the lemma holds. m

We are now ready to present and prove the following theorem, originally proved in [5],

in our series of results which will eventually lead us to a generalized characterization theorem
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for resource-minimal reaction systems.

Theorem 4.12. For a finite non-empty set S, let f : P(S) — P(S) be a focus function.

Then f is resource-minimal if and only if f is both union- and intersection-subadditive.

Proof. First, we show that f is resource-minimal implies f is both union- and intersection-
subadditive. Let A = (S, A) be the resource-minimal RS which defines f, and let ¢ € §
be the focus of f. For every non-empty F C P(S), consider the claims f(|JF) C U f(F)
and f(NF) C U f(F). Since f is a focus function, there are two cases to consider for each
claim: the value of f is either @ or {¢}.

Claim 1. For every non-empty F C P(S), f(UF) C U f(F).
Case 1.1. f(UF)) =@. Since @ C |J f(F), the claim holds.
Case 1.2. f(IUF)) = {q}. Since f is defined by A and since f = resy = {¢}, then there

exists a reaction a € A such that en,(|JF). Since A is resource-minimal, |R,| = 1 and
|I,] = 1, so let a = ({z},{y},{q}). Thus, there exists a T C F such that z € T and
y ¢ T and so en,(T). The product set {q} = res,(T) hence q € resy(T) = f(T). Since
f(T) € Uf(F), then ¢ € J f(F) and so f(UF) = {¢} € USf(F) = {q} and the claim
holds.

Since the claim holds for both cases, by Lemma 4.3 f is union-subadditive.

Claim 2. For every non-empty F C P(S), f(NF) C U f(F).

Case 2.1. f(F)=@. Since @ C |J f(F), the claim holds.

Case 2.2. f((F) = {q}. Since f is defined by A and since f = ress = {q}, then there

exists a reaction a € A such that en,([F). Since A is resource-minimal, |R,| = 1 and
|I,| =1, so let a = ({=},{y},{q}). Thus, there exists a T C F such that x € T and y ¢ T
and en,(T). The product {q} = res,(T) hence q € resy(T) = f(T). Since f(T) € U f(F),
then ¢ € |J f(F) and so f((F) = {q} C U f(F) = {q} and the claim holds.

Since the claim holds for both cases, by Lemma 4.3, f is intersection-subadditive. Since both

claims hold for both cases, then f is both union- and intersection-subadditive.

We will now show that f is both union- and intersection-subadditive implies f is
resource-minimal.

Let ¢ € S be the focus of f. We construct a resource-minimal RS A = (S5, A) such that
A = {({z},{y},{q}) : x,y € S and there exists a T" C S such that = € special(f,T) and
y € partner(f,x)}. Consider the claims f C resy and resy C f. By proving these claims,
we will show that f = resy and thus f is resource-minimal. Since f is a focus function,

there are two cases to consider for each claim: the value of f is either @ or {¢}.
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Claim 3. f Cresy, ie. for every T'C S, f(T) C resy(T).
Case 3.1. f(T') = @. The claim holds since @ C res4(T).

Case 3.2. f(T) = {q}. Then by Lemma 4.10 there exists an x € T such that z €
special(f,T), and by Lemma 4.11 there exists a y ¢ T such that y € partner(f,z). Since
A was constructed so that A contains reactions that meet these conditions, there exists a
reaction a € A such that a = ({z},{y},{¢}). Hence, ens(T) and since res, = {q} then
q € resq. Thus, f(T) C resa(T).
Claim 4. resq C f, i.e. for every T' C S,resy(T) C f(7T).
Case 4.1. resy(T) = @. Since @ C f(T'), the claim holds.
Case 4.1. resa(T) = {q}. Then there exists a reaction a € A such that en,(T) where
a= ({z},{y},{q}) for some z € T and y ¢ T. Also, y € partner(f,z) by the construction
of A. By the definition of f-partner, f(7') # &, but since f is a focus function with focus ¢,
it must be that f(7T) = {q}. Thus resy(T) C f(7T).

We have shown that f C resy and resq C f, hence f = resy, i.e. f is defined by the
RS A which was constructed to be resource-minimal. Thus, f is resource-minimal.

We have shown that f is resource-minimal implies f is both union- and intersection-
subadditive and f is both union- and intersection-subadditive implies f is resource-minimal,

therefore the proof is complete. O

Normal form and distributivity
The following two theorems are the last two results that we need to prove the generalized
characterization theorem for arbitrary resource-minimal RS functions.
Definition 4.13. For a RS A = (S, A), the “specialized entity” reaction system dedicated
to producing one specific entity, ¢ € S, is defined by:

A? = (S, A?) such that A? = {(R4, I., {q} :a € Aand q € P,}. (4.13)
Theorem 4.14 (Normal Form). Let A = (S, A) be a reaction system and ¢ € S. Let
A? = (S, A?) where A1 = {(R,,1,,{q}) :a € A and q € F,}.

1. A is equivalent to |J A7.
q€eSs

2. A is resource-minimal if and only if A? is resource-minimal for every q € S.
Proof. We prove this theorem through two claims. Claim 1. Let A" = |J A% We will show

q€eS
that,

resq(T) = resy (T for every T'C S. (4.14)
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For each ¢ € S, let a, € A, ie. a; = (R4, L, {q}) such that « € A and ¢ € P,. For each
T C S and for every a € A, let P, = {q1,q2, ..., ¢} where n = |F,|, thus,

n

reso(T) = Po ={q1,92, -, Gn} = Uresaqi(T) = U resq,(T). (4.15)
i=1 q€P,
Hence,
U resq.(T) = U U resq, (T') for every T'C S. (4.16)
a€A a€A qeP,

So it follows that,
for every T'C S, ress(T) = resa (T). (4.17)
Therefore A is functionally equivalent to |J A%
q€eSs

Claim 2. First we will show that A is resource-minimal implies A? is resource-minimal for
each ¢ € S. Since A is resource-minimal, then for each reaction a € A, a = (R, 1,, P,).
Since A is resource-minimal, then |R,| = 1 and |/,| = 1. Since each reaction a, € A9
was constructed such that a, = (R, I, {q}) for some a € A, then q, is resource-minimal.
Therefore A? is resource-minimal.

Next we will show that all A? € A" are resource-minimal implies A is resource-minimal.

Since each reaction a, = (Rq, I, {¢}) such that the reaction a € A is (R,, I,, P,) then since

a, is resource-minimal, then |R,| = |I,| = 1, hence a is resource-minimal. From Claim

. : L ‘
1, we know A ~ [J,cqA? hence all @ € A have an equivalent set of reactions in {J g A7
Therefore, A is resource-minimal. H

Distributivity

Definition 4.15. Given an RS function f : P(S) — P(S) and ¢ € S, the specialized entity
g-component of f is defined by:

fUT) = f(T)N{q} for every T'C S.
Theorem 4.16 (Distributivity). Let f be an RS function over S. For every q € S:

1. f is union-subadditive if and only if each f? is union-subadditive.

2. f is intersection-subadditive if and only if each f? is intersection-subadditive.

Proof. We prove this theorem through two claims. Claim 1. Let f : P(S) — P(S5) and
qes.
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First we will show that f is union-subadditive implies each f? is union-subadditive.

Suppose [ is union-subadditive, then for every X, Y C S:
fIXUY) C f(X)U f(Y) (4.18)
Hence,
FXUY)n{e € (F(X)U V) n{g} = (F(X)n{a}) U (F(Y)) N {a}). (4.19)
By applying Definition 4.15 to the three sets X UY, X, and Y, we have:

fIXUY)=f(XuY)n{q
fUX) = f(X)n{q} (4.20)
1Y) =f¥)n{g}

Substituting the left sides of Equations 4.20 into 4.19, we have shown that f? is union-
subadditive:

fUXUY) C fUX)U fUY). (4.21)

Next we will show that all f? are union-subadditive implies f is union-subadditive.

Suppose f? is union-subadditive. Then for every X, Y C S:
fUXUY) C fUX)U fUY) (4.22)

which hold for every ¢ € S, hence

Urxuy)yclyrulJro. (4.23)
q€s qes qes
Since f9(X) = {q} if ¢ € X (by definition of f9), then for every W C S
fvy = rew). (4.24)
q€eS

Thus, by applying this identity for X UY, X, and Y and substituting into 4.23, we see that

f is union-subadditive:
FXUY) C F(X)UFY). (4.25)

Claim 2. The proof is identical to the first part except we refer to intersection-subadditive
in place of union-subadditivity, and we apply the definition for intersection-subadditive in

place of that for union-subadditivity. O]
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Resource-minimal functions

Using the last three theorems, the generalized characterization theorem for arbitrary resource-

minimal reaction systems can now be proved.

Theorem 4.17. For a finite nonempty set S, let f : P(S) — P(S) be an reaction system
function. Then f 1is resource-minimal if and only if f is both union- and intersection-

subadditive.

Proof. First, we will show that f is resource-minimal implies f is both union- and intersection-
subadditive. Suppose f is a resource-minimal RS functions and let A = (S, A) be the
resource-minimal RS defining f. Then by Theorem 4.14:

A~ A

qeSs

Hence

resa = U TeS Aa.
qes
We know that f, is a focus function by Definition 4.9, and from (4.24) we know that for
every q € S:
f=Ur
q€eSs
Then by Theorem 4.12, f, is both union- and intersection-subadditive. Thus, by Theorem

4.16, f is both union- and intersection-subadditive.

Next we will show that f is both union- and intersection-subadditive implies f is
resource-minimal. Suppose f is both union- and intersection-subadditive. Then by The-
orem 4.16, for every ¢ € S, f? is also both union- and intersection-subadditive. Also, by
Definition 4.9, f9 is a focus function. Hence by Theorem 4.12, each f? is resource-minimal.
For each g € S, let A? be the resource-minimal RS which defines f9, i.e.:

fi=resq.

