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Abstract. A stochastic model for chemical reactions is presented, which represents the population of
various species involved in a chemical reaction as the continuous state of a polynomial Stochastic Hy-
brid System (pSHS). pSHSs correspond to stochastic hybrid systems with polynomial continuous vector
fields, reset maps, and transition intensities. We show that for pSHSs, the dynamics of the statistical
moments of its continuous states, evolves according to infinite-dimensional linear ordinary differential
equations (ODEs), which can be approximated by finite-dimensional nonlinear ODEs with arbitrary
precision. Based on this result, a procedure to build this types of approximation is provided.

This procedure is used to construct approximate stochastic models for a variety of chemical reac-
tions that have appeared in literature. These reactions include a simple bimolecular reaction, for which
one can solve the master equation; a decaying-dimerizing reaction set which exhibits two distinct time
scales; a reaction for which the chemical rate equations have a continuum of equilibrium points; and the
bistable Schogl reaction. The accuracy of the approximate models is investigated by comparing with
Monte Carlo simulations or the solution to the Master equation, when available.

1 Introduction

The time evolution of a spatially homogeneous mixture of chemically reacting molecules is often modeled
using a stochastic formulation, which takes into account the inherent randomness of thermal molecular mo-
tion. This formulation is superior to the traditional deterministic formulation of chemical kinetics and is
motivated by complex reactions inside living cells, where small populations of key reactants can set the stage
for significant stochastic effects [1-3]. Although most of the mathematical modeling of genetic networks
represents gene expression and regulation as deterministic processes, recent observations of gene expression
in individual cells illustrate the stochastic nature of transcription [4, 5]. Furthermore, studies of engineered
genetic circuits designed to act as toggle switches or oscillators have revealed large stochastic effects [2, 6].
Stochastically is therefore an inherent feature of biological dynamics and developing stochastic models which
capture this stochastically have become increasingly important.

In the stochastic formulation, the time evolution of the system is described by a single equation for a
grand probability function, where time and species populations appear as independent variables, called the
Master equation [7]. However, this equation can only be solved for relatively few, highly idealized cases and
generally Monte Carlo simulation techniques are used which are also known as the Stochastic Simulation
Algorithm (SSA) [8-11]. Since one is often interested in only the first and second order moments for the
number of molecules of the different species involved, much effort can be saved by applying approximate
methods to produce these low-order moments, without actually having to solve for the probability density
function. Various such approximate methods have been developed, for example, using the Fokker-Plank ap-
proximation, expanding the Master equation, etc. [7]. In this paper, an alternative approximate method for
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estimating lower-order moments is introduced, by representing the dynamics of a chemical reaction as a
Stochastic Hybrid System (SHS).

Hybrid systems are characterized by a state-space that can be partitioned into a continuous domain (typ-
ically R™) and a discrete set (typically finite). In Stochastic Hybrid systems (SHS), both components of
the state are stochastic processes, with the evolution of the continuous-state determined by a stochastic
differential equation (SDE) and a transition or reset map. Each time a transition is “activated,” the SHS’s
state is updated according to the reset map. The rate at which these “activations” occur, may depend on
the overall state. A formal definition for this SHS model, which was taken from [12], can be found in Sec. 2.
Polynomial stochastic hybrid systems (pSHSs) arise when the continuous vector fields in the SDE, the reset
maps, and the transition intensities are all polynomial functions of the continuous state.

In this paper we show that the evolution of the populations of several species involved in a set of chemical
reactions can be modelled by a SHS. Each reaction corresponds to a reset map defined by its stoichiometry,
which is activated at a rate determined by the reaction rate. In fact, we show in Sec. 2 that molecular reac-
tions can actually be modelled by pSHSs. An important property of pSHSs is that, if one creates an infinite
vector containing the probabilities of all the statistical moments of the continuous state, the dynamics of
this vector are governed by an infinite-dimensional linear ordinary differential equation (ODE), which we
call the infinite-dimensional moment dynamics and define formally in Sec. 3.

In general, the infinite-dimensional linear ODEs that describe the moment dynamics for pSHSs are still
not easy to solve analytically, and solving them would be essentially equivalent to solving the Master equa-
tion. However, they can be accurately approximated by a finite-dimensional nonlinear ODE, which we call
the truncated moment dynamics. The state of this truncated moment dynamics typically contains the lower-
order moments of interest. We show in Sec. 3 that, under suitable stability assumptions, it is in principle
possible for a finite-dimensional nonlinear ODE to approximate the infinite-dimensional moment dynamics,
up to an error that can be made arbitrarily small. A procedure to actually construct these finite-dimensional
approximations is outlined in Sec. 4.

These finite-dimensional ODE’s provide time evolution of lower order moments for populations of species
involved in a chemical reaction. Apart from providing fast simulation times and lesser computation burden
compared to Monte Carlo simulations these approximate models also open the doors to other types of anal-
ysis tools, for example, sensitivity analysis of chemical master equation [13]. However, they provide lesser
information about the probability distribution as compared to Monte Carlo simulations, for example, these
approximate models do not provide information about time correlations.

