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ANALYSIS OF THE MULTIPLANE METHOD FOR STOCHASTIC
SIMULATIONS OF REACTION NETWORKS WITH
FLUCTUATIONS*
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Abstract. Chemical reaction networks are commonly modeled by rate equations, which are
systems of ordinary differential equations describing the evolution of species concentrations. Such
models break down at low concentrations, where stochastic effects become dominant. Instead, one
has to solve the master equation that governs the multidimensional probability distribution of particle
populations. For large networks such an approach is often computationally prohibitive due to the
exponential dependence of the number of states on the number of components. The multiplane
method is a dimension reduction technique that exploits the structure of the network to derive
approximate dynamics for the marginal distributions of pairs of coreacting species. This method was
introduced in [A. Lipshtat and O. Biham, Phys. Rev. Lett., 93 (2004), 170601] as an uncontrolled
approximation for specific examples in the context of interstellar chemical reactions. In this paper
we formalize the method and prove that it is asymptotically exact in the two extreme limits of small
and large population sizes. Our analysis concentrates on steady-state conditions, although numerical
simulations indicate that the method is equally well applicable to time-dependent solutions. This
analysis partially explains the surprisingly high accuracy of the method.
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1. Introduction. Reaction networks are a modeling framework used in many
branches of science, such as chemical reactions, molecular genetics, and population
dynamics. A reaction network can be represented as a directed hypergraph, where
the nodes represent the various species and the hyperedges represent the reactions. A
directed hyperedge connects a set of source nodes—the reactants—to a set of target
nodes—the products. Each reaction has a number associated with it—a rate constant.
The semantics of such networks vary between applications. Most commonly, reaction
networks are interpreted as rate equations, which are systems of ordinary differen-
tial equations that govern the evolution of species concentrations. Rate equations
are accurate in situations where the population sizes of the various species are large,
and stochastic effects are therefore negligible. Rate equations, however, become in-
appropriate in situations where the typical population size of one or more species is
of order one or less. In such situations, reaction networks are usually interpreted as
continuous-time Markov processes, where transitions between states occur at random
times, and in every such event a single reaction occurs.

While sample paths of continuous-time Markov processes can be easily simulated
on a computer, the inference of their statistical properties (e.g., the prediction of mean
populations or mean reaction rates) requires the solution of a master equation, which
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is an infinite-dimensional linear differential system that governs the evolution of the
joint probability density of species populations. Even if this system is truncated into
a finite-dimensional one, its dimension can remain very large, especially when the
number of reacting species is large; the number of states is exponential in the number
of species. This “explosion of states” over the years has motivated the development of
numerous analytical and computational methods to approximate the solution of the
master equation by the solution of a lower-dimensional equation. In certain cases, e.g.,
when an explicit separation of scales is identified, the lower-dimensional approximation
can be justified rigorously and error bounds can be provided. In most situations,
however, the approximation is “uncontrolled” and justified a posteriori by numerical
experiments; see [10] for a review of dimension reduction techniques in similar and
other contexts.

It should be noted that in many cases the master equation is not used directly due
to its complexity. Instead, stochastic realizations are performed following the Gillespie
algorithm [9]. This approach is used, for example, by Charnley [6] in the context of
interstellar reactions. Other attempts to reduce the complexity of the system is the use
of moment equations. There the issue is the derivation of suitable closure relations.
For example, in order to close the equations at the level of second moments, it is
necessary to express the third moment in terms of the first two moments. Examples
for such closure relations can be found in [18, 11].

In [17, 1] an approximation method was proposed and applied to chemical net-
works associated with interstellar gas and dust. In interstellar clouds, certain chemical
reactions occur on the surface of microscopic dust grains [13]. When the grains are
very small, the mean populations of some reactive species are often less than one
atom/molecule per grain, which renders the use of rate equations inappropriate [7, 5].
On larger grains, mean populations are intermediate in size, often not large enough
to justify the use of the rate equations, and yet sufficiently large to render the trun-
cated master equation of too high dimension to be solved by direct methods [20].
The approximation method developed in [17] relies on the premise that species that
do not directly interact are in some sense conditionally independent so that lower-
dimensional master equations can be derived for marginal distributions of subsets of
interacting species. This approximation, which was named the multiplane method,
was applied to a number of model systems. In [17, 1] the multiplane method reduces
the multivariate master equation into a set of coupled equations for the marginal dis-
tributions of population sizes within maximal cliques of interacting species. In the
present paper, the method is simplified even further, resulting in a set of equations
for the marginal distributions of only pairs of coreacting species. This new formu-
lation yields an approximation method that is more efficient and does not depend
on the structure of the reaction network (e.g., does not require the network to be
sparse).

The multiplane method was tested for a number of specific networks and was
found to provide approximations of surprisingly high accuracy over a large range of
parameters comprising both small and large grains. The main goal of the present
paper is to elucidate the reasons for this success. Our main finding is that the multi-
plane method is asymptotically exact both in the limit of very small grains and in the
limit of very large grains. More precisely, let r;; denote the mean rate of a reaction
that takes as reactants species X; and X, and let #;; denote the mean reaction rate
predicted by the multiplane method; both exact and approximate rates depend on
the size s of the grain. We find that the relative error of the multiplane method has
the following two-sided asymptotic behavior:
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(1.1) Tij — Tij _ O(S), s 1,
ng 0(1/8)7 s> 1.

