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Abstract. This paper studies the sensitivity analysis of mass-action systems against their diffusion approxi-
mations, particularly the dependence on population sizes. As a continuous-time Markov chain, a
mass-action system can be described by an equation driven by finitely many Poisson processes, which
has a diffusion approximation that can be pathwisely matched. The magnitude of noise in mass-
action systems is proportional to the square root of the molecule count/population, which makes a
large class of mass-action systems have quasi-stationary distributions (QSDs) besides invariant prob-
ability measures. In this paper, we modify the coupling-based technique developed in [M. Dobson,
Y. Li, and J. Zhai, STAM/ASA J. Uncertain. Quantif., 9 (2021), pp. 135-162] to estimate an upper
bound of the 1-Wasserstein distance between two QSDs. Some numerical results of sensitivity with
different population sizes are provided.
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1. Introduction. A mass-action network is a system of finitely many species and reactions
whose update rule satisfies the mass-action law. The term “mass-action network” refers to a
large number of the chemical reaction networks, epidemiology models, and population models.
At the molecule level, reactions in the mass-action network are random events that modify
the state of the network according to stoichiometric equations. The time of these random
events satisfies mass-action laws. Therefore, a mass-action network can be mathematically
described by a continuous-time Markov process, which is driven by a finite number of Poisson
processes.

The randomness in updating the network is called demographic noise in population and
epidemiology models. It is well known that demographic noise leads to finite time extinc-
tion in a large class of population models (see, for example, the discussion in section 3.1).
This is because the magnitude of the demographic noise is proportional to the population
size. As a result, when the population is small, in many mass-action systems, noise could be-
come the dominant term and lead to finite time extinction with strictly positive probability.
Therefore, the asymptotic property of the mass-action network with finite time extinction is
usually described by the quasi-stationary distribution (QSD), which is the conditional limiting
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distribution conditioning on not hitting the absorbing set yet. As discussed in [19], when the
extinction rate is low, the QSD can be well approximated by the invariant probability measure
of a modified process that artificially “pushes” the trajectory away from the extinction.

For decades, it has been known that when the population size is large, the continuous-
time Markov process converges into the mass-action ordinary differential equations (ODEs).
In addition, by setting up a martingale problem, one can show that the rescaled difference be-
tween the continuous-time Markov process and the mass-action ODE converges to a stochastic
differential equation. Therefore, at any finite time, the continuous-time Markov process of a
mass-action network is approximated by a stochastic differential equation. This is called the
diffusion approximation of a mass-action network. For further details, we refer the reader to
[2, 10]. In general, let V' denote the volume of the mass-action system; the finite time error of
the diffusion approximation is O(V~'log V). However, the finite time error estimation does
not translate to the distance between QSDs immediately. The reason is that the sensitivity
of the invariant probability measure or the QSD depends on both the finite time error and
the rate of contraction of the transition kernel. (See [8] or section 3 of this paper.) However,
as V' — oo the noise term in the diffusion approximation vanishes. Giving a uniform bound
of the spectral gap of the Fokker—Planck operator with a vanishing diffusion term is known
to be very challenging. In fact, a uniform bound of the speed of contraction with respect to
growing V may not even exist. For example, when the mass-action system is bi-stable, the
speed of contraction can decrease exponentially quickly ~ exp(—cV') (¢ is a positive constant)
as V increases.

The goal of this paper is to study the sensitivity of QSDs against diffusion approximation—
specifically, how the QSDs of the Markov process and its diffusion approximation differ from
each other. The motivation for this study is that simulating at the molecule level can be
computationally expensive, even with optimal implementation of the stochastic simulation
algorithm (SSA) [11, 17, 26]. Moreover, it is even more challenging to numerically compute
the QSD when the number of molecules is large. In contrast, simulating a diffusion process
is much easier, and the technique for computing the invariant probability measure or QSD of
a stochastic differential equation is also well developed [18, 19, 29]. As stated above, because
the noise term in the diffusion approximation vanishes as V increases, it is difficult to give a
rigorous bound of the distance between two QSDs. Even in the simple case when a rigorous
estimate is possible, the pre-factor is also unknown and difficult to estimate. Hence, it is
important to have a computable quantitative upper bound of the difference between the QSD
of a mass-action system and that of its diffusion approximation.

The method of sensitivity analysis is developed from the coupling-based method in [8],
which requires both the finite time truncation error and the rate of contraction of the transition
kernel of the diffusion process. The finite time error is modified from the Komlés—Major—
Tusnady (KMT) algorithm in [24]. With the explicit construction of coupled trajectories of
the Poisson process and the diffusion process, we can compute the finite time error up to
fixed time 7. The main modification from the original KMT algorithm is the adaption of
regenerations. We need to couple the regeneration of the Poisson process and that of its
diffusion approximation in order to make them stay together after a regeneration. The rate of
contraction is modified from the data-driven method proposed in [18]. We design a suitable
coupling scheme for the modified diffusion process that regenerates from the QSD right after
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hitting the absorbing set. Because of the coupling inequality, the exponential tail of the
coupling time can be used to estimate the rate of contraction. The sensitivity analysis is
demonstrated by several numerical examples. Generally speaking, the distance between two
processes is much larger for smaller volumes (i.e., molecule count).

The organization of this paper is as follows. Preliminaries of reaction networks, rates for
the law of mass action, the Poisson process, the diffusion process, and coupling times are
provided in section 2. Section 3 introduces the algorithms for computing the finite time error
and the rate of contraction in two different cases. All numerical examples are demonstrated
in section 4. Section 5 is the conclusion. All explicit expressions of the Poisson process and
the diffusion process are shown in the appendix.

2. Preliminaries.
2.1. Stochastic mass reaction networks and Poisson process.

2.1.1. Stochastic mass reaction networks. We consider a mass-action network of K

reactions involving d distinct species, S1,---, Sy,
d d
(2.1) ZC[HSZ%ZCES“ k=1,--- K,
i=1 i=1

where ¢;; and ¢, are nonnegative integers that represent the number of molecules of species
S; consumed and produced by reaction k, respectively. Let V' be the volume of the reaction
system. The state of the mass-action system at time ¢ is denoted by X (¢) = (z1(t),--- ,z4(t)) €
R?, where the ith entry of X(¢) indicates the concentration of species S;, i = 1,---,d, i.e.,
the number of molecules of S; is given by Va; := N;. The rate at which the kth reaction
occurs is denoted by A, which gives the propensity of the kth reaction as a function of the
concentrations of molecules of the chemical species. In other words, A\ indicated the likelihood
of the kth reaction occurring based on the current concentrations.

2.1.2. Rates for the law of mass action. The law of mass action states that the rate
of a chemical reaction should be proportional to the product of the concentrations of the
reactants, with each concentration raised to a power equal to the number of molecules of the
corresponding reactant in the balanced chemical equation. More precisely, the rate of reaction
k can be written as

d s
Nz ki
AkZHkVH <V) =V fi(X),
=1

where kj, is a rate constant, and N; denotes the number of molecules of the ith species in the
system. Let At < 1 be a very short time period. More precisely, given all information of the
system up to time ¢, we have

P[ reaction k occurs in [t,t + At)] = A At + O(At?).

2.1.3. Poisson process. We use a Poisson counting process to represent X (¢), since it is
a continuous-time Markov chain with discrete states. Let X;(¢) be the ith entry of X (¢); then
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X,(t) = XZ(O) + %ZRk(t)(C;m - Cki)a
k

where Ry(t) is the number of times the reaction k has occurred by time ¢ and Ry (0) = 0.
Because the number of molecules of species changes with time, Ry(t) is an inhomogeneous
Poisson process that is given by

(22) m - (v | t X (s

where Pj(-) is a unit-rate Poisson point process. It is well known that Pg(-) satisfies the
following three properties: (1) Px(0) = 0, (2) Pr(-) has independent increments, and (3)
Py(s +t) — Py(s) is a Poisson random variable with parameter ¢. And the whole system is
given by

= li t S S
(23) X=X+ S b (V[ fK0as).

where Py(t), k={1,---, K}, are independent unit-rate Poisson processes, and I}, = ¢}, —cj, € R4
denotes the coefficient change of molecules at reaction k.

2.2. Diffusion process. When V is large, the Poisson process can be approximated by a
diffusion process. The following strong approximation theorem from [15, 16] provides a bound
on the strong approximation error.

Lemma 2.1. A unit Poisson process P(-) and a Wiener process B(-) can be constructed so
that

‘P(Vt) -Vt 1 log(VtV 2)F
vV vV VAT
where T is a random variable such that E(e') < oo for some constant ¢ > 0.