To illustrate the applicability of the results we consider several systems that have appeared in the liter-
ature. For each example, we construct in Sec. 5 truncated moment dynamics and evaluate how they compare
with estimates for the moments obtained from a large number of Monte Carlo simulations which are carried
using the SSA. The examples considered here are as follows:

1. A simple bimolecular reaction, for which one can actually compute the first and second order moments
directly from the Master equation [14]. The exact results are compared to their estimates from the
truncated model.

2. A decaying-dimerizing reaction set [9, 15]. This reaction is difficult to simulate due to the existence of
two very distinct time scales and methods that do not require Monte Carlo simulations are of special
interest.

3. A reaction for which the deterministic chemical rate equations have a continuum of equilibrium points.
This reaction was selected as an example because the approximate methods developed in [7], are not
applicable.

4. The Schogl reaction [16]. This reaction is particularly interesting as the deterministic chemical rate
equations are bistable, i.e., have two stable equilibrium points for particularly chosen reaction rates.



2 Polynomial Stochastic Hybrid Systems

A SHS is defined by a stochastic differential equation (SDE)
= fa,x,t) + g(a,x, t)w, frQxR"x[0,00) > R", g:QxR"x[0,00) >R (1)
a family of m discrete transition/reset maps
(a,x) = dp(q™,x7, 1), dr: QX R" x [0,00) > QxR", We{l,...,m}, (2)
and a family of m transition intensities

Ae(q, x, 1), Ae: QX R™ x [0,00) = [0,00), We{l,...,m}, (3)

where w denotes a k-vector of independent Brownian motion processes and Q a (typically finite) discrete
set. A SHS characterizes a jump process q : [0,00) — Q called the discrete state; a stochastic process

: [0,00) — R™ with piecewise continuous sample paths called the continuous state; and m stochastic
counters Ny : [0,00) — N> called the transition counters. In essence, between transition counter increments
the discrete state remains constant whereas the continuous state flows according to (1). At transition times,
the continuous and discrete states are reset according to (2). Each transition counter N, counts the number
of times that the corresponding discrete transition/reset map ¢y is “activated.” The frequency at which this
occurs is determined by the transition intensities (3). In particular, the probability that the counter N, will
increment in an “elementary interval” (t,t + dt], and therefore that the corresponding transition takes place,
is given by Ap(q(t), x(t),t)dt. In practice, one can think of the intensity of a transition as the instantaneous
rate at which that transition occurs. Expectations of the state of a SHS can be computed using the following
result from [12].

Theorem 1. For every function ¢ : @ x R" x [0,00) — R that is continuously differentiable with respect to
its second and third arguments, we have that

dE[p(a(t), x(t),t)] _

dat E[(Ly)(q(t), x(t),t)], )
where ¥(q, z,t) € Q x R” x [0, 00)
(L) (g, 2, t) := Wﬂq,x,ﬂ + WjL
2 " m
n %trace (%g(q,x,ﬂ (a,2,1)) +;( (00(q2,0),1) = (0, 2,0)) Moy, 1), (5)

and aqb(q 2:t) 81/;((;1 A , and i 1/’(‘1 ) denote the partial derivative of 1(q, x,t) with respect to t, the gradient of

U(gq,x t) wzth respect to x, and the Hessian matrix of 1 with respect to x, respectively. The operator ¥ — L
defined by (5) is called the extended generator of the SHS. O

We say that a SHS is polynomial (pSHS) if its extended generator L is closed on the set of finite-
polynomials in z, i.e., (L1)(g,x,t) is a finite-polynomial in x for every finite-polynomial ¢(q, z,t) in x. By a
finite-polynomials in x we mean a function ¥(q, x, t) such that x — (g, x,t) is a (multi-variable) polynomial
of finite degree for each fixed ¢ € Q, t € [0,00). A pSHS is obtained, e.g., when the vector fields f and g, the
reset maps ¢y, and the transition intensities A\; are all finite-polynomials in x.

It turns out that sets of chemical reactions can be represented by such a pSHS. To understand why this
is so, consider n species X, Xg, ..., X, inside a fixed volume V involved in a system of k reactions R;, R,
, Ry of the form

Ri: upi Xy +ueXo+ ... +urpXn LI v11 X1 + v12X9 + ...+ 1, X



Table 1. h; and ¢; for different reaction types.

Reaction R; hi ci
X; — reaction products Xi ki
X + Xj — reaction products, (i # j) XiX;j %
2X; — reaction products %xi(xi —-1) 2‘17
X + 2X; — reaction products, (¢ # j) %Xixj (x; — 1) %/k'zi
3X; — reaction products %Xi (xi —1)(xs — 2) (‘s/—ké

R2 . UQ1X1 + UQQXQ 4+ ...+ ’lLQan 6—2) 1)21X1 =+ UQQXQ +...4+ ’UQan

Ri: wupiXi +upeXo+ ...+ upnXa BN Vg1 X1 + Vg Xo + ...+ Vg Xy,

where u;; is the stoichiometry associated with the jth reactant of the i*" reaction and v;; is the stoichiometry
associated with the j** product of the i*” reaction. The reaction parameter ¢; characterizes the reaction Ry
and, together with the stoichiometry, defines the probability that a particular reaction takes place in an
“infinitesimal” time interval (¢,¢ + dt]. This probability is given by the product of the following two terms:

1. the number h; of distinct molecular reactant combinations present in V' at time ¢ for the reaction R;,
2. the probability ¢;dt that a particular combination of R; reactant molecules will actually react on (¢, t+dt].

