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Abstract

A chemical reaction network is a chemical system involving multiple reactions and chemical
species. The simplest stochastic models of such networks treat the system as a continuous
time Markov chain with the state being the number of molecules of each species and with
reactions modeled as possible transitions of the chain. For such models, there is typically a wide
variation in temporal and other quantitative scales. In this multi-scale setting it is typically an
extremely difficult task to perform approximations, such as Langevin approximations or law of
large number type arguments, to simplify a system. Therefore, numerical methods oftentimes
are the only reasonable means by which such models can be understood in real time.

In this paper we provide a general framework for understanding the weak error of numerical
approximation techniques in the multi-scale setting. We quantify how the error of three different
methods depends upon both the natural scalings within a given system, and with the step-size
of the numerical method. Further, we introduce a new algorithm in this setting, the weak
trapezoidal algorithm, which was developed originally as an approximate method for diffusion
processes, and prove that the leading order of the error process scales with the square of the
time discretization, making it the first second order method in this setting.

1 Introduction

A chemical reaction network is a chemical system involving multiple reactions and chemical species.
The simplest stochastic models of such networks treat the system as a continuous time Markov
chain with the state being the number of molecules of each species and with reactions modeled as
possible transitions of the chain. For such models, there is typically a wide variation in scales in that
the different species and reaction rates vary over several orders of magnitude. In this multi-scale
setting it is typically an extremely difficult task to analytically perform approximations, such as
Langevin approximations or law of large number type arguments, to simplify or reduce a system.
In fact, this is an active research area [6, 18]. Therefore, numerical methods oftentimes are the
only reasonable means by which such models can be understood in real time. This paper provides
a general framework for understanding the weak error of numerical approximation techniques for
stochastically modeled chemical reaction networks, and introduces the first second order method
in this setting.
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More specifically, suppose we have a process X, and a function of the state of the system, f,
giving us some quantity of interest, perhaps the abundance of a particular species. Supposing that
Z is an approximation of X, we wish to quantify the behavior of

Ef(X (1)) —Ef(Z(1)). (1.1)

To answer this question, we will demonstrate the need to take the natural scales of the problem
into account.

We will show that Euler’s method, also known as explicit 7-leaping in this setting, is an order
one method, in that the leading order of the error (1.1) decreases linearly with the step-size. Also,
we will show that the leading order of the error of the approximate midpoint method, introduced in
[15], involves some terms that scale linearly and others that scale quadratically with the step-size.
That is,

Ef(X(t) —Ef(Zup (1) = ¥ h + A h? + o(cVh + e h?),

where c{v , cév depend upon the natural scalings of the system, quantified here by N > 0, and Zj,
denotes the path generated by the approximate midpoint method. The term that dominates this
error then depends upon the specific scalings of a system, encapsulated in the constants C{V and cév ,
and the size of the time discretization h. We will extend the weak trapezoidal method of Anderson
and Mattingly, which was originally formulated in the diffusive setting [5], to the discrete, stochastic
chemical kinetic setting. We will prove that it is second order accurate in the step-size regardless
of the scaling of the system.

This paper is best viewed as a merging and extension of [3], which provided the first error
analysis in the stochastic chemical kinetic setting that took the natural scales of the system into
account, and [5], which introduced and analyzed the weak trapezoidal algorithm in the diffusive
setting.

1.1 Paper outline

The paper is organized as follows. In Section 2 we introduce the basic models to be considered, and
discuss the relevant numerical methods. In Section 3, we discuss the multi-scale nature of stochastic
models of chemical reaction networks, and incorporate this into our model. In Section 4, we show
how bounds on the global weak errors of the different approximation methods can be expressed
using respective bounds on the local, one-step errors. In Section 5, we provide the local, one-step
analyses for the three methods considered in this paper. In Section 6, we provide results on how
the behavior of the exact process affects the global error of the numerical method. In Section 7, we
provide a brief discussion of the stability of the different explicit methods we have analyzed. We
then finish with examples demonstrating our results in Section 8.

2 The basic model and numerical methods

2.1 The basic model

An example of a chemical reaction is

251+ 85y — 83,



where we would interpret the above as saying two molecules of type S; combine with a molecule
of type S5 to produce a molecule of type S3. The S; are called chemical species. Letting

2 0 -2
m=[1], vi=[o0], and G=vf-wm=| -1 |,
0 1 1

we see that every instance of the reaction changes the state of the system by addition of (;. Here
the subscript “1” is used to denote the first (and in this case only) reaction of the system.

In the general setting we denote the number of species by d, and for i € {1,...,d} we denote
the ith species as S;. We then consider a finite set of R reactions, where the model for the kth
reaction is determined by

(1) a vector of inputs vy specifying the number of molecules of each chemical species that are
consumed in the reaction,

11) a vector of outputs v, Specifyin the number of molecules of each species that are created in
k g
the reaction, and

(7i7) a function of the state Ay that gives the transition intensity or rate at which the reaction
occurs. (Note that in the chemical literature, transition intensities are referred to as propen-
sities.)

Specifically, if we denote the state of the system at time ¢t by X(t) € Zéo: and if the kth reaction
occurs at time ¢, we update the state by addition of the reaction vector

def
=V — Uk

and the new state becomes X (t) = X (t—) 4 &. For the standard Markov chain model, the number
of times that the kth reaction occurs by time ¢ can be represented by the counting process Ry (t) =

t
Y}, / A (X (s))ds), where the Y are independent unit-rate Poisson processes (see, for example,
0

[20], [10] Chapter 6, or the recent survey [4]). The state of the system then satisfies the equation
t
X(t) = X(0) + ZYk </ )\k(X(s))ds> &k (2.1)
. 0

The above formulation is termed a “random time change representation” and is equivalent to the
“chemical master equation representation” found in much of the biology and chemistry literature,
where the master equation is Kolmogorov’s forward equation in the terminology of probability.

A common choice of intensity function for chemical reaction systems, and the one we adopt
throughout, is that of mass action kinetics. Under mass action kinetics, the intensity function for
the kth reaction is .

;!

Ak(z) = Kk E EIk (2:2)
where, vy; is the ith component of v,. Implicit in the assumption of mass action kinetics is that
the vessel under consideration is “well-stirred.” Note that A\ defined in (2.2) is a polynomial
function, and is therefore defined, and infinitely differentiable. While the natural state space is the
non-negative orthant, we extend \; to all of R¢ by setting it to zero outside Rio.



This model is a continuous time Markov chain in Z% with generator

(Af) (@) = Me(@)(fz+ G) — f(@),
p

where f : Z¢ — R. Throughout the paper, in order to gain control of the terms in (1.1), we will
make extensive use of Dynkin’s formula,

E.f(X(8) = f(z) + /0 E, (Af)X (s)ds,

for suitably chosen f [10], and where the above equality holds so long as the expectations exist.
Kolmogorov’s forward equation for this model is

d
E#%%ﬂw%:szﬁx—Cghm{ﬁz%ﬂ%x—Qbﬂwy—EZAﬁxﬂ%Lﬂw%
k - k

where for x € Z%O, P(z,t|m) represents the probability that X (¢) = z, conditioned upon the initial
distribution 7.

