Journal of Computational and Applied Mathematics 361 (2019) 79-96

Contents lists available at ScienceDirect

Journal of Computational and Applied
Mathematics

journal homepage: www.elsevier.com/locate/cam

L)

Check for
updates

Slow-scale split-step tau-leap method for stiff stochastic
chemical systems

Viktor Reshniak ***, Abdul Khaliq?, David Voss ¢

@ Department of Mathematical Sciences and Center for Computational Science, Middle Tennessee State
University, Murfreesboro, TN 37132, USA

b Computer Science and Mathematics Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
¢ Department of Mathematics, Western Illinois University, Macomb, IL 61455, USA

ARTICLE INFO ABSTRACT

Article history:
Received 22 September 2017
Received in revised form 14 December 2018

In memory of Professor David Voss (third au-
thor) who passed away while this article was
under review

Keywords:

Stochastic chemical kinetics
Tau-leaping
Quasi-equilibrium

Stiffness

Theta method

Split-step method

Tau-leaping is a family of algorithms for the approximate simulation of the discrete state
continuous time Markov chains. A motivation for the development of such methods
can be found, for instance, in the fields of chemical kinetics and systems biology. It is
known that the dynamical behavior of biochemical systems is often intrinsically stiff
representing a serious challenge for their numerical approximation. The naive extension
of stiff deterministic solvers to stochastic integration often yields numerical solutions
with either impractically large relaxation times or incorrectly resolved covariance. In
this paper, we propose a splitting heuristic which helps to resolve some of these issues.
The proposed integrator contains a number of unknown parameters which are estimated
for each particular problem from the moment equations of the corresponding linearized
system. We show that this method is able to reproduce the exact mean and variance
of the linear scalar test equation and demonstrates a good accuracy for the arbitrarily
stiff systems at least in the linear case. The numerical examples for both linear and
nonlinear systems are also provided, and the obtained results confirm the efficiency of
the considered splitting approach.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The importance of stochastic fluctuations in biochemical processes has been established and confirmed by a large

score of experimental and theoretical studies [1-3]. It is known that at the cellular level, even a single molecule can
drastically impact the outcome of reactions. Markov chain models can account for both discrete and stochastic nature
of such processes and provide convenient tools for the mathematical description of stochastic chemical kinetics [4-6].
For example, the evolution of probabilities in Markovian kinetic networks is entirely specified by the (chemical) master
equation (CME). Unfortunately, its dimension grows exponentially with the number of molecular species restricting the
domain of its application to very small or simple systems [5,7,8].

Simulation techniques provide an alternative to the master equation by generating large ensembles of possible
temporal state paths. Gillespie stochastic simulation algorithm (SSA) [9] and its efficient implementations like the next
reaction method [10], the optimized direct method [11] or the sorting direct method [12] keep track of every reaction
event and are essentially exact. Approximate simulation algorithms allow to skip over multiple reactions in a single leaping
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step and are often cheaper than SSA. The original tau-leaping algorithm in [13] uses Poisson random variables to estimate
the number of multiple reactions which can occur during the step of size z. It is based on the assumption that  is small
enough to guarantee that the intensities of the reactions do not change drastically during the leaping step. Several tau
selection strategies have been proposed in the literature to satisfy this leaping condition [14,15] and to avoid negative
populations [16-19].

Many biochemical systems contain both fast and slow reactions. It is known that transitory and highly reactive species
involved in fast reactions may reach equilibrium and be asymptotically at a steady state within the coarse time scale of
slow reactions [20,21]. Sampling fast intermediate species from their quasi-stationary distributions using SSA is redundant
on time intervals much exceeding the appropriate relaxation times. Tau-leaping methods applied to such systems usually
require tiny steps in order to remain stable and are also inefficient. This phenomenon is known as stiffness and is a well-
studied topic in the numerical analysis of deterministic dynamical systems. However, unlike deterministic dynamics, fast
stochastic fluctuations represent an essential qualitative feature of biochemical systems and not an artifact of a numerical
integrator. Efficient stiff solvers must be able to skip over the fast and stable reactions while capturing their stochastic
influence on the slow species.

Stiffness in deterministic equations is efficiently handled with implicit solvers. The naive application of implicit
integrators to stochastic systems yields numerical solutions with either unfeasibly large relaxation times or severely
overdamped variance [22,23]. Several approaches to cope with this issue have been proposed in the literature. Quasi-
steady state or partial equilibrium approximation employs the splitting of reactions into fast and slow groups which are
then integrated separately on their corresponding time scales [20,21,24,25]. Slow-scale and nested algorithms implement
these ideas in [26-28]. Other methods which utilize the splitting of reaction channels were considered in [29-34].
Approaches which do not require explicit separation of scales have also been proposed. For example, interlacing [22,35]
and projective [36] strategies were used to restore the overly damped stochastic fluctuations by interchanging large
implicit steps with short explicit bursts.