In general, h; depends both on the reactants stoichiometry u;; in R; and on the number of reactant molecules
in V. Table 1 shows the value of h; for different reaction types [8]. In this table and in the sequel, we denote
by x; the number of molecules of the species Xj in the volume V. The reaction parameter ¢; is related to the
reaction rate k; in the deterministic formulation of chemical kinetics by the formulas shown in the right-most
column of Table 1.

The evolution of the number of molecules x1, X2, ..., X, can be generated by a pSHS. Since the number
of molecules take values in the discrete set on integers, they can be regarded then as either part of the
discrete or the continuous state of the pSHS. However, since we are interested in computing the statistical
moments of X;, we chose to view them as part of a continuous state. In this case the SHS has a single discrete
mode, which we omit for simplicity. The continuous state consists of a vector x := [Xl,XQ, . ,xn}/ with
trivial continuous dynamics x = 0. Each one of the k reactions is associated with a reset map defined by the
stoichiometry

X1—u11+v11 X1 —Uu21+v21 X1 —Uk1+Vk1
X2 —u12+v12 X2 —u22+v22 X2 —Ukp2+Vk2

x = ¢1(x) = : X = ¢a(x) = : b X Pp(x) = : ,
Xp—Uin+V1n X —Usn +V2n Xy —Ukn+Vkn

with transition intensities given by

/\1 (X) = Clhl /\Q(X) = Cghg . )\k(x) = C;ghk,
respectively. This results in a pSHS because the reset maps and the transition intensities are finite polynomials

in x;.

3 Moment Dynamics

To fully characterize the dynamics of a chemical reaction one would like to determine the evolution of
the probability distribution for x(t), i.e. solve the Master equation. In general, this is difficult and a more
reasonable goal is to determine the evolution of a few low-order moments.



Given a vector of n integers m = (my,ma,...,my,) € N, we define the test-function associated with m
to be (™ (z) := 2™ Vx € R™ and the (uncentered) moment associated with m to be

pm™m(t) = E[y™ (x(t))],  vt=0. (6)

Here and in the sequel, given a vector x = (1,22, . . .,2,), we use (™ to denote the monomial x7** 25" - - - x7n.
pSHSs have the property that if one stacks all moments in an infinite vector pio, its dynamics can be written

as
floo = Aoo (t)ﬂom vt > 0, (7)

for some appropriately defined infinite matrix Ao (t). This is because Vm = (ma, ..., my) € N2, (Ly(™)(z, 1)
is a finite-polynomial in x and therefore can be written as a finite linear combination of test-functions (pos-
sibly with time-varying coefficients). Equation (7) then follows directly from (4), (5), and (6). In the sequel,
we refer to (7) as the infinite-dimensional moment dynamics.

Since we are only interested in computing a few low-order moments, we rewrite (7) as

where 1 € R¥ contains to the top k elements of pio, which correspond to the lower-order moments of
interest. I« denotes a matrix composed of the first k& rows of the infinite identity matrix, i € R" contains
all the moments that appear in the first k elements of A (t)peo but that do not appear in u, and C is the
projection matrix that extracts @ from po.. Our goal is to approximate the infinite dimensional system (7)
by a finite-dimensional nonlinear ODE of the form

U= Aty + Bl)o(t), 7=p,t), 9)

where the map ¢ : R* x [0,00) — R" should be chosen so as to keep v(t) close to u(t). We call (9) the
truncated moment dynamics and ¢ the truncation function. We make the following two stability assumptions
to establish sufficient conditions on ¢, for the approximation to be valid.

Assumption 1 (Boundedness). There exist sets 2, € R® and 2, € R such that all solutions to (7)
and (9) starting at some time to > 0 in £2, and §2,, respectively, exist and are smooth on [tg, 00) with all
derivatives of their first k elements uniformly bounded by the same constant. The set 2, is assumed to be
forward invariant under the dynamics of (9). O

Assumption 2 (Incremental Asymptotic Stability). There exists a function' B € KL such that, for
every solution s to (7) starting in £2,, at some time to > 0, and every t1 > to, v1 € §2, there exists some
fioo(t1) € £2,, whose first k elements match v and

(@) — 2@ < B(llp(tr) — At E—t0),  VE=t,

where u(t) and [i(t) denote the first k elements of the solutions to (7) starting at peo(t1) and fiso(t1),
respectively. O
Let % and % represent the i time derivative of u(t) and v(t) along the trajectories of system (7)
and (9) respectively. The following result from [17] shows that if a sufficiently large but finite number of
these derivatives match point-wise, then, the difference between solutions to (8) and (9), i.e. u(t) and v(t)

converges to an arbitrarily small ball.

