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Abstract

Stochastic mathematical models are essential for an accurate description of biochemical
processes at the cellular level. The effect of random fluctuations may be significant when
some species have low molecular counts. While exact stochastic simulation methods
exist, they are typically expensive on systems arising in applications. Thus more effective
strategies are required for simulating complex stochastic models of biochemical system.
Often, the expected value of some function of the final time solution of the stochastic
model is of interest. Then, the approach employing multi-level Monte Carlo methods is
more efficient than the traditional techniques. In this thesis, we study multi-level Monte
Carlo (MLMC) schemes for a reliable and effective simulation of stochastic models of
biochemical kinetics. The advantages of these MLMC strategies are illustrated on several

biochemical models arising in applications.
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Chapter 1

Introduction

Stochastic modelling is an important research topic in Systems Biology. Mathematical
modelling and simulation of biochemical systems are more cost effective and faster than
experiments in lab. In the last decade, many modelling approaches for biochemical net-
works have been considered.The experimental data is enormous in Cellular Biology and
these data require to be analyzed, therefore, the need for accurate models of these bi-
ological processes and efficient tools for simulating and studying them. The traditional
mathematical modeling of biochemical systems uses the continuous deterministic model
of the reaction rate equations In deterministic models, concentrations of chemical species
are continuous variables and the standard theory of chemical kinetics uses the reaction
rate equations, which is a set of ordinary differential equations, to model the dynamics of
the system. The reaction-rate equations are based on the Law of Mass Action which gives
a relationship between the reaction rates and the molecular concentration. Deterministic
modelling approaches have been sucessfully used for chemically reaction systems, where
there are large molecular counts of the reacting species. However, key biological pro-
cesses may involve some species with low population numbers. In an environment when
there are small molecular numbers of certain species, the deterministic models are gen-
earally inaccurate and stochastic models are required. For instance, when there are few
regulatory molecules available in a single cell, a continuous deterministic model fails to
describe the system dynamics and the intrinsic random fluctuations [20], 39]. In stochas-

tic models, species may have an integer or a real number of molecules and the reactions



CHAPTER 1. INTRODUCTION

are treated as discrete and random events. Stochastic models are essential for studying
the behaviour of biochemical systems with low amounts of certain species. McAdams
& Arkin [4] showed that stochasticity does play an important role in the lysis/lysogeny
decision of the bacteria A-phage [28]. Samoilov et al.[35] demonstrated that noise can

induce bi-stability in a monostable system.

The Chemical Master Equation (CME) [12] is one of the most refined models of well-
stirred biochemical systems. The most accurate model of non-homogenous biochemical
sytems in Molecular Dynamics. Molecular Dynamics is a very complex model, as it keeps
a record of all positions and velocities of the molecules in the system. Daniel Gillespie
proposed an exact algorithm for simulating the solution of the Chemical Master Equation
[11, 12]. This exact algorithm simulates every reaction one at a time. When biochemical
systems have some fast reactions, it become computationally intensive to simulate every
reaction in the system. For improving the computational time, Gillespie [14] proposed
the tau-leaping method, where the system is advanced with a predetermined step size
7, which leaps over many iterations. Gillespie [14] also proposed the Chemical Langevin
Equation, a continuous stochastic model and a bridge between the Chemical Master
FEquation and the Reaction Rate Equation models. The continuous stochastic model
of biochemical kinetics, the Chemical Langevin Equation (CLE) is a reduction of the
Chemical Master Equation in the regime of large molecular counts. When a system has
very large population numbers for all reactants, the system dynamics may be modeled
using the RRE instead of the CLE.

Other approximate algorithms have been developed in the litereature for solving the
Chemical Master Equation and this remains an active area of research [19]. Such ap-
proximate algorithms for the CME were proposed by Rathinam et al. [3T]. Cao, Gillespie
& Petzold [0], Tian & Burrage [36] and Chatterjee et al. [7]. Stability and consistency
studies of the tau-leaping method were conducted by Rathinam et al. [32], higher order
tau-leaping methods were developed by Li [26] and adaptive time-stepping tau-leaping
strategies were introduced by by Anderson [2]. Also, the tau-leaping method has been a
connection between a microscopic, stochastic and discrete model of well-stirred biochem-
ical kinetics (the Chemical Master Equation [14]) and a macroscopic, stochastic and
continuous model (the Chemical Langevin Equation [14]). Langevin equations which are

charachteristically stochastic differential equations (SDE) have received considerable at-
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CHAPTER 1. INTRODUCTION

tention for their practical applications in physics, chemistry, biology [37, 9] besides their
uses in Systems Biology [24]. An introduction to the numerical solutions of stochastic

differential equations can be found in Higham [I§].

The exact algorithms and the approximate algorithms may fare well on certain models
depending on the stiffness of the biochemical system. The exact algorithm, for instance,
behaves well on non-stiff systems. But, when it comes to simulating stiffer systems,
i.e, systems with fast and slow reactions, approximate methods may be more efficient.
Another strategy to reduce the computational time and maintaining the level of accuracy
while simulating more challenging biochemical systems is to use hybrid methods. Hybrid
methods use a combination of approximate and exact models and/or methods. Among
them are the methods of Alfonsi et al. [I], Cao et al. [5], Haseltine & Rawlings [16],
Hellander & Lotstedt [I7], Kiehl et al. [22], MacNamara et al. [27], Mattheyses &
Simmons [23], Puchalka & Kierzek [29], Rao & Arkin [30] , Salis & Kaznessis [33], Samant
& Vlachos [34] and Weinam et al. [3§].

In this thesis, we study multi-level Monte Carlo methods (MLMC) for stochastic discrete
models of biochemical systems. We investigate the efficiency of these methods, when
approximating the mean values of some function of the state of the biochemical system.
Giles [I0] proposed the MLMC methods in order to approximate E(f(X(¢))), where
E(-) is the expected value, f is a polynomial and X () is a stochatic process of interest.
The MLMC strategies aim to estimate the expected value E(f(X(t))) at a reduced
computational time compared to existing methods, while maintaining a good accuracy
of the estimation. The method uses different levels of accuracy. A base estimator is
computed using the tau-leaping method using with a large step size. In the subsequent
levels, we calculate correction estimators which are then added to the base estimator in
order to reduce bias and to improve accuracy. The key concept behind this method is to
reduce the variance, by simulating sets of coupled trajectories in calculating correction
estimators. Each trajectory simulated on a coarser grid is coupled with a trajectory
simulated on a finer grid. The coupling of trajectories has to be carefully implemented
so that the variance of the difference of the coupled trajectories is reduced, leading to a
reduction of the computational time. The MLMC methods give good estimation of the
mean value at a fraction of the computational cost of the exact algorithm. Anderson

and Higham [3] developed multi-level Monte Carlo methods for models of biochemical
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systems. However, their approach may not be the most effective on generic biochemical

systems. In this work, we study the MLMC strategies proposed by Lester et al [25]

This thesis is organized as follows. In Chapter 2, we introduce stochastic models of well-
stirred biochemical systems. The models we discuss are the Chemical Master Equation
(CME). In Chapter 3, we present the multi-level Monte Carlo methods for the CME,
and investigate improvements to their computational cost. In Chapter 4, we illustrate
the advantages of the MLMC methods over the stochastic simulation algorithm by test-
ing them on three biochemical models of practical interest. The models that we used
are Potassium Channel model, Michaelis Menten model and Cyclical Reaction model.

Finally, in Chapter 5, we present our conclusions and discuss our future work.



Chapter 2

Background

2.1 Stochastic Models

In this section we consider a process that involves N different types of molecules or bio-
chemical species S, ...,.S,. We are also assuming that the system is a well-stirred (or
homogeneous) system so that the molecules are spread uniformly across the spatial do-
main. These N species will take part in M different types of chemical reactions Ry, .., R,,.
For instance, a molecule of type A can combine with a molecule of type B to create a
molecule of type C. We also assume that the system is in thermal equilibrium and that

the volume of the spatial domain is constant.