Split-step methods have also been proposed for the numerical integration of stiff stochastic systems. For example,
in [37], the splitting was used in conjunction with the Minkowski-Weyl decomposition to determine the joint distribution
of the reaction count vector satisfying the nonnegativity and integrality conditions on the updated state. Similarly, in [38],
the joint distribution was approximated by a conditional Gaussian with the mean and covariance evaluated using the
local central limit approximation. Additionally, split-step methods have been studied within the framework of stochastic
Runge-Kutta integrators. Chebyshev S-ROCK scheme for the systems with discrete noise was introduced in [39]; it was
shown to have excellent stability in the mean but failed to resolve the variance. It was pointed out in [40] that the
accuracy of this scheme can be considerably improved by the appropriate choice of Runge-Kutta coefficients satisfying
certain optimality conditions.

In this paper, we propose the new implicit split-step tau-leaping method which is both stable in the mean and can
accurately resolve stationary distributions of the chemical species involved in fast reactions at least in the linear case. The
single step of the proposed scheme has the form

Yni1 = E(T)(Ya),
where the increment function
(1) = @2((1 = 0)r, ny) 0 S(7) 0 D1(07, 17)

consists of two implicit deterministic steps @1, @, and the single tau-leaping step S. The functions &; and &, can be
very general but we limit our attention to the classical theta scheme. The main result of the paper is the choice of the
parameters 13, 7, and 6 which admits the accurate simulation of the fast and stable reactions on the coarse time grids.
Our approach is conceptually similar to the one in [40] as we also select the optimal parameters in a problem dependent
manner. The form of the splitting and the proposed parameter selection strategy, however, are different and, to the best
of our knowledge, have not been applied to the equations of stochastic chemical kinetics before.

It is worth noting that stochastic simulation algorithms are usually combined with Monte Carlo methods. A popular tool
for reducing the computational burden of Monte Carlo sampling is provided by the multilevel techniques which rely on the
availability of the sequence of approximations with increasing fidelity [41]. This approach was recently extended to the
discrete state Markov chain models in [42-45]. The proposed split-step method can potentially be used as a low-fidelity
integrator at coarse levels of the discretization hierarchy improving the overall cost of the multilevel estimators.

The paper is organized as follows. In Section 2, we give an overview of the equations of stochastic chemical kinetics.
In Section 3, we review the classical simulation algorithms and introduce the new splitting heuristic. Section 4 contains
the main result of the paper; we conduct the comparative stability analysis of the classical and the proposed schemes and
give the algorithm for estimating the parameters. Finally, the numerical examples for both linear and nonlinear problems
are given in Section 5.

2. Stochastic chemical Kinetics

Consider a thermally equilibrated chemical system which consists of N well-stirred molecular species {S;,i =1, ..., N}
interacting through R reactions channels {R,,r =1,...,R}
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Ri: 1)17]51 + V;152 4+ 4 vhj]SN i) \)1+151 + \);152 + .- 4 U,QSN,

Ryt VSt 4058 4+ Sy > VSt + 158 + -+ 4 1S
- V1201 2292 N2°N 12°1 2292 N2°N>

Rr: VpS1+ VpS2 + - + vpSn = v;}& + v;;SZ 4+ 4 v;,’RSN.

At any time instance, this system can be in precisely one of the states X(t) = (Xi, X2, ..., Xy)T, with X; denoting the
number of molecules of type S;. For chemical species with small to moderate molecular populations, intrinsic random
fluctuations do not just average away and can lead to significant relative differences in the outcome of reactions even
for initially identical system configurations. Evolution of the state vector for such systems can be modeled as a stochastic
jump process [9,46]

Xi(t) X1(0) vir vz ... v\ /Na(t)
XZ(t) XZ(O) V21 1%¥) . VoR Nz(l')
=1 - |t : : R (M
Xn(t) Xn(0) VN1 VN2 ... e/ \NR(E)
where each stoichiometric column vector v, = v}, — v, ..., vy — vy 17 denotes the change in molecular populations

from the reaction channel R,, and Markovian processes N;(t) count the number of corresponding reactions in the time
interval [0, t].
Eq. (1) represents a continuous time Markov chain with the transition probabilities

P [X(t +dt) — X(t) = v |X(t)] = a,(X(t))dt + o(dt), r=1,...,R

and with the associated chemical master equation

R R
P
a;"‘ =— Z ar(X)P;x + Z ar(X — v )Pe gy (2)
r=1 r=1
Po,x = Px-

Eq. (2) describes the change in time of the probability mass function Py, = P [X(t) = x] of every element x € S from
the state space S C Zﬁ of the system. According to the stochastic law of mass action, transition intensities (propensities)
a,(x) are proportional to the reaction-rate constants ¢, and the number of distinct combinations of molecules of the source
species in the corresponding reactions [46]

N N
Xi X,'!

a-(x) = ¢ = _— r=1,...,R.

%) rl_[(v_) r]_[(xi—vg)!v;!

i=1 i=1
Although the master equation provides a complete probabilistic description of the chemical system at any time
instance, it admits analytical solutions only in the exceptional simple cases and rarely can be solved numerically due
to the exponential growth of its dimension with the number of species involved. In practice, however, it often suffices to
know the evolution law of statistical moments since for any analytic function g(x) of a random variable x, we have that

oo
E[g(x)] = Z g E )IE [x"].
n=0

n!