L A function 8 : [0,00) x [0,00) — [0,00) is said to be of class KL if 5(0,t) = 0, Vt > 0; B(s,t) is continuous and
strictly increasing on s for each fixed ¢ > 0; and lim;— o 3(s,t) =0, Vs > 0.



Theorem 2. Suppose Assumptions 1 and 2 hold. Then, for every § > 0, there exists an integer N, sufficiently
large, for which the following result holds: Assuming that for every to > 0, poo(to) € £2,, v(to) € 2,

diu(to) _ dil/(to)

wu(to) = v(te) = s et Vie{1,...,N} (10)

where p is the first k elements of pioo. Then,
lu(t) = v(@)] <6, Vt € [to, 0) (11)
along solutions of (7) and (9). O

For the problems considered in this paper, Assumptions 1 and 2 are hard to verify. Moreover, given a constant
d > 0 and sets £2,,, 2,, it is generally difficult to determine the integer N for which the bound (11) holds.
Nevertheless, Theorem 2 is still useful because it provides the explicit conditions (10) that the truncation
function ¢ should satisfy for the solution to the truncated system to approximate the one of the original
system. In the subsequent section we use (10) for N = 2 to explicitly compute .

4 Construction of Approximate Truncations

In this section, we compute the truncation function ¢ by requiring (10) to hold for N = 2. Using (8) and
(9), equality (10) reduces to

pu(to) = v(to) = fifto) = w(p(to), to) (i=1) (12)

:u(t()) = V(tO) = dl[zl—(:)h:to = %ﬁwjkxoo/loo(to)ﬂoo(to) + Wh:to ('L = 2) (13)

We look for solutions to the PDE (13) having the following separable form

Y1k
Vi
Y21 ,,722 ..., V2k
LSS I ™

plv,t) =) = . :

Y11 712,
(SIS

Yy Vzw'z cyTh

for an appropriately chosen constant matrix I" := [;;] € R"**_ In order to compute I, we take £2,, to be the
set that corresponds to the family of deterministic distributions. For this set, 1™ := 2(™) and a necessary
condition determined in [17] for the existence of a matrix I" that satisfies (12) and (13) is that, for every
moment (™) in i, the polynomial Zzl aM:v(mi) must belong to the linear subspace generated by the
polynomials?

o0

(Y agaatmmtmd 1< j <}, (14)

=1

where a,; denotes the entry in the £ row and i'" column of A..

Although the family of deterministic distributions may seem very restrictive, it provide us with trunca-
tions that are accurate even when the system evolves towards “nondeterministic distributions,” as will be
demonstrated in the next section. When the condition (14) does not hold, one can often drop lower order
terms from the right-hand-side of (5) to form a new matrix A., that satisfies this condition. This will be
demonstrated in some of the examples in Section 5. When the solution ¢ to (12) and (13) is not unique, a
specific ¢ can be selected by requiring (12) to hold for additional families of distribution, e.g., the family of
lognormal distributions.

2 The polynomials in (14) can have both positive and negative powers.



Remark 1. For the class of elementary reactions, i.e, uni- or bi-molecular reactions, sufficient conditions for
the existence and uniqueness for the solution ¢ to (12) and (13) will appear in [18]. More specifically, it has
been shown in [18], that given a vector u containing all the first and second order moments of x, (14) holds,
if one drops some second and all first order moments from the second time derivative of . This will be valid,
as long as these moments are dominated by the fourth order moments of x, which also appear in the second
time derivative of u. Furthermore, explicit formulas for ¢ also appear in [18]. The striking features of these
formulas is that the dependence of higher order moments on lower order as given by ¢ is independent of the
reaction parameters, moreover, this dependance is consistent with x being lognormally distributed. g

5 Examples

We now develop truncated models for the moment dynamics of several chemical reactions and discuss how
they compare with estimates of moments obtained from averaging a large number of Monte Carlo simulations
or the exact solution of the Master equation, when available. All Monte Carlo simulations were carried out
using the algorithm described in [12], which is equivalent to SSA [8]. Since the quantities of interest in the
stochastic approach are often the first and second order moments, we consider truncation models whose state
contains only the first and second order moments for the number of molecules in the species involved in the
reaction.

Ezample 1. Consider the following bi-molecular irreversible reaction [14]:
2X; = Xa.

For the sake of simplicity, we omit moments for the population of X5 from the truncation. The number of
molecules x of X;, can be generated by a SHS with continuous dynamics x = 0 and a reset map

x—o(x)i=x—2

with intensity A(x) := £x(x — 1). For (™) (z) = 2™, ¥m € N we have

G A [CI (15)

=1

(L)) = Sa(a - Dz —2)" - 2™ =

.

and (8) can be written as follows:

- (1) c —c (1) 0 _
o] = Lo L ]+ [ (16

where fi ;= u® evolves according to
13 = —=3cu™ +9eu® — 10ep® + dep.