Suppose that initially at time t = 0, we know that the molecular amounts and our
objective is to describe how these number of molecules evolve over time. Thus the state
vector, may be represented as an N X 1 matrix. The i-th row corresponds to the number

of S; molecules at time ¢.
Xi(?)
Xo(t)

Xx(t)
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where X is a non negative integer that shows how many molecules of species i are present

at time ¢. We also introduce a state change vector v,

Vi = : (2.2)
UNj

The stoichiometric matrix V'has v; as its j-th column where each of the v;; is the change in
the number of S; molecules caused by the reactions. A chemical reaction system consists
of N chemical species X1,..,Xny and M reactions Ry,..,Ry;. The state vector is denoted
by X (t) = [X1(t), ..., X(t)], where X;(t) is represents the amount of S; molecules at time

t. At time ¢t = 0, initial population numbers are given.

Associated with the jth reaction is the propensity function [19], a; X (¢): the probability
of this reaction R; taking place in the infinitesimal time interval [t,t + dt) is a; X (t)dt.

Unimolecular : S,, % something has propensity function a; X (t) = ¢; X (t)
Dimerization : Sy, + Sy, % something has a; (X (1)) = ¢;3 X (t)(Xm(t) — 1)

Bimolecular : Sy, + S, = something has a;(X(t) = ¢; Xm(t)Xn(t), where,m # n.
For the dimerization, we have $X,,(¢)(X,,(t) — 1), which represents the number of

combinations possible when 2 molecules are chosen from X,, number of total molecules,

(Xm)!

Le Gnxa—a)

2.2 Chemical Master Equation (CME)

In this section we derive stochastic discrete model of well-stirred biochemical kinetics,

the Chemical Master Equation. Now, we study the quantity P(x,t) defined by:

P(x, t|xo, to) 2 Prob{ X (t) = x, given X (to) = zo}for t > to (2.3)

6
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If we know the probability of being in any state, at time ¢, then we can find the probability
of being in state x at time ¢+ dt, assuming that no more than one reaction can take place
over the small interval [t, ¢+ dt). The two situations that can occur is, either the system
was already in state x at time ¢ and no reaction took place over the interval [t, ¢+ dt), or
for some 1 < 7 < M the system was in state x — v; at time ¢ and the jth reaction took
place over the interval [¢,t + dt) which later brought the system to the state x. Using
the law of total probability, we have that

M+1
P(A) =Y  P(A|H;)P(Hj) (2.4)
§=0
where Hy, Hy, ..., Hyr, Hyryq represent disjoint (not more than one can happen) and ex-
haustive (one of them must happen) events and A is the event of interest. If Hy is the
event that the system is in x at ¢, let H; for 1 < j < M be the event for the system is
in x-v; at time ¢ and H)y 4 be the event that the system is in any other state at time ¢.
Then we have
P(AlH;) = aj(x —vj)dt, 1 <j <M (2.5)

If P(A|H,) is the probability of no reactions taking place in the interval [t, ¢ + dt), then

we have

P(A[Hg) =1- a;(x)dt (2.6)

j=1
This means 1 minus the probability of any reaction happening. We also have that
P(A|Hp+1) = 0 because H)pryq contains all the states that are more than one reaction

away from x. Using the above four equations, we derive

P(x,t+dt) = ((1 - iaﬂx)dt) P(x,t)

=1
M
—i—Zaj (x — vj)dtP(x — vj,1).

=1
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Arranging the above equation and setting a limit dt — 0, we get

P(x,t+dt) — P(x,1)

Jim 7 = (aj(x — v;)P(x — v;,t) — a;(x) P(x,1). (2.8)

J=1

The above equation leads to Chemical Master Equation below:

M

= Z(aj(x — ) P(x — v;,t) — a;(x) P(x,1)). (2.9)

j=1
The CME (2.9) is a linear ODE (ordinary differential equation) system with one ODE
for each possible state, CME is usually hard to solve because it is a linear ODE system
with one ODE for each possible state. If the number of states is large then the CME is

a very large system of ODEs, which is very challenging to solve numerically.

dP(x,t)
dt

2.3 Derivations of Stochastic Simulation Algorithm
(Gillespie’s Algorithm)

The CME is very high-dimensional and it is computationally intensive to deal with. The
Stochastic Simulation Algorithm (SSA) [11],[12] gets around this issue by computing single
realizations of the state vector rather than computing an entire probability distribution.
The SSA is in exact agreement with the CME. We introduce the probability quantity
Py(7|x,t) as follows: given that X(t) = x, Py(7|x,t) is the probability that no reaction
takes place in the interval [t, t + 7). Now we consider the time interval [¢, ¢ + 74+d7). We
also assume that the event(s) happening over the interval [ ¢, ¢ + 7) are independent of
the events happening over the interval [ t4+7 , t + 74+d7). We have that probability that
no reaction takes place in [ ¢,i+7+4dr) is probability that no reaction takes place in [ ¢,¢
+ 7) and no reaction takes place in [ t47, t+7+d7). Mathematically, this translates to
independent events, i.e probability that no reaction takes place in [ ¢, t + 7) x probability
that no reaction takes place in [ t+7, t + 7 + d7) = probability that no reaction takes

place in [t t + 7) x (1 - sum of probability that each reactions taking place over the

8
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interval [ t4+7, t + 7 + d7)). This is written as:

Po(T + 7|x,t) = Po(T|x, 1) (1 - Zak(x)d7> (2.10)

the above equation is re-arranged and taking the limit dr7 — 0

Po(T + d7|x,t) — Po(7|x,1) u

Jim - = —Py(1]x, t);ak(x)dT) (2.11)
we get
dPy(7|x,1t) u
— o =—hlrlx, t);ak(x)dﬂ (2.12)
Solving this ODE with Py(7|z,t) = 1, gives
P()(T‘X, t) — 6*224:1‘116(’()7' (213)

Now we need to determine p(7|x,t) defined by p(7, j|x,t)dr is the probability that the
next reaction (a) will be the jth reaction and (b) it will occur in the time interval
[t+7,t+7+d7) if X(t) = X. The following propositions from Wilkinson [39] will be
used in justifying the stochastic simulation algorithm SSA.

Proposition 2.3.1. If X;~Fxp()\;) with parameter X\;, i = 1,2,..,n, are independent

exponential random variables, then

Xo = min{X;} ~ Exp(\g), where \g = Z)‘i

i=1
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Proof. First note that for X~FEzp()\), we have P(X > z) = Exp(—Az). Then

P(Xo>z) = P(min{X;} > )
= P(X; > 2)n[X, > 2]n..N[X,, > )

=1
_ He—)\ix
i=1

6_1’2?:1 AZ

— 67/\0:1:

So P(Xo<x) = 1-e7*® and hence Xo~Exp(\y) O

This lemma is for the following proposition.
Lemma 2.3.1. Suppose that X~FExp(\) and Y ~Exp(p) are independent random vari-
ables. Then

PX<Y)=

R
Atp”

Proof.

P(X <Y) = / TPX < YIY = ) f(y)dy

(e}
[e.9]

- / P(X < y)f(y)dy

= [ e ey

A
Mp

]

This next result gives the likelihood of a particular exponential random quantity of an
independent collection being the smallest.

Proposition 2.3.2. If X;~FExp()\;), i = 1,2,..,n, are independent exponential random
variables with parameter X\;, let j be the index of the smallest number X,;. Then j is a

discrete random variable with probability mass function (pmf)

10



2.3. DERIVATIONS OF STOCHASTIC SIMULATION
CHAPTER 2. BACKGROUND ALGORITHM (GILLESPIE’S ALGORITHM)

n
o= 4 =12, n where \g = E A

/\_0;
=1

Proof.
T = P(X;< IT;IH{XZ})
i#]
where Y = min{X;}, so that Y~Ezp(A_;), where A_; = ZAi
i#j i#j
A.
sl

Y
Ao

by the lemma)

Using the independence of occurrence of events, we have that probability (a) and (b) =
probability that no reaction took place over [t,t47) * probability that the jth reaction
took place over [t+7,t4+7+d7) assuming that dr is so small that at most one reaction

took place over that time interval, we have

p(T, j|x, t)dr = Po(T|x,t)a;(x)dr (2.14)

and from (2.13) we have

M
=D mor (2.15)

p(7jlxt) = aj(x)e +=t
M
If we let ap(x) = Zak(x), then the equation (2.15) can be re-written as
k=1
p(r. i, 1) = B ([ pemat0r (2.16)
Y ) aO(X) *

We express this joint probability density function as a product of two density functions:

11
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e Next Reaction Index j is a discrete random variable representing the index of

the next reaction.

e Time Until Next Reaction the density function of 7 is the time to the next

reaction.