Remark 2.2. By the scaling property of the Wiener process, \}B (Vt) is also a standard
Wiener process.

With the lemma above and Ito’s formula, we have the diffusion approximation

Pk:< /fk ) /fk d8+/ VV fu(X(5))dB(s)

—V/ fe(X ds+Bk< /fk >

This gives the diffusion approximation of the mass-action system X (¢):

0 [ o o).

In the chemistry literature, Y is known as the Langevin approximation for the continuous-
time Markov chain model. Theoretically, the distance between these two approximations is
bounded according to the theorem in [24].

Theorem 2.3. Let X (t) be a Poisson process represented by (2.3), and let Y (t) be a diffu-
ston process with initial condition satisfying X (0) =Y (0) and solving the following stochastic
differential equation:

Copyright (© by SIAM and ASA. Unauthorized reproduction of this article is prohibited.



Downloaded 08/12/24 to 209.6.114.50 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

1168 YAO LI AND YAPING YUAN

(2.4) Y(t)=Y(0)+ Zlvk [V/Ot fr(Y(3))ds + By <V /Ot fk(Y(s))dsﬂ ,
k

where the By(-) are independent standard Wiener processes. Let U be an open connected set
that contains the deterministic trajectory

y(t) = y(0) +;zk / fily(s))ds

for all 0 <t <T. Assume all fi are Lipschitz continuous on U. Let 7y = inf{t|X(t) ¢
UorY(t)¢U}. For any sufficiently large V large, we have

B logV
(25) s 1x0 vl =0 ()

for any fized time horizon T.

Note that the probability that 7, > T approaches 1 as V' — oco. Hence, for sufficiently
large V', the error of diffusion approximation is proportional to IO%V, which converges to 0
as V' — oco. In macroscopic chemical reaction systems, V' is at the magnitude of Avogadro’s
number. Therefore, the entire diffusion term can be safely ignored. However, in many ecologic
systems or cellular chemical reaction systems, the effective volume cannot be simply treated as
infinity. This motivates us to investigate the sensitivity of the quasi-stationary distributions
(QSDs) against the diffusion approximation. For any finite capacity V, the finite time error
of the diffusion approximation can be explicitly simulated. In [24], a constructive procedure
is presented for generating discretized trajectories of the two processes X (t) and Y (¢) on the
same probability space, such that they stay close to each other trajectory by trajectory with
probability one. We apply the algorithm to compute the finite time error in section 3.

2.3. Coupling times. In this paper, we use the coupling argument to relate finite time
error with the distance between QSDs. Let p and v be two probability measures on a mea-
surable space (X,B(X)). A coupling between p and v is a probability measure vy on the
product space (X x X,B(X) x B(X')) such that two marginal distributions of v are p and v,
respectively.

Definition 2.4 (Wasserstein distance). Let d be a metric on the state space X . For probability
measures i and v on X, the Wasserstein distance between p and v for d is given by

dw(p,v) =inf{E,[d(z,y)] : v is a coupling of p and v}

2.6
(26) = inf {/d(x,y)’y(dx,dy) 7y is a coupling of p and I/} .

In this paper, without further specification, we assume that X is equipped with the norm
| - || and the 1-Wasserstein distance is induced by d(z,y) = min{1, ||z — y||}.

Let Zt(l) and Zt(Z) be two stochastic processes on the same state space, wheret € T, T=R
or T=7Z4. A coupling between Zt(l) and Zt(2) can be defined in the same way on the space of
paths. The first time when Zt(l) meets Zt(Q) is called the coupling time.
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(1) ~(2)

Definition 2.5 (coupling time). The coupling time 7. of a coupling (Z,"’,Z,”") is a random
variable in T such that
(2.7) 7. it {t >0|2Y, =2, for all s> 0} .

Throughout this paper, we assume Zt(}r)s = Zg)s for all s >0 if Zt(l) = Zt(2). In other words,
Zt(l) and Zt(2) stay together after their first meet. Note that all coupled Markov processes
satisfy this assumption.

Definition 2.6 (successful coupling). A coupling (Zt(l),Zt@)) of processes ZW) and Z®?) is
said to be successful if

(2.8) P(1. <o0)=1.
We use the following reflection coupling to couple two diffusion processes when they are
far away from each other.

Definition 2.7 (reflection coupling). Let Zt(l) and Zt(z) be two solutions of a stochastic
differential equation

dZt = f(Zt)dt + O'(Zt)dBt

when starting from different initial distributions. A reflection coupling of Zt(l) and Zt(2) 18
made by Te{‘lecting the noise term about the orthogonal hyperplane at the midpoint between
Z(l) and Z 2,

t t -
azi! = (z{") at+o (2") B,
(2.9)
az® =y (Zt@)) dt + o (Zt@)) (I - 2ee”)dB,

where B is a standard Wiener process, and

o= (Zt(l]; ) Hg—l (20 - 22)

18 a unit vector.

We remark that the reflection coupling requires o(Z;) in (2.9) to be an invertible matrix.
This is often not satisfied in the diffusion approximation (2.4) because the number of Wiener
processes in (2.4) may not match the number of relations, making o(Z;) not invertible. Hence,
it is necessary to find an equivalent diffusion process with an invertible . See numerical
examples for additional details.

The following maximal coupling is used to couple two processes that are close to each
other.

Definition 2.8 (maximal coupling). A maximal coupling between two probability distributions
1 and v on the state space X is a pair of random variables (Z(l), Z(Z)) that maximizes P[Z(l) =
ZA)], subject to the constraint that the law of (Z1),Z?)) is a coupling of 1 and v.

In the context of couplings of Markov processes, the maximal coupling looks for the maxi-

mal coupling probability for the next step of Zt(l) and Zt(z). Assume Zt(i)l and Zt(z)1 are known

Copyright (© by SIAM and ASA. Unauthorized reproduction of this article is prohibited.



Downloaded 08/12/24 to 209.6.114.50 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

1170 YAO LI AND YAPING YUAN

Algorithm 1 Maximal coupling

Input: Zt(i)l and Zt(z)l
Output: Zt(l) and Zt(2), and 7. if coupled
Compute probability density functions p(!)(z) and p®)(z)
Sample Zt(l) and calculate r :L{p(l)(Zt(l)), where U is uniformly distributed on [0,1]
if r <p®@(z") then
z =720 7. =t
else
Sample Zt(Q) and calculate 1’ = Vp(Q)(Zt(Q)), where V is uniformly distributed on [0,1]
while 7/ <p(1)(Zt(2)) do
Resample Zf@ and V. Recalculate r' = Vp(z)(Zt@))
end while

7. 18 still undetermined
end if

and the probability density function of Zt(l) and Zt@) is easy to compute. Following [13, 14],
the update of Zt(l) and Zt(2) in Algorithm 1 maximizes the probability of coupling.

2.4. Paired trajectories of Poisson process and of the diffusion process. Recall that
according to Lemma 2.1 a unit-rate Poisson process has a strong diffusion approximation.
Hence (2.3) also has a strong approximation given by (2.4). As the processes Py(-) and Bg(+)
are continuous time processes, we apply the 7-leaping approximation for (2.3) with the same
step size h. This gives

. . l
(2.10) Xps1 :Xn+zvk
k

n n—1
(7035 i) - (705 s )
m=0 m=0

with Xy = Xo. Similarly, the discretized approximation of (2.4) using the Euler—-Maruyama
method reads

Yo =Yo+Y %(Vh £ ()

k
n n—1
+ Ekjlv’i By, <th;)fk(?m>> — By, <th§_jofk<1?m>>

with initial condition f’o =Y.

The paired trajectories of Py(t) and By(t) can be numerically generated by applying
the KMT algorithm. The KMT algorithm generates a sequence of standard Poisson random
variables { P, } and a sequence of standard normal random variables {W¥,}, such that >>_ P,
is approximated by N + 25:1 W, for each finite N. Then after a rescaling, one obtains a pair
of discretized trajectories of Py(t) and By(t), respectively. We refer the reader to [24] for a
detailed review of the KMT algorithm.

(2.11)
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3. Sensitivity of QSD for diffusion approximations.