Additionally, multiscale stochastic simulation algorithms often require at most two first stationary moments of the fast
species to compute the averaged slow dynamics [24,26].
Consider the expected value of the arbitrary function of the state

E[FX(O)] =D fOP s
xeS
By differentiating the above expression and using (2), we get
R

SEFKOI = Y0 = 3 3 00(alx — Py, — ar(x)B)

XeS at r=1 xeS
R

= 3 (Fx v0) = 00 ar ()P (3)
r=1 xeS

Note that the change of variables (x — v;) — x in the first term in parentheses does not change the limits of summation
because the sum is taken over all possible states and both (x — v.) € Sand x € S.
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In particular, we have

E[Xl]_ZZ(X'+V’r X1>ar Ptx—ZU,rE [ar

r=1 xeS

el
(B LX)~ EXIE )

=

Z(Vk r(E [Xia,(X)] — E [Xi]) + vir (E [Xear(X)] — E [Xi]) + virverE [ar(x)])~

In matrix-vector notation, the above expressions take the form

a

EEMUH=wEh@Hm,
B{mmmnxun=vwmmmmnymnhwmmmnﬂmmn»J+v¢@4Ep@uM)wT

at

This system may not be closed due to possible higher moments of X(t) appearing on the right-hand side of the equations.
However, the propensity functions of the zero and first order reactions can be combined into a single vector in the form
of

alX)=CX +d, (4)

where the nonzero elements C;; = ¢, of the R x N matrix C correspond to the rates of the conversion and degradation

reactions R, : Sjﬂ»k and the R-dimensional vector d contains the rates of the inflow reactions R, : @ %. In this case, the
mean and covariance of the state vector X(t) are defined by the following closed system

%E [X(t)] = vC - E [X(t)] + vd, (5)
3(Cov [X(8)] = vC - Cov [X(t)] + Cov [X(t)] - (vC) + v - diag (C - E [X(t)] +d) - v".

at

3. Simulation algorithms

As an alternative to the CME, the statistical quantities of interest associated with the state of the chemical system can
be extracted directly from (1) by simulating large ensembles of individual state paths. In this section, we overview the
classical algorithms for the exact and approximate path simulation and propose a new one.

3.1. Exact simulation. Stochastic simulation algorithm

The random time change formula allows reformulating the counting processes N(t) in (1) in terms of the unit rate
Poisson processes P(t) [46, Theorem 1.10]. This results in the following stochastic integral equation

+Zw<fwmmg (6)

Taking into account that the holding times of the Poisson jump process are exponentially distributed random variables,
the individual realizations of X(t) can be generated with the stochastic simulation algorithm (SSA) as follows [9]

X(tn + 1) = X(ta) + vy

The holding time and the index of the next reaction are calculated as

1
T=—————1Inn,

SR aiX(t))

R
r=min{r: Zai(X(tn)) > 1 Zaf(x(fn)) ,
=1 i=1

where r1, 1, are the standard uniform random numbers. There also exist several efficient implementations of this algorithm
such as the next reaction method [10], the optimized direct method [11] and the sorting direct method [12].

As was pointed out above, SSA is exact but redundant for sampling random state paths from the stationary distribu-
tions. Approximate path simulation algorithms can be more suitable in this case since they allow to skip over multiple
reactions in a single step.
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3.2. Approximate simulation. Tau-leaping

Consider the integral equation (6) over the time interval t € [tp, t;11]

X(tri1) = X(t2) +Zur ( [ ar(X(s))ds> )
tnt1 tnt1
X(tn) +Zu, / ar(X(s) ds+Zvr ( / r(X(s))ds)

with the driving martingale stochastic processes

5( / " ar(X(s))ds> - 73( f " a,(X(s))ds) _ [ " X($))d.

Approximation of the state dependent Poisson processes is the major difficulty in the construction of accurate
numerical solutions to the above equation. For slow reactions, it is reasonable to assume that the number of molecules
and hence propensities do not change fast inside the interval of integration and one can use an explicit approximation of
the integrals

P ( / " ar(X(s))ds> ~ 5(a,(X(tn))z), T =t — .
tn

Approximating the deterministic part of (7) with the theta scheme, one gets the family of drift implicit tau-leaping
methods

R R

Vo = Yo+ D (1= 0)ar(¥a) + 6@ Y1) 7 + D 0P (a(Ya)r ) (8)

r=1 r=1

=Y,+0 Z vty (Yog1)T + Z Vr[ (ar(Yn ) - Oar(Yn)T:I,

where Y), is the numerical approximation of X(t,). The classical explicit [ 13], implicit [22] and trapezoidal [23] tau-leaping
methods correspond to the parameter values @ = 0,6 = 1and 6 = % respectively. The error analysis of these schemes
reveals their first order of weak convergence [47-49].

