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Abstract

In current studies of the physical properties of networks, little attention is

paid to the impact of the dynamics of the nodes on the topology of the

network.  Here a framework is discussed to produce chemical reaction

networks.  This framework simultaneously generates realistic chemical

networks and simulates the underlying chemical kinetics.  Networks are

investigated in the context of interstellar chemistry and analyzed using

standard statistics to understand how the co-evolution of node- and meta-

dynamics influence the network topology.  We show the results produced by

the framework and the impact the reaction network generator has on the

physical properties of the topology.

Keywords: complex networks , chemical reaction networks, synthon model,

topological evolution.
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1. Introduction

Based on observations in real networks, the perspective of network research has changed

recently from a focus on snapshots of network topologies at certain points in time toward a

focus on the dynamics of network formation.  The major motivation was that real networks

seem to be the result of a growth process where nodes and edges are added and removed

contineously.   In order to get a better understanding, rules were introduced that describe the

network evolution. These rules are used to explain how certain physical properties like scale-

freeness, modularity and small world effects are obtained (Newman, 2003; Dorogovtsev &

Mendes, 2003).   These models form a mathematical theory which tries to capture how

dynamics of network formation determines the physical observations.  We will refer to such a

theory as the theory of the meta-dynamics or topological evolution of the network (Detours et

al., 1994).

The striking thing about the rules that underlie this meta-dynamical theory is that they do not

include any sub-rules or parameters that describe the influence of the node dynamics on the

formation of the network.  Rules, like those defined for the Barabási-Albert model, do not say

anything about the actual interaction the links represent (Barabási & Albert, 1999).  Nodes are

simply connected to other nodes independent of any frame of reference in which this process

occurs.  Yet, these links have a particular meaning in the context of social, chemical and

biological networks.   For instance, they can represent reaction relations between educts and

products. Given this interpretation, whether or not new links are introduced in the network

depends on the concentrations of the different reagents and the chemical dynamics.  We will

refer to the theory of the actual interactions between the entities that are represented by the

network as the theory of the node dynamics of the network.
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In respect to the frame of reference of nodes and links, one needs to be aware that networks

can be either instance- or type-models.  In the context of instance-models, nodes reflect the

actual entities and links correspond to interactions between these entities.  For instance, in a

chemical context, two nodes in an instance-model can belong to the same molecular species.

Thus at that point in time, the system has at least two elements belonging to the same

category.  In a type-model, every species can only be represented once and the links represent

interactions between different types. This means that, although a particular node is connected

in the same way with different nodes, the relevance of both connections can be different.  For

instance,  if the connections represent reactions then the reaction rates together with the

molecular concentrations will determine how often the reaction will be used.  In other words,

how important the connection is for the chemical system under observation.  The type-

network is commonly used in the context of (bio)-chemical networks and will also be used

here.

Here, chemical reaction networks (CRN) will serve as the frame of reference. This type of

networks can be defined in different ways.  We define CRN in a similar way as (Temkin et

al., 1996): a reaction network is a graph that represents the reaction mechanism or several

synthetic reactions that constitute different synthetic routes between a group of molecules.

The difference with Temkin et al. (1996) is that we focus not so much on some pathways

from source to target molecules.  Here, the focus is on how the CRN behaves under the

effects of node dynamics and vice versa.

Recently, in the European Physical Journal B, an article was published describing the

outcome of a virtual round table discussion on the ten leading questions for network research

(Amaral et al, 2004). The motivation for this article is to provide some kind of benchmark

that provides “a loose guide to the community”.  In this benchmark, two questions are posed

which come close to  the objective of this article: (1) “How do the dynamical processes taking

place on the network shape the network topology?” and (2) “What are the evolutionary
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mechanisms that shape the topology of biological networks?”.   The first question reflects the

idea that the network defines a structure on which “information” flows to perform some

specific global task.  From a technological perspective, this question can refer to the workings

of Internet and one would like to know how the traffic influences the topology of the internet

itself.  From a chemical or biological perspective, the question can relate to the workings of

protein-protein interaction networks for signal transduction (signaling networks).  In this case,

one might want to understand how mutations in nodes of the network alter the dynamics of

the system.