Applying this identity to (4.24), we have
f= qu = UresAq.
q€eS qeSs

Let A =J,cg A% then resy =, cgresas. Also, A= (S, A?), and since each reaction

set A9 is resource-minimal, then so is |J .o A% Hence A is resource-minimal as is res4.

q€eS
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Thus f = res4 is resource-minimal.
We have shown that f is resource-minimal implies f is both union- and intersection-
subadditive and f is both union- and intersection-subadditive implies f is resource-minimal,

therefore the proof is complete. O

The RS function mentioned in the introduction to Section 4.3.3, defined by the many
reactions in Table 3.5, is both union- and intersection-subadditive. Theorem 4.17 tells us
that a functionally equivalent resource-minimal RS exists. In fact, the reactions shown below

is the set of resource-minimal reactions which defines that functionally equivalent RS.

ay = {0}, {c}, {b})

a; = ({a}, {0}, {c})
az = ({a}, {c}, {})
ag = ({0}, {a}, {c,d})

How the non-minimal RS was minimized to obtain this resource-minimal one is discussed in
Chapter 5.

4.3.4 Product-minimal

As mentioned earlier, a resource-minimal RS where every reaction has a product set with
cardinality 1 is called product-minimal as defined in [19]. There is no need for an addi-
tional characterization theorem to determine if an RS function is product-minimal since
a functionally equivalent RS can be easily obtained for any resource-minimal RS that is
not product-minimal. For example, the reaction ({1}, {2},{3,4}) is equivalent to these two
reactions together: ({1},{2},{3}) and ({1}, {2}, {4}).

The idea behind Proposition 4.18 below is very similar to that of Theorem 4.14, but
the statement of this proposition is clearer for the following purpose. A reaction with more
than one product entity can be split into multiple reactions. RS Tools uses this fact when it

is minimizing the number of Boolean functions for an RS.

Proposition 4.18. Let a = (R, 1., P,) be a reaction such that |P,| > 1. There exists a set

. !/ !/ !/ —
of reactions {ay, aj, ...,a, } such that res, = res, Uresqy U...UTes,, .

coy Wy

Proof. Let reaction a = (R, I,, P,) such that |P,|] = n > 1. Let P, = {p1,p2,.--,Pn}-
Construct a set of n reactions: {a},aj, ...,al} such that a} = (R, I,,{pi}),i = 1,2,...,n.

Hence,
n
U resq; = 1reSq; Uresq, U...Uresq, .
i=1
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If a is not enabled, then neither are any of the reactions a since they have the same reactant

and inhibitor sets. Thus,

n

U T€Sq, = TS, U TeSq) U...Uresy,
1

i=1

==guUuogu..ug

= J =res,.

If a is enabled, then

n

U resSq; = TeSq, U..Uresy,
k2

i=1

={p}U..U{pn}
= {p17p27--~>pn}
=P,

= res,.
Therefore, res, = U?:1 réSql. .

Proposition 4.19. For a set of reactions ay = (Ry, Lo, P1), ... ;an = (Ra, I, Py) such that
every reaction has the same reactant and inhibitor sets and Py, ..., P, are products sets not
necessarily singletons, then this set of reactions is functionally equivalent to a = (Rq, I,, P,)
where P, =P, U...UP,.

The proof of Proposition 4.19 follows the argument in the proof of Proposition 4.18 in
reverse order. Even though product-minimal reactions are defined in some papers as also

having the resource-minimal property, both propositions apply to any (r,7) class of reactions.

4.4 Comparison of minimal, almost minimal, and un-
restricted reaction systems

4.4.1 Complexity of decision problems

In Section 2.4, (r,14) classes of reaction systems were defined. Although reaction systems con-
taining only (1, 1) reactions (which involve exactly two resources) are referred to as resource-
minimal (most papers refer to them as “minimal” reaction systems), reaction systems with
reactions involving at most three resources (i.e., (1,2) and (2, 1) reactions) are referred to as
almost minimal reaction systems.

Some of the problems of interest for reaction systems are decidability problems for
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occurrence, convergence, inverse function, and totality, which are discussed in [18] and [3].
Given a reaction system with a purposely specific set of reactions, it is often important to
know the reachability of a specific result. Moreover, it may be desirable to know if the result
can be obtained after a number of steps. This problem, and others discussed below, are
definitively decidable due to the fact that the background set is finite (see [18]) and so the
discussion below focuses on the complexity classes of these decidability problems.

In [18], the following comparisons of complexity of decidability problems are made be-
tween resource-minimal and almost minimal reaction systems. Many of the problems are of
low polynomial complexity for resource-minimal reaction systems, but for almost minimal
systems the same problems are NP- or co-NP-complete. In [18], this difference in complexity
is described as comparable to the difference between 2-SAT and 3-SAT, and it is conjectured
that the gap in complexity between resource-minimal and almost minimal reaction systems
is greater than the gap between almost minimal and unrestricted reaction systems.

The occurrence and convergence decision problems for reaction systems are defined in
9], and in [18]. Sometimes both of these problems are combined as one definition referred

to as the convergence problem; the convergence problems extends the occurrence problem.

Definition 4.20 (Occurrence and convergence decision problems).
For a given RS A = (S, A) and an integer n > 1:

1. The occurrence problem is to determine if an element = € S occurs at the n'" step of
at least one sequence generated by A which has at least n steps.
2. The convergence problem is to determine if 2 occurs at the n' step of every sequence

generated by A which has at least n steps.

It is proved in [18] that the (combined) convergence problem is co-NP-complete for
almost minimal reaction systems. To compare with minimal reaction systems, in [9] it is
proved that the occurrence problem is NP-complete and the convergence problem is co-NP-
complete for minimal reaction systems. For unrestricted reaction systems, it is proved in [9]
that both of the problems are PSPACE-complete.

The inverse function problems for reaction systems is defined in [18].

Definition 4.21 (Inverse problem). Given a RS A = (S, A) and T" C S, the problem is to
determine if there exists U C S such that f4(U) =T.

It is proved in [18] that the inverse problem is NP-complete for almost minimal reaction
systems. It is stated in [18] that there is no corresponding result for resource-minimal reaction
systems [that prove a lesser complexity], however [17] shows that this problem is NP-complete

for general reaction systems. We can still compare resource-minimal and general reaction
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systems for this problem considering that technically resource-minimal reaction systems are
also almost minimal reaction system by definition.

Other decision problems of interest for reaction systems are the totality problem and
the problem concerning termination-freeness, and although their complexity has not been
compared between minimal and almost minimal reaction systems, they are proved in [17] to

be co-NP-complete for reaction systems in general.

4.4.2 Sequence-generating capabilities

In Section 3.1.4, we discussed the lower bound for the capability of certain non-minimal
classes of reaction systems to generate long sequences (terminating and cyclic). Now that
we have defined resource-minimal and almost minimal reaction systems in this chapter, we
can compare their sequence-generating capabilities with the higher-class reaction systems.
This section shows that (1,1),(1,2), and (2,1) RS functions have the capability to
generate terminating sequences and cycles of any length, i.e. these functions exists. For a
given RS, there is still a bound on these lengths (see Theorem 3.4). The following theorems
are discussed and proved in [15] and [16] and [18]. The first two theorems below show the
lower bound of the capability of resource-minimal reaction systems to generate sequences
depending on the cardinality of the background set. Theorem 4.23 is described in [18] as
the best known lower bound for the length of terminating sequences able to be generated by

resource-minimal reaction systems.

Theorem 4.22. For all k > 1, there is a (1,1) reaction system having 3k elements in the
background set and having a terminating state sequence of length 4 - 28 — 3, as well as a
(1,1) reaction system having a background set of length 3k + 3 and having a cycle of length
4.2F 1.

The proof of Theorem 4.22 in [16] begins with the construction of a reaction system,
assumed to have a terminating state sequence of length & > 1, which has a terminating
state sequence of length 2k + 3. The proof uses this result to set up two steps of a linear
recursion problem and concludes that the solution gives the lengths shown in Theorem 4.22.

The proof of Theorem 4.23, also in [16], has a similar approach.

Theorem 4.23. For every k > 1, there is a (1,1) reaction system having 4k elements in the
background set and having a terminating state sequence of length my where my = 7, my =
26,my, =3-3"+9(3*3 - 1)/2+ 2,k > 3.

According to [18], certain functions not obtainable by resource-minimal reaction systems

can be obtained using almost minimal ones. The next two theorems show that we can obtain
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terminating state sequences and cycles that are exponentially longer than the ones whose

existence is described in the previous two theorems.

Theorem 4.24. For every k > 1, there is an almost minimal [i.e., (1,2)or(2,1)] reaction

system having 3k elements in the background set and a terminating state sequence of length
(8/3) - 3% — 1.

Theorem 4.25. For every k > 1, there is an almost minimal fi.e., (1,2) or (2,1)] reaction

system having 3k + 2 elements in the background set and having a cycle of length (8/3) - 3*.

The proofs of these last two theorems are in [18], and as with the previous two theorems
from [16], the approach is similar: from the result of a construction proof, a recurrence

problem is set up the solution to which is the conclusion.
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5. Minimizing reaction systems

This chapter discusses two methods of minimizing reaction systems. The first method uses
Boolean logic minimization techniques to minimize a RS. If the RS is functionally equivalent
to a (1,1) RS, the method can find it. The second method does not find a functionally
equivalent (by definition) (1, 1) RS, but it can derive a (1, 1) RS, for any RS, that “simulates”
the RS.

5.1 Logic minimization applied to reaction systems

As we have seen in previous sections, a reaction system can be functionally equivalent to
a reaction system that is simpler in one or more of the following ways. It can have a
smaller cardinality of reactions. It can have a smaller cardinality of resources utilized by the
evaluation of the res function for the RS as a whole. Its class can be smaller, meaning that
the cardinality of resources required for each and every reaction is less. Its Boolean vector
function can be simpler with fewer Boolean functions and/or fewer terms.

By minimizing a reaction system, we can try to find a simpler reaction system. Theorem
4.17 tells us under what circumstances (regarding subadditive properties) a given RS is
functionally equivalent to a (1,1) RS, but according to [18], there is no known corresponding
characterization theorem for any other specific classes of reaction systems. In any case,
algorithms exist, which pre-date the introduction of the theoretical reaction systems model,
which can be used to find the minimized functionally equivalent RS.