It should be noted that each of these limits admits a relatively simple solution—
rate equations are valid in the large grain limit, whereas a low-dimensional truncated
master equation is valid in the small grain limit. The virtue of the multiplane method
is that it “interpolates” between these two limiting regimes in which it is exact. We
believe that it is this property that makes it relatively accurate even in intermediate
regimes, where no analytical justification can be provided. Our asymptotic analysis
concentrates on steady-state conditions; numerical evidence indicates that the method
applies equally well to time-dependent situations.

The structure of this paper is as follows: In section 2 we define chemical networks
and formulate the corresponding master equation. In section 3 we describe the multi-
plane method as a general algorithm. In section 4 we show in detail how to apply the
multiplane method to a particular low-dimensional system and assess its accuracy by
a numerical solution of both exact and approximate equations. In sections 5 and 6 we
analyze the multiplane method in the limits of small and large grain size, respectively.
In particular, we estimate the error for the predicted mean reaction rates and derive
the two-sided asymptotic behavior (1.1). A numerical test supporting our analysis is
reported in section 7. A discussion concludes this paper in section 8.

2. Chemical reaction networks. Consider a chemical network of M species,
X = {X;}}M,, and K reactions, R = {R;}/,. Every reaction R; involves a set of
reactants and a set of products. A reaction network can be represented graphically
as a directed hypergraph. The nodes in the graph are the species X; there is one
node per species. The hyperedges in the graph represent the reactions. The jth
hyperedge connects a set of source nodes—the reactants—to a set of target nodes—
the products. This chemical network is supplemented by influxes (e.g., due to the
adsorption of molecules onto a surface), which are graphically represented as inward
arrows, and by effluxes (e.g., due to the desorption of molecules from a surface), which
are graphically represented as outward arrows.

Ezxample. An example of such a network is depicted in Figure 2.1. The network
involves five species, denoted by X = {X1,..., X5}. All species have outgoing fluxes,
whereas only the species X7, X2, X3 have incoming fluxes. There are two reactions:

Ri: X1+ Xy — Xy, ie., reactants = {X1, Xo}, products = { X} ;
Ry : X1+ X3 — X5, ie., reactants = {X1, X3}, products = {X5}.

Each reaction R; has a rate constant a; associated with it; the reaction rate is the
product of the rate constant and the population sizes of its reactants (i.e., reaction
rates depend combinatorially on the abundance of reactants). In addition, every
species has an influx rate f; and an efflux/desorption rate constant w;; the efflux
of a species is the product of this constant and its population size. This chemical
network is assumed to be governed by a Markov birth-and-death process, that is,
a continuous-time Markov process in which single reactions occur at exponentially
distributed random times with rates dictated by the state of the system. Such random
events may either be the addition of a single molecule, the removal of a single molecule,
or a chemical reaction (see, e.g., Gardiner [8]).

General formulations tend to require tedious notation. Here we will restrict our-
selves to binary reactions: every reaction involves two reactants (which may be of the
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Fic. 2.1. A hypergraph representing a model chemical network. The network involves five
species, X1, Xo, X3, X4, and X5, and two reactions, X1 + Xo — X4 and X1 + X3 — X5.

same species) and one product. The list of reactions R can therefore be represented
as a list of triplets:

(i,7,k) € R means that reaction X; + X; — X}, occurs.

We will denote the rate constant of the reaction (i, j,k) by a;;; the reasons for the
omission of the index k are that the reactants uniquely define the product and that
the reaction rate depends only on the abundance of reactant molecules.

Networks of binary reactions can be endowed with another graph structure. The
set of nodes remains the set of species, X. An undirected edge E;; connects the
nodes X; and X; if these species coreact, i.e., if there exists a product X} such
that (4,7, k) € R. For reactions (4,4, k) involving two reacting molecules of the same
species, no edge is drawn. We denote the set of edges by € and will henceforth call
the resulting undirected graph, (X, &), the reaction network graph.

Ezample. For the network of Figure 2.1 there are only two edges: & = {FE12, E13}.

Let the population size of the ith species be denoted by N;. The vector of pop-
ulation sizes N = (Ny,..., Njs) is a stochastic (Markov) process in continuous time.
Furthermore, let P(n) = P(ni,...,num), n; > 0, be the multivariate probability
distribution of the population sizes, generally a function of time.

We introduce increment and decrement operators: for functions g = g(n) we
define

(ng)(m,...,nM) =g(ni,...,n; £1,...,npn).

If n; = 0, then the decrement operator yields zero. With a slight abuse of notation,
we denote, for example, by Sj (n;g) the function

n— (n;+1)gny,...,n;+1,...,na).

Using this abbreviated notation, the master equation for the joint distribution
P(n) takes the form
(2.1)

% = Z fi (S;—I)P-ﬁ- Z wl(S;r—I)(an)—i— Z a”(S;rS;rS,;—I)(nmJP)

X,eX X;eX (i,4,k)ER

The first term on the right-hand side of (2.1) represents the influx of molecules,
the second term represents desorption, and the third term represents the chemical
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reactions. Note that P(n) grows if before the reaction each reactant had a population
size greater by one, and each product had a population size smaller by one. For
reactions (2,4, k) where the two reactants are of the same species, the reaction term
has to be modified into

aii(sjsj_s]g_ — I)(n;(n;

—1)P).

