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Abstract Chemical programming requires to define microscopic
elements that lead to a global behavior realizing a desired
Chemical information processing posseses a variety of computation. Chemical programming can be decomposed
valuable properties, such as, robustness, concurrenait;fa  into different steps: choosing the molecules, reactioasul
tolerance, and evolvability. However, it is difficult to pret kinetics, and environmental conditions. Note that when
and program a chemical system, because the computatiorusing real molecules all these steps are strongly intercon-
emerges as a global phenomenon from microscopic reac-nected, e.g., after choosing the molecules the set of ceacti
tions. Here, we will present design principles for chem- rules is also determined; the kinetics might be influenced
ical programs. We focus on programs that should com- by temperature, spatial structures, or other environnhenta
pute a qualitative and not quantitative result. The de- conditions. Inin-silico (or artificial) chemical computing
sign principles are based on chemical organization theory, we can define molecules, reaction rules, and kinetics quite
which defines a chemical organization as a closed and self-independently.
maintaining set of molecular species. The fundamental as- Because the computation emerges from an interplay of
sumption of so called organization-oriented programming many microscopic interactions, it is, in general, difficalt
is that computation should be understood as a movementind the right rules for a desired behavior. In general, the re
between chemical organizations. In this case we expect thatation between microscopic reaction rules and the regultin
the resulting system is more robust, and fine-tuning of the behavior is non-trivial and non-linear, and therefore ligua
kinetic laws will be less important. difficult to predict. However, predictability is a necessar
condition for programming manually [22].
Like conventional programming chemical programming
1. Introduction should be guided by principles and metaphors, which
posses a theoretical base. These theoretical principlgs ma
Information processing by chemical reactions can be provide recipes, which improve coherence and predictabil-
found in all living systems. It is known to be robust, self- ity.
organizing, adaptive, decentralized, asynchronoust-faul Currently is seems that no universal theory is in sight.
tolerant, and evolvable. These valuable properties are ex-Therefore a plethora of theoretical principles should be in
ploited by a variety of approaches using real molecules our toolbox. One such tool is chemical organization theory
[2, 6] or artificial moleculedn-silico [4, 16]. When tak-  [9]. The theory allows to relate reaction rules to the po-
ing real molecules, one aims at exploring new substratestential behavior they generate. The theory focuses on the
for computation [23]. Inin-silico chemical computing the  qualitative change of a chemical system (i.e, the change of
chemical metaphor is utilized to program or to build com- the chemical species present) and abstracts from quantita-
putational systems [8]. In this case the chemical metaphortive change (i.e., a change in concentration). A central con
serves as a design principle for new software or hardware arcept of the theory is the chemical organization, which is a
chitectures built on conventional silicon devices. Exagspl set of molecular species that is closed and self-maintginin
are, chemical-like formal systems that model concurrent [13].
processes, e.g., Gamma [4], CHAM [5], or P-Systems [18]; The fundamental assumption of so called organization-
or new architectures inspired by chemistry, e.g., reacetion oriented programming is that computation should be un-
diffusion processors [1]. derstood as a movement between chemical organizations.



When following an organization-oriented approach, we and thej-th reaction rules is(A; — B;) € R. Given
concentrate first on the reaction network neglecting kineti the stoichiometric matribdM = (m, ;) that corresponds
laws. The reaction network is designed with respect to its to (M, R) wherem, ; denotes the number of molecules of
organizational structure.. Then, in a second step, the ki-specied produced in reaction;, a set of molecular species
netics is specified, which determines the dynamics betweenS C M is self-maintaining, if it there exists a flux vec-
and inside organizations. The underlying hypothesis is tha tor v.= (va, =B, ) VA, B, - - '”Amme\)T satisfy-
when a computation can be explained as a movement being the following three conditions:
tween organizations, it is more robust and fine-tuning of the .
kinetics is less important. 1. va,—p; > 0if Aj € Pu(5),

Before describing the design principles we give a brief _nif A
introduction to chemical organization theory. Finally we va;—p; = 01 A; ¢ Paa(S),
will demonstrate our approach by discussing chemical 3. (Mv); > 0if s; € S.

boolean logic from an organization-oriented point of view. N
These three conditions can be read as follows: Wherj-the

th reaction is applicable to the s€fthe fluxv4, .5, must
be positive (Condition 1). All other fluxes are set to zero
(Condition 2). Finally, the production rai@v); for all
the molecular specieg € S must be nonnegative (Condi-
tion 3). Note that we have to find only one such flux vector
in order to show that a set is self-maintaining.