In Section 3.3, it is shown that a RS function can be represented by a Boolean vector
function. Each Boolean function in the vector function determines whether or not a certain
entity is produced, but when the product of a reaction includes more than one entity, it would
be more efficient to represent such a reaction with one Boolean function instead of many.
Furthermore, if multiple reactions produce the same product set, all such reactions can be
represented with one Boolean function instead of many. Further still, we might discover that
some reactions are redundant, or we might find that some Boolean functions are equivalent
to ones with fewer terms or literals. So we see that there may be plenty of opportunities for
minimization algorithms to minimize a RS represented as Boolean functions.

There are many algorithms for minimizing logic formulas, as mentioned in Section 3.3.
One of the most efficient and flexible algorithms is Espresso which is widely used in both
academia and industry. Espresso is available as a command-line program for most computing

platforms. The algorithm and the details of how it works have been widely discussed, such

42



as in [2] in which the objective of Espresso is stated as being to minimize the number of
product terms and literals.

The Espresso program includes an algorithm to find the guaranteed minimal number
of product terms while heuristically minimizing the number of literals, and this mode of
operation is described in the Espresso documentation as being potentially computationally
time-consuming [14].

Another option in Espresso is an algorithm which is heuristic both in minimizing product
terms and literals. In this mode, Espresso finds a solution in dramatically shorter execution
time. It is not guaranteed to find the optimal minimization, but for small functions the
solutions are nearly always optimal, otherwise Espresso finds a solution that is very close
to the optimal solution. In any case, when using Espresso as part of minimizing a reaction

system function, the outcome is always functionally equivalent.

Example 5.1.1. The RS shown in Table 3.5 is presented as its equivalent Boolean vector
function F(x) in Table 3.6. To minimize the RS, we minimize the Boolean functions and
then convert those minimal functions back into an RS. We will use the Espresso heuristic
algorithm to do the logic minimization. Espresso requires a truth table as input, and the
full truth table with multiple inputs and outputs for this example is included within Table
3.7, however the table includes rows where F'(z) = 0 (i.e., res4 = ). Espresso does not
need those rows so they can be excluded from the input to Espresso. The remaining rows
are correspond to enabled reactions.

Using RS Tools to prepare the input for and interpret the output from Espresso (i.e.,
RS Tools is a visual application which interfaces with Espresso which is a back-end tool), RS
Tools reports that the minimized Boolean functions are those shown in Table 5.1. Further-
more, RS Tools converts these Boolean functions into the equivalent minimized RS which is
shown in Table 5.2.

Table 5.1: Minimization of Boolean vector function shown in Table 3.6.

G(X) = |0(X) @(X) gX)
where:

g(X) = (21 AT3) V (22 ANT3)

92(X) = (22 A7)

gg(X) = ([L’l /\Tg)
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Table 5.2: The minimal RS B which is functionally equivalent to RS A.

fi=(@ne)V(brT

= (e} 0y 2T UND
by = ({a}, {c} {b}) f;h;"e(a‘;}/l\e )roduct sets associated with each fn are:
bs = ({0}, {a}, {c,d}) fi {0} p '
by = ({b}, {c}, {0}) fa:{e,d}

fs+{c}

In summary, given a reaction system A4 = (S5, A), RS Tools generates a truth table with a
row for every subset of S that is enabled by A. The truth table is processed by Espresso which
returns another truth table which is converted by RS Tools into the equivalent minimized

reaction system B.

5.1.1 From state transition map to minimized RS

Suppose all of the possible states of a state transition system have been observed and mapped
to produce the state transition map shown in Figure 5.1. The map can also be interpreted
as a one-out directed graph with vertex labels that correspond to the states represented in
the map. We will convert this mapping into a minimized reaction system A = (S5, A) that
defines a total function, as defined in [7], i.e. resy : P(S) — P(S) and resy is defined for
every proper subset of S.

The following definition and proposition proved in [10] can be used to verify that Figure
5.1 is the O-context graph of some RS. Then we will derive an RS for this map, and finally

we will minimize the RS.

Definition 5.1. For a RS A, the 0-context graph of A is the one-out graph (i.e. there is ex-
actly one outgoing edge from each vertex) G% = (P(9), E) with edge set E = {(v,res4(v)) |v €
P(S)}-

Proposition 5.2. A one-out graph G with vertex set P(S) is a 0-context graph of a RS if
and only if (&, D) and (S, D) are edges of G.

Proof. Let A= (S, A) be a RS and graph G = (P(95), E) be a one-out graph. We will show:

1. If G is a 0-context graph of A then (&, @), (S, 9) € E.
2. If (©,9),(S,9) € E then G is a 0-context graph of A.

Claim 1. Assume G is a 0-context graph of A, then £ = {(V,resy(V)) : V € P(S)}. Since
both @, S € P(S) and res4 (D) = res4(S) = @ for any RS, then edges (&, res4(9)) = (F, D)
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{e2,e3, ed, e5)

"SR
{el, el ed. e5}

Figure 5.1: State transition mapping.
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and (S, res4(S)) = (S,9) are in E.

Claim 2. Assume (&, @), (S5, @) € E. Since G is one-out, there is exactly one outgoing edge

from each vertex of G. Define reaction set:
A={(V,S\V,U):V € P(S),V ¢ {@,5},U € P(S) and U is unique}.

Since V' N (S\V) = @, every reaction in A is enabled. Since for each V' € P(S) — {0, S}, the
edge (V,res4(V)) is in E and is unique and since (&, @), (S, @) € E, then

E={(V,resy(V)):V € P(S)}.

Thus, by definition, G is a 0-context graph of A.
]

From the map, we can see that the union of the sets used to label the states is S =
{el,e2,e3,e4,e5}. After a mildly tedious examination of the map, we can see that all
elements of P(S) are represented as vertices. We also must note that the map is a one-out
graph and that the edges (@, 2) and (S,2) are present. Hence, by Proposition 5.2 and
definition of total, the map is a 0-context graph of some RS that defines a total function.

Now we will rely on Definition 3.3 and the following proposition from [11] to construct

a RS from the map.

Proposition 5.3. Let S be a finite set. For every function f : P(S) — P(S), there exists a
reaction system A = (S, A) such that f = res .

To paraphrase the proof of the proposition and relate it to the construction of a RS
for the map, we need to construct a RS over S for which all of the reactions in set A are
maximally inhibited. In particular, for each edge (V;, V3), where Vi, V4, C S, we construction
a reaction (Vq, S\Vi, V2).

The maximally inhibited reaction system constructed in this manner is shown in Table
5.3. Effectively there are 30 reactions in the reaction set since there are no such reactions
(0,2,F,) and (5,2, P,).

Although it is not necessary to check if a reaction system is subadditive before min-
imizing it, this reaction system was verified by RS Tools to be union- and inter-section
subadditive. So there exists a functionally equivalent resource-minimal RS.

After minimizing this RS using Espresso via RS Tools, the minimized RS has the reaction
set shown in Table 5.4. As we expect, the minimized RS is resource-minimal, and the
cardinality of the reaction set has been simplified from 30 down to 10. More details of how

this example was minimized are shown in Appendix A.1.
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Table 5.3: Maximally inhibited RS for the map in Figure 5.1.

a; = (0, {eb, el, e2,e4,e3},0) (see *) a;7 = ({el,e2,eb}, {ed, e3}, {el, e3, ed})

as = ({eb}, {el, e2,e4,e3},{el,e3,e4}) a1s = ({el,ed,eb}, {e2,e3}, {el, e2,e3,e4,eb})
az = ({el}, {eb, e2,e4,e3},{el, ed}) ajg = ({el,e3,eb}, {e2,ed}, {el, ed})

as = ({€2},{eb, el, ed,e3},{eb}) as) = ({e2,e4,eb}, {el, e3}, {el,e2,e3,ed})
as = ({ed}, {eb,el,e2,e3},{e2,e3,¢e4,¢e5}) as = ({€2,e3,e5}, {el,ed}, {el,e3,e5})

ag = ({3}, {eb, el, e2,ed}, {el, e3,e5}) as = ({e3,ed,eb}, {el, e2}, {el,e3, ed,eb})
a7 = ({el,eb},{e2,e4,e3},{el,e3,ed}) ass = ({el, e2,ed}, {eb,e3}, {e2,e3,e4,eb})
ag = ({€2,eb},{el, e4,e3},{el, e3,e4}) asy = ({el, e2,e3}, {eb, ed}, {el, ed, eb})

ag = ({e4,eb},{el,e2,e3},{el,e2,e3,ed,e5}) ags = ({el,e3,ed}, {eb, e2}, {el,e3,ed,eb})
ajo = ({e3,eb}, {el, e2,ed}, {el, e3, ed,eb}) ase = ({€2,e3,ed}, {eb,el}, {el,e3,eb})
a;; = ({el,e2},{eb,ed,e3}, {el, ed, eb}) asr = ({el, e2,e4,e5},{e3}, {el,e2,e3,ed})
a1a = ({el,ed}, {eb, e2,e3}, {€2,e3,e4,eb}) ass = ({el,e2,e3,eb}, {ed}, {el})

a3 = ({el,e3}, {eb,e2,ed}, {el, ed}) az = ({el, e3,e4,eb},{e2},{el,e3,ed,eb})
ajy = ({€2,e4},{eb,el,e3}, {e2,e3,e4,e5}) aso = ({€2,e3,e4,eb},{el}, {el,e3,eb})
a5 = ({e2,e3},{eb, el ed}, {el, e3,eb}) as1 = ({el, e2,e3,ed},{eb},{el,e3, ed,e5})
ajs = ({e3,ed}, {e5, el e2}, {el, e3,ed,eb}) asze = ({el,e2,e3,e4,e5}, 0D, D) (see *)

* The reactions a1 = (&,5,9) and ass = (5,9, D) are not reactions normally included in a RS
reaction set, but they are shown here so that we include reactions corresponding to every state
transition in Figure 5.1. So this reaction system effectively has 30 reactions.