The master equation (2.1) is a linear evolution equation on the infinite-dimen-
sional discrete space, NM. The stationary distribution of this process is the solution
of (2.1) with the left-hand side equal to zero; averages with respect to the stationary
distribution are denoted by (). The rate of the (4,7, k) reaction at steady state is
given by

rij = aij(NiNj).
If © = j, the reaction rate at steady state is
i = aii (Ni(N; — 1)).

Example. Consider again the network shown in Figure 2.1. In this case we have
M = 5 species and K = 2 reactions, given by

X1 +X24>X4 and Xl +X34>X5.

The master equation (2.1) for P = P(nq,...,ns5) is

dP 3 5
S RS DP Y S DneP)
i=1 i=1
+ alg(SerjS; — I)(nlngp) + a13(SfS§rS57 — I)(nlngP)

Since the species X4 and X5 are only end products, they can be eliminated from
the model by summing up the master equation over all possible values of ny and ns
(taking a partial trace). The reduced master equation for P = P(ny,ng,ng) is

P & ¢
= 2 (87 = DP Y wi(S] —D(niP)
i=1 i=1

+ alg(SfS; - I)(nlngP) + a13(STS§r — I)(nlngP).

(2.2)

We are interested in chemical reactions that occur in adsorption sites on surfaces.
An important parameter is the area of the surface, s (in interstellar chemistry s is the
surface area of the dust grain). Small grains imply weaker influxes of particles and
faster kinetics, as two atoms that diffuse on the grain surface have a higher collision
rate. Specifically, the influxes f; are directly proportional to s, whereas the reaction
rates a;; are inversely proportional to s. The rate of desorption, wy, is, on the other
hand, independent of the grain size.

Except for very simple situations [12, 3, 4], the master equation cannot be solved
analytically, and numerical solutions are needed. The infinite-dimensional master
equation is then truncated into a finite-dimensional system. To get meaningful results,
the truncation has to be performed at values of n; large compared to typical population
sizes. For large networks, a numerical solution can still be impractical, as the system
size is exponential in the number of species. This is precisely the motivation for
approximation methods such as the one described in the next section.
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3. The multiplane method. Consider a reaction network of the type discussed
in the previous section, where every reaction (i, j, k) € R involves two reactants, X;
and X;, and one product, Xj. Such a network is represented by a reaction network
graph, (X, &), where E;; € € if X; and X, coreact. |€| denotes the number of edges
in the graph; note that it can differ from the total number of reactions, |R|, since
reactions where the two reactants are of the same species are not included in €. For
every E;; € & we denote by F;; the marginal distribution:

P;j(n1,n2) = Prob(N; = nq, N; = ng).

The multiplane method replaces the master equation (2.1) by |€| coupled master
equations whose solutions approximate the marginal distributions P;;, E;; € €, asso-
ciated with all pairs of coreacting species. The rationale behind the method is that
the multivariate distribution of population sizes is captured, to a large extent, by the
pairwise marginal distributions of coreacting species. The method is intended only
to approximate the marginal distributions of pairs of coreacting species; i.e., it is not
expected to yield accurate predictions for, say, a moment (N;N;) for E;; ¢ €.

We denote by C;; = {X;,X,}, Ei; € &, the pairs of reacting species and by
Qij = Qij(ni,n;) the distribution that approximate the marginal distribution P;; of
the population sizes in C;;. Note that if a species X; reacts with more than one
species, X, Xk, ..., then the approximate distributions @;;, Qik, ... induce marginal
distributions on the population size of X;, but these marginals are not a priori re-
quired to coincide. Mathematically, this means that we have generated several distinct
replicas of Xj;.

For every F;; € £, the approximate master equation for @Q);; is derived as follows:
We start with the master equation (2.1) and take its trace over all species X, ¢ C;;.
When taking a partial trace over the reaction terms, we need to distinguish between
various cases, depending on whether one or two of the species involved are in C;, and
within each case to distinguish between the reactants and the product. The only case
that cancels upon summation is where all three species are not in C;;. The resulting
equation for P;; is

(3.1)
dPij
dt

= fi (S; = D)Pyj + [ (S7 = D) Pij +wi(S; — I)(ni Pij) + w; (S} — I)(n; Pyj)
+aii(S;7 S — I)(nin; Pij)
+ Y a( S = DiNnen, Pij) + Y ae(SF = D (Ni)n, m, Pij)

(i,4,m)ER (4,6, m)ER

+ Y (S = D(iNon,m, Pig) + Y aje(S) Sy = D (Ne)n,n, Pij)
(i,4,j)eER (4,£4i)ER

+ Z are(S; — D((NkNe)n; n; Pij) + Z are(S; — I)((NkNeyn, n,; Pij),
(kL ))ER (k,L,J)ER

where the various summations over k, ¢, m are over species not in C;;. The last four
lines represent reaction terms: the first line is for the reaction involving X; and X
as reactants; the second line represents reactions where either X; or Xj is a reactant
and neither is a product; the third line represents reactions where X; is a reactant
and X; a product, and vice versa; the fourth line represents reactions where either
X; or Xj is a product and neither is a reactant.
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The |€| master equations (3.1) do not form a closed system because they contain
expressions such as

<NZ>ni,nj and <NkNZ>n.;,nj7

which are moments of population sizes of species not in C};, conditional on the state
of the population sizes in C;;. That is,

an’X7"¢Cij e P(n) an,XmQCij TR P(n)
Enm,xm¢ci]‘ P(n) an»Xm¢Cij P(n) ’

which requires the knowledge of the full multivariate distribution P.