As the next reaction index jand time until next reaction 7 are independent random
variables, we can compute then separately. The Stochastic Simulation Algorithm by

Daniel Gillespie is based on [I12] a Monte Carlo approach and is as follows:

Stochastic Simulation Algorithm

1. Initiate the system at to=0 and X (t5) = ¢

M
2. At time ¢ evaluate a;(z), ..., ap (), and ag(x) = Zaj(x)

j=1
3. Let r; and ry be two uniform random numbers in (0,1) and compute 7 and j as

follows:

1

a. 7= ——In+
ao(z) " r

J
b. j = the smallest integer satisfying Z ag(z) > raap(z)
k=1

4. Replace t -t + 7 and x < x + v,.

5. Record (z,t). Return to step 2, else end simulation.

2.4 The Tau-Leaping Method

The SSA is an exact method and therefore it is computationally expensive on systems
with fast reaction. In this method, a reaction time and reaction index is computed
for each reaction that occurs in the system before adjusting state change vectors and
propensity functions. If the system is a stiff system, i.e, if there are many molecules

of certain species which participate in fast reaction then that propensity function of

12
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such reactions are large aleading to a very small step size 7 to the next reaction it is
computationally expensive. The exact state of the system at time t + 7 (see Kurtz [§])

is given by the following equation:

M t4r
X(t+7) = X(t) + Z v; P;( /t a;(X(s))ds) (2.17)

In the above equation P;(-) is a Poisson random variable, and fttJrTaj(X(s))ds is its

parameter.

e Leap Condition We assume that 7 > 0 is small enough such that the propen-
sity functions a;(X(t)), for j = 1,...,M remain relatively constant over the interval
t < s <t+7,so that few reactions occur, thus a;(X(s)) ~ a;(X(t)).

Using the leap condition and substituting it into equation(2.17), we have

—+7

X(t+71)~ X(t)+ Z Vij(/tt a;(X(t))ds)

J

+ Y uP;

J=1

~ X(1) + 1Py (X(1) / ds)
~ X(1) (0, (X(1))

7).

Thus the tau-leaping method is obtained (see Gillespie [14]):
M
X(t+7)=X(t)+ > viPi(a;(X(1)7). (2.18)
j=1

In this equation {P;(a;(X(t))7)}}L, represent the random variables which are to be com-

puted in this method.

The probability of the jth reaction taking place over the small time interval of length dr
is given by a;(X (t))dr where a;(X(t)) is almost constant over the time interval [t,t+7).

13
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Then the number of type j reactions within [t, t47) may be computed using P;(a;(X (t))7)

with parameter a;(z)7 which is a Poisson distribution with mean and variance a;(X (t))r

The algorithm for tau-leaping is computed as SSA:

Tau-Leaping Algorithm
1. Calculate {P;}7, from the distribution of Poisson random variables.

2. Initialize the system t,=0, x(to) = x¢
3. Then update X (¢ + 7) to X(t) + Zyjpj

4. Update t to t + 7.

5. Go to 2 or stop.

2.5 Chemical Langevin Equation (CLE)

Suppose [14] that the leap time 7 is chosen in such a way that the mean a;(X(¢))7
of Pj(a;(X(t))7) is large for j = 1,.., M, i.e, every reaction occurs many times over the
interval [t,t+7). Then we approximate each Poisson random variable by a normal normal
random variable with the same mean and variance. According to Stirling’s approximation
[13], Pj(a;(X(t))T)~Z;(a;(X(t))T,a;(X(t))T), if a;(X(t)7 >> 1. By linear combination

theorem for normal random variables, we derive

Z(a;j(X(t)1,a;(X(t), 7) = a;(X(¢)T + ¢/ a;(X(t)7Z;(0,1). (2.19)

Replacing P;(a;(X(t)7)) in (2.18) with a;(X(t))7 + \/q; ;, according to (2.19),

14
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we get Z; where Z; are independent normal (0,1) random variables.

Xt+7)=X{t)+7 Z via;(X (1)) + ﬁz vir/a; (X (1) Z;(0,1). (2.20)

Equation (2.20) is known as the Chemical Langevin Equation (as CLE). We also no-
tice that the tau-leaping method uses an integer-valued Poisson random variables, while
(2.20) employs real-valued normal random variables. In the limit 7—dt (2.19) becomes

a stochastic differential equation of the form:

dX(t) = Z%[%(X(t))dt + /a5 (X (1)) dW;(#)] (2.21)

where W, 1 < j < M, are independent Wiener processes.
Definition 2.5.1. A scalar standard [18] Wiener process over [0,T] is a random variable

W(t) that depends continuously on t € [0,T] and satisfies the following three conditions:
1. W(0) = 0 (with probability 1)

2. For any 0<s < t<T the random wvariable given by the increment W(t)-W(s) is
normally distributed with mean zero and variance (t-s); equivalently, W(t)-W(s) ~
Vit —sN(0,1) where N(0,1) denotes a normally distributed random variable with

zero mean and variance 1.

3. For any 0<s < t < u < v<T the increments W(t)-W(s) and W(v)-W(u) are

independent.

Note that equation (2.20) is the Euler-Maruyama method for applied to the stochastic
differential equations (2.20). The assumptions used to derive the CLE are:

i the propensity functions do not change significantly over the time interval [t,t47),
ii the value of each propensity function times the step size, i.e. a;(X(t))7, is large.

The condition (i) and (ii) applies simultaneously when the molecular populations of each

species is large.

15
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2.6 Derivation of Reaction Rate Equation

We investigate the assumptions under which the Chemical Master Equation (CME) can
be reduced to the continuous deterministic model of the reaction rate equation (RRE).
If K is the countable state space of the process X; satisfying the CME, then (see [39] for

more detail).

0 0
5 P(X) = a);(xp(x,tyxo,to)
)
= Zxap(xat’}(ﬂ;tO)
xeK

where K is the countable state space of the process. By applying equation (2.9) we get

0 0
5 B(X) = }ZI;X—P(X,HXO,ISO)
M
= ZX [Z aj(x —v;)P(x — vj, t|xo, to) — aj(x)P(x,t\xo,to)]
xEK Jj=1
= Z [Z x(aj(x — v;) P(x — vj, t|x0, t0) — Zxaj(x)P(x,t\xo,to)]
J=1 K xeK

We can substitute x 4 v; for x because x + v; € K and derive

%E(Xt) = Z [Z(x—i—vj)(aj(x) X, t|xg,to) — Zxa] P(x t|x0,t0)]

j=1 LxcK x€K

Simplifying this equation we obtain
0
—E Xt Z’U]CL] X t|X0,t0)

By the definition of expected values, the above equation can be written as

P M
5 E(%) = Y [v;E(a;(X0))]

Jj=1

16
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Substituting Y'(t) = F(X}) in the above, we get

d M
EY(t) = ZUJ'E(% (Xt)

Jj=1

We now investigate the types of reactions is the reaction rate equation is valid,

E(a;(X1) = a;(E(X1)) = a;(Y (1))

Consider the following reactions of various orders:
L. If aj(X(t)) = mj, then E(a;X(t)) = E(m;) = m; = a;(Y(1)).

2 TF a;(X(8) = myas, then E(ay(X(1)) = E(myzs) = myB(w:) = a;(E(X(8) =
a;(Y(t)),

3. If a;(X(t)) = mjz;x), where i # k, the population species S; and Sy may not
be independent, then E(a;(X(t))) = E(mjzizy) = m;E(zxy)#m;E(x;)E(x;) =
a; (Y (t)).

Thus the average behaviour of the solution of the CME satisfies the RRE if the biochemcal
system has only reactions of order 0 and 1. The system reaches the thermodynamic limat
( Gillespie [15]) when its volume V and each species population X;(¢) approach infinity,
while the species concentration (i.e. species population/volume) remains constant, i.e., if
X;—00 and V—o00 then % = constant. When there are large number of molecules, the
deterministic part of the CLE grows as the system size but the stochastic part grows as
its square root. Therefore the stochastic part is negligible compared to the deterministic

part.

So, from equation (2.21), if we ignore the stochastic part of the CLE then we get ):
d M
Y () = > wia;(Y(t)). (2.22)
j=1
This equation is called the reaction rate equation (RRE). Therefore when the system

has very large number of molecules, it can be approximated by using the RRE model.