Table 5.4: Resource-minimal RS for the map in Figure 5.1.

1= ({e3},{el},{eb, el, e3}) ag = ({ed}, {e3}, {e2,e4})

o = ({e3}, {e2},{el}) a; = ({ed}, {e5}, {e3})
3 = €{61}7 {ed}, {el}) ag = 5{64}, {e2},{e3, b, ed})
—( t

a
a
Qa

(g4 = {63}, {65}7 {61}) {61}7 {65}7 {64})
{eb},{e3},{e4,e3,¢l}) ajo = ({eb}, {e2},{ed})

as

Even if a reaction system is not subadditive, Espresso will typically minimize a maxi-

mally inhibited RS to a potentially much smaller RS.

5.2 Reaction systems simulated by resource-minimal
ones

Suppose a given RS A is known to not be functionally equivalent to a (1,1) RS. If we still
want to have a (1,1) RS B that can generate the same sequence as A and we are willing
to obtain the sequence by taking each step from resj, where n > 2, then we can construct
B from A using methods described in this section. Only construction methods for n = 2
and n = 3 are discussed in this section. Once constructed, B “simulates” A. The term

“simulate” in this section does not refer to simulation in computer software although this
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latter type of simulation, a completely different context, is discussed in Chapter 6.

5.2.1 Constructing a minimal RS to simulate an arbitrary RS

Let f be a function defined by an arbitrary reaction system A. If f does not meet the
conditions of Theorem 4.17, then f is not resource-minimal. In [20] is detailed a method for
constructing a resource-minimal RS, Aj; from A in such a way that we can still, systemat-
ically extract the same result sequence that we would get from f4. As one might expect,
there is a price to be paid. Although A,; may be more efficient in terms of the number of
resources used per reaction, the trade-off is that whereas f4(T') = ress(T), i.e. one step,

fa(T) = f3,, = resa, (resa, (resa, (T))), i.e. a three-step process is required.

Theorem 5.4. For any reaction system A (over the background set S ), there is a resource-
minimal reaction system Ay (with a background set containing S) such that, for all T €
P(S)\{@, S}, fa(T) = f3,, (T). Thus, the function value f4(T) appears as the third step in
the sequence of Ay starting with T

Proof. From the given RS A = (S, A) we construct a resource-minimal reaction system
Ay = (5", A') such that S € S" and f4(T) = f5,, (T).
For each reaction a; € A,i = 1,2, ...,|A|, define a new entity p;. (Note: In [20] and [9],
this new entity is considered the reaction itself being used as the name for the new entity.)
For each x € S, define a new entity T as a “barred version” of x (not the complement
of z), and let S = {T: x € S}. Define three new entities not already in S U S. Here we will
use B,$, and E. Let S’ = SUSU{B,$, E}. For every entity z € S, the following reactions

are included in the reaction set A’.

Set 1. ({«}, {3}, {. B})

Set 2. Let P, = {p; : = is in the reactant set of the reaction a;} be a product set of
entities. If P, # &, then we include the reaction ({ B}, {T}, P;) in A’, otherwise
no reactions are added to A’ at this step.

Set 3. Let I, = {p; : « is in the inhibitor set of the reaction a;} be a product set of
entities. If I, # &, then we include the reaction ({Z}, {$},I,) in A, otherwise

no reactions are added to A’ at this step.

Set 4. ({B}, {8}, {E})
Set 5. ({E}, {pi}, {P}),i = 1,2, ..., |Al.

All of the reactions that are included in A’ are resource-minimal, hence Aj; is also

resource-minimal. What remains is to justify that indeed fa(T) = f3,, (T).
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Let Wy € S and consider resy,, (Wy). If Wy € {@,S}, then neither A nor A, are
enabled and no sequence is generated. Consider the first step of the sequence generated by
Apn(Wy). Only the reactions in Set 1 are enabled and so Wy = resy,,(Wy) = {B}U{T: z €
Woy}.

Next, consider resq,,(W;). Set 1 is not applicable, but Sets 2, 3, and 4 are. The
product sets from Sets 2 and 3 contain the names of the reactions that are not enabled for
T in A. The reaction from Set 4 always produces E at this step. Thus Wy = res,,(W;) =
{E} U {entity p; : reaction p; is enabled for T in A}.

For the third step, consider res4,,(Ws). Only Set 5 is applicable. Since W5 includes,
aside from F, exactly all of the entities p; corresponding to reactions that are not enabled
for T"in A, the reactions from Set 5 will produce W3 = resy = fa.

Since W3 € S, the sequence continues such that f, = fiM. H

As we saw in the construction of Ay, the background set S’ is much larger than S and

the reaction set A’ can get big too. The following corollary from [20] gives us a bound for
|S] and |A'|.

Corollary 5.5. Let A and Ay be as in Theorem 5.4, and let A consist of k > 1 reactions.
Then the cardinality of the background set (resp. the reaction set) of Ay is at most:

2:|S|+k+3 (resp. 3|S|+k+1).

Shortly after the publication of [20], the same author published in [21] a two-step sim-
ulation of reaction systems by resource-minimal ones. The construction proof is somewhat

similar to the one for Theorem 5.4 and can be found in [21].

Theorem 5.6. For every reaction system A a resource-minimal reaction system Ap; can be
effectively constructed such that whenever Ty = 4 T1, then Ty = 4,, Uy = 4,, T1. Moreover,

the set Uy does not contain elements of the background set of A.

The notation Ty =4 T} is equivalent to T} = resa(To) = fa(Tp), and the notation
Ty =4y Uo =4, Ti is equivalent to Ty = resy, (To) = f3,,(To). So to compare with
Theorem 5.4, whereas that theorem simulates A with a 3-step process, Theorem 5.6 uses a
2-step process. But still, Theorem 5.6 requires an inflation of the background and reaction

sets of Ajy, the following corollary tell us what to expect.

Corollary 5.7. Assume that the background set and the set of reactions of an arbitrary
reaction system A are of cardinalities s and k, respectively. Then a resource-minimal reaction
system Apy satisfying Theorem 5.6 can be effectively constructed such that the cardinalities

of its background and reaction sets are s + k + 1 and s* + k, respectively.

49



Corollary 5.7 is stated in [21] as following directly from the construction proof of Theo-
rem 5.6. Also mentioned is the implication of this corollary that the feasibility of simulating
arbitrary reaction systems by this two-step resource-minimal one allows some of the results

on computational complexity of reaction systems to be extended to resource-minimal ones.

5.2.2 Example

Consider the RS A with the reaction set shown in Table 3.4. This RS does not appear to be
resource-minimal. However, using RS Tools and Espresso, we find that the RS is functionally
equivalent to a slightly smaller RS:

a1 = ({c},{a,b},{a,;b})  ax = ({b},{a},{a}) a3 = ({a}, {0}, {b}),
But these reactions are still not resource-minimal. If we need a resource-minimal RS which
can produce the same sequence at the expense of getting it from a 3-step process, then we

can apply Theorem 5.4, as demonstrated below.

Define new entities p1, p2, p3 which are associated with reactions aq, as, and as.

Define new entities @, b, and and let S = {@, b,¢}.

Defined new entities B, $, and E.

Let 8'=SUS U{B.,$, E}.

Include the following reactions in the set A’ according to the steps in Theorem 5.4:
an, = ({a},{8},{a, B}) ar, = ({a}, {8}, {1, p2})

= ({0}, {8}, {0, B}) ary = ({0}, {8} {p1, pa})

ang, = ({c}, {3}, {& B}) an, = ({B} {8} {E})

an, = ({B}, {@}, {ps}) anne = ({ £}, {p},{a, b})

ar, = ({B}, {0}, {p2}) anr, = ({E}, {2}, {a})

aMg = <{B}’{?}7{pl}> an, = ({E}v{p?’}?{b})
6. Defined RS A" = (5", A').

AN

CLM2

The following table compares res(T') with res®,(T) for each T € P(S) where all three

steps of resiv are shown. For this example, Theorem 5.4 is verified as resy = resiv.
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T resa(T) | resl (T)  res’/(T) res®,(T)

g (%) g (%) %)
{a} {o} {@, B} {p1,p2, E} {o}
{o} {a} {b. B} {p1,p3, £} {a}
{a,b} | @ {@b,BY  {p1.p2,p3.E} @
{c} {a,0} | {& B} {p2, p3, '} {a,b}
{a,c} | {0} {@e. Bt {p1.p2. E} {o}
{b,c} | {a} {beBy  {pips E} {a}
{a,b,c} | @ {@b,c, B} {p1,p2,p3, E} @
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6. RS Tools: Exploring reaction systems through
software

RS Tools is original software that was written for the purpose of exploring this thesis topic.
The process of writing and using the software provided insight into the way reaction systems
work. There is much that could be said about the evolution of RS Tools but what is presented

here is a description of the tools that are in its toolbox and how they were used in this paper.

6.1 Capabilities of RS Tools

6.1.1 Input and output formats

RS Tools accepts a reaction system defined by its reactions which can be entered in one
of three formats. RS Tools discerns the background set from the entered reactions. The
reactions can be entered using their conventional notation. They can also be entered using
a simpler “plain format” as defined and used by the software brism (see [12]), which is
a reaction system simulation project which pre-dates RS Tools. By “simulation”, we are
referring to software simulation of the RS by evaluating the res function and generating
sequences with or without a context/interaction sequence. RS Tools also accepts input as
a set of Boolean functions in a format similar to that accepted by Logic Friday, which is
software that minimizes Boolean logic formulas and generates the corresponding logic circuit
diagram.

Once RS Tools parses the given reaction set, a variety of tools are then available.
Whether or not the chosen tools produce a new reaction system (e.g. a functionally equiv-
alent minimized RS), the reactions of the resulting RS can be shown in plain format, with
conventional notation using plain text, as a set of Boolean functions, or with conventional

notation presented in a format that can be copied and pasted into a ETEX document.