Theta methods are implicit in their deterministic part but use the explicit approximation of the driving stochastic
processes. Split-step methods form another class of integrators which allow incorporating implicitness into the stochastic
part as well. The standard split-step scheme reads as

R
B =Y+ D ur (1= 0)a (o) + 0l 7, (9)
r=1

R
Yn+1:9n+zvr (ar(yn )—Yn+ZVr (aryn )

r=1

In this paper, we propose the two-stage split-step method which combines ideas of the theta and the split-step
methods. The proposed scheme has the form

R
f/11 =Y, + Z Vr ((1 = nir)ar(Yn) + nlrar(?n)> (1-6,)r,

r=1
R

Vo=Vt S uP (ar(Yn)t) , (10)
r=1

R
Yop1=Yat Y v ((1 — 120)ar(Ya) + mrar(vm)) Ot
r=1

with the parameters 71, 12, 6, € [a, b] for some bounded a, b. We discuss the optimal selection of these parameters in
Section 4.
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Remark. Numerical schemes for the stochastic biochemical systems must ensure the non-negativity and integrality of
the generated states. The integrality for the scheme in (10) can be guaranteed if we set

R
Y,?.E] =Yy + Z Vr\\ ((1 — n1r)ar(Yn) + nlrar(f/n)) (1-6)+P (ar(yn)‘L')
r=1

+ <(1 - UZr)ar(?n) + 12r@r(Yng1 )) erf—‘ s

where |-] denotes the nearest integer function. This choice ensures stoichiometrically realizable states since every state
change is of the form kivi + - - - + kgvg for some non-negative integers ki, ..., kg. The nonnegativity of the states can be
achieved by applying the bounding procedure proposed in [50, Section 2.2]; it also follows stoichiometry of the system
and does not alter the first order consistency of the tau-leaping methods by updating events with probabilities of order
0(t?) or higher [49].

4. Moment stability analysis

As was mentioned above, fast and highly reactive species often converge to the stable state within the coarse time scale
of slow reactions. Here stability is understood as the existence of a stationary distribution of the fast species conditioned on
the “frozen” slow species. However, distributions are hard to study. Analysis of statistical moments is often more tractable,
especially in the linear case. It has been shown that the classical tau-leaping methods fail at an accurate simultaneous
resolution of the stationary mean and variance [23]. In this section, we provide the comparative linear moment stability
analysis of the theta tau-leaping method (8) and the split-step scheme (10) and show the superiority of the latter for
integrating fast and stable chemical reactions.

We will need the following definitions

Definition 1 (Reaction Rate Equation). Reaction rate equation (RRE) is a deterministic ODE model for the evolution of
molecular concentrations

R
dz(t) _

7 = Z vrar(z(t)),

r=1

where z = é a = ‘17’ and V is the volume of the system. This model gives a good approximation of the dynamical
behavior of chemical systems in the fluid limit such that limy_, o, @ = const [5,51].

Lemma 1 (Law of Total Expectation). The unconditional expectation and covariance of the random vector Y, can be evaluated
as

E [Yn+1] =E []E [Yn+1|Yn]] s
Cov [Yy41] = Cov [E [Yyy1]Ya]] + E [Cov [Yyq]|Yal].
4.1. Motivating example
As a motivation for the choice of the splitting in (10), consider the reversible isomerization reaction
C
S =5, (11)
[>]

This reaction has the linear propensities a; = c¢;X;, a = X, with the stoichiometric vectors v; = (—1, 1)T and
vy = (1, —1)T. The stationary distribution of (11) is the binomial distribution [8,23]

XT! _
]P; X* - X|=— X 1 _ XT —X
[ ] xr!(xr —x)!q ( ?
with the mean and the variance
C C1Cy
E[X*| = =x71, Var | X*| = —=x7,
X = 2 [x] = L

where X* = X;(00), A = ¢1 + ¢ and x7 denotes the fixed total number of molecules, i.e., X = X; + Xo.

Let Y,, denote the numerical approximation of X;(t;) and consider the theta method (8) applied to the test system
(11). The following condition ensures the global stability of the mean and the variance of the numerical solution (see
Appendix A)

1—A1-0)
1+ A0t
We call P(At) the propagation coefficient.

IP(A7)| = (12)
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Table 1
Propagation coefficients and stationary variance amplifiers of the theta method (8).
Parameter A is set to A = ¢; + ;.

0 Propagation coefficients Variance amplifiers Stability condition
1-A(1-0)t 2
JESY S 242(20— 1)t
2 2

0 1—-At oy T<$
1 Lix 1 Unconditional
2 24at

1 2 .
1 T T Unconditional

Table 2
Propagation coefficients and stationary variance amplifiers of the split-step method (9)
with z=At and A =¢; + ;.

[0, n1, n2] Propagation coefficients Variance amplifiers Stability condition

[6,1,1] —l 2z Unconditional
1+z40(1-0)z (HQZ)LW
1-(1-6)z 2

[9,0, l] 110z 3702601 (1—20)Z<2
1—(1—my)z 2(14112)? _

[0, n1. n2] Tz T20—20 427 (1-2m)z <2

Assuming (12) and letting n — oo, we get the mean and the variance of the corresponding stationary distribution

E[Ys] =E[X*], (13)
Var [Yoo] = A(AT)Var [X*]

where A(AT) = m is the stationary variance amplifier.