3.1. Quasi-stationary distribution. Let X = {X(¢)} and X = {X,,} (resp., Y = {Y(¢)}
and Y = {Y;}) be the stochastic process given by (2.3) (resp., (2.4)) and a numerical ap-
proximation with step size h, respectively. Needless to say, a diffusion process is much easier
to study than a Poisson process with jumps. One natural question here is how much the
long-time dynamics of X are preserved by its diffusion approximation. This problem is more
complicated than it looks because both X and Y have natural domain Ri. When the number
of molecules of one species reaches 0, the process exits from its domain due to extinction. It is
common for (2.3) or (2.4) to have finite time extinction. To see this, consider the 1D version

of (2.4):
1
(3.1) dY (t) = f(Y(t))dt + W\/f(Y(t))dBt.

Let H(x) =2~ be a test function. Applying Ito’s formula and then taking the expectation,
we have

E[dH(Y(t))]=E [_Y(lt)zf(y(t))dt + % FY(£)dB; + f(;/ét)) Y(2t)3dt

1 1
=100 (g5 ~ )

If f(Y(t))=cY(t) for a constant ¢, we have

SRV (1) > & EBHY ),
which blows up to co in finite time. Hence Y (¢) has a strictly positive extinction probability
in finite time. The calculation above fits the setting of many mass-action systems.

To prevent finite-time extinction, a constant influx of each species is usually needed,
such as the artificial influx proposed by [28]. This is why it is often necessary to study the
QSD instead of the invariant probability distribution. Below, we introduce the QSD and its
sampling method only for X, as the case for Y is analogous.

Let 0X = Rd\Ri be the absorbing set of X. The QSD is an invariant probability measure
conditioning on X that has not hit the absorbing set yet. We further define

7x =inf{t >0: X (t) € 90X}
as the first passage time to 9X.

Definition 3.1. A probability measure p on ]R‘j_ 1s called a quasi-stationary distribution
(QSD) of the Markov process X with an absorbing set X if for every measurable set C C Ri

(3.2) P,[X(t) e Clrx >t =p(C), t>0.
Definition 3.2. A probability measure p is called a quasi-limiting distribution (QLD) if
(3.3) Jlim P [X (1) € Clrx > 1] =p(C) Vre RZ.
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Remark 3.3. The limiting probability measure given by (3.3), or the QLD, is also called
the Yaglom limit. A QLD must be a QSD. Under some mild assumptions about ergodicity, a
QSD is also a QLD [5].

If the first passage time of X to X is oo with probability one, {rx > t} is the full
probability space. As a result, the QSD in (3.2) becomes the invariant probability measure,
and the QLD in (3.3) becomes the limiting probability measure (which is also invariant).
Therefore, when the mass-action system admits an invariant probability measure instead of a
QSD, all our arguments and algorithms still apply.

When we define the numerical processes (2.10) and (2.11), we need to specify the re-
generation rule such that they both sample from QSDs as the time approaches infinity. To
sample from QSD, we need to regenerate a sample once it hits the absorbing set. Therefore,
in addition to X,,, we also need to update a temporal occupation measure

n—1

1

k=0

If the numerical scheme yields Xn+1 € 0X, we immediately regenerate Xn+1 from pu,. Specif-
ically, we use Q to represent the transition kernel of the numerical scheme of X, (without
resampling), which has an absorbing set dX with Q(@X ,0X) = 1. The transition kernel of
X, is the sum of Q and the regeneration measure such that

P[Xn41€ Al X, =] =Q(z, A) + Q(z,0X) tin(A) .

The following convergence result follows from [3].

Proposition 3.4 (Theorem 2.5 in [3]). Let #ix be the QSD of the numerical process X,.
Under suitable assumptions about X, the occupation measure ji, converges to the QSD 7x
as n— 0.

To study the sensitivity of diffusion approximation, we also need a theoretical process
X = {X } that regenerates directly from the QSD #x once it exits to the boundary. Recall
that Q is the transition kernel of X,, (without resampling). The transition kernel of X is

P(xa ) = Q(ZL‘, ) + Q(x?ax)ﬁ'){()

for all z € R%. Note that X, is not a Markov process (but (X, n) is a Markov process).
But X is a homogeneous Markov process with an invariant probability measure 7x. The
case of Y (t) is analogous We denote the numerical process that resamples from a temporal
occupation measure by Y= {Y }, and the Markov process that directly resamples from QSD
by Y = {Y,)}. The QSD of Y, as well as the invariant probability measure of Y, is denoted
by 7y.

3.2. Decomposition of error terms. Let Py and Px be the transition kernels of X (t)
and X, respectively. Let Py and Py be that of Y (t) and Y,,, respectively. Denote the QSDs
of X(t), X, Y (t), and Y, by mx, #x, Ty, and 7y, respectively. The quantity that we are
interested in is dy,(7x, 7y ). But only the distance between numerical QSDs, i.e., dy (T x, 7y ),
is computable.
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The following decomposition follows easily by the triangle inequality.

(3.4) dw(ﬂx,ﬂ’y) < dw(ﬂx,ﬁ){) + dw(ﬁ’x,fry) + dw(’fry,ﬂy) .

The sensitivity of invariant probability against time discretization has been addressed by
[21] decades ago. A computable upper bound is given by [8]. In general, assuming some ergodic
conditions, when the at time step size of h the discretization is sufficiently small, the invariant
probability measure of a stochastic differential equation, denoted by v, is approximated by
the numerical invariant probability measure, denoted by v", with an error O(h). The case of
QSD is analogous. The third term d,(my,7y) is proportional to step size h under suitable
ergodicity and regularity conditions.

For a mass-action system on finite state space, the estimation of the first term d,,(7x, 7 x)
can be obtained by some linear algebraic calculations.

Theorem 3.5. Let X(t) be a continuous-time Markov chain on finite state space and X
be its tau-leaping approximation with step size h. Suppose that w and 7t are the true QSD
and the numerical approximation of the QSD, respectively. If the generating matriz of X (t)
is irreducible, then

I — & = O(h)
for 0<h<1.

Proof. This proof follows the standard argument of the eigenvector perturbation result.
The case of stationary distribution is proved in [22]. Here we follow the argument in [6] to
prove a similar result for QSDs. Let @ be the generating matrix of X (¢). Because 7 is true
QSD and 7 is the numerical approximation of QSD, we have

el = x| 7#7(I + hQ) = AaT,

where A and ) are simple eigenvalues. Define a function

A ¥ T+ hQ +tR(R),
where R(h) is an O(1) matrix given by the Taylor expansion e? = I +hQ +h2R(h). Then we
have A(0) =TI+ hQ and A(h?)=e"?. Note that A(0) is irreducible for all sufficiently small &
because @ is also irreducible. Let 7(t) be the first eigenvector of A(t) normalized to 1 in Iy
norm. Then the sensitivity of 7 is reduced to the derivative of A(t).
Since 7 is normalized to 1 in /3 norm, it follows from [6, section 3| that

7(0) = S*A'(0)7(0),

where S = A\ — A(0), and S* is the group inverse of S. (We refer the reader to [6] for further
discussion of the group inverse and derivative of the Perron vector.)

When h is small, we have 1 — A = O(h). Hence S =1 — O(h) — I — hQ is an O(h)
small matrix. This means S* = O(h™!). In addition A’(0) = R = O(1) by definition. Hence
7'(0) = O(h™1). Since # = 7(h?), we have

| — #|| = O(h™") x O(h?) = O(h).

This completes the proof. |

Copyright (© by SIAM and ASA. Unauthorized reproduction of this article is prohibited.



Downloaded 08/12/24 to 209.6.114.50 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

1174 YAO LI AND YAPING YUAN

Since the focus of this paper is on the sensitivity of QSDs against the diffusion approxima-
tion, throughout this paper, we assume that d,,(7x,7x) = O(h) and dy,(7y,7y) = O(h). The
time step h is assumed to be small such that the sensitivity against the time discretization
does not play a leading role. In other words, the sensitivity of QSDs against the diffusion
approximation is assumed to be well approximated by the distance between the QSD of the
T-leaping process of a mass-action system and the QSD of the Euler—-Maruyama process of its
diffusion approximation.

Let T' > 0 be a fixed constant. Note that QSDs 7x and 7y are also the invariant probability
measures of regenerating processes X and Y, respectively. Therefore, we can decompose
dw(7x,Ty) via the following inequality:

(3.5) du (7, 7y) < dup (erP;,erP?) +d, (ﬁxﬁ,?,fryﬁ}“) .

The term d,, (ﬁXP):g, frxpg) is the finite time error and the term d,, (erfN’;‘f, frypg) can be
bounded by coupling methods.