Note that in the expressions 1x(Ng)n, n,, the species X € Cy; and X, ¢ C;
coreact, which means that FEy, € €. The multiplane method consists of the following
approximation:

<N8>n7¢,nj = and <NkN£>ni,nj =

(3.2) AN nin; = 16 (Ne)reny, and (NkNe)n;n; = (NeNe)re,

where averages (-)¢ are with respect to the marginal distribution Pys, and conditional
averages (-)ren, are averages with respect to Pye conditioned on N = ng. We
thus obtain a closed system of equations for the |€| marginal distributions. The
approximate marginal distributions @;; satisfy the equation

(3.3)
dQi;
dt

=i (57 = DQij + £ (S;7 — DQuj + wi(S;F — I)(niQuj) + w; (S — I)(n;Qi5)
+ aij(S;r‘S'j+ — I)(nin;Qij)
+ Z aie(S; = I)(ni(Nedion, Qiz) + Z aje(S} — I)(nj(Ne) jen; Qig)

(i,@,m)ER (j,f,m)ER
+ Y ailSS = Di(Neien, Qi)+ > aje(SFS7 = D1 (Ne)jem, Qis)
(i,,j)ER (4.4,1)ER
+ Z are(S; — I)((NeNo)reQij) + Z are(S; — (NN keQij ),
(k,Li)ER (k.Lj)ER
where
(3.4)
Do, Qe (N, )
(NeDhom, = 20 and  (NeNobwe = Y npneQue(np, ne).

> n, Qre(ni, me)

Nk ,Me

This system of |€| bivariate master equations is coupled through the conditional mo-
ments (3.4). Note that unlike the original master equation, the multiplane equations
(3.3) are nonlinear.

Consider a situation where there are M species and the typical population size of
each species is (N). In such a case, the truncated master equation is a linear system
of size (N)Y™. The number of binary reactions |€| is at most M(M — 1)/2. The
multiplane method yields a nonlinear system of dimension

E1(N)?,

which for large M is significantly smaller than (N)M, even in the extreme case of
|E|=M(M —1)/2.
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Ezample. For the network in Figure 2.1 with the end products X4, X5 eliminated,
€ = {E12, F13}, Q12(n1,n2), and Q13(n1,n3) satisfy
d _ _
12 (ST~ 1)Qus 2 (S5 — D@
+ wl(SlJr — I) (n1Q12) + wQ(S;r — I)(nngg)
+ a12(S7 S5 — I)(n1n2Q12) + ai3(Sy — I)(my (N3)13.,, Q12),

dil?tm = (ST —DQizs+ f3(S35 —1)Q13
+ w1 (S{ = I)(n1Q13) + w3 (S5 — I)(n3Q13)
+ai3(S7 85 — I)(ninaQuz) + ar2(Sy — I)(n1 (Na)yy,,, Qua),
where
(N, = T DIOT) g, ,, = T2,

> ny @13(n1,m3) Do, Qi2(n1,n2)

We expect this approximation to yield accurate estimates for moments such as
<N1> ) <N2> ) <N3> 3 <N1N2> 5 <N1N3>
but not for, say, (NaN3).

4. A numerical example. To get better insight into the multiplane method,
consider once again the network of Figure 2.1 with the end products X, and X5
eliminated. The infinite-dimensional master equation can be turned into a finite-
dimensional one by truncating the distribution at a certain population size. To obtain
a particularly low-dimensional system, we truncate the distribution at n = 1; i.e.,
every one of the three species exists in either zero or one copy. Thus, the only allowed
states are (0,0,0), (1,0,0), (0,1,0), (0,0,1), (1,1,0), (1,0,1), (0,1,1), and (1,1,1).
This eight-state Markov process is depicted in Figure 4.1.

Ordering the states by their binary representation, the master equation takes the
form

P

— =RP.
dt

)

(4.1)

where the rate matriz is

wy a3 aiz 0
0 w1 0 a2
0 0 w1 ai13
0 0 0 w
f1 0 0 0 * w3 w9 0
fz x 0 w
for 0 % ws
0

fo f3 x

The diagonal entries of R, which we represent by *, make each column sum up to
zero. Taking an arbitrary choice of parameters,

0 0 0 fi

f1:17 f2:2; 3:37
w1:4, 1U2=5, ’LU3=6,
a2 =17, a3 =8,
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Fic. 4.1. Graphical representation of the Markov process obtained by truncating the population
size of each reactive species at N = 1.

N LT
\ / \ /
(1) (1)

F1a. 4.2. Graphical representation of the two reduced Markov processes obtained by applying
the multiplane method to the Markov process of Figure 4.1.