Table 1 shows the propagation coefficients and the stationary variance amplifiers of the theta scheme for different
values of 6. It is seen that the stationary mean of the true solution is recovered correctly for all values of & when condition
(12) is satisfied. The stationary variance is resolved correctly only by the trapezoidal scheme with 6 = % other values
of 6 result in either underdamped (6 < %) or overdamped (60 > %) variance. Additionally, one can see from Fig. 1 that
the propagation coefficient of the trapezoidal scheme is close to one for large values of At indicating slow relaxation rate
of the numerical solution to the stationary state. This limits the domain of application of the trapezoidal scheme to the
systems with the time scale separation much larger than the relaxation time of the numerical solution.

Now consider the split-step method (10) applied to the system (11). Let 6, = 6, ny; = 1y and 1y, = 1. The global

stability condition reads as (see Appendix B)

(1 — (1 =M1 = 9)1’) (1 —(1- 7]2))»0‘[)
14+ mAr(1-6)r 1+ mAbt

Assuming this condition, the stationary moments of the numerical solution take the following values

E[Y(c0)] = E [X*],
Var [Y(o0)] = A(At)Var [X*]

IP(.T)| =

with
2\t

( 14 mr0t )2 <1 — (1= A1 — 9)1)2
1—(1—n)A0t 1+mA(1-0)t

One can see that the split-step method also preserves the stationary mean of the true solution while the stationary
variance depends on the choice of the parameters 6, 14, 1,. Table 2 provides the propagation coefficients and the variance
amplifiers of the scheme (10) for different values of these parameters. It is seen that the proposed scheme recovers the
stability properties of the theta tau-leaping method when n; = 0, , = 1 and of the standard split-step scheme (9) when
® = 0, n; = 1. By rewriting the variance amplifier as a rational function in Az, it is also easy to check that the only
choice of fixed parameters for which Var [Y(oco)] = Var [X*] uniformly in At is givenby 7, = 0,17, = 1,0 = % which
corresponds to the trapezoidal theta scheme.

It is worth noting that with n; = 1, = 1, the global stability condition for the split-step method is satisfied uniformly in
6 and the propagation coefficient tends to zero for large values of At producing numerical solutions with small relaxation
time. Fig. 1 illustrates the propagation coefficients from Tables 1 and 2 for different numerical schemes along with the
exponential decay e~ of the exact mean E [X;(t)]. It is clear that the split-step method with ; = 1, = 1 gives the best
approximation of the true exponential decay when compared to other considered schemes. Moreover, by an appropriate

Alrt) =
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1

—Xp(-A )

08 ———— explicit
—— implicit
0.6 —H—trapezoidal | -

—o—splitstep

041
0.2

0
-0.2
-0.4F
-0.61
.08 L

-1

T

0 20 40 60 80 100

T __L-—-—I—=

AT

Fig. 1. Propagation coefficient of numerical schemes.

choice of the parameter 6, the scheme can reproduce the exact stationary variance of the true solution for each given Az.
The following condition can ensure this

20T

: =1. (14)
(1+(1— 02

The above equation does not have a closed form solution. However, for large values of A1, the fraction in the denominator
can be neglected which gives the following approximation

0= 2 ! Ar=c1+c¢
“Voar a7’ T

For the small values of A7, one can search for the solution in the form of

=6 +0"At+6"0Ti+ -

(14+60rt)? —

Substituting this asymptotic expansion into the original equation and solving for the coefficients, we get
9,:3—ﬁ o — -9+53 o 108 — 187+/3

2 6 ’ 24
As can be seen from Fig. 2, it is appropriate to choose the following representation for the parameter 6

' +0"rt, if At <245,
O(At) = 15
o) V=&, ifar > 2.45. (1>)

The value At = 2.45 corresponds to the point where the two branches of 6(17) coincide.

Note that the above formula is obtained by fitting the asymptotical moments of the numerical solution to the exact
stationary moments of the true solution. This approach is suitable only for simple systems with known analytical
distributions. In the next section, we generalize this parameter estimation technique to arbitrary chemical networks.

)

1
The parameter A = c; + ¢ in the formula (15) is the measure of the relaxation rate of the reversible pair S; = S,
Q
to its stationary distribution. It can also be obtained through a deterministic analysis by studying the eigenvalues of the

Jacobian matrix of the corresponding reaction rate equation. Indeed, the coefficient matrix of the linear differential system

E Z1\ _ [~ Cy Z1
dt\zn) \a -a)\a

has two eigenvalues: A1 = 0 and A, = —c; — ¢,. In a general case, the system of RREs with an equilibrium point X* can
be linearized around this point giving the system of ODEs

de

— =v-Da(X*) e,

dt

where e = X — X* and Da(X*) is the Jacobian matrix of the vector with reaction propensities. For the reversible pairs of
reactions, the rank of the stoichiometric matrix v is equal to one which, according to the rank-nullity theorem, implies
that the coefficient matrix of the linearized system has exactly one non-zero eigenvalue. Since the trace of a matrix is the
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Fig. 2. Parameter 6 and the corresponding variance amplifier.

sum of its eigenvalues, the rate of decay of a reversible pair can be easily computed as
A= —Tr[v - Da(X")], (16)

where Tr denotes the trace operator.
4.2. Parameter estimation for general systems

Recall that for the case of linear propensity functions in (4), the temporal evolution of the mean and covariance is
described by the system of equations

%E [X(6)] = vC - E [X(t)] + vd, (5)
%Cov [X(t)] = vC - Cov [X(t)] + Cov [X(t)] - (vC) + v - diag (C - E [X(t)] + d) - V. (6)

We use these equations to estimate the parameters of the split-step scheme by optimizing the error in the first two
moments.