There are two different ways to think about the distance d,(7x,7y). One method is
considering 7x and 7y as conditional distributions on set RY/0X, ie., fix(A)= P{X € Alt <
7x}] and 7y (A) = P{Y € AJt < 7y}, where 7y and 7y are the kﬂhng times for processes X
and Y, respectively. The other way is to use the X and Y that regenerates from QSDs. No
conditioning is needed as jix and [iy are now the invariant probability measures of X and Y,
respectively. There are some fundamental difficulties when computing the conditional finite
time error because it is hard to couple X,, and Y;, when one regenerates while the other does
not. Hence we choose to use X and Y instead.

3.3. Finite time error. We consider the coupled modified processes X and Y, which
are regenerated from the corresponding QSDs when they hit the boundary. Let 71y and 7y
be the invariant measures of X and Y. Let PX o PY denote the transition kernel of the
coupled process in the product space X x X. Denote 7TX by the coupled measure of 7x on
the “diagonal” of R% x R that is supported by the hyperplane {(z,y) € R?¢|y = 2} such that
Wg(({(x :L')|:L‘ € A}) =7x(A). Then the pushforward measure 7% (P¥ o PL) is still a coupling
of WXPX and WXPY Hence the following proposition follows easily.

Proposition 3.6. Let (Xn,Yn) be a coupling of Xn and Yn with transition kernel ]5§ o ]5}7;,
then

dy <7%X]5§,7%X15$) <E., [d (XT,?T)} .

Proof. Since ﬂ'X(PX o PT v ) is a coupling of ﬁxpgg and 7x PL, by the definition of Wasser-
stein distance

b (axPRAxPL) < [ dGea)ik (PF o PF) (dowdy)
dywRd

B T I T

The key to estimating the finite time error effectively is to create a good coupled process
(Xn,Y ). That is why we need to use the KMT algorithm to generate a pair of matched
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Wiener processes and Poisson processes. Here it remains to define how X, and Y, couple
when they regenerate from the QSDs. Since we do not have QSD a priori, we will use X,
and Y}, to approximate X,, and Y,,. In other words, we regenerate samples from the temporal
occupation measure. If the regenerations of X, and Y, are not coordinated, we will lose
control of the error after one regeneration. Because even if the distance between Xn and
Yn is small, when they both hit the boundary and regenerate either simultaneously or a few
steps apart, the regenerated processes can be far away from each other if they are regenerated
independently. If the process regenerates frequently, the finite time error will quickly get out
of control.

To minimize error during sample regeneration, we must couple the sample regenerations
of X,, and Y, as well. Here we define the coupled processes (X,,u:X) and (Yy,,pY), such
that X,, and Y, follow (2.10) and (2.11), respectively, by using paired processes By(t) and
Py (t) for each k, and p:X, pY are two occupation measures. S = (Zy,---,Zy) (N is large
enough) is a finite sequence of uniform random variables on (0,1). Let Nx and Ny be the
total number of regenerations up to time n. In other words when Xn+1 enters X at step
n and needs regeneration, we increment Nx by one and choose the Nxth element of S, i.e.,
Zn, , to regenerate X, 1 by letting X, 41 = X |Zxn)- Then it is easy to see that (X, 1X) and
(Y, 1Y) is a Markov coupling and the marginal processes (X,,,Y;,) are a coupling of (2.10) and
(2.11). Nontechnically, this coupled regeneration algorithm samples the kth regeneration of
X,, and Y, from the same relative position of the occupation measure. This is one of the key
algorithms developed in this paper. It can “glue” two coupled numerical trajectories together
even after several regenerations.

Details of the computation are shown in Algorithm 2. When N is large, initial values

Xll, ,X{VI in Algorithm 2 are from a trajectory of the time-7 skeleton of X7. Hence
X{, X2, | XM are approximately sampled from 7x. The error term d( X7, Y ") evolved

from the initial value pair X" =Y|" = ng_l is recorded. Therefore,
| M
(3.6) - Zl d (X;J, Y;ﬂ)
m=

is an estimator of
(3.7) E;, [d (XT,?T)} ,

which is an upper bound of dw(ﬁ';(P):g,fr;(lsg)

3.4. Coupling inequality and contraction rate. Similar to the coupling inequality of the
total variation norm, the distance d,, we use in this paper also satisfies the coupling inequality.
Let (Zt(l), Zt@)) be a coupling of two stochastic processes and let 7. be the coupling time. The
following lemma follows easily.

Proposition 3.7. For a Markov coupling (Zt(l),Zt@)), we have

dy (1w (2§ Jaw (22)) <P (200 # 2) =P(r. > T),
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Algorithm 2 Estimate finite time error

Input: Initial value Xo
Output: An estimator of d,, (7% P¥,#L PF)
Set initial value X! =Y}!
Generate a sequence of uniformly distributed random variables S
for m=1to M do
Using the KMT algorithm to generate paired trajectories {P,} and {By}
If m # 1, reset initial value X7 = Y™ = X1
Let Nx =Ny =0
for n=1to T do
Update Xm vy and Yn V1 using equations (2.10) and (2.11) respectively
if X iy €0X then

Nx=Nx+1
Let X7y = X75
end if
if Y i € 0X then
Ny = Ny + 1
Let Y+1 = LnZlNYnJ
end if
end for
Let (X7, Y77) = min(1, | X7 — V;7||)
end for

M A
return ;> 0 d(XP, Y

Proof. By the definition of the Wasserstein distance,

duw <1aw (Z(Tl)> ,law /d £,n) , Z4 )> (dg, d77)>
" Jewn d(ﬁ,n)P«Z;l),Zé ) < (dg’d”))

<[ p((2.29) e e
L E((# 217) e tde.an)
1) 2
Pz #27). .
Proposition 3.8. Assume that dy,(7x,7x) and dy(7wy, Ty ) are in order O(h); then the error
oy (ﬁXPT,ﬁxﬁg )

dw(mx,my) < -

+ O(h),

where a < 1 1is the contraction rate of the transition kernel ]—T’g in the space of probability
measures equipped with metric d,,, and dw(ﬁXPE,fTXPg) s the finite time error.
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Proof. By the triangle inequality,

dy(mx,my) <dy(mx,7x) + dw(fx,7y) + dw(fy, 7y ).

Because both dy, (7x,7x) and dy (7y, 7y) are O(h), we only need to estimate the second term
dy(7x,Ty). By the triangle inequality again, we have

dw(Fx, 7y) < d (ﬁxﬁ)?,ﬁxﬁg) Vo (ﬁxﬁg,ﬁyﬁg) .
If the transition kernel ]5}? has enough contraction such that
du (7x PY 7y PY) < ady(x, 7y)

for some a < 1, then we have

. du <frxl5§,frxl5$).

(3.8) du(x, Ty —

Therefore,

| du (7x P 7x PY)
<

d’w(ﬂ-XﬂTY = +O(h) [ |

11—«

Therefore, to estimate d,,(7x, 7y ), we need to find suitable numerical estimators for the
finite time error and the speed of contraction of lf’):f . The finite time error can be easily
estimated by Algorithm 2. The speed of contraction o comes from the geometric ergodicity
of the Markov process Y, which is approximated by that of Y due to the convergence result
in Proposition 3.4. If our numerical estimation yields

du (ﬁxﬁg,ﬁyPE) ~ dy (ﬁxls?,ﬁyﬁép) <Ce T,

we can then set a = e~ Motivated by [8], we use the following coupling method to estimate
the contraction rate a. Let Z = (?(1),}7(2)) be a Markov process in R2¢ such that YV and
Y@ are two copies of Y. Let the first passage time to the “diagonal” hyperplane {(x,y) €
R?d|y =x} be the coupling time. Then by Proposition 3.7

dy (ﬁxﬁg,ﬁyﬁ,?) <P(r,>T).

As discussed in [18], a hybrid coupling scheme is necessary to ensure that two numerical
trajectories couple. This is achieved by implementing coupling methods such as reflection
coupling or synchronous coupling in the first phase, under the condition that the trajecto-
ries have not become extinct yet. Next, when the distance between coupled trajectories is
small enough, we compare the probability density function for the next step and couple these
two numerical trajectories with the maximal possible probability, using maximal coupling.
After repeating this process many times, we obtain multiple samples of 7., denoted by 7.
To estimate the contraction rate a, we use the exponential tail of P[r. > ¢] and look for a
constant v > 0 such that
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Algorithm 3 Estimation of contraction rate «
Input: Initial values x,y € X'\ 0X
Output: An estimation of contraction rate «
Choose threshold d > 0
for m=1to M do
o' =0,t=0, (?0(1)7%(2)> = (x7 y)
Flag=0
while Flag=0 do
if V;) and V¥ € X/0X then
it |V, —V?| > d then
Compute (Ytﬁ, Yt(ﬂ) using reflection coupling or independent coupling ¢ <+t + 1
else

Compute (Yt(-avﬁ(ﬂ) using maximal coupling
if coupled successfully then
Flag=1
T =t
else
t—t+1
end if
end if
end if
end while
end for
Use 7},...,7M to compute P(7, > t|t < min(ry1), Ty ))
Fit the tail of logP(7. > t|t < min(7y ), Ty )) versus ¢ by linear regression. Compute the
slope 7.