17
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In biochemical stochastic models where the molecular number of each species is greater
than 1000, we are able to reduce the stochastic model of the CME (or CLE) to that of

the deterministic reaction-rate equations.

18



Chapter 3

The Multi-Level Monte Carlo
Method

Monte Carlo methods have been extensively used in computational finance to approx-
imate the expected value of a quantity of interest, which is a function of a stochastic
process. This stochastic process may be the solution of a stochastic differential equation
(SDE). Consider a SDE of the form:

dS(t) = a(S, t)dt + b(S,)dW (t), 0 <t < T, (3.1)

where a(-) and b(-) are the drift and diffusion terms, respectively. If S is the initial data
(in our case, the initial number of molecules of a species), the goal is to compute the
expected value of f(S(7T)). The function f satisfies the uniform Lipschitz condition, i.e.,

there exists a constant ¢ > 0 and a domain D such that for any U and V in D

fU) = f(V)| < clU = V]. (3.2)

Then discretization of this SDE using the Euler-Maruyama method with time step h

yields
Spt1 = Sy + a(Sp, tn)h + b(Sy, t,) AW, (3.3)
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and the estimate for E[f(Sy)] is the mean of f(Sr/,) from N independent path simula-
tions [10]

Y=y [;fw%h)] (3.4)

The expected mean square error (MSE) is of the form [10]
MSE =~ ClNil -+ 02h2 (35)

where ¢ and ¢y are constants. In this equation, the first term corresponds to the variance

in Y and the second term comes from the biasness of Euler Maruyama discretizations.

In the multi-level Monte Carlo method developed by Giles [10] the time steps for the
discretizations are given by by = M~'T, | = 0, 1,..., L, for integer M>2. This is a
geometric sequence of time steps with h; being the smallest time step. In a multi grid
method, the stepsize is half the previous stepsize in the previous grid. On a fine grid,
the accuracy is much better but the computational cost is high. On a coarse grid the
accuracy is lower but the computational cost is low. In this Chapter, we describe the
multi-level Monte Carlo (MLMC) method applied to the stochastic discrete model of
well-stirred biochemical systems, the CME and how does it work in order to compute

the expected values efficiently.

3.1 MLMC General Idea

The stochastic process X (t) governed by the CME satisfies the following equation (see
Kurtz [§])

M t+r
X(t+7) = x<t)+zyjpj(/t a;(X(s))ds).

If p;', p;%, .., p;™ are independent Poisson processes then

T 2T t
A asXenas) + B2 (X0 + 4 B (X (5)as)
0 T

m—1)7
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A / i+ [ [ o))
= V([ (X (s)as)

where Y; are unit rate Poisson processes and (m — 1)7 < t< mr. For the state vector

X (t) which obeys the CME satisfies the the random time change representation [g])

X() = X(0)+ iyj ( /0 taj(X(s)ds)) o, (3.6)

where v; and a; are the state change vector and the propensity corresponding to reaction
R;, respectively and {Y]}]]\i1 are independent unit-rate Poisson processes. We demon-

strate the use of the equation (3.6) in the biochemical reaction system S =5,. For
Cc2

example in the reaction, S; — S, S; molecules are converted to S, molecules at a rate

of ¢1 X1, X; being the number of molecules of type S;. If the system satisfies the mass

action kinetics, the stochastic process X (t) = (Xl (1), Xz(t)) can be represented as

X(t)=X(0)+Y, (/Otchl(s)ds) (-1, DT+ Y, (/OtCQXQ(s)ds) (1, =T (3.7)

where (—1, l)T and (1, —l)T are the state change vectors form the chemical reactions
above. To solidify our notation, consider a network S; =%, So = S;, 25, = S5 and
25525 85. Here ¢;, ¢y and c3 are rate constants. Then, the state vector of this biochemical

system obeys;

X)) =X(0)+Y; </Otc1X1(s)ds) (-1, 1, 0)" + Y5 (/Ot@xg(s)ds) (1, =1, 0)"
+Y3 (/Ot%c;ng(s)(Xg(s) — 1)d3) (0, =2, 1)"

where v; = [—1,1,0]7, vy = [1, —1,0]7, v3 = [0, =2, 1]7 are the state change vectors.
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3.2 The MLMC Method for Stochastic Biochemical
Kinetics

In this section, we will present the multi-level Monte Carlo method to estimate the mean
of f(X(t)) where f is a function of interest, e.g., f(z) = x and X (¢) is the stochastic pro-
cess representing the state vector of a well-stirred biochemical system. In order to reduce
the computational costs, the multi-level Monte Carlo strategy couples the trajectories to
accurately approximate the expected value of a random variable for rather than the en-
tire distribution. By coupling trajectories on consecutive levels, the method reduces the
variance of the mean estimate. By levels, we are referring to computing estimates using
finer step sizes in higher consecutive levels. From our sample distribution, the MLMC
method finds the moments of the distribution such as mean if f(x) = x and variance, if

f(x) = 2? in case the mean was computed in advance.

The multi-level Monte Carlo method generates many levels and each level corresponds
to an estimate. The summation of the estimates from all the levels is employed to our
approximate the desired mean, expected value of f(X(t)). For instance, on level 0, the
tau-leaping method is used to generate a larger number of sample paths (ng). Then the

point estimate for X is
1
— ~ (r)
Qo = FE[Z,] ~ e g Z(T), (3.8)

where Z" is the number of molecules of the species of interest at time 7' in path r
generated using the tau-leaping method with time step 7. If 7 is large, the estimates
calculated are cheap, but inaccurate.

In the next level (level 1), we introduce a correction term to the estimator which will
reduce the bias. In order to improve the accuracy of the estimator, we calculate two
sets of ny sample paths. The first set of sample paths is computed using the tau (7p)
from the previous level. The second set of trajectories is calculated by using the step size

71 = 70/K, where K>2 integer. Then the correction term is the difference between the
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estimates calculated using two sample n; paths

ni

Qu = BZ,, ~ Zo) = - S 128(T) - Z8(T)]. (39)

n
1 r=1

Adding this correction term to the estimator calculated on the base level (level 0) reduces

the bias of the resulting estimator. We can note that
Qo+ Q1 = E[ZTO] + E[Zﬁ - Z’T'O] = E[Zﬁ]'

So adding the two estimators gives a bias equivalent to that of the tau-leaping method
with 7 = 7. This process is repeated for the subsequent levels. Summing up the
estimates obtained from all the levels leads to a more accurate estimator, equivalent in
accuracy to an approximation by the tau-leaping method with the stepsize of the finest
mesh. The way to develop efficiency of the multi-level method is to generate two sets of
sample paths

{ZTI(T)(T),ZTO(T)(” iy = 1,...,n1} (3.10)

so that the variance in their difference is minimized. If the variance in their difference
is denoted by V;, then the estimator variance is given as -1 A lower variance implies
that fewer sample paths are needed to achieve the same acgllracy of the estimation. On
the second level, this process is repeated to generate a second correction term. In this

level, two sets of ny sample paths are generated. One set has 7 = 7, and the second has

T = % = 79, such that 7, < 7. The correction term is the estimator of their difference
1 &
Qq = E[Z, — Z,) ~ — > _[Z5(T) — 28)(T)). (3.11)
N2 r=1

Adding the correction term generated from level 2 to level 1 and level 0, we derive

QO + Ql + Q2 = E[Z’TO] + E[Zﬁ - Z’T'O] + E[ZTQ - Z’T'O] = E[ZT2]

by the linearity property of expected values. Thus the summation of the three estimators

gave a bias equivalent to the tau leaping method with 7 = 75. Continuing this procedure
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gives the following telescopic sum

E[Zﬁ] = E[ZTO] + ZE[ZTZ - ZTz_1] = ZQZ (3.12)

When the correction terms are added to subsequent levels, the bias of the estimator is
reduced until a desired accuracy is achieved. Finally and optionally, we can generate two
sample of ny,, sample paths, one set using the expected values obtained by SSA and the

other using tau-leaping with 7 = 77, we can compute the final correction term

Nr+1
1

" > XD = Z5(D)] (3.13)

QL-H = E[XZ - ZTL]%

and the above estimation can be added to the telescopic sum in order to get an unbiased

estimator below

L L
Qv = B[X] = E[Zo)+ Y ElZy = Zn )+ EIXi = Z] =) Qi+ Qi (314)

=1 =0
The above equation will give us an unbiased estimation of the quantity of interest, in
our case the mean E(X(T)). It is important to note that the total CPU time taken to
generate the estimates from all the levels is less than the total CPU time required to
estimate X; using the exact stochastic simulation algorithm for an insignificant loss in

accuracy of the estimation.