It can be easily verified that for this system, condition (14) is not satisfied, as the polynomial

o0
Z az ™) = —3cat + 9ea® — 10cx? + dex
i=1

does not belong to the subspace generated by the polynomials

oo o0
E ap (MM — o gt E agix(meTmetm) — 9002 4 dex® — 2cat,
i=1 i=1

due to the first-order term 4cx. However, if we retain only the two highest powers of x in the summation in
the right-hand side of (15), we have the following simplified version of (16)

i) = o] Lo ]+ [ 5] 7
|:[t(2) - 0 4c #(2) + —2c K



Table 2. E[x] for the exact and approximate truncated models at different times ¢ for Example 1. E[x] refers to the
exact solution, u*) refers to the truncated model (16) and (17) and ) refers to the truncated model developed in
[14].

t E[X] /’L(l) ﬂ(l)
.025 8.15 8.15 8.18
.050 6.86 6.87 6.95
.075 5.93 5.93 6.06
.100 5.21 5.23 5.39
.150 4.21 4.23 4.44

where now fi := p® evolves according to
ﬂ(3) _ _3CM(4) + gcﬂ(3)

for which condition (14) does hold, allowing us to find a unique solution ¢ to (12) and (13), resulting in a
truncated system given by (16) and

=) = (%)3 (17)

Owing to the simplicity of this reaction, one can obtain the exact solution for u') = E[x] and u® = E[x?]
from the Master equation, as has been done in [14]. An alternate approximate truncated model, was also
developed in [14], where ;) is approximated as (") ;(?). Table 2 and Figure 1 compare our estimates for the
mean and the coefficient of variation respectively, with that of the exact solution and approximated model
developed in [14], for ¢ = 1 and initial condition x(0) = 10. Our estimates of E[x] are almost identical to
those of the exact solution, while, those of C'V[x] are close. One can see that the truncation model yields
good results for fairly small populations, even though to construct it we dropped lower-order powers of =z,
which implicitly assumes that the population of the specie X is large. It should be noted that if we retain
only the highest powers of x in the summation in the right-hand-side of (15), the unique solution ¢ to (12)
and (13) would have been ¢(u) = pMpu? as in [14]. As this approximation is obtained by dropping more
terms, it is not surprising to discover that it does not perform as well as (17). O

Ezample 2. Consider the following decaying-dimerizing reaction set [9, 15]:
X; =50, 2X1 =5 Xo, Xo 252X, Xy 25 X5

The number of particles x := (x1, X2, X3) of three species involved in the following set of decaying-dimerizing
reaction can be generated by a SHS with continuous dynamics x = 0 and four reset maps

X1+2:|

X = ¢1(x) := [xigl} X = ¢a(x) = [i%{iﬂ X = ¢3(x) = [xigl X = ¢g(x) = {x:il}

x3+1

with intensities A1 (x) 1= c1x1, A2(x) 1= Fx1(x1 — 1), A3(x) := c3X2, and A\y(X) := c4X2, respectively. The
generator for this SHS is given by

(L) (a1, x2,x3) = 111 (1/)(171 —1,29,23) — 1/)(:17)) + %23:1(:171 — 1)(1/)(3:1 — 2,29+ 1,23) — 1/)(:17))
+ csza (Y1 + 2,32 — 1, 23) — ¥(x)) + cama (Y(21, 32 — 1,23 + 1) — Y(a)).

Taking 1) ("1:m2:m2) (1) = " xy x5, Ymy, ma, ms € N>o we have

(Lw(ml’mz’mz))(x) =c1z1 ((1:1 —1)™ — :c’lnl):c;"?mgle‘ + 0—221:1(1:1 — 1)((:01 —2)" (o +1)™2 — :c’f”m;”z)m;”e‘

+ cawa((z1 +2)™ (w2 — 1) — 2" 25" )2y + cama((w2 — 1) (w3 + 1) — 2322y )"
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Fig.1. CV[x] = % for the exact and approximate truncated models at different times ¢ for Example 1.

“+” refers to the exact solution, “x” to the truncated model (16) and (17) and “*” to the truncated model developed
in [14].
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(18)

where the summations result from the power expansions of the terms (x; — ¢)™i. To keep the formulas short,
we omit from the truncation the second moments of x3, which does not appear as a reactant in any reaction
and therefore its higher order statistics do not affect the first two. In this case, (8) can be written as follows:

ﬂ(l’o’o) —c1+ca 2c3 0 —ca 0 0 (1,0,0)
e I B et A S S S v I
(0,0, o o, B
5(2,010) = c1 —6202 4c3 0 —20(1:-‘1-402 0 4dcs Z(QYOYO) + —2c2 O M, (19)
- (0,2,0) -2 c3tcs O 2 —2c3—2c¢q —ca (0,2,0) C02 c2
" 3co 5 —c2
- (1,1,0) c2 —2c3 0 —= 2c3 —ci1+ca—c3—cy (1,1,0)
H Iz
— I .
where i := [p®09 1.0 ] evolves according to
u(3,0,0) = (—c1 + 402)M(1’0’0) + 803,&(0’1’0) + (3¢1 — 1002)M(2’0’0) + 120&&(1,1,0)
2,1 4
+ (=3¢1 + 902)/1(3’0’0) + 6030210 — 3y (40:0) (20a)
‘a(271x0) - —202,u(1’0’0) _ 403u(0’1’0) + 462,u(2’0’0) + 403u(0’2’0) + (1 — 2¢2 — 403)H(1’1’0)
5o pu(3:0:0) copu(4:0:0)

+(—2¢1 + 42 —c3 — 04)u(2’1’0) + 403u(1’2’0) + — 202u(3’1’0). (20b)

2 2

This system also does not satisfy condition (14) because the p(1:0.0) 1 (0.1,0) terms in the right-hand-sides
of (20) lead to monomials in 27 and zp in > agyl-a:(mi) that do not exist in any of the polynomials
{Z;’il aj; glme—mjtmi) . 1 < j < 6}. These terms can be easily traced back to the lowest-order terms in
power expansions in (18) and disappear if we only keep the three highest powers of x; in the expansion of
(x1 —1)™ that corresponds to the first reaction and the two highest powers of 1 and z3 in the expansions
of (x1 +2)™ and (z2 + 1)™2 that correspond to the second and third reactions. In practice, this leads to



Table 3. Comparison between estimates obtained from Monte Carlo simulations and the truncated model for Ex-
ample 2.

Source for the estimates E[x1(0.2)] E[x2(0.2)] StdDev[x1(0.2)] StdDev[x2(0.2)]
10,000 MC. simulations (data from [15]) 387.3 749.5 18.42 10.49
truncated model (19), (22) 387.2 749.6 18.54 10.60

the following simplified version of (19)

[1(1:0.0) Certes 2¢O —cs 0 0 £ (1.0.0) -
ﬂ(O,LO) 7% —c3—c4 0 072 0 0 (0,1,0) 0 0
- (0,0,1) (0,0,1) 0 0
" o 0 [ 0 0 0 0 o _
(200 | = c1 0 0 —2ci+4co 0 des 14(2:0.0) + _%C2 0 | K, (21)
1(0,2,0) 0 I N —c2 (0,2,0) o
H c C9es 0 32 9 ey ey —cs— 2
-(1,1,0) 2 3 2 c3 ClTC2—C3—Cq4 (1,1,0)
1 2
— ! .
where now fi := [u®09 1.9 ]" evolves according to
- (3,0,0 2,0,0 3,0,0 2,1,0 4,0,0
[30:0) = 3¢, 420, )+(—301+302)M( 0.0) 4 g 210 — 3¢y (1:0:0)
5co u(3:0:0)
- (2,1,0) __ 2,0,0 1,1,0 24
(1(210) = 9¢,,,(2.0, )+(C1—403)u( : )_f
4,0,0)
co (40,
2,1 1,2, 21 1,
+(=2¢1 +2¢2 — 3 — 04),“( 10) 4 degp B0 4 s 205 310),

for which condition (14) does hold, allowing us to find a unique solution ¢ to (12) and (13), resulting in a
truncated system given by (19) and

3 27/
= () = (M(?z,z)) ’ “((2)7?’2) (“(1’;72)) ' (22)
‘LL( 1 ) ‘LL( 1 ) lLL( "y )
We perform simulations for both large and small initial populations. Figures 2 and 3 show a comparison
between Monte Carlo simulations and the truncated model (19), (22). The coefficients used were taken from

[15, Example 1]: ¢; = 1, ¢3 = 10, c3 = 1000, ¢4 = 1071, In Fig. 2(a) we used the same initial conditions as
in [15, Example 1]:

x1(0) = 400, x2(0) = 798, x3(0) = 0. (23)

The match is very accurate, as can be confirmed from Table 3. The values of the parameters chosen result in
a pSHS with two distinct time scales, which makes this pSHS computationally difficult to simulate (“stiff”
in the terminology of [15]). The initial conditions (23) start in the “slow manifold” x; = 1251 (x1 — 1) and
Fig. 2(a) essentially shows the evolution of the system on this manifold. Figure 2(b) zooms in on the interval

[0,5 x 10~%] and shows the evolution of the system towards the manifold when it starts away from it at
x1(0) = 800, x2(0) = 100, x3(0) = 200. (24)
Figure 3 shows another simulation of the same reactions but for much smaller initial populations:
x1(0) = 10, x2(0) = 10, x3(0) = 5. (25)
The truncated model still provides an extremely good approximation, with significant error only in the

covariance between x; and xs when the averages and standard deviation of these variables get below one.
This happens in spite of having used (21) instead of (20) to compute . O
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Fig. 2. Comparison between Monte Carlo simulations (solid lines) and the truncated model (19), (22) (dashed lines)
for Example 2 with large populations.
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Fig. 3. Comparison between Monte Carlo simulations (solid lines) and the truncated model (19), (22) (dashed lines)
for Example 2 with small populations.