Rt
—y= tlggo . log(P[r. > t])

if the limit exists. See Algorithm 3 for the details of the implementation of coupling. Note
that we cannot simply compute the contraction rate starting from ¢ = 0 because only the
tail of coupling time can be considered exponentially distributed. In addition, Y is a good
approximation of Y only if ¢ is large. Our approach is to check the exponential tail in a
log-linear plot. After having 7., it is easy to choose a sequence of times tg,t1, - ,t, and
calculate n; = {7 > ;|0 <m < M }| for each i =0,--- ,n. Then p; =n;/M is an estimator of
P;, [7e > t;]. Now let p% (resp., p!) be the upper (resp., lower) bound of the confidence interval

of p; such that
- p _ . p .
P =p+ 2y (1 —p) <resp-, pi=p—z ~(1—19)> :
n; ng
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where z=1.96, 7; =n; + 22, and p = %(nZ + 22—2) [1]. If pt < e < p¥ for each 0 <i <n, we
say that the exponential tail starts at ¢ =t;,. We accept the exponential tail with rate e=77
if the confidence interval pj — péo is sufficient small. Otherwise, we need to run Algorithm 3
for a longer time to eliminate the initial bias in 7.

4. Numerical examples.

4.1. SIR model. Consider an epidemic model in which the entire population is divided
into three distinct classes: S (susceptible), I (infected), and R (recovered). After nondimen-
sionalization, the ODE version of a SIR model is given by

ds
(4.1) %2(551—(u+p+7)1),
dR

where « is the birth rate, p is the disease-free death rate, p is the excess death rate for the
infected class, =y is the recovery rate for the infected population, and 3 is the effective contact
rate between the susceptible class and infected class [7]. Note that R completely depends on
S and I. So we just consider the evolutions of .S and I.

Now we let V be the total population and consider the corresponding stochastic mass-
action network. There are four reactions involved in this network. The stochastic mass-action
network can be defined by a Poisson process X, = (Sp, I,).

025, s+12021,

(4.2)
S&g MR,

Applying the numerical representation in (2.10), we have the approximate rate functions
of Poisson process X,,:

n—1 n—1
Gin=Y Vha, ggn=> VhBSmln,

m=0 m=0
n—1 n—1

G = VhiiSm, qan= Y _ Vh(n+p+7)In.
m=0 m=0

Let P;,1=1,2,3,4, be independent unit rate Poisson processes. Then X, is driven by the
discrete approximation of {Pi}le. The rule of update of the numerical approximation X,
follows

% S”JFI Sn 1 (fl(P17"'7P47q1n7"'7q4n)>
43 X = = + — ’ 3 ,
( ) o <In+1> <In> Vv fQ(Plfu 7P47QI,n,“‘ 7Q4,n)

where f, and f, come from discrete approximation in (2.10). To improve the readability of
the present paper, we move detailed expressions of f; and f, to the appendix.
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As described in section 2.1, each Poisson process P;,i = 1,2,3,4, is pathwisely approx-
imated by a Wiener process B;,i = 1,2,3,4. Further, the discrete approximation X, is
pathwisely approximated by an Euler—-Maruyama scheme Y;, that reads

(4.4)
¥ _ STH‘l _ Sn 1 gl(Ql,TL)"' ,Q4,n) 1 o-l(Blv"' aB47q1,na"' aq4,n)
Yoi1= = + = + = :
Int1 L, V \G2(q1n, sq4m))  V \o2(B1,+ ,Ba,qin, 5 q4n)
where functions g, g, 01, and o2 follow the expression in (2.11). We refer the reader to the
appendix for the detailed form of these functions.
By the stationary increments property of the standard Wiener process, we know that every

finite difference of B; is normally distributed. In addition Wiener processes B;,i = 1,2, 3,4,
are independent. Therefore, (4.4) can be simplified to

Wi
5 Sn+1 S 1 (g1(qins ,qan) 1 Wa
45 Y — n+ — n +7 < 1 ,M 9 n +7M ,
( ) n+1 <In+1> (In> Vv 92((11,71,"' 7Q4,n) v Wi
Wy
where W;,1=1,---,4, are independent standard normal random variables, and M is a matrix

that depends only on S,, and I,,. We refer readers to the appendix for the full expression
of M.

In order to estimate the distance between two QSDs, we need to find the contraction rate
« for diffusion process Y above. However, the diffusion matrix M in Y is not square, which
makes a reflection coupling difficult. Here we define an equivalent diffusion process that is
driven by a 2D Wiener process but has the same law as Y. In our simulation, we compute
the 2 by 2 covariance matrix N = M M7 and set the square root of N to be the new diffusion
matrix. Then Y can be rewritten as

Y. — n + — 1 Re3) 5 n
m (In) 4 (92((11,71,"' ,q4n)

(N + det(N)Id) (%) ,

\/tr —I—QW

where tr(N) is the trace of N and det(NN) is the determinant of N, and Id is the identity
matrix. It is easy to see that the diffusion process Y in (4.5) and (4.6) are equivalent. Hence
we do not change its notation here. The modification of Y allows us to run Algorithm 3 to
compute the coupling time distribution.

It remains to compute the finite time error. Let X be the union of the z-axis and Y-
axis. The model parameters are set as a =7,6=3,u=1,p=1,7 = 2. Processes X and V
admit QSDs 7y and 7y, respectively. Long trajectories P(iA) and B(iA) for i ={1,--.,220}
and A =0.01 are constructed when we consider the trajectory-by-trajectory behavior of two
processes. The time step size is A =0.001 and the fixed time is set as T'=0.5.

The result for V = 1000 is demonstrated in Figure 1. The bottom left of Figure 1 shows
the QSD of diffusion process Y. The QSD of the Poisson process is shown on the top right of
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Diffusion o Total variation error = 0.0901
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Figure 1. (Case V =1000) Upper panel: (Left) P(1. > t|T < t) versus t. (Right) QSD of Poisson process.
Lower panel: (Left) QSD of diffusion process. (Right) Total variation of two QSDs.

Figure 1. The difference between these two QSDs is shown at the bottom of Figure 1. We can
see that the total variation distance between two QSDs is 0.0901, which is considered to be
small. This is reasonable because, with high probability, the trajectories of both the Poisson
process and the diffusion process move far away from the absorbing set 9X.

The total variation distance between two QSDs is consistent with the prediction developed
in this paper. We first use Algorithm 3 to compute the distribution of the coupling time, which
is shown at the top left of Figure 1. Then we use Algorithm 2 to compute the finite time
error. The finite time error is 0.0026 for V' = 1000. As a result, the upper bound given in
(3.8) is 0.0054 for V' = 1000, which is smaller than the empirical total variation error 0.0901
in this case.

Then we carry out similar computations for V' = 10 on a coarse mesh. The result is
shown in Figure 2. To compare with the case for V = 1000 on the same mesh, we rescaled
the probability density function obtained from the Monte Carlo simulation. The probability
density in one bin in the coarse mesh is evenly distributed into many bins in the refined mesh.
The difference between the two QSDs is shown at the bottom of Figure 2. It is not hard
to see that the total variation distance becomes significantly larger when the volume gets
smaller. Similarly to above, we use Algorithm 3 to compute the distribution of the coupling
time distribution (Figure 2, top left) and use Algorithm 2 to compute the finite time error.
The finite time error is 0.1748 for V' =10. As a result, the upper bound given in (3.8) is 0.3639
for V'=10. This is consistent with the numerical finding shown in Figure 2, bottom right.

As we consider the effect of the capacity volume, the finite time error and the contraction
rate for different volumes are compared in Table 1. The last column d,, (7 x,7y) is computed
using (3.8). Being consistent with Theorem 2.3, the 1-Wasserstein distance between two QSDs
is smaller as V' gets larger.
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Figure 2. (Case V =10) Upper panel: (Left) P(rc > t|7 < t) versus t. (Right) QSD of Poisson process.
Lower panel: (Left) QSD of diffusion process. (Right) Total variation of two QSDs.

Table 1
SIR model. Numerical results for different volumes.