6.1.2 Splitting reactions and “minimizing” Boolean functions”

By splitting reactions, RS Tools generates a functionally equivalent RS with a reaction set
each of which produces only one product entity. The proof of Proposition 4.18 describes why
and how this can be done. This tool is implied in the use of the tool to “minimize” Boolean
functions.

Without using the option to “minimize” Boolean functions, RS Tools parses a reaction
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system into a set of Boolean functions such that each one is an indicator for a unique product
set among all of the reactions. In other words, for reaction set A, RS Tools builds the set
{pi : pi = P,, for every a; € A}. RS Tools then generates the Boolean functions each of
which is an indicator for one of the subsets p;.

The intention of the tool to “minimize” Boolean functions is to convert the set of Boolean
functions just described into a set of indicator functions for singletons of product entities.
In practice, this usually reduces the number of Boolean functions but this tool does not
literally minimize them. RS Tools simply splits all of the reactions and re-generates the set
of Boolean functions from the split set of reactions.

As an example, the set of unique product sets for the reactions shown in Table 3.5 is
{{b,c,d},{b,c}, {b},{c,d}, {c}}, and there is a Boolean function for each subset (not shown).
By “minimizing” the Boolean functions, RS Tools splits all of the reactions and we can see
that the unique product sets are then {{b}, {c},{d}} (the entity a does not appear in any of

the product sets of the reactions). This results in the generation of three Boolean functions.

6.1.3 Simulating reaction systems

Internally, RS Tools can evaluate the res function for a given subset of the background set
for the parsed RS. A context sequence can be entered, again borrowing from the format used
by brism. If we want to generate the context-independent sequence, we only provide the
initial state. But the context sequence input can contain any number of steps.

One of the output options when running a simulation results in a table in IXTEX format.
For example, RS Tools was used to produce most of the KITEX code for Table 3.3.

There are options to simulate the RS before and after an input RS is minimized.

6.1.4 Generating graphs

The 0-context graphs in this paper were generated by the open-source software Graphviz via
RS Tools. Graphviz accepts specially formatted input describing the graph to be generated
and then it generates the image with an arrangement that is determined by Graphviz.

The role of RS Tools is to generate the vertex and edge sets described in Definition 5.1
and from that generate the input needed by Graphviz.

As an example, for the reaction system described in Table 3.5, RS Tools generates and
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displays the following set of edges:

{(2,2), ({b}.{b, ¢, d}), ({c}, @), {d}, @), ({a}, {b, c}), ({b, ¢}, {c, d}), ({b, d}, {b, ¢, d}),
({a, 0}, {0}), ({c, d}, @), ({a, ¢}, {c}), ({a, d}, {b, ¢}), ({b, ¢, d}, {c, d}), ({a, b, c}, 2),
({a,b,d}, {b}), ({a, ¢,d}, {c}), ({a, b, ¢, d}, @)}

Next, RS Tools generates the following input for Graphviz. After passing this input to
Graphiz for processing, RS Tools loads the image file created and displays it. The actual
image produced by Graphviz with the below input is shown in Figure 6.1. Since the Graphviz
input is displayed in RS Tools, it can be modified to alter the layout of the graph and
processed by Graphviz directly.

digraph {

node [shape="ellipse"];
layout="dot";
#layout="neato";
rankdir="LR";
#rankdir="TB";

n0 [label="(@"];

nl [label="{b}"];

n2 [label="{b, c, d}"];
n3 [label="{c}"];

nd [label="{d}"];

n5 [label="{a}"];

n6 [label="{b, c}"];

n7 [label="{c, d}"];

n8 [label="{b, d}"];

n9 [label="{a, b}"];

nl0 [label="{a, c}"];
nll [label="{a, d}"];
n12 [label="{a, b, c}"];
n13 [label="{a, b, d}"];
nl4 [label="{a, c, d}"];
n15 [label="{a, b, c, d}"];
n0 -> n0;

nl -> n2;
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n3 -> n0;
n4 -> n0;
n5 -> n6;
né -> n7;
n3 -> n2;
n9 -> ni;
n7 -> n0;
nl0 -> n3;
nll -> n6;
n2 -> n7;
nl2 -> no0;
ni3 -> ni;
nld4 -> n3;
ni5 -> n0;}

Figure 6.1: Graph generated by Graphviz via RS Tools.

6.1.5 Generating maximally inhibited RS

This tool was very easy to implement since RS Tools already had the ability to generate the

vertex and edge sets needed to create a 0-context graph. Once RS Tools has generated those
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sets, it simply works through all of the edges and generates a maximally inhibited reaction

for each one.

6.1.6 Checking subadditive properties

RS Tools checks for union-subadditivity by verifying that the definition for union-subadditivity
holds for every pair of subsets of the background set. It does not need to literally check every
pair of subsets. For example, if subsets X and Y are checked, then Y and X do not need to
be checked. Also, there is no need to check any pair where one of the subsets is @. For any
non-empty subset X, f(X U@) C f(X)U f(2) always holds. There is also no need to check
any pair where X C Y or Y C X since they will always pass the test.

The algorithm developed for RS Tools to work through the pairs of subsets that it needs
to check for subadditivity does not generate any large arrays of subsets, such as the power
set, in memory. In fact, the memory usage, aside from some small overhead, increases by
only one bit for each additional increase in cardinality of the background set. To see why
this is important, consider a reaction system with a background set S such that |S| = 30.
Then |P(S)| = 23°. Representing each subset as 30 bits in a 32-bit structure, four gigabytes

of memory would be required.

6.1.7 Minimizing reaction systems

Initially, RS Tools was created to convert a reaction system into an equivalent set of Boolean
functions. As it turns out, the most important task for RS Tools is to be the front-end
visual interface for the back-end logic minimization software. For this thesis, the only logic
minimization software used was Espresso.

The input for Espresso is not a set of Boolean functions; the input is a truth table. So an
important preparatory task which RS Tools performs is to generate the truth tables needed
as input by Espresso. When the input reaction system is parsed by RS Tools, it generates the
equivalent set of Boolean functions as already described. Part of this process is determining
which subset will be indicated by each Boolean function. For that set of subsets, RS Tools
works through that power set and evaluates the Boolean functions, generating a truth table.
The truth table has multiple inputs and usually multiple outputs depending on the options
used. There is an output column in the truth table for each Boolean function.

Although Espresso has the ability to understand “don’t care” states in the input truth
table, RS Tools does not currently optimize the truth table to take advantage of this. This
would be a useful addition to RS Tools for reaction systems which would generate an ex-
tremely large truth table without “don’t care” states but would be much smaller if “don’t

care” states were taken into account.
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An option available in RS Tools is to minimize the reaction system by minimizing each
Boolean function individually with Espresso. RS Tools prepares for this by generating a
truth table for each Boolean function separately. This results in each truth table having one
output. RS Tools sends each truth table to Espresso separately.

When Espresso has computed a solution, it returns a truth table. They usually include
“don’t care” states, and RS Tools recognizes and interprets them. The interpretation of the
truth table returned by Espresso involves generating a reaction for each line in the truth
table. RS Tools does not generate Boolean functions directly from the output of Espresso,
but after RS Tools generates the minimized set of reactions, it can generate (if desired) the
equivalent set of Boolean functions in the same way it does when it first parses the input
reaction system.

If the option to minimize each Boolean function separately was used, the combined set
of reactions generated from the multiple truth tables returned by Espresso can sometimes
result in reactions that can be combined. RS Tools checks to see if this can be done and
combines reactions where possible in accordance with Proposition 4.19.

The final display of the minimized reactions can be provided in plain format, conven-
tional notation in plain text, or as KTEX code.

As described in Section 5.1, Espresso has an option that, when enabled, will result in the
guaranteed optimally minimized outcome. RS Tools does not currently utilize this “exact”

option. If deemed useful for the purposes of studying reaction systems, the option can be
added.

6.1.8 Generating RS to produce Finonacci sequence

In an attempt to create an interesting example of a reaction system, a small RS was created to
generate the first few Fibonacci numbers, in a multi-step process, that could be represented
by a tiny number of binary digits. It was observed that the additional reactions needed to
generate more numbers has a pattern that lends itself for automating the generation of the
reactions. To accomplish this with RS Tools, the code shown in Appendix A.3 was written

and added. An example is also shown in the appendix.
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7. Conclusion

The theoretical model for reaction systems has been described as “a new kind of mechanism
for generating functions and sequences over a finite set” [15]. Originally introduced as a
new way to mathematically model biochemical processes which take place in living cells, the
theoretical model has been found to be useful in both abstract and practical ways.

In this thesis, we have presented the formal model for reaction systems and primarily
studied its functional behavior. We briefly looked at an application of modeling the reaction
that leads to the expression of a gene in E. coli cells which enables the metabolization of
lactose.

As sequence-generating functions, we looked at the capabilities of reaction systems to
generate potentially long and elaborate sequences. We also looked at sequences generated
by interactive reaction systems. We discussed how reaction systems can be viewed as finite
state transition systems and represented as 0-context graphs which can also be considered
as state transition maps. Concerning functional equivalence, we showed how any reaction
system can be represented as a set of Boolean functions. As an aside, we looked at how the
representation as Boolean functions leads to representing a reaction system as a logic circuit.

Reaction systems’ ability to be represented as Boolean functions eventually lead us to a
procedure for minimizing reaction systems using logic minimization algorithms with a focus
on one particularly efficient and versatile algorithm called Espresso. The smallest class of
reaction systems discussed in this thesis are resource-minimal. In our pursuit of attempting to
minimize reaction systems as much as possible, even down to resource-minimality if possible,
we discussed the main result which is the focus of this thesis: a characterization theorem,
Theorem 4.17 which was originally proved in [5], to determine if there exists a resource-
minimal reaction system which is functionally equivalent to the one we want to minimize.