(4.1) has the following stationary distribution:

0,0,0 0.4385
0,0,1 0.2032
0,1,0 0.1615
plOLL| _|00762
1,0,0 0.0739
1,0,1 0.0227
1,1,0 0.0181
11,1 0.0059

In contrast, the multiplane method introduces the two Markov processes depicted
in Figure 4.2. The network on the left represents C12 = {X1, X5}, and the network
on the right represents C13 = {X1, X3}. As above, solid edges represent reactions;
the dashed edges represent reactions whose rates involve average population sizes with
respect to the other network.

The two reduced master equations,

dQ12
dt

dQ13
dt

=Ri2Q12 and = Ri3Q13,
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have rate matrices

*  wy wi+a13(N3)iz1 a1z

Rip = ;i 8 2 Z;
0 h f2 *
and
* w3z wi+ai2(No)iz1 a3
Ryz3 = ﬁ) 8 2 z; '
0 hf I3 *
where
12(1,1
(Na2)12,1 = Q12(1%) i Q1)2(1, ik
(No)1s1 — @Q13(1, 1)

Q13(1,0) + @13(1,1)°

This nonlinear system can be solved, for example, iteratively. The stationary distri-
butions are

0,0 0.6438 0,0 0.6016
0,1 [0.2324 0,1] [0.2754
Q2 170 = | 0.0972 and @iz | 7o [ = | 0.0924
1,1 0.0267 1,1 0.0307

b

Note, in particular, that the marginal distribution of X is not the same in the two
subsystems. The exact marginal distributions of C'15 and C13 are

0,0 0.6416 0,0 0.6000
0,1] [o0.2377 0,1] [0.2793
Prz 1,0] — |0.0967 and - Pi3 1,0 | — |0.0921
1,1 0.0240 1,1 0.0286

)

The agreement between the two procedures is surprisingly good. The Kullback—
Leibler (KL) divergence between the approximate and exact marginal distributions
is

KL[ng‘Plg] =2.08 x 1074 and KL[Q13|P13] =1.06 x 1074.

The total variation (TV) distance, on the other hand, is of order 0.01, which is
excellent, given that all the parameters are O(1).

As will be shown below, this truncated Markov process provides an excellent
approximation in the limit of small grain size. We set the grain size to be s = ¢
and take f; — ef; and a;; — a,j/€ (the reaction rates are proportional to the mean
sweeping time of the grain’s surface by a diffusing atom). In such situations, the mean
population sizes are of the order O(¢). Numerical tests show that the TV distances
between Pis, P13 and ()12, Q13 scale like 0(62). The predicted reaction rates show a
relative error that is O(e) (see Figure 4.3). The reason for this asymptotic convergence
will be clarified in the next section.
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o <N‘N2>
x <N N>

Relative errors

Fic. 4.3. Numerical results for the model problem of Figure 4.1: comparison between the full
master equation and the multiplane method. Relative errors in the prediction of the correlations
(N1N2) (circles) and (N1N3) (crosses) versus the grain size s. The relative errors decay propor-
tionally to the grain size.

5. Asymptotic analysis for small grains. We now turn to analyze the accu-
racy of the multiplane method in two limits. In this section we treat the limit of small
grain size, whereas the limit of large grain size is treated in the next section. The
limit of small grains is imposed by setting f; — €f; and a;; — a;; /€, where s = € < 1
is the size of the grain. That is, influxes are very weak and reactions are very fast;
hence, as will be shown, mean population sizes are O(e).

The numerical tests in the previous section suggest that the multiplane method
yields approximations with relative errors that are O(¢). Note that we are interested
only in relative errors since the s — 0 limit is trivial—the limiting distribution is
concentrated at the empty state—hence all absolute errors tend to zero.

At steady state the master equation takes the form
(5.1)

O=e > fi(S;-DP+ ) wi(Sf—I)(niP)Jr% Y. aii(SFSS S, —I)(ning P),

X;eX X;eX (i,5,k)ER
whereas the multiplane model consists of the coupled system

(5.2)
0= efi (ST = 1)Quj +€f (S = DQiy + wil ST = N(miQiy) + w5 (S — D(n; Q)
+ %(Sjsj — I)(nin;Qij)

+ Y S - DN Qi)+ S S = Dy (N e, Q)

(i,6,m)ER (4,6, m)ER

(27 — g _
+ 0y ?(S;_Sj = D(ni(Nitm, Qij) + > %(S;_Si — 1) (1 (Ne)jen; Qij)
(i.4,7)ER (4£1)ER

a _ a _
D ST - DUNKNDR Qi)+ Y (S = DUNeN) keQi)
(k,,i)ER (k,t,j)ER
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for all E;; € €, where

>y Qe (1, me)
> n, Qre(ng, ne)

(Ne)keny, = and  (NeNodge = > meneQre(ng, me).

Ng,Me

5.1. Expansion of the full master equation. To investigate the asymptotic
behavior of the solution to (5.1) as e — 0, we formally expand the stationary solution
in powers of e:

P(n)=PO(n)+ePDn)+ PP (n)+--- .