Volume V Finite time error Contraction rate 7y dw(frx,7y)
1000 0.0026 1.2853 0.0054
400 0.0079 1.2418 0.0170
100 0.0279 1.1613 0.0634
10 0.1748 1.0912 0.3639

4.2. Oregonator system. In this example, we consider a well-known example of a chemical
oscillator called the Belousov—Zhabotinsky (BZ) reaction model or “Oregonator” [4, 9, 12].
The ODE version of an Oregonator system is given by

dditl =518y — 55155 + C35;, — 204,52,
018~ 02515 + CshSs,

dSs

—2=2 - :

o =2C381 = C553

We refer to Figure 3, top left for sample trajectories of the Oregonator on Ri. The parameter
values are chosen as C7 = 2560, Cy = 800000, C3 = 16000, Cy = 2000, C5 = 9000, § = 0.4.
Let V be the volume. Six reactions in this process are shown as follows.

Sy 281, 81 +8,20, 5 %28, +28;,
251%@> S3 %5527 Ss C,,(:1>—5)®.

Applying the numerical representation in (2.10), we have the approximate rate functions of
Poisson process X, = (S1,n,5,n,53n):
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ODE trajectory Diffusion process

wo 4 N w s

Possion process

S RIS

log Pl7. > t|r > 1]

0.25

Figure 3. (Case V =1000) Upper panel: (Left) ODE trajectories. (Right) Trajectories of Poisson process.
Lower panel: (Left) Trajectories of diffusion process. (Right) P(1. > t|T <t) vs.t.

n—1 n—1 n—1

Gin=Y VhCiSom, G2n=Y  VhCoS1mSam, gsn= Y  VhCsS1m,
m=0 m=0 m=0
n—1 n—1 n—1

Gn=Y VhCiST,.. @sn=> VhC50Ssm, gsn= Y _ VhCs(1—5)Ssm.
m=0 m=0 m=0

We remark that term Si,, is the numerical value of species S; at time step m, and cases of
other terms are analogous. Hence the Poisson process X of the Oregonator model can be
written as

X Sttt Sin 1 (F(Pr-e Boyqin, - d6n)
Xn+1: SQ,n+1 = SQ,n +V f2(P17"' 7P67q1,'rl7"' J]ﬁ,n) )
S3n+1 S3.n F3(Pryo, Pssquny e 5 6,n)
where P;,i = {1,---,6}, are independent unit rate Poisson processes. f1, f2, and f3 come

from discrete approximation in (2.10). To improve the readability of the present paper, we
move detailed expressions of f1, f2, and f3 to the appendix.
The diffusion approximation Y can be written as

(4.7)

R Sl,?’H—l Sl,n 1 gl(ql,n;"' 7Q6,n) 1 0-1(317"' 7B67Q1,n7"' 7(]6,71)

Yor1=|S2n41 | = S2n | + v 92(q1n, - q6n) | ++ | o2(B1,-- ,Be,qin, 1 q6,0) |
S3n+1 S3.n 93(q1n, " 1 q6,n) o3(B1, -, Be,q1n, ,6,n)

where B;,i = {1,---,6}, are independent standard Wiener processes, and functions g1, gz,

gs, 01, 02, and o3 follow the expression in (2.11). We refer the reader to the appendix for
the detailed form of these functions.
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By the stationary increments property and independence of Wiener processes B;,i =
{1,--+,6}, equation (4.7) can be simplified to

441
W.
) S1nt1 S1n 1 (91(q1n: - g6n) 1 Wz
(48) Yn—i—l = S2,n+1 = S2,n + = 92(Q1,n, o 7Q6,n) + =M )
v \% Wy
S3nt1 S3n 93(q1ns 1 q6n) e
5
We
where W;,1=1,---,6, are independent standard normal random variables, and M is a matrix

that depends only on S,, and I,,. We refer readers to the appendix for the full expression
of M.

Let OX be the union of the z-axis, y-axis, and z-axis. Processes X and Y admit QSDs 7 x
and 7y, respectively. Long trajectories P(iA) and B(iA) for i = {1,---,2%°} and A =0.001
are constructed when we consider the trajectory-by-trajectory behavior of two processes. The
time step size is h = 107® and the fixed time is set as 7' = 0.0002. Large rate coefficients C;
make the numerical results easily go beyond the length of long trajectory B(iA), so we pick
small time step size h and the fixed finite time 7.

Figure 3 top left shows the solution of the ODE. For any initial point, the trajectory
eventually converges to the limit cycle. In terms of thermodynamics, the oscillation is induced
through the dissipation of energy and is often called a self-sustained oscillator [23]. The
trajectories of the Poisson process and the diffusion process up to fixed time T = 0.0002 are
shown at the top right and bottom left. It looks like the trajectories are close, and this is
reasonable because, with high probability, the trajectories of both the Poisson process and the
diffusion process move far away from the absorbing set X. There are only a few regeneration
events (the lines crossing the limit cycle). We compute the distribution of the coupling time.
The coupling time distribution and its exponential tail are shown in Figure 3, top left. Then
we use Algorithm 2 to compute the finite time error. The finite time error is 0.0057 for
V' =1000. As a result, the upper bound given in (3.8) is 0.0116 for V' =1000. For V' =10, the
finite time error is 0.4531 and the upper bound given in (3.8) is 0.4531.

To compare different scenarios for volume V = 1000 and V = 10, we plot the trajectories
of each species for both processes. The trajectories for V' = 1000 are shown in the upper row
of Figure 4, and the lower row shows the case for V = 10. It is evident that the Poisson
process is quite close to the diffusion process when V' = 1000. However, when the volume is
too small, not many Poisson jumps can be observed in the Poisson process, while significant
noise can be seen in the diffusion approximation. As a result, the finite time error for V =10
is 0.0563, which is around ten times larger than that for V' =1000. Similarly, we compute the
contraction rate v of the coupling time distribution to be 2.0927 x 10°. This is due to the large
magnitude of noise in the diffusion approximation. Therefore, the upper bound given in (3.8)
is 0.4531 for V' =10. We conclude that the diffusion approximation does not approximate the
QSD well when the volume is not large enough.

As we consider the effect of the capacity volume, we compare the finite time error and the
contraction rate for different volumes in Table 2. The last column, dy, (7 x, 7y ), is computed
via (3.8). It is clear that the upper bound of d,,(7x,7y) is significantly larger when V = 10.
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Figure 4. (V = 1000 versus V = 10) Upper panel: (Left) Trajectories of Poisson process for V = 1000.
(Right) Trajectories of diffusion process for V.=1000 . Lower panel: (Left) Trajectories of Poisson process for
V =10. (Right) Trajectories of diffusion process for V =10.

Table 2
Oregonator model: Numerical results for different volumes.

Volume V Finite time error Contraction rate 7y dw(frx,7y)
1000 0.0057 3.3616%10° 0.0116
400 0.0088 2.0599%10* 0.0157
100 0.0099 6.0150%10* 0.0195
10 0.0563 2.0927*%10° 0.1646

This is consistent with Theorem 2.3, which states that the supreme distance between two
processes will be smaller as V' increases.

4.3. 4D Lotka—Volterra competitive dynamics. Originally derived by Volterra in 1926 to
describe the interaction between a predator species and a prey species [20] and independently
by Lotka to describe a chemical reaction [27], the general Lotka—Volterra model is widely used
in ecology, biology, chemistry, physics, etc. [25]. In this example, we consider here a chaotic
system in which 4 species with a whole population V' compete for a finite set of resources.
The ODE version of the system is as follows:

ds;
dt

4
=78 [1=) ayS; |, i=1,2,3,4.
j=1
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Here 7; represents the growth rate of species ¢ and a;; represents the extent to which species
j competes for resources used by species i. The parameter values are

1 1 109 152 0
4 072 o4 |10 1 044 1.36
r=)ic= | 153 | A= @)= 933 0 1 our
1.27 1.21 0.51 035 1
For i=1,---,4, all reactions in this system are shown as follows:

S;=28; 8148, 1S, Sy + 8BSy, S5+ 5 Sy Sy + S; BT S,

The corresponding rate functions are

n—1

qi,l == VhTiSi7m,
m=0
n—1

Qo = Z Vhriai1S1,mSim,
m=0
n—1

A= Z V'hriai2S2,mSim;
m=0
n—1

iy = Z V'hriaizSsmSim;
m=0
n—1

s = E V hriaiaSa,mSim.

m=0

As three zeros appear in coefficient matrix A, this system actually includes 17 reactions.
Therefore, the Poisson process X, = (S1n,52,n,53n,54,) can be written as