Original software called RS Tools was created for the purpose of exploring this thesis
topic. We discussed some of the ways RS Tools was used to provide insight and even create

some of the content for this thesis.
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A. Appendix

A.1 An in-depth look at minimizing a RS

In Section 5.1.1, the minimization of the reaction system shown in Table 5.3, preceded by
a verification of its subadditive properties, is discussed. This appendix shows the details
of what RS Tools tells us about the RS before it is minimized, what RS Tools does in
preparation for minimizing the RS using Espresso, the input to and output from Espresso,
and how RS Tools interprets the output.

The algorithm used by RS Tools to check for subadditivity skips checking some pairs of
subsets of the background set which can greatly reduce the number of pairs it needs to check
for subadditivity. For example, if it verifies f(X UY) C f(X)U f(Y), then it does not need
to check f(Y U X). For the reaction set we are using, 1024 pairs of subsets was reduced to
435.

The first step RS Tools performs after parsing the input reaction set is to convert the
input RS into a set of Boolean functions. It determines the set of unique product sets and

generates a Boolean function for each. In this case, RS Tools reports the following.

The boolean functions are:

f1 = (e4NebA—elA—e2A—e3) V (elAedNebA—e2A—e3)
£2 = (e2NedNebA—elA—e3) V (elAe2AedNebA—e3)
£f3 = (e3NebA—elA—e2A—ed) V (e3NedNA—ebA—elA—e2) V (e3NedNebA—elA—e2) V

(elNe3NedN—ebA—e2) V (elAe3AedNebA—e2) V (elAe2Ae3N\ed/N\—eb)

f4 = (ebA—-elA—e2A—ed4N—e3) V (elAebA—-e2A—edA—e3) V (e2AebA—-elA—edN—e3) V
(e1Ne2N\ebA—edN\—e3)

f5 = (e3A—-ebA—elA—-e2A—ed) V (e2Ae3N\—-ebA—elA—ed) V (e2Ae3AebA—elA—ed) V
(e2Ae3NedN—ebA—el) V (e2Ae3AedNebA—el)

f6 = (elNe2A—ebA—edN—e3) V (elNe2Ae3N\—-eb5A—ed)

f7 = (elN—ebA—e2A—edN—-e3) V (elNe3NA—-ebA—e2A—ed) V (elAe3AebA—e2A—ed)

f8 = (elNe2/\e3NebA—ed)

f9 = (e4dNA—-eb5A—elA—e2A-e3) V (elAedNA—-eb5A—e2A—e3) V (e2A\edA—eb5A—elA—e3) V
(e1Ne2N\edN\—ebN—e3)

f10 = (e2A—ebA—elA—edA\—e3)
where the product sets associated with each fn are
f1: {el, e2, e3, e4, e5}
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£f2: {el, e2, e3, e4}
£f3: {el, e3, e4, e5%}
f4: {el, e3, e4}
f5: {el, e3, e5}
f6: {el, e4, e5}

£7: {el, e4}

£8: {el}

£f9: {e2, e3, e4, e5}
£10: {eb}

There are some options available which may affect the final solution. We can choose to
have Espresso minimize the Boolean functions separately instead together, we can choose to
minimize the number of Boolean functions before sending any input to Espresso, or both.
Without using either option, RS Tools reports, after minimizing the RS with Espresso, the
following reaction set was reported. The solution from Espresso resulted in an RS with

minimized number of reactions, but it a (2,1) rs.

al=({e2}, {eb}, {eb})
a2=({e1}, {e4}, {el})
a3=({e3, e4}, {eb}, {el, e3})
ad=({el1}, {eb}, {e4})
ab=({e5}, {e2}, {el, e4})
ab=({ed}, {e3}, {e2, e3, e4})
a7=({e3}, {el}, {el, e3, e5})
a8=({ed}, {e2}, {e3, e4, e5})
a9=({e5}, {e3}, {el, e3, e4})

If the option to minimize the Boolean functions separately is enabled without enabling
the option to minimize the number of Boolean functions, RS reports the following as the
solution. As of this writing, whether RS Tools is properly using Espresso for this option
has not been investigated, but the RS produced from Espresso’s solution does not appear to

have any advantages.

al=({e4, e5}, {e2, e3}, {el, e2, e3, e4, e5})
a2=({e2, e4, e5}, {e3}, {el, e2, e3, e4})
a3=({e3, eb}, {el, e2}, {el, e3, e4, e5})
ad=({e3, el, e4}, {eb}, {el, e3, e4d, eb})
ab=({e3, e4}, {e2}, {el, e3, e4, e5})
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a6=({eb5}, {ed, e3}, {el, e3, e4})
a7=({e3}, {eb, el, e4}, {el, e3, eb5})
a8=({e3, e2}, {el}, {el, e3, e5})
a9=({el, e2}, {eb, ed}, {el, e4, e5})
al0=({el}, {e5, e2, ed}, {el, ed})
all=({el, e3}, {e2, e4}, {el, e4})
al2=({el, e2, e3, e5}, {ed}, {el})
al3=({ed4}, {e5, e3}, {e2, e3, ed, e5})
ald=({e2}, {eb, el, e4, e3}, {eb})

Using both options results in a resource-minimal rs, which we expect since the maximally
inhibited RS is union- and intersection-subadditive. So we will discuss what happens when
both options are enabled. The option to minimize Boolean functions enables RS Tools to
perform the following. First it splits all of the input reactions so that each one produces one
product entity. Then it generates a set of Boolean functions based on the expanded rs. For
our example, RS Tools reports the following, which has been edited to not show all 99 split

reactions, but the corresponding Boolean functions are shown in full.

To minimize boolean functions, some of the reactions were split.
The equivalent reaction system is:

e5,el e2 e4 e3,e3

el,eb e2 e4 e3,el

e2,eb el e4d e3,e5

ed,eb el e2 e3,e2

e3,e5 el e2 e4,eb

e2 ed,eb el e3,e2
el ed e5,e2 e3,e2
e2 ed e5,el e3,e2
el e2 e4,eb e3,e2
el e2 e4 e5,e3,e2

The boolean funtions are:
f1 = (elN—ebA—e2A—edN—-e3) V (elANe2Ne3AebA—ed) V (e3A—ebA—elA—e2A—ed) V
(elNebA—e2A—edAN—e3) V (e2AebA—elA—edAN—e3) V (edNebA—elA—e2A—e3) V
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(e3AebA—elA—e2A—ed) V (elNe2A—-ebA—edA—e3) V (elAe3A—eb5N—-e2A—ed) V
(e2Ae3AN—ebA—elN—ed) V (e3NedN\—-ebA—elA—e2) V (elAe2AebA—edA—e3) V
(elNedNebA—e2A—e3) V (elAe3NebA—e2A—ed) V (e2AedNebA—elA—e3) V
(e2Ae3NebA—elA—ed) V (e3AedAebA—elA—e2) V (elANe2Ae3A—eb5NA—ed) V
(elNe3NedN—ebA—e2) V (e2Ae3NedA\—ebA—el) V (elAe2AedNebA—e3) V
(elNe3NedNebN—e2) V (e2Ae3NedNebA—el) V (elAe2Ae3NedA—eb) V
(ebA—elA—e2A—edA—e3)

f2 = (edN—-ebA—elA—e2A—e3) V (edNebA—-elA—-e2A—e3) V (elAedA—eb5A—e2A—e3) V
(e2NedN\—eb5A—elN—e3) V (elNedNebA—e2A—e3) V (e2AedNeb5A—-elA—e3) V
(elhe2/\edN\—ebA—e3) V (elAe2/\edNeb5N—e3)

£3 = (ebA—-elA—e2A—edN—e3) V (edA—-ebA—elA—-e2A—e3) V (e3A—-ebA—elA—-e2A—ed) V
(elANebA—e2A—edN—e3) V (e2AebA—-elA—edAN—-e3) V (edANebA—elNA—e2A—e3) V
(e3NebA—-elN—e2A—ed) V (elNedA—ebA—-e2A—e3) V (e2AedA—ebA—-elA—e3) V
(e2Ae3AN—ebA—elN—ed) V (e3NedN\—-ebA—elA—e2) V (elAe2AebA—edA—e3) V
(elNedNebN—e2A—e3) V (e2Aed4ANebA—elA—-e3) V (e2Ae3AebA—elA—ed) V
(e3Ned4NebA—elA—e2) V (elNe2AedAN—ebA—e3) V (elAe3NedA—ebA—e2) V
(e2Ne3NedN—ebA—el) V (elAe2AedNebA—e3) V (elAe3NedNebN—e2) V
(e2Ae3NedNebN—el) V (elNe2Ae3N\edA—eb)

f4 = (elNebA—e2A—edN—e3) V (e2AebA—elA—-edN—e3) V (edAebA—elA—e2A—e3) V
(e3AebA—elA—e2A—ed) V (elNe2A—-ebA—edA—e3) V (elAedA—eb5N—-e2A—e3) V
(elNe3AN—ebA—e2A—ed) V (e2NedN\—-ebA—elA—-e3) V (e3AedA—eb5N—-elA—e2) V
(elNe2NebN—edA—e3) V (elAedANebA—e2A—-e3) V (elAe3AebA—e2A\—ed) V
(e2N\ed4NebN—elN—-e3) V (e3AedNebA—elA—e2) V (elAe2AedN—ebA—e3) V
(elNe2Ne3N—ebA—ed) V (elAe3NedA\—eb5A—e2) V (elAe2AedNebA—e3) V
(elNe3NedNebN—e2) V (elNe2N\e3NedN—eb) V (ebA—-elA—-e2A—edN\—e3) V
(elA—ebA—-e2A—edN—e3) V (e4A—ebA—elA—e2/A—e3)

f5 = (e2A—ebA—elA—edN—e3) V (e3N—-ebA—elA—-e2A—ed) V (e2Ae3N\—-ebA—elA—ed) V
(e2Ae3NebA—elA—ed) V (e2Ae3NedA\—ebA—el) V (e2Ae3AedNebA—el) V
(edN—ebA—-elN—-e2A—e3) V (e4AebA—elA—-e2A—e3) V (e3ANebA—elA—e2A—ed) V
(e1Ne2A—ebA—edN—e3) V (elAedN—ebA—e2A—-e3) V (e2AedA—eb5N—elA—e3) V
(e3NedN\—ebA—elN—e2) V (elNedNebAN—e2A—e3) V (e3NedNebA—-elA—e2) V
(elNe2NedN—ebA—e3) V (elAe2Ae3N—ebA—ed) V (elAe3AedA—ebN\—e2) V
(elNe3AedNebA—e2) V (elAe2N\e3NedN\—eb)

where the product sets associated with each fn are

f1: {el}

£2: {e2}
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£3: {e3}
f4: {e4d}
f5: {eb}

Next, RS Tools calls Espresso for each of the five Boolean functions. Following is the
actual input file for f1 and the output from Espresso. The input file specified the number
of input variables, which is |S| = 5, and the number of output variables which, in this case,
is just one for the function f1. Not using the options we are using would result in multiple

outputs but that did not produce a (1,1) solution as we saw.