We then substitute this expansion into (5.1) and equate terms of the same power of
€. The result is a hierarchy of equations:

0= Z (J,U(S;LS;FSIZ - I)(nij(O)),

(i,5,k)ER
0= Y wi(SF —DmP)+ > ay(SFSS S, — D(nim; PY),
X, eX (i,5,k)ER
0= " £i(S; =DPO+ > wi(S} —I)(n;PW)
X,eX X;eX
+ Y ai(S7SFS, — D(nin PO),
(i,4,k)ER

and so on.

The first set of equations in the hierarchy consists only of reaction terms. For
every state o we sum up this equation for all n below it (lexicographically), yielding,
for all (i,5,k) € R,

SF 8T8, (nin; P0) =0,
or
PO (n)=0 if there exist n;,n; > 0 such that E;; € €.

The second set of equations in the hierarchy consists of both desorption and
reaction terms. Here again, partial summation up to every n yields, for every X,

S (niP?) =0,
ie.,
PO(n)=0 for all n # 0.
Moreover, for all (4,7, k) € R,
SFSFS, (nin;PW) =0
or

PD(n)=0 if there exist n;,n; > 0 such that E;; € €.
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Thus, the only entry of P(9) that does not vanish is P(?)(0), which by normalization
is equal to one:

(5.3) P(O)(n) _ 1 forn =0,
0 forn #0.

We proceed with the third set of equations in the hierarchy, which now includes
influxes as well. It is easy to see that

PY(m)=0  for |n|>1,
PP (n)=0 if there exist n;,n; > 0 such that E;; € €,

where |n| =mny + -+ 4+ nys is the total population size. The fact that the probability
of finding a pair of reacting molecules is at most O(e3) is not surprising. Without
reactions, the probability of any population size of two or more is O(€?). Since the
reaction rates scale like 1/¢, it follows that the probability of finding a pair of reacting
species is (at least) by a factor of € lower than in the absence of reactions.

The only nonvanishing equations at this level in the hierarchy yield

f for |n| =1, n; =1,
w;
M
(54) P(l)(n) = — Z & fOI‘ n = 07
Ny wj
j=1
0 for |n| > 1.

We then take the fourth set of equations in the hierarchy, namely,

0= > £(S;-DPY+ Y " wi(SF-D)(miPP)+ > ai(S;F 8} S; —I)(nin; PP).

X.€X XX (i, k)ER

By now, it is clear that the distribution for a given n scales at most like € to the
power of |n|. The entries of P for two-particle states are given by

1 7 f
L4 for|n|=2,n=n=1, Ej¢&,

w; + w;

Wy w;
(5.5) PP (n)={ 2
21:}12 for |n|=2,n; =2, a; ¢ &,
0 for [n|=2,n, =n; =1, E;; € €,

whereas the entries of P(?) for the one-particle states |n| = 1, n; = 1 are given by
i ; wj/w; 2 f?

RO ZL S5+ 2+ >y wifwi (7T
Wi\ Xjex Wi wy X,€X Wi Eee Wi WI\ Wi W

By normalization, we may then extract P((0).
Finally, given a reaction (i, 7, k) € R, we set |n| =1, nx =1 to find

. i 1
(5.6) P®(n) = fifi (w + > for |In|=2,n,=n; =1, E;; € €.

Qij W

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



976 BARUCH BARZEL, OFER BIHAM, AND RAZ KUPFERMAN

Thus, (5.3), (5.4), and (5.5) give to leading order the distributions of zero-,
one-, and two-particle states, whereas (5.6) gives the leading order term for the
two-interacting-particle states. This expansion in powers of € can, in principle, be
continued further. At this point we are already in measure to evaluate the mean
reaction rates:

1 1
(5.7) rij = fifi (U)z + wj) € +0(e").
Note, in particular, that the influxes contribute multiplicatively to the reactions rates,
whereas the desorption rates act “in parallel.” Note also the “asymptotic indepen-
dence” between any two reactions; the probability of the two-particle state of two
reactive species is asymptotically unaffected by all other reactions.

5.2. Expansion of the multiplane method. A similar asymptotic expansion
can be performed for the multiplane equations (5.2). It is easy to see that to leading
order the results are unchanged, meaning that relative errors between the two proce-
dures are at most O(e). Specifically, we assume the following asymptotic behavior:

(5.8) (NoYkem, = O(€2)  and  (NpNp ke = O(€%),
which implies that the equation for Q);; is a closed equation up to relative errors of
order e:
(5.9)
0=¢cfi(L+0(e) (S; —1)Qsj +€f; (S; — 1)Qij

+wz‘(1+0(6)(5i+*I)(nz‘Qij>+wj(5f*I)(”ijzj)Jr%(Sfo*I)(m‘”jQij)-

Expanding @;;(n) in power of ¢,
Qij(n) = QY (n) +€Q}} (n) + € Q) (n) + -

we obtain, after an analysis similar but much simpler than in the previous section,
the following solution:

Qi;(0,0) =1+ O(e),

sz(lao) = %64’0(62),
QU(O,l) = $€+O(62),
12 f
sz(270) = ﬁez + 0(63),
P e s
Qij(0,2) = WE +O(E ),
J
Ll (L s 4
Qu(1,1) =" (wi +wj)€ +O(e").