The key idea of the proposed approach can be broken down to three steps. Firstly, to find the reference values of the
mean and covariance, we need to solve the system in (5)- either analytically or numerically. When the analytical solution
is not available, we find its numerical approximation by discretizing the above equations as follows

Mn+1 = P1pan + Tp2, (17)
P3ony1 + O’n+1P§ = Pyon, + JHPZ + v - diag(Cpny1 +d) - VT’ (18)

where w, and o, are the numerical approximations of E [X(t,)] and Cov [X(t,)] respectively. The coefficient matrices and
vectors in the above formulas are given by

- -1 1 -
Py = (1 - Oer) (1 +Q —H)er), Py = 51— dniC,
~ -1 1 ~
Dy = (1 - ewc) vd, Py = 51+ (1= B)ruC.

Note that the parameter & above is in general not related to the parameter 6 in the considered split-step scheme (10).
Any other approximation scheme for the solution of (5)- can also be used instead of (17)-(18). Moreover, in all numerical
simulations below, we used the fully implicit scheme with 6 = 1.

Secondly, we explicitly derive the equations for the mean and covariance of the solution generated with the split-step
scheme (10). In the case of linear propensity functions, it reads as

f/n =RiYy + 12,
Y, = f/n—i—vP((Cf/n—i—d)r) —r(va/n—i—ud), (19)
Yoi1 = R3Yy + T4,

where

-1
R, = (1 — zv - diag(n;) - diag(1 — 6) - c) (1 + 7v-diag(1 — ) - diag(1 — 6) - c),
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Algorithm 1 Parameter estimation for the split-step tau-leaping algorithm

Input: Initial condition Xy, time step 7, final time T, @71 < 1, ap < 1
Output: Optimal parameter values
1: for each reversible reaction pair do

: whilet, <T do
Find u, and o, from (17) and (18)
10:  Set C = Da(uy) and d = a(un) — C - in
11: Set 0", ni~!, i~ as initial guess for 6", n?, nt
12: Find 6", n7, n from

2:  Estimate the relaxation rate A, using formula (16)

3 Find 09 as a solution of the equation (14) or using formula (15)
4: Set n?r = ngr =1

5: end for

6: n<« 1

7:ti1=th+T7

8

9

(0", n}, n3) = argmin (12 [Ya] = a1 + Cov [¥a] — ol )

13:  with E [Y;] and Cov [Y;] given by the formulas (20) and (21) respectively

14 if [EDnlonll 5 o gp 1OV Zonly - then
[len l llonllf

15: Reduce 1

16: else

17: n<n+1

18: end if

19: th=th_1+T7
20: end while

-1
ry = (1 — v - diag(y;) - diag(1 — 6) - c) v - diag(1—6)-d,
-1
Ry = (1 — v - diag(y,) - diag() - c) (1 + 7v - diag(1 — ny) - diag(6) - c),
-1
Iy = (1 — v - diag(yy) - diag(6) - c) v - diag() - d

and 0 = [61,...,6:1", m = [m1s -, nr)"s m2 = [m21, - ., nar]”.
By applying Lemma 1, it is easy to show that the expectation of Y, is given by

E [?n] = RiE [Ya] + 715,
E[Yps1] = RE [?n] + 114, (20)

To find the covariance of Y, 1, recall that the components of the random vector P((C Yo+ d)t) are independent Poisson

variables conditioned on Y, and thus Cov [P((C f/n + d)r) |Yn] is a diagonal matrix. This gives

Cov [?H] = R,Cov [Y,]R!,
Cov [f’n] = Cov [}A’n] + Tv - diag (CIE [}A’n] + d) T (21)
Cov [Yny1] = RsCov [Yn] RL.

Finally, by comparing the equations for the means in (5), (20) and covariances in, (21), we obtain the optimal parameter
values 0", n7 and 7} at each time step as a solution to the following minimization problem

(©" 1.3 = argmin (JE[Ya] — al® + 1 Cov [Ya] — nl), (22)

om, . njela.b]

where [a, b] is a bounded interval, |-||f is the Frobenius matrix norm and |- is the usual Euclidean vector norm. Algorithm
1 contains a detailed description of the proposed parameter estimation approach.
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For nonlinear systems, one can use the following linearization
a(X) ~ a(E [X]) + Da(E [X]) - (X — E[X]). (23)
By setting

C=pa(E[X]) and d=a(E[X])—C-E[X],

this approximation allows applying Algorithm 1 to arbitrary chemical networks.

Remark. Special care must be taken when addressing the existence and uniqueness of the solution to the optimization
problem in (22). The uniqueness part can be relaxed because any sufficiently small local minimum of the target functional
can be taken as a solution. Also, the initial guess with n; = n, = 1 and 6 as in (15) (by considering reversible pairs
individually in isolation from other reactions) often lies in the basin of attraction of the global minimum. The existence
of the solution is also guaranteed because the problem is constrained to the bounded interval.