Thus, for a CRN, the previous question is not completely appropriate since there is no

“information” passing over the nodes of the network: the CRN defines reaction pathways

between different molecules. Nevertheless, the idea of examining the effect of the node

dynamics on the network topology remains worth asking.  It is in this sense that the second

question posed in (Amaral etl al., 2004) becomes relevant. Yet, the mechanisms under

investigation will not be evolutionary in a biological sense, but dynamical in the chemical

sense.  Thus, the question we address here is:

How do the node- and meta-dynamics cooperatively shape the topology

of chemical reaction networks?

To answer this question, we designed and implemented a object-oriented framework which

allows us to simultaneously (1) generate realistic chemical reaction networks and (2) simulate

the underlying kinetics of a chemical collision theory.  In this way the co-evolutionary

dynamics between kinetics and topology can be studied to produce a theory that combines

both theories of node-dynamics and meta-dynamics of a chemical reaction network.

Moreover, because the framework models realistic reaction networks, it can also serve as a

tool to increase the understanding of chemical reactions in the context of different chemical

situations.  We are currently examining the validity of the framework in the context of
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interstellar chemistry and pre-biotic chemistry.  Here we will discuss the meta-dynamics and

dynamics using interstellar chemistry as the particular chemical context.

The work performed in this article corresponds to other simulations of the meta-dynamics of

chemical networks as in (Benko et al., 2003).  There are two major differences: (1) the

underlying chemical model discussed there is different from the one used here and (2) in

Benko et al. (2003) do not consider kinetics when generating the CRN. Other similar work

was performed in (Bersini, 2000).  In that article the components which constitute the current

framework were defined in an abstract chemical systems of numbers and graphs.  A further

difference with that work is that the kinetics in that system were simulated by the

deterministic process as opposed to the stochastic one defined in (Gillespie, 1977).

In the next section, the different parts underlying the framework will be discussed.  Given the

framework, some experiments will be conducted in the context of interstellar chemistry.

These experiments will provide information on the organization of the generated networks, on

the impact of the kinetics on the network topology and vice versa. All chemical substances,

reactions and reaction rates for the experiments described in this work were adopted from

(Duley & Williams, 1984).  Afterward a conclusion and some topics for future work will

follow.

2. Co-evolutionary Model

The central part of the framework is the synthetic system that incrementally creates the

chemical reaction network and simulates the kinetics.  To perform this task one needs an

abstract and unique representation for molecules and a schematic descriptions of the relevant

reactions.  In the following section we will explain the model that was used to perform this
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task.  Chemical terminology will be explained as far as it is relevant for this work.  Afterward

the network generator and kinetic simulator will be addressed.

2.1. Molecules and the Synthon

The network generator is based on a mathematical chemistry proposed by Kvasnicka and

Koca (Koca, 1988a;Koca, 1988b;Hladka et al., 1993).   The idea of a mathematical chemistry

(or mechanistic chemistry) is to provide a model for the logical structure of chemistry.  Given

such a model, different chemical notions and concepts can be rationalized, formalized and

unified.  This kind of mathematical models is often used to formalize synthesis and retro-

synthesis processes examined in organic chemistry.

In the context of this mechanistic approach, molecules are represented by molecular graphs.

(see Figure 1 for some examples).   These molecular graphs are combined into ensembles of

molecules (group of molecules) which is an abstract entity that serves as input for a reaction.

For instance, the Dugindji and Ugi (DU) model (Ugi et al.,1993) uses matrices to represent

molecules and ensembles of molecules. Given this representation, Dugundji and Ugi (1993)

define an abstract theory of reactions, CRN and their properties. The general idea in the DU

model is that the notion of isomerism can be extended from molecules to ensembles of

molecules and, as a consequence, reactions are formal isomerizations between two

appropriate ensembles.  Any reaction, which is an isomerization can hence be modeled.
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Figure 1: The molecular graph representation of two isomeric molecules: cis- and trans-

difluoroethene. The difference between the molecules is defined by the difference in the order of the

different nodes.  The order is determined by a node identification number which is the second number

between brackets in the node, e.g. for node C[[1][17]] the identity is 17.  The value of this  number is

only relevant in terms of the ordering of the nodes. The first number, here 1, is the molecule

identification number and becomes important when two molecules are joined to form a synthon. The

first symbol of node [[1][17]] corresponds the atom C.