Taking closure and self-maintenance together, we arrive
at an organization:

2. Chemical Organization Theory

Chemical organization theory deals with reaction net-
works. A reaction networK M, R) consists of a set of
molecular species\ and a set of reaction ruleR C
Prr (M) x Prr(M), whereP, (M) denotes the set of all
multisets with elements fromM. A multiset differs from
an ordinary set in that it can contain multiple copies of the

same element. A reaction rule is similar to a rewriting oper- Definition 3 (organization [9, 12]) A set of molecular

ation [21, 3] on a multiset. Adopting the notion from chem- species) C M thatis closed and self-maintaining is called
istry, areaction rul¢A, B) € R is written asA — B where an organization.

both A and B are multisets of molecular species. The ele-
ments of each multiset are listed with “+” symbols between ~ We visualize the set of all organizations by a Hasse di-
them. Instead of writing sy, s2, ..., s, }, the setis written ~ @gram, in which organizations are arranged vertically ac-
ass; + ss + - -- + s, in the context of reaction rules. We cording to their size in terms of the number of their mem-
also rewritea + a — b to 2a — b for simplicity. Note that ~ bers (e.g., Fig. 1). Two organizations are connected by a
“+"is not an Operator but a Separator of elements. line if the lower organization is contained in the Organiza—
A set of molecular species is called an Organization if tion above and there is no other Organization in between.
the following two properties are satisfied: closure and-self ~ Finally, arelevant theorem from Ref. [9] states that given
maintenance. A set of molecular species is closed when ali@ differential equation describing the dynamics of a chemi-
reaction rules applicable to the set cannot produce a moleccal reaction system and the reaction network corresponding
ular species that is not in the set. This is similar to the-alge to that system, then the set of molecular species with pos-
braic closure of an operator in set theory. itive concentrations in a fixed point€., stationary state),
if it exists, is an organization. In other words, we can only
obtain a stationary behavior with a set of molecular species
that are both closed and self-maintaining.

Definition 1 (closure [12]) Given an reaction network
(M, R), a set of molecular specigs C M is closed, if
for every reactiof A — B) € R with A € Py (C), also

B € Py (C) holds. . . . .
(C) _ . 3. Organization-Oriented Design Principles
The second important property, self-maintenance, as-

sures, roughly speaking, that all molecules that are con-
sumed within a self-maintaining set can also be produced
by some reaction pathways within the self-maintaining set.
The general definition of self-maintenance is more com-

plicated than the definition of closure because the produc- ) - -
computation takes place within one organization or whether

tion and consumption of a molecular species can depend °The computation can be explained as a movement between
many molecular species operating as a whole in a complex P P

pathway. IFormally, this can be defined as; ; = #(i € B;) — #(i € A;),

L . . . where# (i € A;) denotes the number of occurrences of specias the
Definition 2 (self-maintenance [9])Given an reaction net-  |eft-hand side of reactiop and#(i € B;) the number of occurrences of

work (M, R), leti denote the-th molecular species o1 species on the right-hand side of reactign

3.1. Computing Within vs. In-Between Or-
ganizations

Chemical computing can be distinguished whether a




organizations. Computation within one organization might organization. There might be kinetic laws such that we will
exploit bistability of a chemical system or may implementa end up in an organization below the desired organization.
continuous function, e.g., a chemical neuron [14] or a chem- Further note that this fact might be used by a computation,
ical square-root [7]. Computation as a movement betweenin which case P3 would be violated.