Minimizer tool (espresso) input file for f1:
.15
.01
00001
00011
00101
00111
01000
01001
01010
01011
01100
01101
01110
01111
10000
10001
10011
10100
10101
10111
11000
11001
11010
11011
11100
11101

R = T = T = S N e S e N = S e S e T L T = = = T = =
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The output from Espresso for f1 is interpreted by RS Tools and the following Boolean

functions are generated from this output.

The boolean functions are now:

f1
2
£3
f4
5

(e3N—e2) V (elA—ed) V (e3A—eb) V (e3A—el) V (ebA—e3)
(edN—e3)

(e4dN—eb) V (edA—e2) V (e3A—el) V (ebA—e3)

(ebA—e3) V (elA—eb) V (ebA—e2) V (e4A—e3) V (edA—e2)
(e3A—el) V (e2A—eb) V (edA—e2)

where the product sets associated with each fn are

f1:
£2:
£3:
f4:
£5:

{el}
{e2}
{e3}
{e4}
{e5}

RS Tools repeats the process for the other four Boolean functions. Next, RS Tools

generates the reaction system corresponding to these Boolean functions. The reaction set is

shown below, however some of the reactions can be combined and when RS Tools does this,

the final resource-minimal RS is produced as shown in Table 5.4.

The minimal reaction system is

al=

({e3}, {etll}, {e5})
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a2=({e3}, {e2}, {e1l})
a3=({el1}, {ed}, {e1})
ad=({e3}, {eb}, {el})
ab=({eb}, {e3}, {e4})
a6=({e4}, {e3}, {e2})
a7=({e4}, {eb}, {e3})
a8=({e4}, {e2}, {e3})
a9=({e1}, {eb}, {e4})
al0=({eb}, {e2}, {e4})
al1=({e2}, {eb}, {eb})
a12=({e3}, {el}, {ei})
a13=({e3}, {el}, {e3})
al4=({eb}, {e3}, {e3})
a15=({e4}, {e2}, {e5})
a16=({eb}, {e3}, {eil})
al7=({e4}, {e3}, {ed4})
a18=({e4}, {e2}, {e4})

A.2 Minimizing a maximally inhibited RS

For the state transition sequence shown in Figure A.1, a maximally inhibited RS was con-
structed, using the technique in the proof of Theorem 3.4, to generate this cycle. The
background set is {a,b,c,d,e}. The maximally inhibited RS reaction set is shown as Re-
action Set A. As was mentioned in the discussion of the theorem, the maximally inhibited
RS can seem bloated. However, using RS Tools and Espresso, this RS was simplified from a
(4,4) RS to a (3, 3). Both Reaction Sets B and C are (3, 3) sets, and as you can see, depend-
ing on the minimization options used in RS Tools, we either get a functionally equivalent
set with fewer reactions (Reaction Set B) or one with more reactions but, as can be visually

discerned, has simpler reactions, although it is still (3, 3).

65



React Set A:

({a,b},{c,d,e},{b,c,e})
({a,b,c,d}, {e},{a,e})
({0, ¢, e}, {a,d},{c})
({a,e}, {b,c,d}, {b,e})
({c}.{a,b.d, e}, {a,c})
({0,e}.{a, ¢, d}, {e})
({a,c},{b.d, e}, {d})
({e},{a,b,c,d},{a,b,e})
({d}, {a,b,c, e}, {b,c,d,e})
({a,b, e}, {c,d}, {c e})
({b,¢,d, e}, {a},{a})
({c,e},{a,b,d},{a,b,c})
({a},{b,c,d, e}, {a,d})
({a,b,c}, {d, e}, {a,c,e})
({a,d},{b,c,e},{a,b,d,e})
({a,c, e}, {b,d},{a,b,c,e})
({a,b,d, e} {c},{b,d})
({a,b,c,e}, {d},{b.c})

({0, d},{a, c,e}, {b})
({b,c},{a,d,e},{a,d e})
({b},{a,c,d, e}, {a,b,d})
({a,d, e}, {b,c},{b,d,e})
({a,b,d} {c, e}, {c.d})
({b,d, e}, {a,c},{c,d, e})
({c,d},{a,b, e}, {a,c,d})
({c,d, e} {a, b}, {d,e})
({a,c,d}, {b, e}, {b,c,d})
({d,e},{a,b,c},{a,c,d,e})
({b,¢,d}, {a, e}, {a,b,c,d})
({a,c,d, e}, {b},{a,b})

React Set B:

({a,b,d}, {c, e}, {d,c})
({a,b,c}, {e},{e,a})
({a,c, d}, {b, e}, {b,c})
({c},{a,b, e}, {c,a})
({0, ¢, d}, {a},{a})
({e}.{a,b,d},{a,b})
({0, ¢}, {d. e}, {e})
({a,c,e}, {b},{a,b})
({b,¢,d},{a,e},{c,d,b})
({a,d, e}, {c}. {b,d})
({0}, {c. d, e}, {b})
({d}, {a,b,c}, {c,e})
({a,c, e}, {d}, {b})
({a, e}, {b,d}, {e,b})
({a,0},{c.d},{e})
({c, e} {d}, {c})
({e}.{a,b,c},{a})
({a,d}, {b, c}, {e,b})
({d. e}, {a, b}, {e})
({a, b}, {d}, {c})

({a}, {b,c.e},{a})
({e} {c,d}, {e})
({d},{a.c,e}, {b})
({d, e}, {a.c},{c.d,e})
({0}, {a.d, e}, {a,d})
({d}, {a,b},{d})
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React Set C:

({e}, {b.d,a}, {a})
({b; a}, {c e}, {c})
({a}, {b,¢, e}, {a})
({d, e}, {c,a}, {c})
({e} {b, ¢, a}, {a})
({b; a}, {d}, {c})
({6}, {d, a,e},{d,a})
({e, d}, {b, e}, {c})
({b; c}, {e}; {a})
({e, e}, {d}, {c})
({b, ¢, d}, {a},{a})
({e d}, {a, e}, {c, d})
({c; a, e}, {b}, {a})
({a}, {b,e},{d})
({c}:{a, e}, {a})
({d, e}, {c}, {d})
({d}, {c,b, e}, {0})
({d}, {a, b}, {d})
({d, b}, {a, e}, {b})
({a, d}, {c}, {d})
({6}, {c, d, e}, {b})
({b; a}, {c,d}, {e})
({e}, {d, b}, {b})
({6, ¢}, {d, e}, {e})
({a, ¢, e}, {d}, {b})
({b; ¢, a}, {e}, {e})
({a,d}, {b},{b})
({d, e}, {b,a},{e})
({a,d, e}, {c}, {b})
({d}, {b, ¢}, {e})
({c}:{b,a, e}, {c})
({e; a}, {b,d}, {e})
({d}, {b,a, e}, {c})
({e}, {c, a}, {e})



Figure A.1: State transition map for a cycle.
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A.3 Fibonacci sequence generated by an RS

This appendix describes a reaction system, the reactions for which can be generated by RS

Tools, which generates a sequence of Fibonacci numbers.

Proposition. For an integer N > 2, there exists a reaction system A which generates
a sequence of Fibonacci numbers, {F;},i = 3,4,..., such that F; < 2V, in an (N +1)-step
process with initial state T = {a0,00,y0}. Define Fy =0, Fy = 1, and Fy = 1, then F; can
be obtained from 7“655272)*(N+1)71,i =3,4,..

This proposition has not yet been formally proved, although the algorithm currently used
by RS Tools to generate the RS for any N > 2 is shown below and can be demonstrated to
generate an RS that holds for the claim.

procedure CreateFibonacciRS(N: integer);
var

i: integer;

s: string;

s2: string;

Latex: boolean;

begin

with RSOutput. Lines do
begin
for i := 0 to N-1 do
Add(’a’ + inttostr(i) + ',.Z.X,.a’ 4+ inttostr(i));
for i := 0 to N-1 do
Add(’b’ + inttostr (i) + 7, .Z.X,_.b’ + inttostr(i));
for i := 0 to N-1 do
Add(’d’ + inttostr (i)

+ 7,.2.X,.d’ + inttostr(i));
Add(’y0_.a0, _b0.X, _d0_yl’);

)

)

Add(’y0.b0,_.a0.X,.d0_yl");
Add(’y0.a0.b0, X, cl_yl’
Add(’y0,.a0_b0._X, _yl");

I

I

for i ;= 1 to N-2 do
begin
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s = IntToStr(i);
s2 := IntToStr(i+1);
Add(format ( "y%s-a%s , -b%s c%s , .d%s y%s’, [s, s, s, s, s, s2])

>

(
)
dd(format ( "y%s .b%s , ca%s .c%s , .d%s y%s 7, [s, s, s, s, s, s2])
)
(

Add(format ("y%s.a%s -b%s , oc%s , ochs y%s ', [s, s, s, s, 82, s2
)

1))
Add(format ("y%s .a%s oc%s , Jb%s , ocHsoy%s ', [s, s, s, s, s2, s2
1))

Add(format ("y%s b%s oc%s , ca%s , ochs y%s ', [s, s, s, s, s2, s2
1))