Here, molecules are represented internally by multi-graphs with loops.  This representation

was adopted from another mathematical model: the Synthon model.  This model is an

extension of the DU model (Ugi et al.,1993).  A synthon is informally defined by a set of

atoms and virtual atoms (representing functional groups not directly active in the reaction),

the chemical bonds between them, their lone-pairs and free electrons.   Moreover there is not

necessarily a one-to-one mapping between a synthon and a molecule.  The synthon can

collect (parts of) n molecules. Hence, this abstraction actually corresponds again to an

ensemble of molecules.  More formally a synthon is defined as:

€ 

S(A) = W ,A,E

where the set W={w1, w2, …} is the virtual vertex set, the set A={a1, a2, …} is the set of

remaining vertices representing the concrete atoms and E={e1, e2, …} is the set of edges
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associated with vertices from the sets W and A.  The edges can only be incident between two

vertices of A  or a vertex from the set A and a vertex from the set W .  Note that certain

elements from the set E are loops which define lone pairs.

We added two extensions to the molecular representation used in the Synthon model: (1) free

electrons of an atom are explicitly modeled to represent radicals and (2) ionic bonds are

introduced to represent particular molecules like H2
+ and H3

+.  These extensions were

necessary due to the nature of the molecules manipulated in the context of interstellar

chemistry.    We will not go into details here on these chemical issues.  The only important

thing to remember is that  a new set of nodes are introduced to represent electrons (E) and that

each node in the molecular graph also keeps track of the molecule it belongs to.  In Figure 2,

an example of both extensions is visualized.

Figure 2: The molecular graph representation of H3
+ (left) and O+ (right). H3

+  is represented by one of

its resonance forms.  The radical O+ is represented with one free electron (the dot) and two lone pairs

(loops).

Given these extension, the synthon is now defined as:

€ 

S(A) = W ,A,R,E
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Using these structures and the principle of isomeric transformations, reaction networks and

their properties (e.g the reaction distance between synthons) can be generated.   Every

reaction or chemical transformation is of the form

€ 

S(A)⇒ S'(A)

Where S(A)  is the educt and S’(A) the product of the reaction.  Since this chemical

transformation creates a product which is isomeric to the educt, the process is also called an

isomerization process.  Each transformation T linking the two synthons S(A) and S’(A) can be

represented by a reaction graph which is, in our case, the 5-tupple:

€ 

GT = WT ,AT ,RT ,ET ,ψT

Where the vertex and edge sets WT, AT, RT and ET contain those vertices and edges involved in

the transformation and where ψT defines a mapping ψT:ET→{-1,+1} assigning to each edge

either +1 for (added edges) or –1 for (removed edges):

€ 

ψ(e) =
+1, for e ∈ E2 ( formededges)
−1, for e ∈ E1 (deletededges)

 
 
 

Hence every concrete reaction can be specified by a reaction graph GR describing the

transformation from one synthon to another. Moreover, different reactions which are

represented by the same graph but whose contents of W and A are different can be classified

into the same category.  These categories define abstract reaction classes, conceptually similar

to the object-oriented perspective, whose structural effects are the same.  For instance,

consider the following interstellar reactions:
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€ 

radiative association(ra) A + B k →  AB + hv
charge transfer(ct) A+ + B k →  A + B+

dissociative recombination(dr) AB+ + e− k →  A + B

Given these reaction templates, one can determine the reaction graphs.  For instance, the

radiative association template assumes that A and B can be linked.  This requires in both A

and B an atom which has at least one free electron. Assume that for A this atom is a and for B

this atom is b.  Furthermore, atom a has one free electron e1 and atom  b has one free electron

e2.  Now the radiative association reaction describes that a covalent bond is formed by sharing

the two free electrons e1 and e2 on atom a and b.  Practically from the perspective of the

molecular graph, this means that (1) the links between the two electrons and their atoms and

(2) the two nodes representing the electrons are removed. Next, (3) the two atoms are

connected by a new edge representing the covalent bond.  The transformation scenario for

radiative association is visualized in the first mapping ψra in Figure 3.  The same can also be

done for the charge transfer template (ψct) and the dissociative recombination template (ψdr).