Example 1. To solidify notation, we consider the network

S, 2 S, 25, S,

K2

where we have placed the rate constants ki above or below their respective reactions. For this
example, equation (2.1) is

-1 1

X@:X@+m([mm@@> é +%<K@&@%>_ﬁ
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Defining ¢1 = [1,1,0]7, ¢ = [1,—1,0]", and (3 = [0, —2,1]T, the generator A satisfies

(Af)(@) = k1 (f(z + 1) = f(2)) + roma(f (2 + G2) — f(2)) + K3xa(za — 1) (f(z + (3) — f())

2.2 Numerical methods

Exact methods. There are a number of numerical methods that produce statistically exact
sample paths for the model described above. These include the stochastic simulation algorithm,
best known as Gillespie’s algorithm [13, 14], the first reaction method [13], and the next reaction
method [1, 12]. All such algorithms perform the same two basic steps multiple times until a sample
path is produced over a desired time interval. Conditioned on the current state of the system, both
(7) the amount of time that passes until the next reaction takes place, At, is computed and (i7)
the specific reaction that has taken place is found. Note that At is an exponential random variable
with a parameter of ), A\;(X(t)). Therefore, if

1

SowE@) < b (23)

> M(X(#)>1  sothat  EAt=
k

4



then the runtime needed to produce a single exact sample path may be prohibitive. As such
methods are usually coupled with Monte Carlo techniques, this observation motivates the need to
consider approximate simulation methods, which we now introduce.

Approximate methods. Throughout the paper, we let X denote the solution to (2.1). For
approximate methods, we will sometimes consider an arbitrary method and will in such cases
denote the solution as Z. Other times we will distinguish the Euler, midpoint, and Trapezoidal
methods, by Zg, Zyr, Zirap, respectively. We will always begin the methods from the same initial
condition, namely X (0) = Z(0) = zo.

Remark 2.1. Historically the time discretization parameter for the methods described in this
paper has been 7, thus giving these methods the general name “r-leaping methods.” We choose
to break from this tradition and denote our time-step by h so as not to confuse 7 with a stopping
time.

The approximate algorithm termed explicit tau-leaping was developed by Dan Gillespie in [15]
in an effort to overcome the problem described above that At, the amount of time that must pass
before the next reaction event, may be prohibitively small. The basic idea of tau-leaping is to hold
the intensity functions fixed over the time interval [t,,t,, + h] at the values \i (X (¢,)), where X (t,,)
is the current state of the system, and, under this assumption, compute the number of times each
reaction takes place over this period. Note that this method will potentially yield lower runtimes
only if h > 1/, M(X(tn)) = At. As the waiting times for the reactions are exponentially
distributed this leads to the following algorithm, which simulates up to a time of 7' > 0. Below and
in the sequel, for x > 0 we will write Poisson(x) for a Poisson random variable with a parameter
of .

Algorithm 1 (Euler tau-leaping). Fix h > 0. Set Zg(0) = x¢, to = 0, n = 0 and repeat the following
until ¢4 =T

(1) Set tpi1 =tn +h. ity >T,set tpp1 =T and h =T — t,,.

(73) For k € {1,..., R}, let Ay, = Poisson(A\x(ZEg(t,))h) be independent of each other and all
previous random variables.

(ZM) Set ZE(tn+1) = ZE(tn) + Zk ArCp.

(iv) Set n <—n+ 1.

Several improvements and modifications have been made to the basic algorithm described above
over the years. However, they are mainly concerned with how to choose the step-size adaptively
[8, 16] and/or how to ensure that population values do not go negative during the course of a
simulation [2, 7, 9], and are not explicitly relevant to the current discussion of convergence analysis.

Similar to (2.1), a path-wise representation of Euler tau-leaping defined for all ¢ > 0 can be
given through a random time change of Poisson processes:

where the Y}, are as before, and 7(s) < {%J h. Thus, Zg(n(s)) = Zg(ty) if t, < s < tp41. Noting

that fg"“ Me(Zg on(s))ds =" o Me(ZE(t:i))(tis1 — ;) explains why this method is called “Euler



tau-leaping.” Defining the operator

(B-£)(@) Z > Ml2)(f(@ + G) — f(x), (2.5)
k
we see that for ¢ > 0
Ef(Ze(t)) =Ef(Zgon(t)) + E /( )(BZEon(t)f)(ZE(S)>d3a (2.6)
n(t

so long as the expectations exist. Equation (2.6) points out why we care about the associated
operators for each of our approximate methods: they will be used to gain the necessary control
over the difference Ef (X (t)) — Ef(Z(t)), called the weak error of the approximation, which is the
focus of our paper.

A midpoint type method was first described in [15]' and analyzed in [3]. Define the function
def 1
p(z) = z+ ih zk: e (2)C,

which computes an approximate midpoint for the system assuming the state of the system is z and
the time-step is h. The following algorithm simulates up to a time of 7" > 0. Note that only step
(74) changes from Euler tau-leaping.

Algorithm 2 (Midpoint tau-leaping). Fix h > 0. Set Zj;(0) = xo, to = 0, n = 0 and repeat the
following until ¢, =T"

(1) Set tpi1 =t +h. ity >T,set tp1 =T and h =T — t,,.

(ii) For k € {1,..., R}, let Ay = Poisson(\; o p(Zps(tn))h) be independent of each other and all
previous random variables.

(ZZ’L) Set ZM(tn—i-l) = ZM(tn) + Zk ApCr.

(tv) Set n < n+ 1.

Similar to (2.1) and (2.4), Zp(t) constructed via Algorithm 2 can be represented for all t > 0
via a random time change of Poisson processes:

t
2uu(t) = 2 0) + 15 ([ Mo pzustuts))is) 2.7)
k 0
where 7(-) is as before. For B, defined via (2.5), any t > 0, and Zj; generated via (2.7) we have

Ef(Zu(t)) = Ef (Zys o n(t)) + E / o B )22 (5,
n(t

so long as the expectations exist.

The weak trapezoidal method. We will now propose a trapezoidal type algorithm to approx-
imate the solutions of (2.1). The method was originally introduced in the work of Anderson and

'The midpoint method detailed in [15] is actually a slight variant of the method described here. In [15] the
approximate midpoint, called p(z) above, is rounded to the nearest integer value.



Mattingly in the diffusive setting where it is best understood by using a path-wise representation
that incorporates space-time white noise processes, see [5]. It can similarly be understood in the
current setting of jump processes by using a representation that utilizes Poisson random measures.
See Appendix A.

In the algorithm below, which simulates a path up to a time T" > 0, it is notationally convenient
to define [z]T = x V 0 = max{z,0}.

Algorithm 3 (Weak trapezoidal method). Fix h > 0. Set Z(0) = =g, to = 0, and n = 0. Fixing a
6 € (0,1), we define

def 1 1 def 1 (1 - 9)2 + 92

= im and 62 = =

2 0(1—-0) (28)

&1

We repeat the following steps until ¢, 11 = 7T, in which we first compute a #-midpoint y*, and then
the new value Ziyqp(tn+1):

(1) Set tpy1 =tn +h. lftpy1 >T, set tppr =T and h =T — t,,.

(i1) For k € {1,..., R}, let Ay = Poisson(Ag(Zirap(tn))0h) be independent of each other and all
previous random variables.

(ZZZ) Set y* = Zt’/‘ap(tn) + Zk Ak»lék'

(iv) For k € {1,..., R}, let Ag o = Poisson([&1 M\, (y*) — &2k (tn)] (1 — 0)h) be independent of each
other and all previous random variables.

(v) Set Zirap(tni1) = y* + 2o Ar,2Gk-
(vi) Set n <—n+ 1.

Remark 2.2. Notice that on the (n + 1)st-step, y* is the Euler approximation to X (nh + 0h)
starting from Zy.qp(t,) at time nh.

Remark 2.3. Notice that for all € (0,1) one has §; > & and & — & = 1.