S1n+1 Sin f1(P1, S PI7ald)s)
% _ S2,n+1 o 52771, 1 (P17 P177qu:17”' »4; 5)
X1 = | g N 85 | TV fs(Pra o P g? !
3n+1 3n V| f3(Pr,- 17,q.15° " ,q25)
Sin+1 Sin f4(P17 aP17,QZ1a"' 7‘115)
where i =1,---,4, Pj, j={1,---,17}, are independent unit rate Poisson processes, and f1,

f2, f3, and f4 come from discrete approximation in (2.10). To improve the readability of the
present paper, we move detailed expressions of f1—f4 to the appendix.
The diffusion approximation Y can be written as

(4.9)
S1n+1 S1n 91(di1,  44s) o1(Bi, -, Bir.qfy, 0, q0'5)

Yiur = Sent1 | _ [ S2m n 1 [ g92(gi1: . 47s) n 1 [o2(B1,- -, Bi7,q: +4's)
S3.n41 S3.n V1 93(gi -, a75) V1 o3(B,--, Bin iy, 4is) |
San+1 San ga(qly, - ,4}) o4(B1, -+, Bi7,q15 1 4}'s)
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ODE trajectory Diffusion process

Possion process

log P, > t|r > 1]

time t

Figure 5. (Case V =1000) Upper panel: (Left) ODE trajectories. (Right) Poisson process. Lower panel:
(Left) Diffusion process. (Right) P(1. > t|T <t) versus t.

where i =1,---,4, Bj, j={1,---,17}, are independent standard Wiener process, and func-
tions g1, g2, 93, g4, 01, 02, 03, and o4 follow the expression in (2.11). We refer the reader
to the appendix for the detailed form of these functions.

By the stationary increments property and independence of Wiener processes B;,i =
{1,---,6}, equation (4.9) can be simplified to

441
gl,nJrl gl,n : ( ) : W
4.10 Vo= 2n4+1 | _ 2n | 4 = (91 qi, - ,q4 ) =M . 7
(4.10) e S3.n+1 S3.n V \g2(q1, - ,q4) %4 :
San+1 San Wie
Wiz
where W;,i=1,---,17, are independent standard normal random variables, and M is a matrix

that depends only on S,, and I,,. We refer readers to the appendix for the full expression of
M.

Let &X be the union of 4 axes. Processes X and Y admit QSDs #y and 7y, respectively.
Long trajectories P(iA) and B(iA) for i = {1,---,222} and A = 0.01 are constructed when we
consider the trajectory-by-trajectory behavior of two processes. The time step size is h = 0.001
and the fixed time is set as T'=1.

Figure 5 top left shows the solution of the ODE projected onto x1xox3 space. The trajec-
tories of the Poisson process and the diffusion process are shown at the top right and bottom
left, respectively. It appears that the trajectories are close, which is reasonable because, with
high probability, the trajectories of both the Poisson process and the diffusion process move
far away from the absorbing set X . We then compute the distribution of the coupling time.
The coupling time distribution and its exponential tail are shown in Figure 5 top left, which
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Figure 7. (Case V =10) Poisson trajectories and diffusion trajectories for 4 species.

gives the contraction rate v =0.0849. Next, we apply Algorithm 1 to compute the finite time
error, and the result is 0.0030 for V' = 1000. As a result, the upper bound given in (3.8) is
0.0375 for V' =1000.

To compare the different scenarios for volume V' = 1000 and V = 10, we plot trajectories
of each species for V' = 1000 in Figure 6, and the case for V = 10 is shown in Figure 7. It
is apparent that the behavior of the trajectories between the Poisson process and diffusion
process is notably different when V' = 1000 as compared to the case when V = 10. Therefore,
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Table 3
4D Lotka—Volterra model: Numerical results for different volumes.

Volume V Finite time error Contraction rate ~y dw(frx,7y)
1000 0.0030 0.0849 0.0375
400 0.0110 0.1831 0.0659
100 0.0502 0.3110 0.1878
10 0.1286 1.7905 0.1543

it is not surprising that the finite time error for V = 10 is 0.1286, which is approximately
40 times greater than the case for V' = 1000. In this case, the trajectories of the Poisson
process have a high probability of moving along the boundary. As mentioned before, we have
computed the contraction rate  of the coupling time distribution to be 1.7905. Consequently,
the upper bound given in (3.8) is 0.1543 for V = 10.

As we consider the effect of the capacity volume, the finite time error and the contraction
rate for different volumes are compared in Table 3. The last column d,,(7x,7y) is computed
via (3.8). It is not hard to see that the upper bound of d,(7x,7y) is quite larger when
V' =10. This is consistent with Theorem 2.3; the supreme distance between two processes
will be smaller as V' gets larger.

5. Conclusion. In this paper, we propose a coupling-based approach to estimate the dis-
tance between the QSD of a stochastic mass-action process and its diffusion approximation.
The study investigates how the QSDs depend on the volume of the mass-action system. To
tackle the QSDs, the paper adopts the idea of regeneration from QSDs after exiting to con-
struct a process with the stationary distribution. This approach differs from the previous
work by the authors [8, 18]. The coupling algorithm and the pathwise matching of a stochas-
tic mass-action system and its diffusion approximation need to be adapted to the regeneration
from QSDs. The paper compares the finite time error and the rate of contraction for different
population volumes V', and the results show that the distance between two QSDs is smaller
for a larger population. Overall, the study emphasizes the need to address demographic noise
when the population is small.

The study of pathwise approximation of stochastic mass-action systems by diffusion pro-
cesses and the coupling of diffusion processes motivates a very interesting question. All our
existing work relies on the reflection coupling of diffusion processes, which is known to be
highly effective. Then how can one effectively couple two continuous-time Markov processes
on a lattice? Successful coupling of two trajectories of a mass-action system will extend our
framework of sensitivity analysis to many more applications. We believe it is very difficult
to couple the exact stochastic mass-action system because of the difficulty of letting jumps
of coupled processes occur simultaneously. However, there may be some way of building a
“discrete reflection” and coupling two tau-leaping trajectories, i.e., two trajectories of (2.10),
effectively. This will be addressed in our future work.

Appendix A. Expressions of mass-action systems and their diffusion approximations.
In this section, we provide the explicit formulas of the Poisson approximation and the diffusion
approximation for each model to improve readability.
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A.1. SIR model. There are four reactions involved in the SIR system, so there are 4 pairs
of Poisson process P; and Wiener process B; that appear in the evolution of each class. The
rule of updating the numerical approximation X,, is as follows:

% Sn 1
Xn+1 = <I :1>
_ (Sn> n 1 <[P1(q1,n+1) — Pi(q1,n)] — [P2(q2,0+1) — Pa(q2,n] — [P3(g3,n4+1 — P3((J3,n)]>
In Vv {PQ(QQ,n-i-l) - PZ(q2,n)] - [P4(q4,n+l) - P4(q4,n)]

_ (Sn) _I_l <.f1(P17"' 7P47Q1,n7"' 7q47n)>
In \% fQ(Plv"'7P47Q1,n7"'aq4,n) ’

where P;,i=1{1,2,3,4}, are independent unit rate Poisson processes.
And the rule of updating the numerical approximation Y, is as follows:

5 <Sn+1> _ <Sn> 1 ([Q1,n+1 — qin] — [@2n+1 — @n) — [@3041 — Q3,n]>

Y11= + —
e I I, 14 [qQ,n+1 - C_I2,n] - [Q4,n+1 - Q4,n]

1 <[Bl(ql,n+1) — Bi(q1,n)] — [B2(g2,n+1) — B2(q2,0)] — [B3(q3,n+1 — B3(€l3,n]>
[B2(q2.n+1) — B2(g2,n)] — [Ba(qan+1) — Ba(qan)]

v
— <Sn> + l (91(Q1,n, T >Q4,n)> + l (Ul(Bla te ,B4, din, " 7q4,n)>
I, V \g2(qins 5 qan) V \o2(B1, -, Ba,qins -, q4m) )
where B;, i ={1,2,3,4}, are independent standard Wiener processes.
As two classes S, and I,, and four reactions are considered in this SIR model, the corre-

sponding diffusion matrix M should be a 2 x 4 matrix. Specifically, the diffusion matrix M
reads as follows:

. 1 _ _ _ _ _
Vo= (Sn+1> _ <Sn> L1 <[(I1,n+1 q1,n] = (02,041 — G2.n] — 43,011 (I3,n]>

I I, 14 [@2,n+1 — @2n) — [@4,n41 — Q4]
Wy
n 1 <\/Q1,n+1 —@n —VEntl —©n —VBnrl — @Bn 0 > Wo
Vv 0 V@ntl — @n 0 “VUn+1—qn) | W3
Wy
_ (Sn) n l < Vha —VhBS,1, — VhuS, )
-\ I V \VhBS, L, — Vh(p+p+7)I,
Wi
N 1 (W —/VhBS, I, —/VhuS, 0 ) Wo
V\ 0  VVhBS.I, 0 —/Vh(p+p+1I) | Ws
Wy

Sn) L (91(qin, ,q4n)> 1| Wy
= _*_i ’ ) +*M ’
<In> Vv <92(QI,7L)"' 7Q4,n) \%4 W3

where W;, i ={1,2,3,4}, are independent standard normal distributed random variables.