All this information provides the necessary components to define the reaction graphs GT:

€ 

Gra =<W = {},A = {a,b},R = {e1,e2},E = {(a,e1),(b,e2),(a,b)},ψra >

Gct =<W = {},A = {a,b},R = {e1},E = {(b,e1),(a,e1)},ψct >

Gdr =<W = {},A = {a,b},R = {e1},E = {(a,b),(a,e1)},ψdr >

ψra ψct ψdr

Figure 3: From left to right the mapping for radiative association, charge transfer and dissociative

recombination are visualized.  The nodes a and b refer to atoms and the node e- identifies an electron.
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Each GT defines a reaction class.  All specific chemical reactions, where a and b are replaced

by real atoms,  are instances of a particular class if they model the same transformation. We

will refer to these instances as reaction objects. Hence a reaction class is defined as a set of

reaction objects.  A unique description of a reaction object requires the specification of not

only the reactants but also the products. Following this observation the following three

cosmic ray ionization reactions belong all to different classes of which they are one reaction

object:

€ 

H2 + c.r. k1 →  H2
+ + e−

H2 + c.r. k2 →  H + + H + e−

H2 + c.r. k3 →  H + + H−

This distinction is important from both a chemical and computational perspective since, on

one hand, by assuming this way of defining reaction classes and objects, a different taxonomy

of reactions emerges.   On the other hand, from a computational modeling perspective,

objected-oriented modeling becomes the conceptually natural approach to represent the

reactions classes and their objects.

Given the concept of the synthon S(A) and the isomerization process GT , reaction networks

can be generated. Important to note is that the isomeric reactions conserve mass (number of

atoms), charge and radicals when transforming educts into products.  As discussed in the

literature on mathematical chemistry, the basic reaction formula then becomes:

€ 

GT( )S(A) = S'(A)

i.e. the  application of the transformation GT on the graph S(A) produces the graph S’(A).  As

described by Ugi et al. (1993) there can now be two different types of reaction network

generation.  The first type assumes a given S(A) and asks the system to find all couples

(GT,S’(A)) that solve the equation under the provided boundary conditions.  The solutions are
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called b-solutions and are produced by reaction generators of the type RGB.  The second type

assumes a given chemical transformation GT and the systems need to find the couples

(S(A),S’(A)) (r-solutions) that solve the equation.  The reaction network generator is called a

type RGR.   Here, the algorithms are all of type RGB.

Before discussing the different RGB algorithms that are used here, we want to point out a

major difficulty that needs to be resolved when trying to simulate reactions on a computer.

Although the chemical transformations produce new synthons, the interest is in the different

molecules which they represent. Hence, every time a reaction produces a new synthon it has

to be decomposed into its molecular parts.  One important implication is that the system then

needs to recognize whether created molecules are isomorphic to the molecules already present

in the initial set.  This is important since we want to avoid molecule and reaction duplication.

To perform this task each created molecule is transformed into a canonical form and then a

comparison is possible. The algorithm used here is equivalent to the CANGEN algorithm (D.

Weininger, A. Weininger & Weininger J., 1989) defined in the context of the generation of

unique SMILES notations.  An example of this issue can be observed in Figure 1.  There two

molecules are visualized that have the same chemical formula but whose properties are

different.  These differences are due to the topological structure  of the molecular graph.  As

can be seen the system is able to generate both graphs and distinguish them to make a good

classification of the created molecules.

2.2. Network Generators

As argued by Ugi et al (1993), techniques for reaction network generation can be classified in

three major categories: empirical, semiformal and formal techniques. Empirical techniques

use directly the existing reaction databases in order to simulate molecules and reactions

Semiformal ones have a limited amount of creativity since they work with a small set of

mechanistic elementary reactions and have heuristics that guide them in their search.  Formal
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techniques are the most innovative techniques since they allow for the creation of unknown

reactions and molecules.  Hence, from a theoretical and practical perspective, the latter

category is the most interesting one since any form of  inorganic or organic chemistry can be

modeled.   Although these methods have this important benefit, they are rarely exploited due

to the combinatorial explosion of molecules and reactions. Here, the system falls mostly into

the category of semiformal methods.   Nevertheless, the issue of combinatorial explosion

remains.