We define the operator B., ., by

(By 2o ) (@) =) [GAk(21) — SoMk(22)] T (f( + G) — f(@)).

k

Then, for n(t) <t < n(t) + 6h, the process Zi.qp satisfies

Ef (Zirap()) = Ef (Zunap(1(£))) + E / + Braaer ) v ),
n(t

where we recall that B, is defined via (2.5), and for n(t) + 6h < t < n(t) + h, the process Ziqp
satisfies

t

Ef<Ztrap<t)) = Ef(Ztrap(n(t) + Qh)) + E/(t)+9h(BZtrch(n(t)"reh),Ztrap(T](t))f)(ZtT‘ap(s))dS'
n



2.3 Previous error analyses

Under the scaling h — 0, Rathinam et al. performed a consistency check of Euler tau-leaping
and found that the local truncation error was O(h?) for all moments [22]. They also showed that
under this same scaling Euler tau-leaping is first order accurate in a weak sense in the case that the
intensity functions \j are linear [22]. Li extended these results by showing that as h — 0, Euler
tau-leaping has a strong error (in the L? norm) of order 1/2 and a weak error of order one [21],
which agree with classical results pertaining to numerical analysis of SDEs driven by Brownian
motions (see, for example, [19]).

Under the scaling h — 0 it is readily seen that midpoint tau-leaping is no more accurate than
Euler tau-leaping. This follows since midpoint tau-leaping consists of making an O(h?) correction
to the intensity functions used in Euler tau-leaping. As h — 0, this correction becomes negligible
as Poisson processes “ignore” O(h?) corrections, and the accuracy of the two methods will be the
same.

However, in many examples the midpoint method is readily seen to be more accurate than
Euler’s method in the discrete stochastic setting. In [3], Anderson, Ganguly, and Kurtz provided
an error analysis of Euler’s method and the approximate midpoint method under the assumptions
that (7) the system of interest satisfies the classical scaling described in Section 3 below and (i)
the time discretization satisfies the requirement

h> (2.9)

1
>k M(Z(1)
where Z(t) is the state of the system at time t. The requirement (2.9) is reasonable as such
approximation methods would only be used in a regime where h > At, where At is the expected
amount of time between reactions, for otherwise an exact method would be performed. They proved
that, in this specific setting, Euler’s method is an order one method in both a weak and a strong (in
the L' norm) sense. They proved that the strong error of the midpoint method falls between order
one and two (see [3] for precise statements), and that the weak error of the midpoint method scales
quadratically with the step-size when condition (2.9) is satisfied. The importance of the analysis in
[3] is that it pointed out the need to incorporate the natural scales of the system into the analysis.

3 Scaled models

As discussed in and around (2.3), the approximate algorithms being considered are only useful on
the class of models which satisfy >, A\i(X(-)) > 1. There are at least two different ways this
behavior can be achieved. The first is that there could be a large number of reactions, R > 1, in
which case the approximate algorithms currently being discussed will not provide an appreciable
improvement in terms of runtime over the exact simulation methods. The other common way for
Yk M(X(-)) > 1 to hold is to have either large abundances of certain species, or to have large
rate constants, or both. We will study the behavior of the different algorithms under this latter
assumption. To do so, we will introduce a scaling parameter, IV, used to quantify the variations
in the sizes of the abundances and parameters. We emphasize that the scaling detailed below is
an analytical tool used to understand the behavior of the different processes, and that the actual
simulations using the different methods make no use of, nor have need for, an understanding of V.

The specifics of the scaling used here have previously been used in [4, 6, 18]. Let N > 1.
Assume that we are given a model of the form

X0 = X0)+ % (/ t M5 ) G



where the ) are of the form

Ne(@) =m [ =,

i1 (.CL‘Z — Vki)!’

and where we recall that (; e v, — vi. For each species 4, define the normalized abundance (or
simply, the abundance) by
XN(t) = N7 X,(t),

where ; > 0 should be selected so that X = O(1). Here X}¥ may be the species number (a; = 0)
or the species concentration or something else.

Since the rate constants may also vary over several orders of magnitude, we write xj = kN B
where the ) are selected so that i = O(1). Note that for a binary reaction

K Xi X = NPvteitas g x NN,

and we can write
Br+ai+ o =B+ - .

We also have,
R Xy = NOFeeg XV m XX — 1) = NOsveag XN (XY — N,

where the source vectors are vy = ¢; in the first example and v, = 2e; in the second, with similar
expressions for intensities involving higher order reactions. That is, under the mass-action kinetics
assumption, we always have that A} (X (s)) = NP+vea ), (XN (s)), where g is deterministic mass-
action kinetics with rate constants ;. Note that for reactions of the form 25; — %, where x
represents an arbitrary linear combination of the species, the rate is NA: 2% XN (£)(XN(¢) —
N~%), so if a; > 0, we should write )\fgv instead of Ak, but to simplify notation, we will simply
write Ar. Our model has become

XNt = xN0)+ > N %Y, </t Nﬁﬁyk'%k(XN(s))ds) Guis 1€ {1,...,d}. (3.1)
L 0

Remark 3.1. We emphasize that the models (3.1) and (2.1) are equivalent in that X* is a scaled
version of X. This scaling will allow us to quantify the behavior of the different algorithms, though
plays no role in the simulation of the processes.

Remark 3.2. If By + v, -« = a; = 1 for all i,k in (3.1), then we have what is typically called the
classical scaling. 1t was specifically this scaling that was used in the analyses of Euler and midpoint
7-leaping found in [3]. In this case it is natural to consider XV as a vector whose ith component
gives the concentration, in moles per unit volume, of the ith species.

The focus of the paper will now shift from (2.1) to the equivalent (3.1). To analyze how the
different algorithms approximate X%, we will need some terminology which we collect below.
3.1 Terminology and definitions

For any vector w € R?, define w” to be the vector with ith component

def Wj
Wl e Wi
© 7 N




and define
LN:{:UN|336Zd}.

By construction, the process (3.1) lives in Ly, and its generator is

ANf (@) =Y NOFN (@) (f(z + GY) — f(=). (3.2)

k

For f: LY — R and any ¢ > 0, Dynkin’s formula is now

Ero f(X™(8)) = f(20) + Ex, /0 AN F(X(5))ds, (3.3)

which holds so long as the expectations exist.
To quantify the natural time-scale of the system, define v € R via

7= max  {Bp+uk-a— o),
{i.k R #0}

where we recall that v is the source vector for the kth reaction. It is worth noting that v = 0 if
one assumes the system satisfies the classical scaling discussed in Remark 3.2. However, v = 0 in
many other settings as well. We will see that our main results are most useful when v < 0.

Example 2. As an instructive example, consider the system
100
S =285
100

with X1(0) = X5(0) = 10,000. In this case, it is natural to take N = 10,000 and o; = oy = 1. As
the rate constants are 100 = /10,000, we take 31 = B2 = 1/2 and find that v = 1/2. The equation
governing the normalized process X{V 18

XVt = X{(0) -1 (Nl/QN/Ot X{V(s)ds) % 1Y, <N1/2N /Ot(z - X{V(s))ds> %

where we have used that X{¥ + XY = 2.
We define the operator V{CV for the kth reaction via
Vi f(@) = N (fa 4 () — f (@), (3.4)

In Example 2 above, we have

Vi f (@)
vy f(x)

N(f(z+ (e2 —e1)/N) — f(z))

N(f(z+ (e1 —e2)/N) — f(x)),

where S; — S5 is arbitrarily labeled as the first reaction, and e; € Z? is the vector of all zeros
except with a one in the ith location.