Example 3. Consider the following system of chemical reactions:
X1+X2L>X1, X1+X2L>X2,

and let x := (x1,x2) be the number of molecules for X; and Xs, respectively. The deterministic chemical
rate equations for this system are given by

).(1 = —(CX1X3, 5(2 = —(CX1X2. (26)

Equation (26) does not have a unique equilibrium point, in fact, every vector of the form (xg,0) or (0,xg),
xp € R is an equilibrium point for (26). Because of this, general approximate methods based on local

11



expansions of the Master equation [7], do not apply. The stochastic dynamics of the number of molecules
x := (x1,X2) can be described by a SHS with continuous dynamics x = 0 and reset maps

x = ¢1(x) = [xfil} , X = ¢a(x) 1= [";;1] )

with intensities A;(x) := ¢x1x2 and A2(X) := ¢x1x2 respectively. For 1/)(’”17“”)(:1:) =™z, Ymy,ms €
N>, it can be verified that (8) can be written as follows:

400 0 0 0 0 —c 00 0 0
ﬂ(o,l) 0 0 0 0 —c H(0,1) 0 0
29 =1o 0o 0o 0 e u@0 | 4+ [ -2¢ o | @, (27)
S o 0 0 o0 c pl®2 0 —2¢
Aty o 0 0 o0 0 ) ¢ —c

where i := [ .2 ] evolves according to
A = Z90,(22) 4 (1) _ oy (30)
4002 = Z9ep(22) 4 oy 21 gy (18)

This system satisfies condition (14) and any function ¢ of the form

v 1% 4
P (p('u) _ /L(2’O) <H(1’1)> 1 H(O’2) (u(l,l)) 2 (28)
(M(O,l))ul_l M(I,O) ’ (M(I,O))W—l M(O,l)
satisfies (12) and (13), where v1, vo € R. Explicit conditions on the stoichiometry of the reaction for which
(12) and (13) yield a unique solution for ¢ will appear in [18]. In order to find a unique function ¢ we now

require (12) to hold for the family of lognormal distribution also. It is straightforward to check that for
bivariate lognormal variables y and z,

2. Ely? (Elyz]\?
Bl = g (E[y}) | (29)

which corresponds to taking 11 = v = 2 in (28), and hence, a unique function ¢ can be found as
2 27/
u(ovl) M(lxo) ’ u(lvo) M(Oxl) '
Figure 4 shows a comparison between Monte Carlo simulations and the truncated model (27), (30) for ¢ =5

and initial conditions, x;(0) = 550 and x3(0) = 500. The match is very accurate especially for the mean and
standard deviation, as can be seen from the zoomed inserts. O

Ezample 4. Consider the Schogl reaction set [16]:
A +2X; 53Xy, 3X; -2 A 42Xy, X, -5 B, B -5 X,

where the number of molecules n4 and np of species A and B, respectively, are assumed constants. The
deterministic chemical rate equation for this system is

P — %nAx2 — %x3 — 3X + eqnp, (31)

where x denotes the number of molecules of X;. This equation has a unique equilibrium point for some
values of the coefficients ¢;; while it is bistable, for other values (i.e., it has two stable equilibrium points).
The evolution of x can be described by a SHS with continuous dynamics x = 0 and reset maps

x = d1(x) i=x+1, X da(x) i=x— 1, x = ¢3(x) i=x— 1, X = dg(x) :=x+1,

12
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Fig. 4. Comparison between Monte Carlo simulations (solid lines)

and the truncated model (27), (30) (dashed lines)
for Example 3.

with intensities

Cxx—1)(x—2),

A1(x) = C—2lTLAX(X - 1), A2 (x) := 5 Az(x) := e3x%, Aa(x) = cynp,

respectively. For (") (x) = 2™, ¥Ym € N> we have

c c
(L™)(@) = Snaz(e = Dl + D™ = 2™ + Loz - (e = 2z~ )" — 2"
+esz[(z =)™ — 2™+ eanpl(z+ 1) — 2™ (32)
and (8) can be written as follows:
ﬂ(l):| _ 7%627%71A61763 %C2+%77«A61 |:#(1):| ,%Q 0 ~ npgcy 23
|:ﬂ(2) |:63+2nBC4énAcl+§c2 7%71A6172C37%62 #(2) T 7%62 nAcl+%C2 K + ngca ’ ( )

— / .
where i := [p® @] evolves according to

1 3 8 3
) = —502#(5) + (gnAC1 + 2c9)u™ + (=3c3 — gcz)ﬂ(g) + (—naci + 3npes + 3c3 + 502)H(2)

1 1
+ (—502 + 371304 — 571,401 — Cg)u(l) + npcy

2 25
;1(4) = —50211(6) + (2nger + 3cz)u(5) + (=5c2 + nacy — 403)u(4) + (—nac1 +4npey + FCQ + 603)N(3)
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3 11 1 1
+ (_EnAcl + 6npcy — 4eg — FCQ)‘LL(2) + (e3 — 571,401 +4nge+ gCg)u(l) +npgeca.