In order to overcome this limitation different approaches can be taken.  Depending on the

particular chemistry, heuristics can be introduced that remove those reactions which are not

plausible.  Yet, this approach is problem dependent and therefore restricted.  Recently, a

problem independent approach  was proposed to limit the reaction mechanism by taking into

account the molecular concentrations that are produced by the kinetics of the generated

reaction network (Faulon & Sault, 2001).   It is argued that this technique is general enough to

be applicable to real processes and these claims were demonstrated in the context of thermal

cracking experiments. Moreover, the algorithms scale in polynomial time which is an

improvement over other methods that scale in exponential time.

To answer the question posed in the introduction, the chemical kinetics need to be modeled.

Hence the general technique proposed by Faulon et al. (2001) provides, next to a mechanism

to restrict the combinatorial problems inherent of semi-formal and formal techniques, also a

system that already combines node dynamics and meta-dynamics in one framework.  It was

therefore logical to follow on their footsteps in trying to answer our question.   We will focus

on two of the reaction network generators discussed in (Faulon & Sault, 2001) : The

deterministic-network-generator (DNG) and the MC-Gillespie-network-generator (MCNG).

For an in-depth discussion we refer to the description in the original paper.
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Directed bipartite graph Undirected substrate graph

Figure 4: The representation of a reaction network generated for hydrogen using DNG and the

reactions shown in Table 1.    The blue/numbered nodes represent the reaction objects produced by the

different reaction classes.  The other nodes represent the molecules. The relation between the

representation used for the molecules in the networks and real molecules is the following: H=H+,

*H=H, HH=H2, H.*H=H2
+, H.HH=H3

+ and *=e-   

The DNG generates all possible products that can be constructed from a given set of reactants

and the set of chemical transformation templates.  Hence the output is a network consisting of

all possible reaction objects and molecules. Concretely, the algorithm takes as input a set of

molecular species and tries first to determine all new molecular species that can be produced

using monomolecular and bimolecular reactions taking into account the constraints. The

constraints provide limits on, for instance, the number of atoms in a molecular species (N), on

the number of lone pairs or radicals per species (es) and the number of lone pairs or radicals

per atom (ep).  This new set is constructed in such a way that it cannot contain any species

from the set that is used to generate this next one.  The system also maintains a set of reaction

objects.  This set is updated each time a reaction can be performed and the reaction is not

already present in the previous reaction set.  Once this new set is produced, the next iteration

starts.  The algorithm ends when no new reaction objects can be produced.  The algorithm is

guaranteed to end since species have limited size i.e. the maximum amount of species is
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limited by the maximum-size constraints imposed on the elements.  The result of the DNG

algorithm is a reaction network which is a directed bipartite graph.  In Figure 4 (l.h.s), one

can observe an example of such a network that was generated using only hydrogen.  This

network consists of two kinds of nodes (molecule and reaction nodes).  In order to analyze

this kind of networks in terms of their physical properties, this graph is transformed into an

undirected substrate graph (Figure 4, r.h.s).   There are different approaches to determine the

sub-graph.  In this case we did not introduce the links between the reactants and the products

as in (Sole & Munteanu, 2004).  One can raise some questions about the loss of information

when changing from the bipartite graph to the substrate graph (compare for instance the

connectivity of node *H in both graphs).  Nevertheless, we will follow this conversion to

allow the comparison of our results with those presented in other publications.

Observing the network, one cannot determine whether all reactions are actually relevant.  The

system generates all possible reactions within certain structural limits.  To determine the

relevance, one needs to investigate whether they will actually occur in a chemical

environment.  One minimal condition for a reaction to occur is that the concentrations of the

reactants should be non-zero.  As argued, this classification of relevant and irrelevant

reactions can be performed through the introduction of the general purpose approach

proposed by Faulon and Sault (2001).  The idea behind this approach is that species with zero

(or low) concentrations can be removed since they have negligible effect on the final

distribution of products.

The concentration information is derived using Gillespie’s stochastic simulation algorithm

(Gillespie, 1977).  For details on the mechanism we refer to Gillespie’s article.  In general, the

idea of the stochastic algorithm is to determine when the next reaction will occur and what

reaction this will be.  At each iteration the algorithm returns the size of the next time step and

a reaction that occurs in that time step.  Given this information, the reaction is applied

producing changes in the amounts of the reactants (decrease) and products (increase).  The
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MCNG technique described in (Faulon & Sault, 2001) combines a reaction generator like

DNG with the stochastic simulation algorithm. MCNG performs the kinetic and meta-

dynamical simulation at the same time.    The concentration information is used to determine

which molecules are allowed to react at the next generation.