Note that if f is globally Lipschitz, then by the definition of v, V¥ f(z) is uniformly bounded
over k and x. We may now write (3.2) as

AN f(z) = 3 N A(2) Y f(@).
k

10



Defining the vector valued operators
AE A, ], VYN E VYL VY, (3.5)
where we recall that R is the number of reactions, we obtain
AV f() = (N'A- V) f(a).
For k € {1,..., R} we define

= B+ vp-a—7, (3.6)

so that (3.4) becomes
Vi f(z) = N (fz +¢) = f(2).
Forie {l,...,d} and k € {1,..., R}, we define

me & min{a; : C,g # 0},

so that O(|¢)Y]) = N~™k. Note that my, > 0, and by the choice of v we have ¢, — my < 0 for all
k. Further, we point out that « is chosen so that ¢, = 0 for at least one k. Finally, we note that if
IV f|ls is bounded, then V¥ f is in O(N~™*),

To obtain the analog of (3.3) for the approximate methods we first define the operator B by

BY f(z) = (NTA(2) - V) f ().

If Z}EV represents the approximation to (3.1) via Euler’s method, then for all ¢ > 0

t

BF(ZE(0) = EfZE ) +E | (B0 /)2 (9,

n(t)

so long as the expectations exist. If Z]\]\} represents the approximation to (3.1) via the midpoint
method, then for ¢t > 0

t

BF(Z3() = Ef(Z8 () + & [ o Blizgenioy D),

so long as the expectations exist, where now
1
pl2) =z + h D NOEEee N ()G
k

While we should write pV in the above, we repress the “N” in this case for ease of notation. Finally,
define the operator BLY 2 DY

(BY ., H)(@) = (NT[&A(21) — &M\ 22)]T - V) f(2),

where for some 6 € (0,1), & and & satisfy (2.8), and for v € R? the ith component of v is
[v;]T = max{v;,0}. Then, if thxap represents the approximation to (3.1) via the weak trapezoidal

method, then for n(t) <t < n(t) + 6h

t

BF (23 (0) = Bf (2 +E | (83

n(t) trap(n(t))f>(Zt]X@p(S))d87

11



whereas for n(t) +60h <t <n(t)+h

t

N N N N
]Ef(ZtTap(t)) = Ef(Ztrap(n(t) + Hh‘)) + E/T](t)+0h(Bzg\rfap(n(t)Jrgh)’Zﬁap(n(t))f)(Ztrap(s))ds‘

As in [3], we modify the kinetics A via multiplication by a C* cutoff function, which sets
the intensities to zero outside of our scaling region of interest. This has the effect of confining the
dynamics to a compact subset of Ly, which we denote by Ly C Rio. Supposing the cutoff function
were denoted g € Cg° (]Rd7 RR), we should technically henceforth write g\, with the multiplication
defined component-wise, as our intensity function. The function g is chosen so that g\(x) = A(z)
for all « in a region of interest in the interior of Ly. However, for ease of notation, we refrain from
adding the cutoff function in the notation, and continue to solely write A\. Note that ||A[|,, is now
bounded for all n > 0 where || - ||,, is defined in (5.1). See Section 2.2 of [3] for a further discussion
of the need for such a cutoff function.

For any function f : R¢ — R, we denote

1£lloe = sup {| f(x)[}.

:EE]LN

We abuse notation this way because the processes XV and ZV have domain Ly throughout our
analysis.

4 Global error from local error

Throughout the section, we will denote the vector valued process whose ith component satisfies
(3.1) by X%, and denote an arbitrary approximate process via ZV. Also, we define the following
semigroup operators acting on f € Cyp(Ly,R) as follows

Pof(x) = Eu f(XN (1))
Bif(x) € E.f(ZN (1)),

where for ease of notation we choose not to incorporate the notation IV into either P; or P;.

We will interpret the difference between the above two operators, for ¢t € [0,7], as the weak
error of the approximate process ZV on the interval [0, T]. For our purposes, there will be a time
discretization associated with Z~, and we will then interpret P, — P}, as the one step local error,
as is common in the literature. These concepts are defined formally below.

Definition 1. Let n be an arbitrary non-negative integer, and M be a m dimensional vector of
C(R? R) valued operators on C(R? R), with its £th coordinate denoted by M,. Then we define

V4
M = p{‘ (HM&) ;
=1

o0

For example, if j,k,¢ € {1,..., R} then

(VN D) < I1A1IY,
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where we recall that V¥ is defined in (3.5). Note that, for any M,

112" = [1£llo = 1| lloo- (4.1)

Also note that, by definition, for n > 0

I < 1F 1l

Definition 2. Suppose M : C(R%, R) — C(R% Rf) and @ : C(R?,R) — C(R? R) are operators.
Then define

1QfI
recifo0 IFIM

QI =

The purpose of this paper can now be stated succinctly. We will derive bounds for the global
weak error of the different approximate processes, which, due to (4.1), consists of deriving bounds
for ||[(P — Pun) I, for an appropriately defined M and a reasonable choice of m > 0. Theorem
4.1 below quantifies how the global error ||(P* —Py) ||t can be bounded using the one-step local
error ||P, — Pu|M.,. As is common, we will denote by O(h) a set of values bounded by a fixed
constant multiple of h. Later, in Section 5, we will derive the requisite bounds for the local weak
error.

Theorem 4.1. Let M be a C(R? RF) valued operator on C(R% R). Then for any n,m >0, and
h >0

1B = Pan) im0 = O(n HPh—PhHmﬁoee?fllaX {IPenllmtsm)

90y

Proof. Let f € Co(R%,R). Note that, since ||g|lo = ||g[|}* for any g,

j—1 1
1B, 13%00 20 = Pallino = 15 llosoll P = Pallmo-

With this in mind

(PR = Pun) fllo = | D (P Putn—sy = PL Prinic)) f
=1

<Y PP = Pr) P £llo

j—l

< ZIIPJ* llo=sollPh = Pallt 0l Prng) sl F I

Since P, is a contraction, i.e. || Ppllo—o < 1, the result is shown. d
From the proof of the above theorem, the following result is immediate with V¥ in place of M.

Corollary 4.2. Under the same assumptions of Theorem 4.1 and with f € CS”(]Rd,]R),

n N
B = P IS = OBy = PallF 0, max._ (IPaf I ).

13



The following generalization, which allows for variable step sizes, is straightforward.

Corollary 4.3. For f € CJ'(R%,R)

[E2F(Z0,)) ~ Eolf (K0, )]l = O max (1P, — Pu 50}, masx (1P ST

yeees Tl

Thus, once we compute the local one step error || Py — PthniO, we have a bound on the weak
error of the algorithm that depends only on the semigroup P; of the original process. We will
delay discussion of ||P; fHZN for now, as this term is independent of the numerical approximation
method. Instead, in the next section we provide a bound of || P, — Ph||,zlio for each of the different
algorithms.

5 Local errors

Section 5.1 will present some necessary analytic tools. Sections 5.2, 5.3, and 5.4 will present the
local analysis of the Euler, midpoint, and weak trapezoidal tau-leaping, respectively.

5.1 Analytical tools

Definition 3. Denote the jth directional derivative of f into the direction [v1,ve, ...v;] by f'[v1, ..., vj]
and

115 = Slip{f/[vlu s 03] (), Jlof] = 1} (5.1)

Proposition 5.1. For d,R >0, let f € C}(RY,RE). Then, for any k € {1,..., R}
Vi f € O(NH™ | f]1) C O(1).
In particular, N ¢ VfCVf is bounded.