Copyright (© by SIAM and ASA. Unauthorized reproduction of this article is prohibited.



Downloaded 08/12/24 to 209.6.114.50 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

QSD SENSITIVITY 1191

A.2. Oregonator model. For the Oregonator model, there are six reactions involved. So
we have 6 pairs of Poisson processes P, and B; in the approximations. The rule of updating
the numerical approximation X,, follows:

R S1n+1 Sin St 1 (F1(Pre Poyqin, - do.n)
Xn+1 - SQ,n—‘y—l = SQ,R = 52,77, +V f2<P17"' 7P67q1,n7"' 7(]6,71) )
53 n+1 S3n S3n f3(Pr,-+ , Ps,qins - ,Q6,n)

where

F1=Pi(q1nr1) — Pi(q1.n)] — [P2(@2n11) — Pa(q2.n)] + [P3(g3041) — P3(q3,0)]

— 2[Py(qan+1) — Pa(qan)]
F2=—[Pi(qin+1) — Pi(qin)] — [P2(@2,n41) — Po(q2,n)] + [P5(g5,n+1) — Ps(g5,1)]
3 =2[P3(q3,n+1) — P3(q3.n)] — [P5(q5,n+1) — P5(q5.n)] — [Ps(q6,n+1) — Po(a6,n)]

where P;,i=1{1,---,6}, are independent unit rate Poisson processes.
The diffusion approximation Y can be written as

) S1nt1 Sin 1 (91(qrn; - g6n)
Yoij1= SQ,n-i—l = S2,n + V 92(Q1,n, T aq&n)
S3n41 S3.n 93(qin, ,q6,n)

a-l(Bla"' 7B67q1,n7"' 7Q6,n)
+V 0-2(B17"' 7B67Q1,n7"' 7QG,n) )
0-3(317"' 7B6aQ1,n7"' 7Q6,n)

where

91 =0 n+1 — Q0] — [©@2n+1 — @) + [Bat1 — Gl — 2[qan+1 — qan)

g2 =—[Q1n+1 — Q0] — [@2n+1 — @] + [GBrt1 — Gal

93 =2[@3.n+1 — B.n] — [@5n+1 — Gn) — (6,041 — T6,0]

01 =[B1(q1,n+1) — Bi(q1,n)] — [B2(g2,n+1) — Ba(q2,n)] + [B3(g3,n+1) — B3(q3,n)]

— 2[B4(qan+1) — Ba(qan)]

o2 =— [Bi(q1,n+1) — Bi(q1,n)] — [B2(q2,n+1) — Ba(q2,n)] + [Bs(g5,n+1) — Bs(g5,0)]

03 =2[B3(q3n+1) — B3(g3.n)] — [B5(¢5,n+1) — Bs(¢5,n)] — [Be(q6,n+1) — Be(q6,n)]
where B;,{i=1,---,6}, are independent Wiener processes.

As we focus on three classes Si,S52 5,53, and six reactions, we can confirm that the
diffusion matrix M is a 3 x 6 matrix. Specifically, the diffusion matrix M is defined as
follows:

S1n+1 Sin 1 91(q1,ns " ,q6,n)
Yor1= | Sons1 | = Som | + v 92(qin, 1 q6n) | + =M
S3n+1 S3.n 93(q1,ns " ,q6,n) We

<|~
=
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where the 3 x 6 matrix M has expression

VUil —Qn V@l —©n VBl —Ba —V20AUnt1 — qan)
M= |—/@in+1 —Un —/Cnt1 — @0 0 0
0 0 2(3,n41 — 93,1 0
0 0
Vn+1 — @5n 0

V401 —AGBn —/6n+1 — 6.

VVECiSa,  —/VhC381 282, /VhCs51, 2,/VhCiS2,
= |=\/VhC18s, —\/VhC55: .52, 0 0
0 0 2,/VhC551 0
0 0

VVhC5685, 0 )
—/VhC5853, —/VICs(1—10)S5,

where W;,{i=1,---,6}, are independent standard normal distributed random variables.

A.3. 4D Lotka—Volterra model. For the 4D Lotka—Volterra system, there are 17 reactions
involved, so we have 17 pairs of Poisson process P; and Wiener process B;. The rule of updating
the numerical approximation X,, follows:

S1nt1 Sin .fl(Ph"‘;P177Q?717"'7q17‘?5)
p o Seni | | B2 | 1 fo(Pr,  Pirgiys 5 4fs) ’
S3n41 S3n V| f3(Pr,  Pirsaly, 5 4s)
Sant1 San Ja(Pr, s Prrygly, o5 47s)
where
f1=[Pi(q1n+1) — Pi(qin)] — [P2(q2,n11) — Po(q2,n)] — [P3(q1,n41) — P3(q1,0)]
— [Pa(qan+1) — Pa(qan)]
f2=[Ps(q5,n+1) — P5(q5,n)] — [Ps(g6,n11) — Ps(q6,n)] — [Pr(qrns1) — Pr(q7.n)]
— [Ps(gsn+1) — Ps(gsn)]
F3=[Po(q9,n+1) — Po(q9,n)] — [Pro(qr0,n+1) — Pro(q10,)]
— [Pii(qiint+1) — Pri(qiin)] — [Pr2(qi2,n+1) — Pr2(q12,0)]
Fa=[Pi3s(q13,n+1) — P13(q13)] — [Pra(q1ans1) — Pra(qram)]
— [Pis(q15,n41) — Pis(q15.0)] — [P16(q16,n41) — P16(q16,n)]
= [Prr(@17,n+1) — Prr(@azn)]
where ¢ = 1,--- ,4 and PJ) {j =1,---,17} are independent unit rate Poisson processes. The

diffusion approximation Y can be written as
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S1nt1 Sin 91(q1: +4f's)
Voo = S2,n+1) - Son n 1 [ g2(gi: . 475)
SS,n+1 53,71 14 g3(q£17" ) 25)
San+1 San 94(qiy, -, qs)
o1(Bi,- Bt qi'y, - . 4f's)
+l o2(B1,- -, Bir, 4y, 5 4s)
V | o3(Bi, B, gy, 5 4is) |
oa(Bi, Bir,qly, -, dls)

where

91 =[q1n1 — Q0] = [@2n+1 — @20] = (@341 — B3] — (@411 — qan]

92 =[q5n+1 — Q5,n] — [g6,n+1 — %’,n] — @701 — q7.0] — [QS,n+1 — q8,n]

93 =[09,n+1 — 99,n) — [Q10,n+1 — Q10,0] — (11,041 — Q11,n) — [Q12,041 — Q12,0

94 =[q13 01 — Q13,n) — (@141 — Quan] — [Q15,041 — @15,0] — [@16,0+1 — G16,n]
— @171 — @17.0)

o1 =[B1(q1,n+1) — Bi(qin)] — [B2(q2.n+1) — B2(g2.n)] — [B3(¢3,n+1) — B3(q3.n)]
— [Ba(qan+1) — Ba(qan)]

o2 =[B5(q5,n+1) — Bs(q5,n)] — [Be(g6,n+1) — Be(@6,n)] — [B7(q7,n+1) — Br(qrn)]
— [Bs(gsn+1) — Bs(gsn)]

03 =[By(qo,n+1) — Bo(q9,n)] — [B1o(qio,n+1) — Bio(qio,n)]
— [Bii(qi1,n+1) — Bii(qiin)] — [Bi2(¢12,n+1) — Bi2(qi2,n)]

o4 =[B13(q13,n+1) — B13(q13,n)] — [B14(q14,n+1) — B1a(q1a,n)]
— [Bis(qi5,n+1) — Bis(qi5.n)] — [B16(q16,n+1) — B16(q16,n)]
— [Bir(qi7,n+1) — Bir(qizn)],

where t=1,---,4, Bj,{j=1,---,17}, are independent Wiener processes.
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