One extension was introduced to the MCNG algorithm. Originally the algorithm stopped

when the concentrations of the newly generated molecules did not increase.  As a

consequence, later changes in the concentrations (from zero to some particular positive value)

did not result in the generation of new reactions.  Here we allow every molecule that  receives

a non-zero concentration during any step of the simulation to generate new reactions.

3. SIMULATIONS

In this section, a number of experiments with DNG and the extended MCNG are discussed.

We show results for the DNG on the degree distributions, average degree, average shortest

path and mean clustering.  The experiments should provide information that will allow us to

suggest an answer to the question we highlighted in the introduction.

3.1. DNG: meta-dynamical simulation

Given the DNG simulation ideas, assume an (not completely realistic) experiment in the

context of interstellar chemistry.  In this experiment the set of molecular species consists of

only hydrogen and oxygen.  This restriction to two types of atoms is mostly the result of the

combinatorial nature of DNG. In the context of MCNG more different atoms will be

introduced. Moreover. the setup is equivalent to a modeling experiment discussed by Duley

and Williams (1984, chapter 7, p. 135-). In that context, the goal of the experiment was

twofold:  First one wanted to gain insight in the routes of molecule formation and destruction.

Second, one wanted to understand the physical conditions of the environment where the
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molecules are formed.  Here, it serves as an example to demonstrate the generation of a

reaction network with and without any influence of the kinetics on the topology of the

network.   From this example we adopted the initial set of molecules and their concentrations,

the reactions and reaction (Duley & Williams, 1984; p. 143):

Class Chemical class name Reaction template Rate k

G1 Cosmic ray ionization A + c.r. → A+ + e- 10-17 s-1

G2 H2 + c.r. → H2
+ + e- 10-17 s-1

G3 H2 + c.r. → H++H+ e- 10-19 s-1

G4 Ion-molecule exchange A+ + BC → AB+ + C 10-9 cm3 . s-1

G5 Charge rearrangement A+ + B → A + B+ 10-9 cm3 . s-1

G6 Dissociative recombination AB+ + e- → A + B 10-6 cm3 . s-1

G7 A+ + e- → A 10-11 cm3 . s-1

G8 Neutral reactions A + BC → AB + C 10-11 cm3 . s-1

G9 Photodissociation AB + hv → A + B 10-11 s-1

G10 H2 + hv → 2H 10-14 s-1

G11 Grain surface reaction H+H:g→ H2 +g 10-17 cm3 . s-1

Table 1:  Examples of reaction classes used in interstellar chemistry and their reaction rates.  The

column titled class refers to the different reaction graphs GT . (c.r.  = cosmic ray energy, hv =

electromagnetic radiation energy (photons)).

In Table 2, some preliminary results for some settings of the DNG are shown.  The settings

differ in the values for the parameters N and es since they determine the kind of elements that

can be produced by the DNG.  In Figure 6, one example of  a CRN is visualized.  This picture

should provide an idea about the complexity of the network.  Although the number and size

of the experiments is limited, it should provide a first impression about the characteristics of

the CRN generated by DNG.  One can observe that the CRN has a rather high mean degree

with a very short average path length.  Moreover, as is typical for biological networks, the

networks have a high mean clustering value.
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N es V E <K> <C> <L>

4 10 10 27 8.83 0.65 1.42

6 10 23 119 16.86 0.74 1.54

6 16 33 161 17.78 0.56 1.75

Table 2:  Network properties: N and es are the parameters which vary over the experiments and that

limit the DNG.  V= the number of vertices, E=the number of edges, <K>=the mean degree, <C>= the

mean clustering degree and <L>= average shortest path.
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Figure 6:  The CRN generated by DNG using hydrogen and oxygen as initial elements.  The constraint

for the particular network were N=6 and es=16.  Note the loops at some of the elements.  These loops

refer to reactions where the reactants are the same as the products.

The results in this table also seem to correspond to results obtained by Solé and Munteneau

(2004) in their analysis of the CRN for Mars, Venus and the interstellar medium (ISM) using

the UMIST database (Le Teuff et al., 2000).  Although we observe similarities, further

experiments need to be conducted to verify such a claim.  Moreover, some extra calculations

on assortativity and modularity need to be performed to complete the comparison.  In Figure

7, the cumulative degree distributions are visualized for both experiments in log-log and log-

linear scales.  One can immediately observe that neither experiment produces a scale-free

topology.  This result was expected based on the observations made by Solé and Munteneau

(2004).