organizations is characterized by the fact that the maéecul P4: Eliminate organizations not representing a de-
species present in the reaction vessel change over time. Thisired output. If each organization represents a desired out-
is, for example, the case in classical DNA Computing [2], put, the system’s dynamics must converge to a set of chem-
which can be understood in terms of chemical organizationical species representing an output. Therefore it makes ob-
theory: For each solution there is at least one organizationviously sense to eliminate an organization not represgntin
and the experimental steps assure that the system will endan output. This can be achieved by either destroying its clo-

up in such an organization. sure property or its self-maintenance. Note, however, that
in general not all such organizations can be eliminated (see
3.2. Design Principles e.g., the chemical FLIP-FLOP [17]).
P5: An output organization should have no organiza-
tion below.

Let us proceed now with preliminary design principles
inspired by chemical organization theory:

P1: There should be (at least) one organization for
each behavioral output class. Following organization-
oriented design principles makes sense when computation

appears as a movement in-between organizations. In thaf . . L
If an output organization contains another organitzation,

case the output behavior can be categorized in different dis the Svstem state can move soontaneously down to this oraa-
crete behavioral classes. Here we demand that different Y P y 9

outputs should be represented by different organizations.mztagon' Inrscl)met ciaﬁfsrr:h[;idotvn-rr:ox?m_?kr:ttc?n \t/)ve ruI(:]d
For example, in a chemical flip-flop [17], these behavioral ggsi X\?hzurggctbi‘o?wcne?woerk Zl?cﬁuth:t f<.)r ana k?ﬁetii f;w
classes are the different states of the flip-flop, and we de- o gr anization is stable. As a simple exan)1/ le consider
mand that each state should be represented by a differen&ﬂ 9 ' P P
- the systeniR = {a — b,b — a}, which has two orga-
organization. T .
nizations. Due to mass-conservation, the system can never

P2: The set of molecular species (and the organiza- move sponaneously from organizatiém, b} to the empt
tion) representing a result should be in the closure of the organizgtion y 9 ’ Pty

species representlng the |_n|t|al Input. T.hls principle as- P6: Use kinetic laws for fine tuning. The kinetic laws
sures that there is a reaction path leading from the input to 2
must assure that the output organizations are stable. Fur-

the de;swed.output Species. 'T'he deswe.d putput set must b‘F‘hermore the kinetics determines the transition dynamics
(contained in) a self-maintaining set within the closure of between organizations. Finding the right kinetic laws is

the initial input configuration. Ideally, within the closur a non-trivial task, because an output organization usually
there is a largest self-maintaining set representing the ou . T . N
put. Otherwise the dynamics may stuck above the desired” ontains oth_er organlz_atlo_ns (ie., there are organizatien
output set. Iov_v). Chemical grganlzatmn thgory assures that such laws
P3: The set of molecules (and certain environmen- exists (tqacertaln gxtend). For finding them we have to rely
tal conditions) representing an input should generate the on CIaSSI%?l dyndam_|cal S)(Stem.s theory. Howeyer, not?a tgat
organization representing the desired output. Itis possible .t(.) erive at least in some cases rigorously dy-
. ) . namical stability from network structure [11]. Further @ot
Q|ven a set Of. (|nput).speC|e$ We can gen(_erate an o ipat there can be a tradeoff between stability of an organiza
gan_|zat|on0 by first adding all possible reaction produch tion and the speed of computation. Finally, the influence of
until we reach a closed Sét. Th?n WE remove Specles unti the kinetic laws can be studied by mapping the quantitative
we reach a largest self-maintaining setontained irC’. In dynamics (i.e., trajectory in the concentration spaceh#o t

a specific class of networks (called semi-consistent [10]), H i f izati like in Ref. [101. Fi 4
S is unique. And in so called consistent networks [10], asse-diagram of organizations (like in Ref. [10], Figuye

S is additional closed, thus an organization. In chemical .. i .
computing it is not necessary that the generate operatior*- Orggnlzatlon-Orlented Chemical Boolean
is unigue. Moreover it can even be beneficial, if it is not Logics
unique. As for example in the chemical FLIP-FLOP [17] .