Proof. The result follows from the fact that for any w € R¢

(@ +w) = f(@)] < [wl][ £

Define, for any multi-subset I of {1, ..., R},

|

virESAIvVs
=1

so that,
N
11 = sup V] flloo-
l1[<n

Proposition 5.2. Ford, R >0, let f € CJ(R%,RF). Then,

71T = o(lIf1l)-
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Proof. The case j = 1 follows from Proposition 5.1. Now consider V¥ f(x) for a multi-set I of
{1,..., R}, with |I| = 5 > 2. If my, > 0 for all k € I, the statement is clear. If on the other hand,
my, = 0 for some k € I, then for this specific k, we have ¢, < 0 and

IVY flloo < 2NV flloo = O fllj-1) = O f11;),
where the second to last equality follows by an inductive hypothesis. ]
We make some definitions associated with VV. Let g : R? — R”. Fori,j € {1,..., R}
[DNQ( )]’lj = VNgz( )
(V)2 = vy vy (5.2)
diag(N®) < diag(N°, ..., N°R).
Also, we define 15 to be the R dimensional vector whose entries are all 1.
Lemma 5.3. (Product Rule) Let g,q : R* — R be vector valued functions. Then
Vii(g-a)(x) = (Vig-a)(=) + (g- Via) (@) + N *(Vig- Vig) ().
Also,
V(g - q)(x) = [DNg]"q(x) + [DVq]"g(x) + diag(N) " ([DV g]" x [DVq]T)(2)1R .
Proof. Note that, for any k,
Vi (9 @) (x) =N*(g(z + gz + ) — g(x)g(x))
= N%(g(z + ") — g(2))a(x) + N*(q(x + §') — q(x))g(x)
+ N™ N (g(x + ) — q(x))N*(g(z + () — g(x))
=(Vi'9)-)(@) + (Vi'g- 9)(@) + N"*(Vilg - Vilg)(x),

verifying the first statement. To verify the second, one simply notes that the above calculation
holds for every coordinate, and the result follows after simple bookkeeping. ]

Corollary 5.4. Let A : R? — RE be a vector valued function, and f : R4 — R. Then
VEN-VVH) (@) = (VIX-V)fF+X-VVVN f+ NV YN- VIV f.
Also,
VY-V ) = [DVNEVN £+ (V)2 FIN + diag(N©) 7 ([DV A x (VV)?|1Rf. (5.3)

Proof. Simply put g = A and ¢ = VV f, and recall that V? is symmetric. O

5.2 FEuler’s method

Throughout subsection 5.2, we let Z}EV be the Euler approximation to XV computed via Algorithm
1, and for = € Ly let

Pppf(z) = E.f(Z5 (h),

where h is the step-size taken in the algorithm. Below, we will assume h < N7, which is a natural
stability condition, and is discussed further in Section 7.

15



Theorem 5.5. Suppose that the step size h satisfies h < N=7. Then
N
1Pen — Pall3s0 = O(N?7R).

Proof. For Euler’s method with initial condition x,

2
Pppf(z0) = f(xo) + hB, f (o) + %(Bivo)Qf(xo) +O(N¥|| 5" 1), (5-4)

where, noting VN \(zg) = 0 and using the product rule in Lemma 5.3, we have
BY f = N'X(xo) - VN f
(BY)?f = N"A(z0) - VN(NTA(z0) - V' f)
= N2 A(0) " [(VY)? A (o). (5.5)

On the other hand, for the exact process (3.1),

2
Pif(w0) = f(x0) + RAN [ (o) + "o (AV Y2 (o) + ON* £ 1), (56)
where, again,
AN =NYX- VN T
Noting that,
(AM)2f(x) = N*7(X- VN (- VY f(2)))
= N2AT(IDYNTVN f(2) + [(VY)? M) + N2 AT (diag(N~)[DVA x (V)*]1Rf)
(5.7)

and defining
a(z) E NI [DVATYN f(2)
b(x) = NPAT[(VN) ()
c(x) & NN [diag(N =)DV X x (VY)|1Rf(2)),

we can write

2
Prf(xo) = f(zo) + hAY f(w0) + %(a(l‘o) + b(wo) + ¢(z0)) + O(N*| 1Y B3).

Note that BY f(zo) = AN f () and b(xo) = (B )2f(x0). We may then compare (5.4) and (5.6)

2
(P~ Pu) (o) = o (B2 (20) — (alao) + o) + o)) + O 74
2
= 2 (~alwo) ~ (o)) + ONS 7T 1),

The term a(x) + c(z) = O(N?7|| f ||2VN) is clearly non-zero in general, giving the desired result. [J
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5.3 Approximate midpoint method

Throughout subsection 5.3, we let Z]\]\é be the midpoint method approximation to XV computed
via Algorithm 2, and for = € Ly let

Purnf(z) E Eof(Z37(h)),

where h is the step-size taken in the algorithm. As before, we will assume h < N~7, which is a
natural stability condition, and is discussed further in Section 7.

Theorem 5.6. Suppose that the step size h satisfies h < N~7. Then
|(Pary = Pa)lI5 50 = ONDTRS 4 N2 =mintmad ),

Remark 5.7. Theorem 5.6 predicts that the midpoint method behaves locally like a third order
method and globally like a second order method if A is in a regime satisfying N7h > N~ min{mi}
or equivalently if h > N—7—min{mi}  Thig agrees with the result found in [3] pertaining to the
midpoint method, which had v = 0, my = 1, and the running assumption that h > 1/N. This
behavior is demonstrated via numerical example in Section 8.

Proof. (of Theorem 5.6) Let ¢V denote the matrix with kth column ¢, i.e.

[V =167, 6 CR
Recall that p is defined via
h C
p(z) =2+ 2N72k:/\k(z)]\7 JOA

After some algebra, we have

Bl (@) = N7 (Mo + 5N Y Mu(ao) ) - 9 )
k
= N'A(z0) - VN f(2) + w(@o) + ON|| FIV " h?).

where
w(z) £ Nz”g[D/\(wo)}[CN]diag(NC)A(wo) VN f(x).

Next, using the product rule (5.3), we see
(B ) F () = N' Ao + o[V diag(N)A (o)) - V¥ (N Ao + o1V diag(N)A(z0)) - T ) ()
= N*"\(xo + g[CN}diag(Nc)A(l‘O))T[(VN)QfP\(xo + g[CN]diag(Nc))\(iﬂO)) V) ()

= g(wo) + O(N|| £II¥ " ),

where

9(x0) = N¥ A(wo) " [(VN) f ()] A (o).
Therefore, since NYA(zq) - VY f(20) = AN f(z0),
2
Py f(x0) = f(0) + hBY,  f (o) + %(Bﬁm)?f(mo) +O(NM|£5" )

= f(w0) + h (AN f(w0) + w(zo) + OV 15 ?))

h2 N N
+ % (9(20) + ONIAIT ) + O I 1.
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Recall that

(AY)?f(2) = a(z) + b(z) + c(x),

where

a(z) = NPAT[DNNTVN f(2),

b(z) = N*AT[(VY)2f]A(x),

c(x) = NV A [diag(N~)[DVA x (VV)?]1Rf (@), (5.8)
and

2
Pif(w0) = (o) + hAY f(zo) + (o) + (o) + o)) + ON £ 1),
Noting that b(z¢) = g(xo), we see

2
(Parn — Pu) f(x0) = hw(xg) + " (9(x0) — (alwo) + b(wo) + c(w0))) + ON| £IIT" 1)

wo e .
= (hw(zo) — 5-alzo)) — 5-clzo) + ON|IfFIYh?).

We will now gain control over the terms (hw(zg) — %Za(:co)) and %20(930), separately.

Handling %20(%) first, we simply note that by the discussion surrounding (3.6), we have that
VN € O(N~™F), and so
_ 2vy—min{my} vV
c(zo) = O(N 112 )

Next, we will show that

2
) — 2 a(zg) = OV =m0 | 7).
We have
h2 h2 2 N7 7 c N h2 29\ T 1y N1 T o N
(o) — "o-alwo) = "o N Do) [V diag (N (o) - T f o) — 5 NPAT DAV f()
h2

= 5 1 (IDAGCMdiag (V%) ~ [D¥NGao)] ) A - 7 fa0).