One may now verify a posteriori that the ansatz (5.8) is consistent with this solution.
If we denote by 7;; the stationary reaction rate predicted by the multiplane
method, then

(5.10) Fij = fif; (: + 1> e +0(eh),

Wy

which compared with (5.7) gives one side of (1.1).
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6. Asymptotic analysis for large grains. In the limit of large grains we set
fi v fi/e and a;; — ea;;, where the grain size is s = 1/¢, e < 1. In this limit, influxes
are very strong and reactions are very slow, and, as a result, mean population sizes are
of order O(1/€). Our goal is to show that, like in the small grain limit, the multiplane
method yields approximations with relative errors that decay with e.

For large population size, one performs an asymptotic expansion known as Van
Kampen’s Q-expansion [21, 8]. Specifically, we define for each species X; a rescaled
population size x; = en;, which is an order one quantity, viewed as a continuous
parameter. We then define p(x) = P(x/e). Our analysis relies on a formal asymptotic
expansion. Limit theorems making this analysis rigorous may be found in Kurtz
[15, 16].

6.1. Expansion of the full master equation. Substituting the scaled param-
eters f;, a;; and the definition of the distribution p(x), the master equation (2.2) takes
the form

&S RS Dot Y wilST Dot Y ay(STST Sy — D),

XeX XeX (i,5,k)ER

where the increment and decrement operators add or subtract in quanta of €. Assum-
ing that p(x) converges as e — 0 to a twice differentiable function, we expand:

0 & o
Si = B 282+0()

which leads to the following asymptotic expansion of the master equation:

(6 1)
0 0
Z fl Z Wi 3 + D a (&cz or; &mk) (izjp)

(i,5,k)ER
0%(

€ Pp e 9 9 \?2
DI e
2 XieX O 2 X, eX w} e O 3%‘ Oxy,

i

+O(é?).

To O(e?) terms, (6.1) is a transport-diffusion equation. The O(1) terms, which
involve only first derivatives, can be identified as the Liouwville equation for the deter-
ministic system
(6.2)

E = g(:]}),

where
gi(x) = fi —wiz; — E Qi TiT + E ATy
(i,k,0)ER (k,L,i)ER

Equations (6.2) are the rate equations, which constitute the deterministic large pop-
ulation size limit.

The O(e) terms, which involve second derivatives, transform the equation into a
parabolic Fokker—Planck equation that corresponds to the It6 stochastic differential
system

(6.3) dz = g(x)dt + /eI (x) dW,
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where W (t) is a vector of M independent Brownian motions, and I'(x) is the M-by-M
diffusion matriz, whose square has entries

P?j(w):<fi+wixi+ > anmie+ Y akexkxz> bij

(i,k,£)ER (kli)ER
+ E Qi LT + E Qi TiTL .
(i,4,k)ER (i,k,j)eR

(The square root of a matrix is defined up to an orthogonal rotation; we may choose
without loss of generality the unique symmetric positive-definite square root.) This
stochastic system is the diffusion approzrimation to the master equation in the limit
of large population size.

At this stage, the Fokker—Planck equation (6.1) can be solved perturbatively, using
a WKB expansion [2]. To leading order, the rescaled population size & tends, up to an
1/4/€ stochastic correction, to the solution of the rate equation (6.2). Switching back
to the original discrete variables, n, the stationary reaction rates predicted by the
rate equations deviate by a relative error of O(e) from the exact stationary reaction
rate. Namely, if 7;; are the reaction rates predicted by the rate equations, then

(6.4) Tig —Tij _ O(e).
Tij
6.2. Expansion of the multiplane method. A similar expansion can be per-
formed for the multiplane method. First, we replace Q;;(n) by o;;(en):

(6.5)
dO’i' _ _
€ dt] = [i (S;7 = Doij + [; (S] = Doij +wi(S] = I)(wi045) +w;(S] — I)(x;045)
+ CLZJ(S:FS;L - I)(l’i(EjUij)
+ Y (S = D@ Xeiewou)+ Y ae(SF = D@ (Xe)joa;065)
(i,¢,m)ER (4,£;m)ER
+ Y @SS = D@ Xeiew, o)+ Y ae(SFS;T = D) (@5(X0) e, 005)
(i,4,j)ER (4,4,i)ER
+ Y Sy = DUXR X keo) + D are(S; — D((XiXe)weoij),
(k,,i)ER (k.Lj)ER
where
> u, Teoke(Th, xp)
(Xo)ktw, = == and  (XpXo)ee = Y wrwoore(wr, z0).

ZW ope(Th, Te) P

(Recall that the summation over k, ¢, m is over all species not in C};.)