This limited amount of experiments should provide initial information on what to expect of

the network when generated by a DNG.  Further experiments are currently conducted in this

area but are not essential for the topic of this article.  Now we would like to know what the

impact will be of the kinetics of the structure of the network.  These experiments are

performed in the following section.

3.2. Extended MCNG: co-evolution of node- and meta-dynamics

We perform the same experiment as done for DNG  in the extended MCNG context. To do

this, we introduce some information required for the simulation of the kinetics. Since the

experiment is started with H and O, we need some initial density information on these

molecules.   We adopted from (Duley and Williams, 1984) the situation where the particle

density n=1000 cm-3 and the density of O, n(O)=0.44 cm-3.  Furthermore, it is assumed that

n=n(H)+2n(H2). This conservation equation specifies that the particle density is the same as
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the density of H in one cm3.  Given this equation, we can determine that H has initially a

density n(H)=1000 cm-3 since there are no H2 molecules.  Note that the conservation equation

is not completely correct since other molecules can contain H.  Yet for this artificial setup we

N=6 and es=10 N=6 and es=16

Figure 7:  The cumulative degree distribution Pcum(k) for two experiments in log-log (upper panels)

and log-linear (lower panels) scales.

assume this simplification.  Some extra parameters are also required for the kinetic

simulation: (1) the number of iterations that will be performed by the Gillespie algorithm

(Mc)  and (2) the number of particles (Mp) that will be used to simulate the kinetics. The

initial values for these parameters are Mc=10000 and Mp=10000.  The influence of Mp on

the simulation is that too few particles can result in the disappearance of certain initial

elements.   The value of Mc should also not be to small since low-rate reactions will only
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appear once or twice in Mp iterations.   In Figure 8 the CRN resulting from this experiment is

shown.

Figure 8:  The CRN generated by the extended MCNG using hydrogen and oxygen as initial elements.

The settings for this particular experiment were N=6, es=10, Mp=Mc=10000, n(H)=1000 cm-3 and

n(O)=0.44 cm-3.

As immediately can be observed, introducing kinetics as a mechanism to guide the CRN

generation immediately reduces the complexity of the topology of the network.  Hence,

MCNG, performs the job it was expected to do in (Faulon & Sault, 2001).  Moreover, the

resulting network will be closer to reality since it considers only the reactions relevant for the

particular chemistry.  For now no thermo dynamical or other factors were introduced to keep

things simple.  Yet the extension of the current framework with this kind of information will

provide even more meaningful results.

Another observation that can be made is that the network contains a number of “unfinished”

nodes e.g. *O (=O+), *OO(=O2
+), *OOO*(=O3), …  These nodes are unfinished in the sense

that the reaction object that produces them was created by the extended MCNG but not used

within the stochastic simulation.  Using the reaction object would mean that these nodes will

get a non-zero concentration value and will be allowed to generate new reactions where they

now act as reactants instead of products.  This effect will influence certain aspects of the
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physical properties of the network.  In Table 3, the results are shown for two experiments that

were performed with the framework.

A V E <K> <C> <L>

{O,H} 14 28 8.00 0.40 1.96

{O,H,C,N} 44 117 16.71 0.31 2.50

Table 3:  Network properties: A defines the set of initial atoms used to create the molecules and

synthons.  V= the number of vertices, E=the number of edges, <K>=the mean degree, <C>= the mean

clustering degree and <L>= average shortest path.

As can be seen in that table, the average clustering coefficient and the average path length

increase in comparison to the results listed in Table 2.
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Figure 9:  The CRN generated by the extended MCNG using hydrogen, oxygen, carbon and nitrogen

as initial elements.  The settings for this particular experiment were N=6, es=10, Mp=Mc=10000,

n(H)=1000 cm-3, n(O)=0.5 cm-3, n(C)=0.5 cm-3 and n(N)=0.5 cm-3

The second entry in the Table lists the statistics on an experiment with four atomic types.  In

that experiments the initial concentrations were selected based on the assumption that

interstellar mediums contain significantly more hydrogen that oxygen, carbon or nitrogen. We

made no assumptions about the latter three atomic elements.  The resulting network is

visualized in Figure 9.  The same topological properties can again be observed.