5. Numerical examples

In this section, we present numerical results for both linear and nonlinear problems. The provided examples aim to
show that the proposed integration technique is capable to accurately recover stationary distributions of reaction networks
without explicitly resolving their temporal scales. In all examples below, we estimated the parameters with the single
run of the standard unconstrained gradient search with the initial conditions as in Algorithm 1. All simulations were
performed using 10% Monte Carlo samples.

5.1. Example 1. (Linear system)

Consider the monomolecular reaction network with three pairs of reversible reactions

C1 Cc3 Cs5
S5=5 = 5 = S, (24)

(5} Cq C6
This network is described by the following stoichiometric matrix

-1 1 0 0 0 0
1 -1 -1 1 0 0
0 0 1 -1 -1 1
0 0 0 0 1 -1

VvV =

and the corresponding propensity functions

a1(X(t)) = a1 X1(t), aa(X(t)) = c2Xa(t),
a3(X(t)) = c3Xa(t), ay(X(t)) = caXs(t),
as(X(t)) = csX3(t), as(X(t)) = ceXa(t).

Monomolecular reactions provide an example of chemical systems with known analytical solutions [8]. For the initial
condition X(0) = [xr, 0, ..., 0]7, the exact distribution of X(t) is multinomial and has the particularly simple form

Pex = M(x,xp, p(t)),  p(t) = exp(tvC)-[1,0,...,0]".
The exact mean and covariance are thus given by
E [X(6)] = xr - p(t),
xr - pi(t)(1 —pi(t)) ifi=]j,
Cov | Xi(t), Xi(t)| = { e
e %(0)] xr - pi(t)pj(t) ifi #].

Fig. 3 shows a single realization of the state paths for the stiff system in (24). The temporal evolution of some of the
moments is depicted in Fig. 4. It also shows the approximate moments calculated from the systems in (17)-(18) and
(20)-(21). It is seen that the parameter estimation approach in (22) works well and both approximate solutions tend to
the stationary state of the true analytical solution as desired.

To test the accuracy of the integrators, we fix the time step ¢ = 1 and the final time T = 100 and consider the reaction
rates of the form

c=«a-[1,1,1,1,1,1]".

Different values of o allow to compare the performance of the proposed and classical methods at different temporal scales.
Fig. 5 illustrates the results of this comparison for the split-step algorithm in (9) and the theta scheme in (8). It is clear
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X, (1), X, X, (), X, (1)

1000 300
800 250 -
200 - 1
600
150 - 1
400
100 - 1
200 ] 501 ]
0 . p . . 0 ; ; ; ;
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
time time
Fig. 3. A realization of the state paths of the system in (24) with the initial condition X(0) = [1000,0,0,0]" and reaction rates
c = [10% 10%, 102, 102, 10°, 10°].
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Fig. 4. Evolution of the mean and covariance of the system in (24) with the initial condition X(0) = [1000,0,0,0]" and reaction rates

c = [10% 10%, 102, 102, 10°, 10°].

that both methods give accurate results for the stationary mean. However, the ability of the theta scheme to preserve the
stationary variance is deteriorating at faster scales while the split-step method demonstrates the same level of accuracy
uniformly in «. Also, note that the proposed algorithm has two implicit steps and is more expensive than the theta scheme
using the same temporal discretization. However, the results in Fig. 5 indicate that the split-step method is much more
accurate and is more appropriate for simulating fast reactions.

Finally, Fig. 6 shows the exact and simulated marginal distributions of X;(T) and X5(T) for different numbers of
molecules x7. One can see that the split-step method (9) is able to accurately recover the stationary distributions for
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Fig. 5. Errors of the mean (left) and the covariance (right) of the simulated approximate solutions at T = 100 for the reaction rates ¢ =
o-[1,1,1,1,1,1].

both small and large numbers of molecular species. The better accuracy for larger values of x; can be explained as an
artifact of the integrality preserving procedure.

5.2. Example 2. (Nonlinear system)
Consider the following stiff 3-species 6-reaction system [52]

€1
S1+ S5 = Ss,

2

3

S1+S3= 5, (25)

c4

Cs5
SH5+S3=§
C6
with the rate constants ¢c; = ¢; = 103, ¢c3 = 107, ¢4 = 10, ¢s = 1 and ¢g = 10°. The stoichiometric matrix of this reaction
network is given by

-1 1 -1 1 1 -1
v=[-1 1 1 -1 -1 1
1 -1 -1 1 -1 1

and the propensities of the reaction channels are, respectively,

ai(X(t)) = a1 X1(£)Xa(t),  aa(X(t)) = c2X5(t),
a3(X(t)) = c3Xi(£)X3(t), aa(X(t)) = caXa(t),
as(X(t)) = csXa(£)X3(t), as(X(t)) = ceXi(t).

The system in (25) does not have known analytical solutions. Instead, the reference solution was obtained using
the stochastic simulation algorithm with 10* samples. We used the initial condition X(0) = [103, 103, 10%]T which
corresponds to the true stationary mean of this particular system and performed all simulations over the time interval
[0, 0.01] with the time step 7 = 1073,

Fig. 7 depicts the evolution in time of the selected elements of the mean vector and the covariance matrix. The
approximate mean and covariance were evaluated using the linearization in (23). It is seen that both the linearization (23)
and the corresponding fitted approximation (20)-(21) produce an adequate description of the true stationary nonlinear
dynamics.