We proceed with the expansion as in the previous subsection, except that the
functions (Xy¢)ke,z, and (X Xe)re are a priori unknown. The function o;; satisfies to
order O(e):

0
0ij = [ 5 0is + Wi~ (@i0i5) + w5~ (25045)
J J

K2

dO’Z'j
dt

0
= o,

K3

CL»L] 83;71 81‘] IlIJUU
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0
+ Z xz<XZ>7,€ zlo'z])"_ - Z ajzaxj ($J<X@>J€ ZJU’L])
(i,¢,m)ER (4,6, m)ER
0
— AX N s
+ Z 7] (8% axj>(xl< itw.0ij)
(i,,j)ER
4 X
+ > ag 8a:J ~ o, ) @itXaiea; i)
(7.4,)ER
- Y aw 0 (XeXo)peoij) — Y akéi“XkXé)kEU“)-
, Ox; N . Oz; K
(k,£,i)ER (kL,j)ER

The next order terms are diffusive.
The equation for o;; is the Fokker-Planck equation for the It6 stochastic differ-
ential system

(6.6) dai; = g;;(wi;) dt + Ve Dy (xi;) AW 5,

where x;; = (z;,2;) is a stochastic process representing the populations sizes in C};.
The drift function g;; is given by

9;ili\Tij i T Wilq — AT T5 — Qi Ti\Ap)il,z;
(9i;li(ij) = f (Xe)

(i,4,m)ER
- Z iex i (Xp)io,z, + Z @i (Xe)jem, + Z ape{ Xk Xe) ke
(i,6,j)ER (4,4,i)ER (kLi)ER

An analogous expression holds for [g,;];(xi;)-

The set of coupled Fokker—Planck equations can also be solved perturbatively,
using a WKB expansion. To leading order, the copies of the same x; coincide, and
the variables {x;;}, with their common components identified, satisfy the same rate
equations (6.2) as  in the previous section. Thus, the reaction rates 7;; predicted by
the multiplane approximation deviate by a relative error of O(e) from the prediction
of the rate equations,

T — N o1)s), s> 1,
Tij
and hence from the exact stationary reaction rate, r;;.

7. A numerical test. We now test of the accuracy of the multiplane method
for a particular example. We consider a network of three reactive species that form a
“clique”—every pair of species coreacts. The products of the three reactions are not
reactive; hence they can be eliminated. Thus, the network consists of the following
reactions:

X1+ Xo — 0, X1+ X3 — 0, Xo+ X3 — 0.

The multiplane method calculates the approximate bivariate distributions Q12, @13,
and (Q23. We used the following parameters:

f1:S, fa=15s, f3=2s,
wyp = 2.5, Wy = 3, w3 = 35,
a1 = 1/5, a3 = 2/8, a3 = 3/8,
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<r
\
\

o

9

S
T

0.015-

Relative Errors

o
2
T

0.005 -

-0.005 L L L L
10°

Fic. 7.1. Top: Log-log plot of the stationary reaction rate ri2 versus the grain size s for the
clique of three reactive species. Comparison between the exact solution (circles), the multiplane
prediction (solid line), the small s asymptotic behavior (5.7) (dashed line), and the rate equations’
prediction (dash-dotted line). Bottom: Semilog plot of the relative errors of the reaction rates
predicted by the multiplane method.

where s is the grain size. In Figure 7.1 (top) we plot the stationary reaction rate ris
as a function of the grain size s. The exact solution is represented by circles, The
multiplane prediction is represented by a solid line, the small-s limiting behavior (5.7)
is represented by a dashed line, and the rate equations’ solution is represented by a
dash-dotted line. Note the accurate interpolation of the multiplane method between
the two limiting regimes. In Figure 7.1 (bottom) we plot the relative errors of the
three stationary reaction rates, r12, 713, and ro3, predicted by the multiplane method.
The relative errors reach a maximum in the vicinity of s = 1 and, as predicted, decay
in both limits of small and large grains. Note that even at their peak, the relative
errors are of the order of a few percents, which is (once again) surprisingly good.

8. Discussion. The main goal of this paper was to systematically formulate the
multiplane method and shed some light on the reasons for its success, despite its
“uncontrolled” nature, as reported in [17]. We considered reaction networks in which
every reaction is generated by two reactants. The multiplane method was defined as an
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algorithm for producing a closed system of equations for approximating the marginal
distributions of all pairs of coreacting species. Thus, the heart of the method is the
premise that most of the dynamics are captured by the joint distributions of pairs
of coreacting species. Even in the case where a set of reactants constitutes a clique,
their joint distribution can be approximated by a set of pairwise distributions for the
sake of predicting mean reaction rates. Our methodology can easily be adapted to
more general situations, such as reactions with more than two reactants. Moreover,
while the present analysis treats irreversible reactions, the dissociation of molecules
can easily be accounted for by the addition of flux-like terms into the master equation.

We analyzed the method in two extreme situations, weak influxes and fast reac-
tions, on the one hand, and strong influxes and slow reactions, on the other hand. In
both limits, the multiplane method was found to yield predictions with relative errors
that vanish asymptotically. It should be emphasized that the two limits involve very
different analyses, and the asymptotic exactness of the method in both limits has to be
attributed to totally different reasons. While each of the limits can be approximated
by its own methods (rate equations in one limit and a low-dimensional Markov pro-
cess in the other limit), the multiplane method has the merit to “interpolate” between
those two limits. As such, it makes a good candidate for dealing with intermediate
situations in which no simple analysis is available.

The multiplane method can be viewed as part of an abundance of approxima-
tion methods for structured probabilistic models [14]. A similar surprising accuracy
was observed, for example, in the context of general continuous-time Bayesian net-
works [19], where no small parameter exists. A natural question is whether such
approaches can be justified on more general grounds, for example, by identifying
them as optimal within a certain subclass of models.

Acknowledgment. We are grateful to Nir Friedman for inspiring discussions.
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