To use the multi-level Monte Carlo method, we need to consider the following:

e the choice of the number of levels in the algorithm as it will affect the total com-

putational time,

v
e the value of the estimator variance of each level, ~L will ensure accuracy and also
n
affect the total computational time.
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The key idea in this method is to reduce the overall estimator variance V; by making the
variance from each levels sufficiently small so that fewer trajectories are needed on each

level to obtain an estimation of the desired accuracy reducing the computational time.

An important point to make is, that the error of a Monte Carlo is

error, ~ —L. (3.15)

VN,

where 0% is the variance and N, is the number of Monte Carlo trajectories. We can
see from the relation between error and variance that, if the variance is reduced, then
fewer trajectories are required for the corresponding level to obtain a similar error in the

estimation

Coupling in MLMC

The algorithm below explains how the coupling is done in order to reduce the variance
[31.

Fiz an integer M > 2. Fiz h; > 0 and set hj_1 = M * h;. Set Z;(0) = Z;_1(0) = xo,
to =0, n = 0. repeat the following steps until t,>T"

1. Forg=1, ..., M,

(a) Set
o my1 = min(ag(Z)), ar(Z-1))
® Mi2 = ak(Zl) — Mg
o my3 = ay(Z;_1) — My

(b) For each k, let
o pr1 = Poisson(my * hy)
® Do = Poisson(mys * hy)
® pr3 = Poisson(mys * hy)

25



3.2. THE MLMC METHOD FOR CHAPTER 3.

STOCHASTIC BIOCHEMICAL KINETICS

THE MULTI-LEVEL MONTE
CARLO METHOD

o P =pr1+ Pip

o Qr=pr1 + Pr3

e G, =Gy + P *xuy

o [ = Fi + Qr*vg

(c) it Set

o 7/, =17+ Gy

o L1 =711+ F
2. Sett,y1 =1, + hi_1.
3. Setn=n+1

Some of the observations we make are:

1. We do not need to update ax(Z;_1) during the workings of the inner loop of j =

1,..,M.

. At most one of my, m3 will be nonzero during each step with both being zero
whenever ay(Z;) = ax(Z;_1). Therefore at most two Poisson random variables are

required per reaction channel at each step and not three.

. While two paths are being generated, max{ms, ms} should be small for each step.
Hence the work in computing Poisson random numbers will fall on py 1 E], which is
the same amount of work as would be needed for the generation of a single path of
tau-leaping. Note that py; is a common Poisson random number for the coupled
trajectories. Since py; is larger than pyo and py s, the coupling is strong, and

therefore the variance of the estimation is reduced.

If each sample path on level ¢ takes ¢; time to generate the estimator using n; sample

paths, then we minimise the total computational time according to the method proposed

IThe cost of generating a Poisson random variable generally decreases with the size of the mean.
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in [25]
L Loy
minancl such that Z—l < é (3.16)
"5 =0

Here €2 controls the estimator variance. Consider a A€R and the Lagrange function,

L L v
L(Clynly ‘/lv >\) = {ancl + )\Z;E} .
=0 =0

We wish to find A such that g—fl = 0. Calculating the derivative with respect to n; gives

0 0 [ L v,
a_nlL(CmynmavrmA) - 8_711 {Z_:nmcm + )\Z%} - 07

for £ =0, 1,...,., We know that

ony, ) 1T iftm=1,
o ") 0 if mAl
Thus we get
) 0 [ ", - 5 V0
—L ms mavm7>\ = a3 mCm + A =5 = m5m A =0
leading to
v
CZ—A—ZQZO.

ny

Therefore the number of trajectories on level ¢, n, minimizing the quantity in (3.16) is

v
n =4/ A—. (3.17)
Cl

Recall that
Ly,
Z_m < é, (3.18)
N
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Substituting n; from (3.17) into (3.18), we get

L L
D SRV

m=0 m=0

3

<é€

3

S -

Thus

L
VA > éZ\/vmcm (3.19)
m=0

To get the optimal n; from (3.17) with A satisfying (3.19). We choose

n; = é{z \/Vmcm}\/gl. (3.20)

We can use the values n; for the number of trajectories at level . When the values of V;
Kl

and ¢; are available it is also possible to estimate ¢; ans ar-, whereas the variances V]

may not be known but we can estimate them from simulating few sample paths.

In order to calculate the total computational cost, we let ¢; and V; be the cost and
variance of a sample path Z; - Z;_1, then the total computational cost of the multi-level
estimator is Zleo nic;. We can choose according to (3.20), then the total computational
cost is

2

(3.21)

3.2.1 An MLMC Method Using Scaling

Another MLMC method for stochastic discrete biochemical system was developed by An-
derson and Higham [3]. This method uses a different strategy for calculating the number
of trajectories needed for each levels, based on the largest molecular amount. Consider
V', to be the largest initial molecular amount of a species. The species population will
vary over the period of time during simulation, the best guess we have is the largest

initial species number. This approach scales the molecular number of species S; by pa-

28



CHAPTER 3. THE MULTI-LEVEL MONTE 3.2. THE MLMC METHOD FOR
CARLO METHOD STOCHASTIC BIOCHEMICAL KINETICS

rameter o; > 0 by setting X;"(t) = V- X;(t) so that X;* = O(1) = V~*X; such that
O(1) = V7% X,(0) for each species S;. Here X;"(t) is the abundance of for each species
S;. We have to carefully pick a; such that X;* = O(1). We want «; to be large enough

but not so large that X;” converges to zero as V—o0. If we take logarithms on both

sides, then we can rewrite the above equation as

a; = logy (X;(t))
The general form of such a scaled model is

X = xvo+ Y (v ] tvcmk<XV<s>>ds) &,

where Y} is a Poisson process, v and ¢ are scalars, |¢V| = O(V %), and both XV and
ar(X") are of order one since X; = O(1). Here a;," is a propensity function and depends
on V. It is also natural to have V = V" ZVC’“ [3] as the order of magnitude for the

number of computations required to generaége a single realisation using exact algorithm.
The parameter v is interpreted as being related to the time scale model. If v > 0, then
the shortest time scale (time taken by chemical reactions) in the problem is much smaller
than 1 and if v < 0 it is much larger. The optimum is to have v<0 in order to avoid the

error bounds grow rapidly.

Similarly for each reaction rates c;, each of these reaction rates are scaled according to

c; = O(1)V¥ and if we take logarithm on both sides then we can rewrite as

B; = logy(c))

The scaling factor for the reaction as a whole is 7, calculated as

v = max {f;+vja— o}
1,J:vi; 70

Here v;; is the (i,j) entry of the stoichiometric matrix and v; is reaction R; and « is
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a vector containing all the «; [2I]. We also need a parameter p which is computed as

follows:

p= m{lgggéo{ai}

so that || =~ V7. we have that p>0 and by the choice of 4 we have ¢, — p,<0 for all
k. Aso, we point that 7 is chosen such that ¢, =0 for at least one k. It is explicitly noted
that the classical scaling holds if and only if ¢,=pr=1 and v = 0 [3]. Then, the required

number of trajectories for the base estimator, nyg, is calculated as

ng = Vﬁpvfy€72,

where € is the desired accuracy of the estimator for E(f(X(¢))). The number of trajec-

tories required to calculate correction estimators at level [, n; is calculated as

n, = Vﬁpvfy(L — lo)hl€72

where ¢ € {0,1,...,L}, the step size ; = TM~* and L is chosen by taking L = O(|In(e~1)|).

Recall that we can estimate the expected value at the finest level may be computed as

We can estimate the above quantities using ny and {n; }1<¢<z, within an error of O(e€) by
evaluating the right side of the above equation. As discussed earlier the implementation
of the MLMC can be done with any desired accuracy but with more levels comes higher
computational cost for obtaining a higher accuracy. Our experiment with this approach
showed that it is not the most efficient when applied to a wide class of models. However,
it could be said that there could be other models that we have not tested but might be
compatible with this approach.
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Chapter 4

Numerical Results

In this section, we test the MLMC method described in Chapter 3 on three models of
practical interest. We do so by simulating expected values using 10,000 trajectories with
SSA and the MLMC method with a certain tolerance, e.