(5.10)

By Proposition 5.2, V¥ f(z) is bounded by |f||Y". Therefore, we just need to show that the
difference between the two square matrices

[DN \(z0)] and [DX(0)][¢N]diag(N€) (5.11)
is O(N—™n{m}) - Recalling the definitions in (5.2), the (i, j)th entry of the left side of (5.11) is
N (Xi(wo + ¢;') = Ai(x0))
whereas that of the right side of (5.11) is

NV - ()Y
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Also, note that, for A € C2(R% R),
(M +v) = A(x)) = VA(2) - v) € O(|v[*[|\]|2).

where

Iz = sup{[[Alloc, 102, Alloo, |02; Oz All oo, 3 4, b < d.}

Since ||[Ag||2 is bounded for any k, the difference between the (7, j)th entries of the two expressions
in (5.11) is hence
O(NCj N72m]~)

Also, recall that ¢; —m; < 0 by our choice of «, with equality at at least one j. Thus the above is
also
O(N_ min{mk})'

Therefore (5.10) is of order
O(NZmintmad 2| £,

as desired. Combining the above with (5.9) gives us

1(Ph — Parp) fllo = O(NZ=minlmd || ¢ V¥ p2 o p2o-mindmid) g V% p2 4 NS £V %)

, (5.12)
= O FIY N1 4 N2 mintmed g2,

implying
1Py — Pall¥ o = O(N3h3 + N2—min{mi}p2y

as desired. O

We can strengthen Theorem 5.6 slightly. Suppose that f explicitly depends only on a subset of
species Sy C S. More precisely, suppose that

So(f)={ie{1,...,d} : f(x+ee;)# f(x) forsomez and e; € RY, ec R }.
Next define Ry to be the subset of all reactions that affect any element in Sp; that is,
Ro(f)={ke{l,.,R} : (i #0 for some i € Sy}.
Therefore,
VVNf=0 Vk¢Ry. (5.13)
Finally, define
Roo(f) ={k € {1,..,R} : Xe(z+ (i) # \e(x), for some £ € Ry and some x € Ly}

Thus, by construction, the set Rgg corresponds to those reactions that affect those of Ry, which in
turn affect Sy.

Corollary 5.8. For a given f, define So(f), Ro(f),and Roo(f) as above. Then if h < N77,

1(Pasn = Pa)flloe = O (N3TH? 4 N21-mimserontn {md p2)) 71§
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Proof. Returning to the proof of Theorem 5.6, we consider again (5.9). First we handle
c(xg) = NP AT [diag(N=)[DV X x (V)21 f(z0)].

By (5.13), VﬁVV?[f(:EO) = 0 if either i ¢ Ro(f) or j ¢ Ro(f). Thus, in the matrix DV X x (VV)2,
the only non-zero entries are those with indices i, j € Ro(f). Further, by construction

[DVNij =VX #0  onlyif i€ Ro(f),j € Roo(f)-
Therefore, after recalling that V;\;(xg) € N%~™ we have that,
c(zo) € NP mitkergy(n) {me},

By similar arguments,

h? -
hw (o) — -a(zo) € ON»~Mmkeroo It |7 12),

and the remainder of the argument proceeds in exactly the same manner as the proof of Theorem
5.6. O

Definition 4. The system (2.1) is called a first order system if each Ay is linear.

Noting that it is always possible to solve for the means of first order systems, see [11], the
following is pointed out for completeness.

Corollary 5.9. If XV is the solution of a first order system, and if f is linear, then
I(Par = P) flloo = O(NPTR?).

Proof. 1t is sufficient to show that ¢(z¢) in (5.8) and the right hand side of (5.10) are both zero.
The fact that c(zg) = 0 follows immediately from the linearity of f, as (V)2 f = 0. Moreover, by
the linearity of the intensity functions,

DVA() = [DAG)][C"]diag(N€),

showing the right hand side of (5.10) is zero. O

5.4 Weak trapezoidal method

Throughout subsection 5.4, we let thyap be the approximation to X computed via Algorithm 3,
and for x € Ly let
def
Ptrap,hf(x) = Efl?f(Zt]Xap(h))’

where h is the size of the time discretization. We will again only consider the case h < N~7, which
is a natural stability condition and is discussed further in Section 7.
We make the standing assumption that for all x € Ly and k,j € {1,..., R}, we have

& Ak(z + () — LAi(z) 2 0, (5.14)
where &1 > & are defined in (2.8) for some 6 € (0, 1).

Theorem 5.10. Suppose that the step size h satisfies h < N~=7. Then

N
|(Prrapn — Pr)ll30 = O(N*Th?).
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Proof. Consider one step of the method with a step-size of size h and with initial value xy. Note
that the first step of the algorithm produces a value y* that is distributionally equivalent to one
produced by a Markov process with generator B{V given by

B f(z) = N"A(xo) - V¥ f(2).

Next, given both xy and y*, step 2 produces a value which is distributionally equivalent to one
produced by a Markov process with generator

By f(x) = N[GA(y") — &2A(z0)] " - VY f(2). (5.15)

Recall that for the exact process,

h2
Paf (o) = F (o) +h A f(w0) + T (AY)? f(x0) + O F15 1),
For the approximate process we have,

Ptrap,hf(xo) = E$0 [Eﬂfo [f(Zt]Xap(h))‘y*]]

_ 0)2p2
= Eoo /(") + (1 — 0)hE, [By f(y*)] + (L= 0)°h"

5 Bl (B2 1] + O(NT I 02).

(5.16)

We will expand each piece of (5.16) in turn. Noting that Bi¥ f(z¢) = A" f(x0), the first term is

Evof(5") = f(z0) + Eay { / " gy f(Zs)ds]

21,2

= flao) + 004V f(ao) + LI (BY )2 (o) + O 1T ),

We turn attention to the second term, (1 — 0)hE,,[BY f(y*)], and begin by making the following
definition:

9(y) = BY f(y*) = N'[eMy") = &A@l - VY f(y),
so that g(x) = N7([&A() — €M) - VV) f(x). Because & — & = 1, we have
g(x0) = N7 A(wo) - VN f (o) = A" f (o).
By our standing assumption (5.14)
(w0 + G) = glwo) = N7 (E1A(z0 + Gk) — E2A(x0)) - VN f (o + Gk) — NV A(wo) - VN f (o).

After some algebra

B g(z0) = N7 (A(wo) - VNg)(wo) = N7 Y~ N%Ap(zo)lg(wo + ¢k) — g(z0)]
B

= &N A(wo) - VV(NTIX- ) (o) — &N A(wo) - VN (Mxo) - f)(x0)
=& (BY A f(0)) — &((BY)* f) (o).
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Thus,
By [BY f(y")] = Eaolo(y*)] = g(0) + 0hBY g(wo) + O(N¥ | fIIY " h?)
— AN f(x0) + 0h [51(B{VANf 900) &(BY)? f(z0)] + O(N™||[15" h?)
= AN (o) + Oh [£1(AY — &(BY)2f(wo)] + ONH| £ 1?),

where the last line follows since BY f(xq) = A" f(zo) for any f.
Finally, we turn the the last term in (5.16). Define

a(y") = (B f(y")
= [GA") — &M (@0)]T - VN ([GAY") — & (20)] TV F)(y7),

so that
q(z) = [GA — &M (@0)] T - VV([&1A = &AM (20)] TV f) ().

By our standing assumption (5.14) we have
Ero[(Bév)2f(y*)] = Eqg, [q(y*)]
= q(wo) + ON™[ £ h) (5.17)
= (BY)f(wo) + O(N™| £[|§" h).