Additionally, Fig. 8 provides the comparison of the marginal distributions obtained with the split-step and theta
schemes. It is evident that both implicit and trapezoidal methods produce severely overdamped solutions resulting in
very atomic distributions. At the same time, the proposed split-step integrator generates results which compare well to
the reference solution as desired.

6. Conclusion
In this paper, we considered the problem of accurate integration of the fast and stable reactions using time discretiza-

tions much exceeding their scale. For this purpose, we proposed the new splitting heuristic for the tau-leaping method
and devised the algorithm for the estimation of its parameters. We showed that the proposed integrator is stable and
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Fig. 6. Marginal distributions of X;(T) and X3(T) at T = 10 for the system in (24) with the reaction rates ¢ = [10%, 10%, 102, 102, 10°, 10°].

is capable to accurately sample from the stationary distributions of the fast molecular species at least in the linear case.
Classical tau-leaping approximations do not possess this property and behave poorly as stiff integrators.

Appendix A. Stability of the theta method

Let Y, denote the numerical approximation of X;(t,) and consider the theta method (8) applied to the test system (11)
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Fig. 7. Evolution in time of the mean and covariance of the system in (25).

Yn+1 =Y, + (Cz(XT — Yn+1) — C]Yn+1 — Cz(XT — Yn) + C]YH)QT

+ P(cz(xT — Yn)‘[) — P(anr)

Yy + m [P(CZ(XT - Y,,)t) - P(clan)] .

The mean and the variance of the solution obtained with the theta method can be easily calculated as

E [Yn+1] =E [E [Yn+1 |Yn]]

and

B [+

1—(c1+ ) 1-0)

Cz(XT — Yn)‘f — C]Ynfi| _
1+ (c1 + )0t B

1+ (a1 + )0t

Var [Yn—H] = Var [E [Yn+l|Yn]] +E [Var [Yn+1 |Yn]]

= Var [Yn +

Co(xr —

Y, )t — Y,
n)T — € nf]+E|:

1 —+ (C] —+ C2)9‘L'

These recurrences have the solutions

1—
E[Yy] =A"E[Yo] + —B,

C
Var [Ya] = A*"Var [Yo] + n

An

1-A

1

<] — (Cl +C2)(1 — 9)‘[
14+ (1 + )0t

2
> Var [Y,] +

CXTT
E[Y, —_—
Yal + 1+ (a1 + )0t

C1YnT + Ca(xr — Yn)Ti|
(1+(c1 +2)07)?
(1 —a)t

(1 +(C1 +C2)91)2

CXTT

EMl+ e roper

A ey B
—A( ["]_1—A>+

1—A* [ BC 4D
1-A2 \1-A ’

93
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Fig. 8. Marginal distributions of X;(T) and X5(T) at T = 0.01 for the system in (25).

where the coefficients A, B, C and D are given by

A— 1—(C1+C2)(1—9)‘E B— CXTT
- 1+(C1+C2)9‘L’ ’ - ‘1-‘1-((31-‘1-(,'2)9'57
. (a-o) D CoXrT
(A (a+ )R’ T (I (c + )T

The following condition ensures the global stability of the mean and the variance of the numerical solution obtained
with the theta method (8)
1-— (C] + Cz)(l — 9)‘[

IA| = <1
1+ (C1 + C2)9‘L’

Appendix B. Stability of the split-step method

Let Y, denote the numerical approximation of X;(t,) and consider the split-step method (10) applied to the test system
(11)
o _1-(0=-m)ca+c)1-0)r cxr(1-6)t
T+ma+e)1-0r " 1+m+o)1-0)

Yo=(+t(ci+c)Vut+P <Cz(xr - f/n)r) —-P (cﬂ?nr) — CyTXT,
1—(1—n)c1 + )07 - X101
Yn+1 =

T+mla+e)bt " 1+mla+c)ot
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Equations for the mean and the variance take the form

E [Yo] = (1 — (T =m)lci + )1 - 9)1) (1 — (1 =m2)(cy +C2)9T> E[Y,]

1+ mcr+)(1-0)t 1+ n(c1 + )0t
1—(1—=n1—m)c+c)0(1-0)t
(1+ mer + )1 =02 ) (14 maler + 20
Var ¥y, ] = (1= m)e + )1 — o) 2 (1=(1=m)c + o)t
T T mla + o)1 -60) 1+ m(c1 + )0t
1—(1=m)c +6)1=60)r\ (1= —m)a + )t 2(C )E (Y]
1+ mlc +c)(1-6)r 1+ mlc + )8t P

N (1—(1—712)(C1+Cz)9r)2<1+ (1 —c)X1-0) )CX .
14 mac1 + )bt T+ma+a)1-o0x) "

+ CoXTT,

2
) Var [Yy,]

and the global stability condition reads as

(1 —(1—=m)cr + )1 —9)T> (1 — (1 =m)c +C2)9f)‘ <1
1+ +e)1-0)t 1+ (01 + )0t
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