Add(format ( "y%s -a%s -bY%s .c%s , _y%s , od%s ocls oy%s ', [s, s, s, s,
IntToStr(i—1), s, s2, s2]));

Add(format ( "y%s .c%s , cas b%s , od%s oy%s T, [s, s, s, s, s, s2])
)

Add(format ( "y%s , ~a%s b%s _c%s, .y%s ', [s, s, s, s, s2]));
end ;
s = IntToStr(N-1);
s2 = IntToStr(N);

Add(format ( ’y%s.a%s , -b%s oc%s , .d%s 727,

~— — — " —

wn
wn
wn
wn
wn
N NN

[
Add(format ( "y%s _b%s , ca%s oc%s , .d%s Z7, [s, s, s, s, s :
Add (format ( "y%s .a%s -b%s , oc%s , od%s X7, | )
Add(format ( "y%s._a%s .cs , .b%s, .d%s X, [s, s, s, s, s ) ;
)

Add(format ( "y%s .a%s -bYos oc%s , oy%s , od%s od%s X7, [s, s,
ntToStr(i—1), s, s2]));
y%s o c%s , ca%s Jb%s , od%s 27, s, s, s

Add ,
ys , wa%s ob%s c%s , 77, [s, s, s, s]));

Add(format

format

(

( (
( (
( (

Add(format ( "y%s _b%s oc%s , ca%s , .d%s X’ , [s, s, s, s, s

( (’
1 r
( (7
( (’

for i := 0 to N-1 do

Add(’Z_b’ + inttostr(i) + ’,.X,.a’ + inttostr(i));
for i := 0 to N-1 do

Add(’Z.d’ + inttostr (i) + 7,.X,.b’ + inttostr(i));
Add(’Z, X, .y0’);
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end;
ContextSequence . Lines . Add( ’a0.b0_y0 ") ;

end ;

The reactions generated for N=5 are shown below.

= ({a0},{Z, X}, {a0})

= ({a1},{Z, X}, {al}
az = ({a2},{Z, X}, {a2}
ay = ({a3},{Z, X}, {a3}
= ({a4}.{Z, X}, {ad}
= ({00}, {Z, X}, {00}
= (
= (
= (

~— — —

)
{01}, {2, X}, {v1})
{02}, {2, X}, {v2})
{03}, {2, X}, {v3})
a0 = ({4}, {Z, X}, {b4})
= ({d0},{Z, X}, {d0})
a1z = ({d1},{Z, X}, {d1})
a3 = ({d2},{Z, X}, {d2})
a14 = ({d3},{Z, X},{d3})
a5 = ({d4},{Z, X}, {d4})
a1 = ({y0,a0}, {60, X}, {d0,y1})
ar7 = ({0,060}, {a0, X}, {d0,y1})
a1s = ({90,a0,b0}, {X},{cl,y1})
a9 = ({y0}, {a0,b0, X'}, {y1})
ago = ({yl,al}, {b1,cl}, {dl,y2}
ag1 = ({y1,b1},{al,cl}, {d1,y2}
azs = ({yl,al,bl},{cl},{c2,y2}
azs = ({yl,al,cl}, {b1},{c2,y2}
azq = ({yl,b1,cl},{al}, {c2,y2})
= ({y1,al,bl,cl}, {y0},{d1,c2,y2})
aze = ({yl,cl}, {al,bl}, {d1,y2})
azr = ({y1},{al, b1, c1}, {y2})
ass = ({y2,a2},{b2,c2},{d2,y3})
az = ({y2,b2},{a2,c2},{d2,y3})
aso = ({y2,a2,b2},{c2},{c3,y3})
({y2, a2, 2}, {b2},{c3,y3})

—_ — o —

a3z =

The sequence shown below is for an RS that generates Fibonacci numbers up to 2°.

{y2, 62,2}, {a2},{c3,y3})
{y2,a2,b2,c2},{yl},{d2,c3,y3})

azz = (
azz = (
azy = ({y2, 2}, {a2,02},{d2,y3})
({y2}, {a2,02, 2}, {y3})
({y3, a3}, {b3, 3}, {d3,y4}
as7 = ({y3,b3},{a3, c3},{d3, y4}
({y3,a3,b3}, {3}, {c4,y4}
({y3,a3, 3}, {b3}, {c4,y4}
aso = ({y3,03,c3},{a3}, {c4,y4})
({y3,a3,b3, 3}, {y2},{d3, c4,y4})
= ({y3,¢3},{a3,b3},{d3,y4})
({y3},{a3,03, 3}, {y4})
agq = ({y4,ad}, {b4,c4},{d4, Z}
({y4,b4},{a4,c4},{d4, Z}
ass = ({y4,a4,b4},{c4},{d5, X})
ag7 = ({y4, a4, cd},{bv4},{d5, X })

(

(

(

(

(

(

(

(

= (

(

(

(

(

(

(

azs =

asze =

asg =

—_ — o —

azg =
aq1 =

aq3 =

)
)

Q45 =

{y4,b4, c4}, {ad},{d5, X})

ag9 = ({y4,a4,b4,cd},{y3},{d4,d5, X })
aso = ({y4,c4}, {ad,b4},{d4, Z})

as1 = ({y4}, {a4,b4,c4},{Z})

asz = ({Z, b0}, {X}, {a0})

ass = ({Z,01},{X}, {al}

A48 =

)
asqe = ({Z,02},{X}, {a2})
ass = ({Z,03},{X}, {a3})
{Z,04},{X}, {ad})
as7 = ({Z,d0}, {X}, {b0})
ass = ({Z,d1},{X}, {b1})
asy = ({Z,d2},{X}, {b2})
ago = ({Z,d3},{X}, {b3})
{Z,d4},{X},{b4})
{Z},{X}.{y0})

agl =

a2 =
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To obtain Fj ﬁrnn,resﬁfzh%qu)fl,i:: 3,4,

..., which is indicated by including the entity Z

in the result starting with step 10, the value is obtained from the entities dj (i.e., d0,d1,

etc) which represent binary digits. For example, the subset {d1,d0} represents the binary

number 11.

{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}
{2}

© 00 N O Ot ke W N~ O

[ NI N R NS R o R N R N N L e i e e e i e e
Tt = W N = O © 00 N O Ot = W v = O

{a0, 00,40} {a0,00,y0}

{a0,00,c1,yl}
{a0,00,d1,y2}

{40, b0, d1, y3}
(40,0, d1, y4}
{a0,00,d1, Z}
{a0,b1,y0}
{a0,b1,d0, y1}
{a0,b1, 0, d1, y2}
{a0,b1,d0,d1,y3}
{a0, b1, d0, d1, y4}
{a0,b1,d0, d1, Z}
{al,b0,b1,0}
{al,00,b1,d0,y1}
{al, b0, b1, d0, c2,y2}
{al,b0,b1,d0, d2,y3}
{al,b0,b1,d0, d2, y4}
{al,b0,b1,d0,d2, Z}
{a0, al, b0, b2, y0}
{a0,al,00,b2,cl,yl}
{a0, al, b0, b2, 2, y2}
{a0,al,b0,b2, c3,y3}
(a0, al, b0, b2, d3, y4}
{a0,al,0,b2,d3, Z}
{a0,a2,b3,y0}

{a0, a2, b3,d0,y1}

{a1, a6, a1s}
{a1, as, az}
{ai, a6, a1z, ass}
{a17a67a127a43}
{a1,a67G12,a51}

{as2, ass, a2}
{a1,a7,a16}
{a1, a7, a11, a2}

{a1, a7, a11, ara, ass}
{a17a7,a11,a12,a43}
{a1, a7, a11, a1z, a5}
{as3, asr, ass, ass }
{ag, ag, az,ar7}

{as, as, ar, ar, ax}
{az, ag, a7, a1y, azs}
{a27a67a77a117a137a43}
{as, as, ar, a1, ai3, as }
{asa; ass, as7, asg, aga }
{ay, az, as, as, ais}
{a1, az, ag, ag, azs}
{ay, az, as, ag, as}
{a1, az, ag, as, asn}
{a1, az, ag, ag, ai4, as }
{asz; asa, aco, asz }
{ai, a3, a9, a16}

{a1,a37a9,a117a27}
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{a0,0,cl,yl}

{a0, b0, d1, y2}
{a0,0,d1,y3}

(a0, b0, d1, y4}
{a0,00,d1, 7}
{a0,01,y0}
{a0,01,d0,y1}
{a0,01,d0,d1,y2}
{a0,01,d0,d1,y3}
{a0,01,d0,d1,y4}
{a0,b1,d0,d1, Z}
{al,00,01,y0}
{al,00,01,d0,y1}
{al,00,01,d0, c2,y2}
{al,b0,b1,d0, d2, y3}
{al,0,b1, d0, d2, y4}
{a1,00,b1,d0,d2, Z}
{a0, al,0,02,y0}
{a0,al,00,b2,cl,yl}
{a0,al,00,02, 2, y2}
{a0, al,00,b2, c3,y3}
{a0,al,00,02,d3, y4}
{40, al, 40,2, d3, 7}
{a0,a2,03,y0}
{a0,a2,03,d0,y1}
{a0, a2, b3, d0, y2}



26
27
28
29
30
31

{2}
{2}
{2}
{2}
{2}
{2}

{a0, a2,b3,d0, y2}

{a0, a2,03,d0,d2,y3}
{a0,a2,03,d0,d2,d3, y4}
{a0, a2,03,d0,d2,d3, Z}
{a3,00,02,b3,y0}
{a3,b0,02, b3, d0, y1}

{ah as, ag, aii, azs}

{Cbl, as, ag, 11, 413, a37}
{ab as, ag, 411, 13, A14, a51}
{G557 as7, A59, 460, a62}

{a4, ag, as, ag, &17}

{a4, Gg, ag, ag, 11, a27}
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{a0, a2,03,d0, d2,y3}
{a0, a2,03,d0, d2,d3, y4}
{a0,a2,b3, d0, d2, d3, Z}
(a3, 00, b2, b3,10}
{a3,00,b2, b3, 0, y1}
(a3, 40,2, 3, d0, 2}
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