Noting that

1 1—0)%+ 62
(1-0)0& =5 and (1—@%@:(;+',
we may conclude the following from the above calculations
(1—6)2h?

Euo[f (Zivapn)] = Bao f () + (1 = 0)hEq [BY f(y")] + Euo[(BY ) f (y")]

+ O f11Y" %)

2

62h?
— (a0) + 1A Fan) + (B fa0)
(1= A F(a0) + (A2 o) = 10— 02 + 021 BY 2 )
(1 —6)2h?
e

2 N
= flan) + AN flao) + (A2 (o) + OV 7T ).

(BN)2f (o) + O(NP||FIIT ™ 1?)

Thus N
1(Perap,p = Pr) fllo € ON| 11T 1),

and the proof is complete. O

6 Bound on |P.f||YV"

In this section we will provide a bound on || Py f HVN for any nonnegative n. We point out, however,
that for any process X for which P; is well behaved, in that ||[Py]|Y", is bounded without any N
dependence, the following results are not needed, and, in fact, would most likely be a least optimal
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bound, as the bound grows exponentially in N7t. Note that any system satisfying the classical
scaling has v = 0.
For t > 0 and = € Ly, We define

u(t, x) def P f(z) = Ex[f(XfV)].
Theorem 6.1. If || f||Y" < oo, then
ot Y™ = 1PN < LAY e Ot

where

Co =2 (I R+ Rin = 1)AIT™ ). (6.1)

We delay the proof of Theorem 6.1 until the following Lemma is shown, the proof of which is
similar to that found in [17], which itself was an extension of the proof of Lemma 4.3 in [3].

Lemma 6.2. Given a multiset I of {1,--- , R}, there exists a function qr(x) that is a linear function
of terms of the form VY v(t,x) with |J| < |I|, so that

1]
VYv(t,z) = NY(\- V)V u(t, z) + N7 Z(BZ . VN)V]\giU(t, z+ () + Nqr(x),

=1

where B; = VZ)\. Further, qr consists of at most R(|I| — 1) terms of the form VY v(t, ), each of

whose coefficients are bounded above by H)\|||VI‘N
Proof. This goes by induction. For |I| = 0, the statement follows because
ow(t,z) = NY (- VV)u(t, z). (6.2)

Note that in this case, there are no 3; or ¢ terms. It is instructive to perform the |I| = 1 case. We
have

VN (t, z) = VI dw(t, x)
= VN(NTA-VNu(t,z))
= NV (VVA-VV(t,z) + NN - VEVNu(t, ) + NY(N=VVN - VIVNu(t, z)).

Note that for any g : R — R
(VR A V¥)g(a) + (N~HVEX- V)V g(2) = (VA VV)g(a + G).- (6.3)
Therefore, with g(z) = v(t, x) in the above, we have

OV Nv(t,x) = NY(\(z) - V)V u(t,z) + NV (VYA (z) - VV)o(t, z + ).
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Now assume that it holds for a set of size < |I|. Then, using the inductive hypothesis, Lemma
5.3, and equation (6.3) yields

8tV]kVV§Vv(t,:r)
= VYo, VYu(t,x)
1]
= N'VY [(A VIOV u(t, z) + Z(Bi VNV otz + () + qj(x)]
=1

Y [(A YN gt @) + (VA VTN otz + cm]

1|
+NY [ Bi - VM)V ot +¢) + (VR Bi - VOV ot 2 + G, + gk)]

=1
+ NVVéVqI(a:)
U
= N\ - VIVt 2) + N7 (VX VOV ot + G) + > (8- V)V g ot @ + @i)]
=1

+ N’Y |:V;€Vq]( ) (v]kvﬁl VN)VI\Z (ta T+ Cfi + Ck‘):| )

showing the result. O

Proof. (of Theorem 6.1 )
Let n > 0. Define

def N
Uu(®) 2 mac_ [V3u(t.)| = Jol[¥

Each V}V v(t, z) is a continuously differentiable function with respect to ¢. Therefore, the maximum
above is achieved at some (I*,2*) for all ¢t € [0, ¢1] where ¢; > 0. Fixing this choice of (I*,z*), we
have

Un(t) = VRu(t, )

for all £ < t4.
Note that

(X - VYNt ) VR u(t, z* Z (@) (VEVRo(t, %)) VNo(t, 2*)
_Zch)\k Vl*v(t ¥+ ) — VNu(t, 2°)VNo(t, z¥) (6.4)

go

Y

where the final inequality holds by the specific choice of I* and x*. Also note that for any ¢; € I*
and any choice of z € Ly

R
VNV vt )] <D IVeV R o(t 2)| < RIVEw(t,27)]. (6.5)
k=1
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From Lemma 6.2 and equations (6.4) and (6.5), we have

1
SOVt 2 = @7t ") Vo(t, )
|7

=N [(/\ VNVRu(t,2%) + Y (8- V)V g ot 2 + G,) + are (:c*)] VRu(t,z*)  (6.6)
=1

N * * * N *
< N7 {HMY 11| R Vot )] + RO = DA Vot @ )!2}
where we have used the fact that each 8; = Vg, A for ¢; € I*. Setting
Co =2 (I B+ R = DIAITY), (6.7)

we see by an application of Gronwall’s inequality that the conclusion of the theorem holds for all
t < t;. That is, for t < t; N
N
Un(t) < [|flly e "

To continue, repeat the above argument on the interval [t1, t2), with I*, 2* again chosen to maximize
U, on that interval, and note that

N
Un(tr) < || £l N0,
so that we may conclude that for t; <t < ts,

N — N
Un(t) < HfHX eN"/CntleNan(t t1) _ HerY eNWC”t.

Continuing on, we see that t; — oo as i — 0o by the boundedness of the time derivatives of v(¢, z),
thereby concluding the proof. O

Remark 6.3. In the theorem above, Cy, € ||A|Y" .
Combining all of the above results, we have the following theorems.

Theorem 6.4. (Global bound for the FEuler method)
For Algorithm 1, suppose that the step size h satisfies h < N~7, and T = nh. Then

(PR, = Pun) 1Y 50 = O(N?TheC2NT)
where Cy € O(HAHQVN) is defined in (6.1).

Theorem 6.5. (Global bound for the midpoint tau-leap method)
For Algorithm 2, suppose that the step size h satisfies h < N~7, and T = nh. Then

|(PRin = Pan) 330 = O(N*712 - N —minimid a7
where C3 € O(H)\H:YN) is defined in (6.1).
The following immediate corollary to the theorem above recovers the result in [3].

Corollary 6.6. Under the additional condition h > N—7=™{ms} in Theorem (6.5), the leading
order of the error of midpoint tau-leaping is O(h?).
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Theorem 6.7. (Global bound for the weak trapezoidal method)
For Algorithm 3, suppose that the step size h satisfies h < N~7, and T = nh. Then

1Py = Panll§ 0 = O(R2N®1eN"CT)
where Cg € O(H)\||3VN) is defined in (6.1).

Thus, we see that the weak trapezoidal method detailed in Algorithm 3 is the only method that
boasts a global error of second order in the stepsize h in an honest sense. That is, it is a second
order method for the multiple scalings regardless of the relation of h with respect to N. This is in
contrast to the midpoint tau leaping method, Algorithm 2, which has second order accuracy only
when the step-size h is larger than N—7—min{mc}

7 Stability

The main results and proofs of our paper have incorporated stability concerns into the analysis.
This is seen in the statements of the theorems by the running condition that h < N~7, where
we recall that N7 should be interpreted as the time-scale of the system. Without this condition,
the methods are unstable, and in fact the convergence results do not hold. It is an interesting
question, and the subject of future work, to determine the stability properties of other methods in
this setting.
As an instructive example, again consider the system
100
S1 = So

100
with X7(0) = X2(0) = 10,000. In this case, it is natural to take N = 10,000. As the rate constants
are 100 = /10,000, we take 81 = B2 = 1/2 and find that v = 1/2. The equation governing the
normalized process X{' is

0= x50 (v [ o) L en(we [ o)L

where we have used that X{¥ + X5 = 2. It is now clear that if the condition h < N~7 is violated
a path generated by any of the explicit methods discussed in this paper will behave quite poorly.