Note that even if the input configuration generates the In this section we will demonstrate the approach by
desired output organization (i.e., a set of chemical sggcie studying boolean logics implemented by chemical reaction
this does not guarantee that we will end up in that desiredsystems. First, we investigate two different codings fram a

As mentioned above, if there is an organization below an
output organizations, the system might move-down sponta-
neously, leaving the output organization.

P5: Assure, if possible, stoichiometrically the stability
f an output organization.



organization point of view. Then, a recipe for programming
boolean logics is described.

4.1. Functions like NOoT and XOR Require
Non-trivial Encoding

The first code Code 1, Table 1) assumes that a logic
one (true) is trivially encoded by the presence of a molecu-
lar species, while logic zero (false) is encoded by the same

Code 1 Code 2
value representation value representation
b=0 [b] =0 b=0 [b>0,[B]=0
b=1 [b] >0 b=1 [0]=0,[B]>0

Table 1. Two codes for a boolean variable
b using one molecular species  {b} and two
molecular species {b, B}, respectively.

species’ absence. We will show that in this case there are no

reaction rules that implement an organization-oriented,

i.e., a chemicakor-network whose behavior can be ex-
plained purely from an organization-oriented point of view
When we assume alternatively a code where each logical

variable is represented by two molecul€n@e 2 next sec-
tion), we can define such atDOR gate.

In order to prove that Code 1 is not sufficient for an
organization-orientedOR, it is sufficient to show that we
can even not construct an organization-oriented with
Code 1: Letr € M andy € M be the species represent-
ing the input and output of theoT-gate, respectively. For
x being not present, the organizations of the network must
containy and notz. Forx being present (i.e(— z) € R),
there should be one or more organizations, all of which must
not containy. We distinguish now two cases: Casef:
cannot be overproduced (i.e., a decayafannot be com-
pensated. by the network). Whenappears (input 1)z
must destroyy in order to obtain output 0. However, when
x disappears (input O}y can not be regenerated, because
we assumed that it cannot be overproduced. Cagecan
be overproduced. Whenappears (input 1)y cannot van-
ish completely, because a decay initiatedibyan be com-
pensated by the remaining network. In case the production
y requires a species that is not overproducible, we obtain
Case 1. g.e.d.

Therefore, with Code 1 we can only buildnedT-gate
that functions once. That is, we would have to regeneyate
by an external “clock” after each operation. In the follow-
ing recipe we will use a different code. Code 2 requires two
molecular species for each logical variable, which allows
to build arbitrary boolean functions. Note that in biolog-
ical signaling networks signals are often encoded by two
(or more) molecules, for example, by a phosphorylated and
unphosphorylated protein. Whether this is related to our
organization-oriented design remains speculative.

4.2. Recipe for Organization-Oriented Pro-

gramming of Chemical Logics

Input: Boolean network given by two sets: a set/df
boolean functiong F1, ..., Fjs} and a set ofV boolean
variables{b,...,bas,...,bx}. Variables{b;,... by}
are determined by the boolean functiomstérnal vari-
ableg; the remaining variablefys 11, ..., by} are input
variables of the boolean network.
Output: Reaction networkK M, R) (a set of moleculg]
speciesM and a set of reaction rulé®) representing th
boolean network without any input variable speciffed.
Algorithm:
1. For each boolean variakibg:

(a) Add two molecular species; andB;, to MP

(b) Add onedestructive reactioof the formb; + B; —
ftoR;

2. For each boolean functiaf:
(a) Create the truth table &f; with 2™ input cases
(wheren; is the arity of F;);
(b) For each input case, creatéogical reaction®
i Lefthand side eactant$ corresponds to the inp
of Fz
i Righthand side groductg consists of one mole¢
ular species representing the respective bogl
output of F;.

r

aSpecifying an input variable of the boolean network is cobigdn
inflow reaction.
bAs a naming convention of molecular species in this papergiie

ercase species represents vdlue the boolean variable, and the upper-

case stands far.
CFor example, thexor-function is converted into reactions as f
lows:

by bz | b1 = Fi(b,bs3) Reactants — Products
0 0 0 ba + b3 — b1
0 1 1 =| bo+ Bs — B
1 0 1 B + b3 — B1
1 1 0 B + Bs — by

In this section we present a procedure for designing
chemical reaction networks implementing a logic circuit
(see Table 2 for a recipe and Ref. [17] for details). A logic
circuit is a composition of logic gates. As such it can be

Table 2. Recipe for mapping a boolean circuit
to a chemical reaction network.