Our test show that a significant amount of computational time is saved using the MLMC
strategy with a lower tolerance compared to the SSA. which is an exact method, but

comes at a higher computational cost.

We plotted the expected values for the molecular amounts of various species, obtained
using the exact method of Gillespie [12] (SSA) and with the MLMC method as functions
of time and found good agreement in the results of the two methods. For each model we
also got the probability distribution of the molecular amount of each species, obtained
using 10,000 SSA trajectories.

4.1 Potassium Channel (Model 1)

Consider the system the Potassium Channel system studied in [28§],

S S,
Sy 2 S
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S
S3
S3
Sy
Sy
S5
Ss
S3

=5 Ss
=5 Sy
=5 S,
5 S5
= Sy

C10 515

The propensity functions corresponding to the reactions above are:

Here z;’s correspond to the molecular population number of species S;. The stoichiomet-

ric matrix for this biochemical network is:

-1 1 0 0
1 -1 -1 1
V=10 0 1 -1
0O 0 0 0
(0 0 0 0

0 0
0 O
-1 1
1 -1
0 O

o 0 0 O
o 0 0 0
0o o0 1 -1
-1 1 0 0
1 -1 -1 1

This model has the following reaction rate, parameters and initial conditions:
X(1) = 100; X(2) = 50; X(3) = 100; X(4) = 50; X(5) = 100, c¢(1) = ¢(2) = ¢(3) = c(4)
= ¢(5) = 0.1. The interval of integration is [0,20]
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SSA | MLMC(e,=0.5) | MLMC(e2=1) | MLMC(e3=1.5) | MLMC(e4=2)
X1 81.1214 81.1122 80.8897 81.36 81.0312
X2 80.2564 80.0417 79.1176 78.5467 81.1562
X3 79.7566 79.7396 80.3015 80.44 80.2812
X4 79.3184 79.3871 79.6838 78.0024 78.9688
X5 79.5472 79.7194 80.0074 78.4133 78.5624
CPUime 412s 490s 73s 368 12s

Table 4.1: Comparison of expected values obtained through SSA and MLMC (using
different e-values) for the Potassium Channel Model and the computational times of
these algorithms

Levels n, | MLMC(e;,=0.5) | MLMC(e;=1) | MLMC(e3=1.5) | MLMC(e,=2)
1o 695 136 75 32
n 570 108 60 23

Table 4.2: Comparison of trajectories obtained through simulation of the MLMC (using
different e-values) for the Potassium Channel Model

We present in table the estimates of the expected values of the X; molecules obtained
from simulating the Potassium Channel model using both the SSA and the MLMC
methods. The SSA is an exact method whereas MLMC is an approximate method. We
have discussed earlier that while being an exact thus accurate method, SSA simulation
comes at a high cost for models with some fast reactions. However, the MLMC strategy
provides significant computational time savings without significant loss in accuracy of
estimating the mean values. We see that the the expected values obtained from both
methods are very close to each other, with a difference of approximately 1, 2 or 3 at most
number molecules for some species. For example, consider species 5, the SSA simulation
gives us 79.5472 whereas MLMC simulation gives 78.5624 (by using tolerance ¢,=2). The
relative error of MLMC compared to SSA ones is W * 100% ~ 1.2%. This
shows a very good accuracy of our simulation. We also see from Table that, the
MLMC scheme is approximately 20 (412/20) times faster than the SSA. Figures
4.10| show the expected values for the molecular amounts of the species X7, Xs, ..., X5
respectively as functions of times estimated from 10000 trajectories utilizing the SSA
and the MLMC strategy with a given tolerance. Figure gives a loglog plot of the
norm-2 of the absolute error of the MLMC compared to the ’exact’ solution of the SSA,
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as a function of the tolerance € set for the estimator. The slope in the loglog plot is

almost 1.
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0.06 SSA for Potassium Reaction Model for Species 1
. T T T T T T T T

——&—— Simulated SSA for Species 1

0.05

0.04

0.03

0.02
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40 50 60 70 80 90 100 110 120 130
Number of S1 Molecules

Figure 4.1: Potassium Reaction Model; probability distribution of species S; at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
1 is 412 seconds.
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0.06 SSA for Potassium Reaction Model for Species 2
. T T T T T T T T

——&—— Simulated SSA for Species 2
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0.01

40 50 60 70 80 90 100 110 120 130
Number of 82 Molecules

Figure 4.2: Potassium Reaction Model; probability distribution of species Sy at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
2 is 412 seconds.
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0.06 SSA for Potassium Reaction Model for Species 3
. T T T T T T T

—+8— Simulated SSA for Species 3
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Number of 83 Molecules

Figure 4.3: Potassium Reaction Model; probability distribution of species S3 at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
3 is 412 seconds.
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0.06 SSA for Potassium Reaction Model for Species 4
. T T T T T T T

—+8— Simulated SSA for Species 4
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Number of S4 Molecules

Figure 4.4: Potassium Reaction Model; probability distribution of species S; at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
4 is 412 seconds.

38



Probability Distribution

CHAPTER 4. NUMERICAL RESULTS 4.1. POTASSIUM CHANNEL (MODEL 1)

0.06 SSA for Potassium Reaction Model for Species 5
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—+8— Simulated SSA for Species 5

0.05 -

0.04 -

0.03 -

0.02 -

0.01 -

'::::::::::::r—’:::'l 1 1 1 o~ SE=E========
40 50 60 70 80 90 100 110 120

Number of 85 Molecules

Figure 4.5: Potassium Reaction Model; probability distribution of species S5 at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
5 is 412 seconds.
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1(E)c('):[r)parative Plotting of Expected Values of SSA and MLMC for Potassium Channel Model
L T T T T

T T T T T
; —#— S, for SSA
ag L 1e2@Qree S, (epsilon=0.5) for MLMC | |
‘ S, (epsilon=1) for MLMC
o6 L s:s@ees S, (epsilon=1.5) for MLMC | |
\\ S, (epsilon=2) for MLMC
94 - \ 8
\\
\
92 - \ -
\\
\\
90 - \ s
\\
88 - \ i
\ .
e,
86 |- \Q"u, |
'&'
84 - \\b\ -
Sary
82 -
80 | | | | |
0 2 4 6 8 10

Figure 4.6: Potassium Channel Model: Means of number of molecules of species 57, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance € being 0.5, 1, 1.5 and 2. The time of integration used in T
= 20. The accuracy of the MLMC method is excellent for e=1.5 and below. At the final
time, i.e, tfinq = 20, we see that there is no difference of molecules between the results
of the SSA and the MLMC with e=2 and resulting in a relative error of 0.1%.
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ﬁ%mparative Plotting of Expected Values of SSA and MLMC for Potassium Channel Model
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Figure 4.7: Potassium Channel Model: Means of number of molecules of species Ss, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance € being 0.5, 1, 1.5 and 2. The time of integration used in T
= 20. The accuracy of the MLMC method is excellent for all € values. At the final time,
i.e, trina = 20, we see that there is a difference of 1 molecule between the results of the
SSA and the MLMC with e=2 and resulting in relative error of approximately 1.1%.
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1C(:)(())vmparative Plotting of Expected Values of SSA and MLMC for Potassium Channel Model
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Figure 4.8: Potassium Channel Model: Means of number of molecules of species S, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance e being 0.5, 1, 1.5 and 2. The time of integration used in T
= 20. The accuracy of the MLMC method is excellent for all € values. At the final time,
i.e, trina = 20, we see that there is a difference of approximately 1 molecule between
the results of the SSA and the MLMC with all € values and resulting in relative error of
approximately 0.6%.
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%%mparative Plotting of Expected Values of SSA and MLMC for Potassium Channel Model
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Figure 4.9: Potassium Channel Model: Means of number of molecules of species Sy, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance e being 0.5, 1, 1.5 and 2. The time of integration used in T
= 20. The accuracy of the MLMC method is excellent for all € values. At the final time,
i.e, trinar = 20, we see that there is a difference of at most 1 molecule between the results
of the SSA and the MLMC with e=1.5 and resulting in relative error of approximately
1.4%.
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%%mparative Plotting of Expected Values of SSA and MLMC for Potassium Channel Model
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Figure 4.10: Potassium Channel Model: Means of number of molecules of species S5, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance e being 0.5, 1, 1.5 and 2. The time of integration used in T
= 20. The accuracy of the MLMC method is excellent for all € values. At the final time,
i.e, trinar = 20, we see that there is a difference of at most 1 molecule between the results
of the SSA and the MLMC with e=1.5 and resulting in relative error of approximately
1.4%.
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Figure 4.11: Potassium Channel Model: the loglog plot of the absolute error of the
MLMC with various values of € compared to the SSA, as a function of the tolerance e.
The values of tolerance € considered are €;=0.5,e5=0.75, e3=1, €,=1.25, e5=1.5 and eg=2
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SSA MLMC(€;=0.5) | MLMC(e=1) | MLMC(e3=1.5) | MLMC(e4=2)
X1 72.5692 73.79 73.64 72.6984 72.25
X2 46.8809 46.09 46.622 45.4049 44.9583
X3 73.1191 73.9 73.3780 74.5951 75.0417
CPUime | 94.4 seconds 13 seconds 4.3 seconds 3.1 seconds 2.3 seconds