{O,H} {O,H,C,N}

Figure 10:  The cumulative degree distribution Pcum(k) for the two experiments in log-log (upper

panels) and log-linear (lower panels) scales.

In Figure 10, the different cumulative degree distributions for the two experiments are shown.

When comparing them to the plots in Figure 7, one can observe that the distributions are a bit
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different.  These differences are a consequence of the fact that in the DNG case all possible

reaction objects are created.  In the extended MCNG experiments only those reactions are

added of which the reactants had a non-zero concentration at a certain iteration of the

stochastic simulation algorithm.  We will come back to these differences in the discussion.

4. DISCUSSION

In the introduction of the work, we formulated as research problem the following question:

How do the node- and meta-dynamics cooperatively shape the topology of a CRN?  In the

previous section, a number of experiments were performed which might help in answering

this question.

The first part of the question asks about the role of the node-dynamics on the CRN.  The first

thing that was noticed, is that the introduction of kinetics, as a heuristic for the addition of

reaction objects to the CRN, produces a more compact network than without it.  This result

was expected since it is the entire objective of the MCNG algorithm (Faulon & Sault, 2001).

Moreover, the extended MCNG produces more realistic results.  Since in realistic

circumstances only the products of reactions can be observed.  A second observation is that

the node-dynamics have an influence on the average clustering coefficient <C> and average

path length <L>  of the network.  Both <L> and <C> decrease because not all possible

reaction objects are included in the network.  The node-dynamics also seem to have an

influence on the degree distribution. We will go deeper into this a bit further down this

section.

The second part of the question, asks about the role of the meta-dynamics on the kinetics.  In

the stochastic simulation algorithm some form of roulette-wheel selection is used to
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determine which reaction will occur in a certain time interval.  The probability of being

selected depends in the first place on the presence of the reaction object in the network.

Hence, different dynamics will be observed if the stochastic simulation is performed on the

network produced by the DNG, or on the network that incrementally generated in the

extended MCNG algorithm. It is in this way that the network plays it role in the co-evolution

between node- and meta-dynamics.

With respect to the physical properties of the networks, we can observe that scale-free

networks do not appear.  This is more or less confirmed by the analysis of Solé and Munteanu

(2004) on the CRN of Mars, Venus, and the ISM.  The question then becomes how to produce

the CRN that they observed for Earth.  Further analysis is underway to examine how closely

these generated networks reproduce the results obtained by observation.  What can be

observed with these experiments is that there is nonetheless a difference between the degree

distributions in Figure 7 and 10.  The difference is that in the latter the distributions have a

long tail, which is not the case for those in Figure 7.  This long tail is an indication for the

presence of hubs.   In Figure 11, the difference is visualized.  The plots in the top panel

correspond to the (non-cumulative) degree distributions for the experiments conducted with

DNG.  The plots in the bottom panel refer to the (non-cumulative) degree distributions for the

experiments with the extended MCNG.  The difference can be observed very clearly.
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Figure 10:  The (non-cumulative) degree distribution P(k) for the two experiments with DNG (upper

panels) and extended MCNG (lower panels).  All plots are in log-log scales.

The difference is the result in a difference in the growth process of the network.  In the first

case all possible reactions are added to the network for all allowed (according to the

constraints) molecules.  Hence the growth process, keeps on trying until it doesn’t find any

new possibilities.  In case of the extended MCNG, growth occurs according to the

concentrations of the molecules.  As a result, those molecules with high concentrations will

(1) be allowed to react with other molecules more often and hence remain longer in the set of

chemically relevant elements and (2) since they remain in that set, they increase their

connectivity to other molecules more quickly than other molecules when newly generated

elements are added to the CRN.  This chemical interpretation of the rich get richer changes a

bit the rules for network construction.  According to the current model it’s the nodes which

are already in the network and their properties (concentration) that determine which other

nodes will be added.  Since these nodes decide, their degree increases.  Thus it is not the node

coming into the network that will pick a node to connect with, it is the nodes already in the

network that decided based on the properties of the system (the chemical environment and

reactions) which node can join the network and with whom it will be connected.  We are

currently considering an abstract model in the spirit of the Barabási-Albert model which

captures this reversed perspective.
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