£

ean

Dl-



fully described by a set of boolean functions and boolean logic gate. Since there aré = 3 boolean variables, the set
variables, forming a boolean network [15]. Let the boolean of molecular species consists of six molecular species:
network be defined by a set @f boolean functions and a
set of N (> M) boolean variables: Myxor = {a, 4,0, B,¢,C} ®)
(b b by} ) where the lower- and uppercase version of the variable

Do BMa e BN name are assigned to the boolean variable of that name. For
where{b;|1 < j < M} are determined by the boolean example, molecular speciesrepresents boolean variable
functions {nternal variable$ and the remaining variables a = 0, andA stands form = 1 (see Code 2, Table 1).
{bj|M < j < N} are the input variables of the boolean The set of reaction ruleR,or is defined following the
network. The set of boolean functions is recipe of Table 2 as:

{bi = Fi(bg(i,1)s- -+ s bg(im)) |1 =1,..., M} (2) Rxor =f{a+b—c, a+B—C, A+b—C,

whereb, ; ;, indicates the boolean variable listed asthe 4 T B ¢ atA— D.6+B—0 ctC—0}

th argument of the-th function. Since the-th boolean The reaction networkMyor, Rxor) implements thexor
function F; takesn; boolean variables as arguments, there |ogic gate without any input specified. There are 15 orga-
are2™ possible inputs. Thus the truth tatifefor function  nizations [17]. Now we set only one input variable of the
F; has2™ rows andn; + 1 columns: boolean network by adding an inflow reaction to the set of
reaction rules (Figure 1). As we can see, the set of organi-

t e th Lt ; ) e
b b it zations reduces to three. There is always one organization
T;: K e o o ®3) containingc and one containing, which means that with
tonia s tomig, Tomi i one input the output is not determined from an organization-

, ) oriented point of view.
wheret; , € {0, 1} is the boolean value of the-th argu-

ment in theh-th input case for thé-th boolean function. . .
The (u; + 1)-th column contains the output . Mo Roon {03 ) M R 10— )

Given the boolean network, a reaction netw@d, R) m m
is designed as described by Table 2. The resulting reac-
tion network(M, R) implements the logic circuit without
any input specified. The input variables of the boolean net-
work {b;|M < j < N} must be initialized externally Moo R on L0 A (M (R 00—~ B)
because they are not set by the boolean functions. The
initialization of the input variables is encoded by an in- m m
flow reaction, which is a zero-order reaction producing sub-
stances from the empty set. If an input variableis ini-
tialized to0, for example, the reaction network is changed Figure 1. Four Hasse-diagrams of the chem-
to (M, (RU{0 — s2;-1})). Itis possible for more than ical xor for underspecified inputs. Only one

input signal is specified by an inflow reac-

tion.

one variable to be initialized in this manner as it is possibl
for more than one molecular species to be injected by the
influx.

4.3. Example: Chemical XOR When we finally provide both inputs, the Hasse diagram
of organizations collapses so that only one organizatien re
For anxoR logic gate we need two boolean input vari- mains for every input condition (Figure 2). This implies
ablesa, b and one boolean output variakleThe logic func-  that, no matter how we chose the kinetic details, no other
tion c = F,(a, b) is given by the truth table molecular species than those of the organization can be sus-
tained in the reaction vessel regardless of the initiakstat

a b c We can also see that the remaining organization contains
0 00 the desired output molecular speciesr C, respectively.
01 1 4)
Te: 1y 01 :
L1 o 5. Conclusion and Outlook
Given the definition of th&oR boolean network, a reac- Organization-oriented programming guides the design of

tion network (Mxor, Rxor) IS generated to implement the the reaction network of a chemical program. When the
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