Table 4.3: Comparison of expected values obtained through SSA and MLMC (using
different e-values) for the Michaelis Menten Model and the computational times of these
algorithms

4.2 Michaelis Menten System (Model 2)

The second model used for testing is the Michaelis-Menten system [19]. The focus species

are subject to three reactions:

S+ Sy = S,
Sy B S, + S,

The propensity functions corresponding to these reactions are:

ai(z) = 1 @;

ax(x) = coxs;
a3(90) = C313,;
while the stoichiometric matrix is:
-1 1 0
V=1-1 1 1
1 -1 -1

The reaction rate parameters and the initial conditions are listed below:
na (Avogadro’s number) = 6.023e23; Vol = le-15 liters;

X(1) = round(be-7); X(2) = 2e-7; X(3) = 0; X(4)=0;

c(l) = niff)l.; c(2) = le-4; ¢(3) = le-1;

The simulation is performed on the time interval [0,20]. We simulated 10,000 trajectories
using the SSA and the MLMC method with tolerances e = 0.5, 1, 1.5 and 2.
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Table shows the estimates of the expected values of the molecular amounts of various
species obtained from simulating Michaelis Menten model using both the SSA and the
MLMC methods with tolerance values ¢;=0.5, ea=1, e3=1.5 and ¢,=2. The values X;
correspond to estimated expected values of the population number for species S;. We
see that approximations of the expected values obtained from the MLMC methods with
the tolerances tried are very close to those obtained with the SSA (an exact algorithm),
with a difference of approximately 1 or 2 at most number molecules for some species. For
example, consider species 57, the SSA simulation gives an estimation of the F(X(20))
of 72.5692 whereas MLMC (e;=2) simulation gives 72.25. The relative error of MLMC
compared to SSA is % * 100% ~ 0.4%. This shows a very good accuracy of our
simulation. We also see from Table that the speed up of MLMC method (€;=0.5)
is approximately 7.3 (94.4/13) times faster than SSA. The speed up of MLMC method
(e2=1) is approximately 22 times faster than SSA. Similarly, the speed up of MLMC
method (e3=1.5) is approximately 30.4 (94.4/3.1) times faster than SSA and finally the
speed up of MLMC method (e3=2) is approximately 41 (94.4/2.3). In Figures -
[4.14] we present the probability distribution of the molecular amounts of the species S,
Sy, and S3, respectively, computed using the SSA, at T=20. We compare the SSA and
the the MLMC method with the €=0.5, 1 and 1.5 in Figures - for species S,
S, and S5 respectively. Each plot shows the estimation of the mean number of the S;
molecules as a function of time, computed the SSA and by the MLMC method with the

sequence of tolerances. Figure gives a loglog plot of the norm 2 error i.e.,
error(T) = || Xssa(T) = Xaroae(T),,

for the MLMC compared to the SSA for the Michaelis Menten system. Here error is a

function of the tolerance €. The slope of the linear fit is 0.2.
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Figure 4.12: Michaelis Menten Model; probability distribution of species S; at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
1 is 94.4 seconds.
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Figure 4.13: Michaelis Menten Model; probability distribution of species Sy at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species

2 is 94.4 seconds.
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Figure 4.14: Michaelis Menten Model; probability distribution of species S3 at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
3 is 94.4 seconds.
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Comparative Plotting of Expected Values of SSA and MLMC for Michaelis Menten
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Figure 4.15: Michaelis Menten Model: Means of number of molecules of species Sy, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance € being 0.5, 1 and 1.5. The time of integration used in T =
20. The accuracy of the MLMC method is excellent for all € values. At the final time, i.e,
trina = 20, we see that there is a difference of at most 1 molecule between the results of
the SSA and the MLMC with e=1 and resulting in relative error of approximately 1.3%.
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120 Comparative Plotting of Expected Values of SSA and MLMC for Michaelis Menten
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Figure 4.16: Michaelis Menten Model: Means of number of molecules of species S5, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance € being 0.5, 1 and 1.5. The time of integration used in T =
20. The accuracy of the MLMC method is excellent for all € values. At the final time,
i.e, trinar = 20, we see that there is a difference of at most 1 molecule between the results
of the SSA and the MLMC with e=1.5 and resulting in relative error of approximately
3.1%.
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Comparative Plotting of Expected Values of SSA and MLMC for Michaelis Menten
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Figure 4.17: Michaelis Menten Model: Means of number of molecules of species Ss3, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance € being 0.5, 1 and 1.5. The time of integration used in T =
20. The accuracy of the MLMC method is excellent for all € values. At the final time, i.e,
trinat = 20, we see that there is a difference of at most 2 molecule between the results of
the SSA and the MLMC with e=1 and resulting in relative error of approximately 0.3%.
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Figure 4.18: Michaelis Menten Model: the loglog plot of the absolute error of the MLMC
with various values of € compared to the SSA; as a function of the tolerance e. The values
of tolerance €;=0.5,60=0.75, e3=1, €,=1.25, e4=1.5 and e;,=2
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4.3 Cyclical Reaction System (Model 3)

Finally, we study the Cyclical Reaction System from [28]. This system consists of three

reactions involving three reacting species. The reaction channels are:

S; = S,
Sy 2 Sy
S3 2 S

and have propensities:

ar(z) = c1xq;
as(x) = comwg;

asz(zr) = cyrs.

This reaction system has the following stochiometric matrix:

-1 0 1
V=11 -1 0
0 1 -1

1. We simulate the Cyclical Reaction system with the following initial conditions and
reaction rate parameters X(1) = 100; X(2) = 80; X(3) = 100, ¢(1) = 0.1; ¢(2) =
0.1; ¢(3) = 0.1, on the time interval [0,20].

2. As with the previous model, we simulate the SSA using 10,000 trajectories and
the MLMC strategy with a sequence of tolerances, which in this case is €=0.5,1,
1.5 and 2. The probability distributions of the molecular amounts computed over
10,000 trajectories of the SSA, at T=20,included in figures 4.20-4.22.

3. The estimates of the average number of molecules of each species S; as functions of
time, computed using the SSA and the MLMC with different tolerance levels, are
shown in figures 4.23-4.25.

Table presents the average number of molecules of each species at final time T=20,

computed over 10,000 trajectories of the stochastic simulation algorithm and by the

%)



4.3. CYCLICAL REACTION
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SSA MLMC(e;=0.5) | MLMC(e=1) | MLMC(e3=1.5) | MLMC(e4=2)
X1 93.8182 90.3133 92.5638 93.9167 94.5832
X2 93.4114 94.4423 94.0787 93.5877 96.3388
X3 92.7707 95.2444 93.3845 92.4956 89.0780
CPUime | 69 seconds 19 seconds 4 seconds 2.8 seconds 2 seconds

Table 4.4: Comparison of expected values obtained through SSA and MLMC (using
different e-values) for the Cyclical Reaction Model and the computational times of these
algorithms

MLMC method with the following sequence of tolerances €;=0.5, =1, e3=1.5 and e4=2.
Also, Table [4.4] gives the computational time required by each method. We see that
the the expected values obtained from all methods are very close to each other with a
difference of approximately 1, 2 or 3 at most number molecules for some species. For
instance, for species S, the SSA simulation estimates an average of 93.4112 whereas
MLMC with € = 0.5 simulation predicts an average of 94.4423 S5 molecules. The relative
error of the MLMC compared to SSA is %;fﬁim * 100% = 1.1%. This shows a very
good accuracy of our simulation. We also see from Table above, the computing time
of the MLMC scheme is approximately 35 (69/2) times faster than SSA. Figures
4.21| show the expected values for the molecular amounts of the species X7, Xs, ..., X5
respectively as functions of times estimated from 10,000 trajectories utilizing the SSA
and the MLMC strategy with a given tolerance. Figure gives a loglog plot of the
norm-2 of the total error of the MLMC method compared to the SSA, as a function of

the tolerance €. The slope in the loglog plot is almost 2.
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Figure 4.19: Cyclical Reaction Model; probability distribution of species S; at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
1 is 69 seconds.
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Figure 4.20: Cyclical Reaction Model; probability distribution of species Sy at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
2 is 69 seconds.
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Figure 4.21: Cyclical Reaction Model; probability distribution of species S3 at time
T=20, using 10,000 trajectories of the SSA. The total time taken to simulate for Species
3 is 69 seconds.