8 Example

Consider the following first order reaction network

K1 K3
A=B=C,

K2 K4

with k1 = 0.03, k2 = 1, k3 = 0.1, and k4 = 1. Starting from the initial state
X(0) = (X4(0), X(0), X¢(0)) = (13000, 100, 20),

where we make the obvious associations X; = X4, X9 = Xp, and X3 = X¢. We approximate X (2)
using the three methods considered in this paper: Euler, midpoint, and weak trapezoidal. For first
order systems, we may find the first moments and the covariances of X (t) as solutions of linear
ODEs using a Moment Generating function approach [11].

26



Log Error
N

—+ Euler
-©- Midptoint
—*Weak Trap

155 2 15 A 05

Logh

Figure 1: The log-log plot of [E[X2(2)] — E[Z3(2)]| against h for the three approximation methods.
The slope for Euler’s method is 1.21, whereas the slope for the weak trapezoidal solution is 3.06,
which is better than expected. The curve governing the solution from the midpoint method appears
to not be linear; a behavior predicted by Theorem 5.6.

In Figure 1, we show a log-log plot of |[E[X3(2)] —E[Z3(2)]| against h for the three approximation
methods. Each data point was found from either 105,2.9 x 105,3.9 x 10°,4.9 x 10%,8 x 106, or
107 independent simulations, with the number of simulations depending upon the size of h and
the method being used. The slope for Euler’s method is 1.21, whereas the slope for the weak
trapezoidal solution is 3.06, which is better than expected. The curve governing the solution from
the midpoint method appears to not be linear; a behavior predicted by Theorem 5.6.

In Figure 2 we again consider the log-log plots of |E[X3(2)] — E[Z3(2)]| against h, but now only
for Euler’s method and the midpoint method so that we may see the change in behavior in the
midpoint method predicted in Theorem 5.6. In (a), we see that for larger h the slope generated via
the midpoint method is 2.03, whereas in (b) the slope is 1.12 when h is smaller. For reference, in
(a) the slope generated by Euler’s method is 1.366, whereas in (b) it is 1.09.

5 4
45 35
3
S 47 s
g =25
w35 w
2 o
o 2
3 S
il 1
—Euler o —Euler
25 -©-Midptoint 1 1 -©-Midptoint |
fa 12 - 08 06 238 24 22 -2 -18 -6

Log h Log h
(a) (b)

Figure 2: The log-log plot of |[E[X3(2)] — E[Z3(2)]| against h. The slope for generated via midpoint
tauleaping shifts from 2.03 in (a) to 1.12 in (b).
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Figure 3: Log-log plot of |E[X3(2)] — E[Z3(2)]| against h for the three approximation methods.
The slopes are: 1.02 for Euler’s methods, 2.372 for midpoint method, and 2.3 for the trapezoidal
method.

While the simulations make no use of the scalings inherent in the system, it is instructive
for us to quantify them in this example so that we are able to understand the behavior of the
midpoint method. We have N ~ 104, oy = 1,0 = 1/2, a3 = 1/4, and my = 1/4. Also, v ~ 0.
Therefore, Theorem 5.6 predicts the midpoint method will behave as an order two method if
h > N~1/* 2~ 1/10, or if log(h) > —2.3, which roughly agrees with what is shown in Figures 1 and
2. Note that Theorem 5.6 will never provide a sharp estimate as to when the behavior will change
as it is a local result and the scalings in the system will change during the course of a simulation.

The fact that the trapezoidal method gave an order three convergence rate above does not hold
in general. This was demonstrated in the proof of Theorem 5.10, but it is helpful to also show this
via example. In Figure 3 we present a log-log plot of [EX2(2) —EZ(2)] for the different algorithms
on this same example. The slopes are: 1.02 for Euler’s methods, 2.372 for midpoint method, and
2.3 for the trapezoidal method. Note that Corollary 5.9 explains why the midpoint method is as
accurate as the weak trapezoidal algorithm in this case. We point out that all of the plots above
represent results pertaining to the non-normalized processe as the simulation methods themselves
make no use of the scalings.

A Why the weak trapezoidal algorithm works

This discussion follows that of Section 3.1 in [5]. Equation (2.1) is distributionally equivalent? to
00 t

X=X+ 3G [ [ Toaoron@ndnxds), (A1)
- o Jo

where the y are independent, unit-rate Poisson random measures on [0, 00)? with Lebesgue mean
measure. That is, if A,B C [0,00)? with AN B = (), then px(A) and pi(B) are independent
Poisson random variables with parameters Area(A) and Area(B), respectively. All other notation
is as before. In order to approximate the integral in (A.1) over the time interval [0, k), we must
approximate p (Ao n)(Ar)) where Ajg ) (Ax) is the region under the curve A\x(X(t)) for 0 <t < h.

%in that solutions to (A.1) are Markov processes that solve the same martingale problem as solutions to (2.1); that
is, they have the same generator [10].
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Figure 4: A graphical depiction of the Weak trapezoidal algorithm with § = 1/2. In (a) the region
of space-time used in the first step of the Weak trapezoidal algorithm is depicted by the grey shaded
Region 1. In (b) the desired region to use, in order to perform a trapezoidal approximation, would
be Region 2. However, we have used Region 3 in our previous calculation and this is analytically
problematic to undo. In (¢) we see that Region 5 gives the correct amount of new area wanted
as subtracting off the area of Region 4 “offsets” the used area of Region 3. The case 6 # 1/2 is
similar.

We consider a natural way to approximate X (h) and focus on the double integral in (A.1) for
a single k. We also take § = 1/2 for simplicity and simply note that the case 6 # 1/2 follows
similarly. We begin by approximating the value X (h/2) by y* obtained via an Euler approximation
of the system on the interval [0,//2). To do so, we hold X (¢) fixed at X (0) and see that we need
to calculate i (Region 1), where Region 1 is the grey shaded region in Figure 4(a). Because

pr(Region 1) B Poisson(Ag (X (0))h/2),

we see that this step is equivalent in distribution to the first step of Algorithm 3, where * 2
denotes “equal in distribution.”

If we were trying to determine the area under the curve A (X (¢)) using an estimated midpoint
y* for a deterministic X (¢), one natural (and common) way would be to use the area of Region 2,
where Region 2 is the grey shaded region in Figure 4(b). Such a method would be equivalent to a
trapezoidal rule. However, in our setting we would have to ignore, or subtract off, the area already
accounted for in Region 3, which is depicted as the shaded green section of Figure 4(b). In doing
so, the random variable needed in order to perform this step would necessarily be dependent upon
the past (via Region 3), and our current analysis would break down. However, noting that Region
3 has the same area as Region 4, as depicted by the blue shaded region in Figure 4(c), we see that
it would be reasonable to expect that if one only uses Region 5, as depicted as the grey shaded
region in Figure 4(c), then the accuracy of the method should be improved as we have performed
a trapezoidal type approximation. Because, after some algebra,

1us(Region 5) 2 Poisson(2Xs(y*) — \e(X(0))),

we see that this is precisely what is carried out by Step 2 of the Weak Trapezoidal Algorithm.
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