Condition (14) is not satisfied, however, if we retain only the two highest powers of = in the right-hand-side
of (32), we have the following simplified version of (33)

ﬂm} B {0 %C2+%nAcl} [#m] —ge2 0 _
[ﬂ(z) Lo 0 s + —3c2  macitgcs K
where i := [u® ,®]" evolves according to
1 3 2
) = —§C2M(5) + (gnAC1 +2¢o) ) = —502#(6) + (2nqc1 + 3ea)u®,

for which condition (14) does hold, allowing us to find a unique solution ¢ to (12) and (13), resulting in a
truncated system given by (33) and

. @\ (u20)°]
f=(p) = [(%) ] W] . (35)

We perform simulations for two sets of values of coefficients ¢;. First, the coeflicients are taken as ¢; = .000002,
co = .00006, c3 = 10, ¢4 = 1, for which (31) has a unique equilibrium point. Figure 5 shows a comparison
between Monte Carlo simulations and the truncated model (33), (35) for x(0) = 300 and n4 = np = 1000.
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2401 NN N
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220 0 N B
2001 1s T b
180 116 R
160 - D 114 i
0. 021 022 023 024 025
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100 -
L L L L L L L L L
0 005 01 015 02 025 03 035 04 045 05

12
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Fig. 5. Comparison between Monte Carlo simulations (solid lines) and the truncated model (33), (35) (dashed lines)
for population mean (top) and population standard deviation (bottom) for Example 4, when (31) has a unique
equilibrium point.

Next, the coefficients are changed to ¢; = .000014, co = .00006, c3 = 1.4, ¢4 = .08, and it can be
verified that for these particular values, (31) is bistable. Figure 6 shows a comparison between Monte Carlo
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simulations and the truncated model for x(0) = 550 and n4 = np = 1000. The truncated model provides
accurate estimates for times less than one second, with some error after that.

We conjecture that the larger errors observed with the truncated model for this reaction are related to
the stoichiometry of this equation with three molecules of X; needed for the reaction to take place. This
leads to the fact that the dynamics of the m'* order moment depend on the (m + 1)!* and the (m + 2)*"
order moments and therefore the truncation function must provide an estimate of the third and forth order
moments based on the first and second. This seems significantly more challenging than just estimating third
moments from the first two. Fortunately, stoichiometric coefficients larger than two (as in the Schogl reaction)

are not very common. O
550
500 —
450 - N —
S _EN

200 n'n””""*——,,,,77777777 -
350 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8

60

Fig. 6. Comparison between Monte Carlo simulations (solid lines) and the truncated model (33), (35) (dashed lines)
for population mean (top) and population standard deviation (bottom) for Example 4, when (31) is“bistable.”

6 Conclusions and Future Work

An approximate stochastic model for chemically reacting systems was presented in this paper. This was done
by representing the population of various species involved in a set of chemical reactions as the continuous
state of a pSHS. With such a representation, the dynamics of the infinite vector containing all the statistical
moments of the continuous state are governed by an infinite-dimensional linear system of ODEs. We showed
that these infinite-dimensional ODEs can be approximated by finite-dimensional nonlinear ordinary differ-
ential equations with arbitrary precision and provided a procedure to build this type of approximation. The
methodology was illustrate using a variety of examples of chemical reactions that have appeared in literature.
By comparison with Monte Carlo algorithms we showed that these approximate stochastic models indeed
provided very accurate results.

Several observations arise from these examples, which point to directions for future research:
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. For all the examples considered, it can be seen from equations (17), (22), (28) and (35) that the depen-

dence of ¢(p) on lower-order moments, is as if x;, is lognormally distributed. As of now we are unable
to understand this dependance and further investigation is required.

. As seen from the examples, the approximate truncated models provide accurate time evolution of lower

order moments for the population of species even when the variance is non-zero, i.e., the system has
evolved to a “nondeterministic distribution”, although the approximate truncated model was constructed
assuming a deterministic distribution. As part of our future work we are trying to understand this and
develop explicit error bounds when the system evolves to their “nondeterministic distributions”.

. In [19, 20], for infinite-dimensional systems that can be partitioned into a finite-dimensional slow sub-

systems and an infinite-dimensional fast one, a finite dimensional system ( whose dimension is equal to
the slow sub-system) can be obtained, that approximates the solution to the infinite-dimensional system,
upto a desired accuracy, for almost all times . Although, the proof of Theorem 2 does not need this kind
of structure for the infinite-dimensional system it is possible that in some of the examples something
similar might be happening which requires further investigation.

. The truncated models were constructed by requiring (10) to hold for N = 2. A direction of future research

consists of constructing approximations based on (10) but for N > 2.

Many processes in molecular biology involve a large number of molecular species with very low popula-

tions, for which stochastic effect are crucial. Hence, an additional direction for future research is to model
stochastic reactions in molecular biology using the techniques presented in this paper.
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