99



Molecular Number

4.3. CYCLICAL REACTION
SYSTEM (MODEL 3) CHAPTER 4. NUMERICAL RESULTS

Comparative Plotting of Expected Values of SSA and MLMC for Cyclical Reaction
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Figure 4.22: Cyclical Reaction Model: Means of number of molecules of species 57, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance € being 0.5, 1, 1.5 and 2. The time of integration used in T =
20. The accuracy of the MLMC method is excellent for all € values. At the final time, i.e,
trina = 20, we see that there is a difference of at most 2 molecule between the results of
the SSA and the MLMC with e=2 and resulting in relative error of approximately 0.7%.
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110 Comparative Plotting of Expected Values of SSA and MLMC for Cyclical Reaction
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Figure 4.23: Cyclical Reaction Model: Means of number of molecules of species S5, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance e being 0.5, 1, 1.5 and 2. The time of integration used in T
= 20. The accuracy of the MLMC method is excellent for all € values. At the final time,
i.e, trinar = 20, we see that there is a difference of at most 1 molecule between the results
of the SSA and the MLMC with €=0.5 and resulting in relative error of approximately
1.1%.
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Comparative Plotting of Expected Values of SSA and MLMC for Cyclical Reaction
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Figure 4.24: Cyclical Reaction Model: Means of number of molecules of species S3, as a
function of time, estimated using 10,000 trajectories of the SSA and the MLMC method
with values of the tolerance e being 0.5, 1, 1.5 and 2. The time of integration used in T
= 20. The accuracy of the MLMC method is excellent for all € values. At the final time,
i.e, trinar = 20, we see that there is a difference of at most 2 molecule between the results
of the SSA and the MLMC with ¢ = 0.5 and resulting in relative error of approximately
2.6%.
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10 Plot of log(Epsilon) vs. log(Error)
T T T T T

—O— log(Error)
—¥%— linear fit, slope = 1.9918

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
log (Epsilon)

Figure 4.25: Cyclical Reaction Model: the loglog plot of the absolute error of the MLMC
with various values of € compared to the SSA; as a function of the tolerance e. The values
of tolerance €;=0.5,60=0.75, e3=1, €,=1.25, e4=1.5 and e;,=2
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Chapter 5

Conclusion

This thesis discusses numerical strategies for simulating stochastic discrete models of
well-stirred biochemical kinetics, namely the Chemical Master Equation. The focus is
on efficient and accurate methods for approximating the expected value of a function of
interest (f) of the stochastic process modeling the evolution of the biochemical network,
X (t). The recently developed multi-level Monte Carlo (MLMC) of Giles is more efficient
that the existing stochastic simulation algorithm of Gillespie, for evaluating the expected
values E(f(X(1))).

Although, the SSA is an exact algorithm, it often requires a high computational cost,
especially when some reactions in the system are fast therefore taking smaller time-
steps because the step size in SSA in inversely proportional to the sum of propensity
functions. The multi-level Monte Carlo method provides a more cost-effective way to
estimate F(f(X;(t))) than the Stochastic Simulation Algorithm, by choosing a sequence
of levels from coarser grids to finer grids. Trajectories on coarser grids are cheaper to
simulate but inaccurate, while trajectories on finer grid are expensive to simulate, but
accurate. In the MLMC tau-leaping method, we observed that we can pick a fix step
size and calculate the expected value of our functional using different levels with the first
level being the base estimator and subsequent levels being the bias correction estimators.
These correction estimators are added to the base estimator to reduce bias resulting in

higher order of accuracy. The accuracy of the estimator obtained from this addition is
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CHAPTER 5. CONCLUSION

that of the most accurate levels added.

The MLMC method reduces the variance of the estimator by coupling the sets of tra-
jectories simulated at each level. If the variance of the estimator is reduced then fewer
trajectories are needed to obtain a similar accuracy of the estimator, thus reducing its
computational cost. Our approximation may be as close as possible to the exact al-
gorithm by choosing more levels but higher number of levels also comes at a higher
computational cost. So, there is a trade-off between the efficiency of the estimator and
the achieved accuracy. We investigated improvements for the number of trajectories on
each level taken by the MLMC strategy for a certain accuracy. This improved MLMC
strategy has accuracy comparable to that of the SSA, but at a small fraction of the
SSA’s computational time. In addition, we investigated the effect of choosing a certain

tolerance, on the accuracy achieved by the MLMC technique compared to the accuracy
of the exact SSA.

We investigated the behaviour of the MLMC strategies compared to the SSA on several
models of biochemical networks arising in applications and we discussed the advantages
of the MLMC approach.

Future Work

In our future work, we shall design adaptive time-stepping strategies method for MLMC
techniques for stochastic biochemical networks. Such adaptive schemes are particularly
important for the cost of moderately stiff to stiff biochemical systems. For stiff problems,
a fixed-stepsize scheme significantly increased the computational time of the algorithm,

for a given level of accuracy compared to a variable stepsize scheme.
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Appendix 1

Probability Distributions

e The random variable X has a uniform distribution over the range [a,b], X ~ U(a,b),

if it has a probability density function of the form

b—a

L ifa<ax<b,
0 otherwise.

e The random variable X has an exponential distribution with parameter A, X ~

Ezp(\), if it has a probability density function of the form

Frla) = { Ae”® if x >0,

0 otherwise.

e The random variable X has a Poisson distribution with parameter A\, X ~ P(\), if

it has a probability mass function of the form

ifk=0,1,2,...
e The random variable X has a binomial distribution with parameters n and p, X ~
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APPENDIX 1. PROBABILITY DISTRIBUTIONS

B(n,p), if it has a probability mass function of the form

ifk=0,1,2,..n
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Appendix 2

Poisson Process

e A stochastic process {N(t),t > 0} is said to be a counting process if N () represents

the total number of events that occur by time t.

e The counting process {N(¢),t > 0} is said to be a Poisson process having rate
A >0, if:

2. the process has independent increments,

3. the number of events in any interval of length ¢ has a Poisson distribution

with mean At, i.e., for all s,¢ > 0 the following is true

P{N(t+s)— N(s) =n} = e M

n!

for n =0,1,...
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2.1. LINEAR COMBINATION OF INDEPENDENT POISSON RANDOM
APPENDIX 2. POISSON PROCESS VARIABLES

2.1 Linear combination of independent Poisson ran-

dom variables

If X; and X, are independent Poisson random variables such that X;~P;(\;) and
Xo~Pa(Ag) then X7 + Xo~P(A + Ag), that is X7 + X5 is a Poisson distribution of

parameters Ay + Ao.
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Appendix 3

Convergence in Probability

Let €2 be a set, then a ¢ — algebra F on w has the following properties:
1. o e F
2. FeF
3. If Aj,Ay,.. € F then A :=U2X,A; € F

Here (€2, F') is a measurable space. A probability measure P is a mapping P : F' —[0,1]

with the following properties:

1. P(¢) =0and P(2) =1
2. If the sequence of sets {A;}:°, € F and are disjoint, then P(U,A;) = ZP(AZ»).
i=1

The triplet (€, F, P) is a probability space.

Let (2, F, P) be a probability space. The sequence of random variables (Y;,) converges
in limit (convergence in probability) to Y, i.e, Y,, — Y if|

P(w: [Y(w) =Y (W) >¢) = 0

asn —ooand Ve>0
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