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Abstract

In this thesis, we aim to derive analytical formulae to price the
so-called Volume Weighted Average Price (VWAP) options. In
particular, the stock price is assumed to evolve as a geomet-
ric Lévy process and the trade volume process is modelled via
a shifted squared Ornstein Uhlenbeck process. First, the the-
ory of Lévy processes is discussed from both a probabilistic and
stochastic analysis point of view; Next, analytical formulae for
the first two moments of VWAP are derived, numerically com-
puted and VWAP call options prices are found; Finally, VWAP

is simulated to benchmark the analytical results.
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Chapter 1

Introduction

1.1 Motivation and Literature

VWAP options are derivatives written on VWAP. VWAP stands for Volume Weighted Average Price.
These derivative products are relatively new to the market place. An important question that our thesis
addresses is how to price such derivatives.

Most of the existing literature on VWAP focuses on the development of trading strategies and
algorithms [62]. We are aware of only two papers and one dissertation that discuss VWAP from an
option pricing point of view [62; 79; 80]. The two papers and the dissertation utilise a technique called
moment matching. In our view, it is crucial to analyse each method and to identify a suitable method to
work with. The main contribution of the paper [80] is the development of a moment-matching method to
find a lognormal approximation for the call option via approximating VWAP first and second moments
using a truncated Taylor series expansion. The author worked under a continuous time setting for
VWAP with a geometric Brownian motion for S(¢) and a Cox-Ingersoll-Ross (CIR) model for volume
process U(t). It was shown that approximation for the first and second moments of VWAP can be
found by solving a large (19 equations!) system of ODEs. The author in paper [80] has also contributed
the following in his Ph.D. thesis.

e Derivation of a fundamental pricing PDE that describes the price of the VWAP options;

e Derivation of analytical formulae of the option bounds for both fixed and float strike VWAP

options;
o FEvaluation of VWAP options Greeks via Finite Difference, Pathwise and Likelihood ratio methods;
o The paper [80] and the methodology in pricing VWAP exotic options (VWAP digital options);

e Solving the fundamental pricing PDE via Finite Difference, Crank-Nicolson and Alternating Di-

rection Implicit schemes;
e Development of a series solution to the VWAP option price.

The Novikov et al. [62] paper studies the approach in paper [80] and develops a semi-analytical
method. Three improvements are made. The first improvement is the approximation method used in
computing the moments of VWAP that involved a ratio of two integrals. In the former, the approxima-
tion method used required solving a large (19 equations!) system of ODEs. In contrast, in the latter,
the two moments are approximated by calculating the Laplace Transform of the integral of the squared

Ornstein-Uhlenbeck process. It is shown that calculation of this type relies only on change of measure



via Girsanov theorem and does not involve solving PDEs and ODEs. This idea comes from the context
of calibration of an Ornstein-Uhlenbeck process [61]. Another improvement in the latter approach is
the derivation of the exact analytical formulae for the moments of VWAP. The third improvement
attributed to the choice of distribution being matched, the moments of VWAP are matched to the Gen-
eralised Inverse Gaussian (GIG) distributed in addition to matching with the lognormal distributed.
The numerical results comparison indicates that the GIG approximation is more accurate than the
lognormal approximation. Nevertheless, we will detail both approaches in chapter 3 in more depth.

As one can see, Stace’s approach works, but not as efficient. Solving a system of 19 ODEs is very
computational intensive and mistakes are more likely to occur. It was identified by one of the author
in paper [62] that one of the solution of the system of the 19 ODEs was in fact false. Hence, we adopt
the semi-analytical approach developed by Novikov et al. (2010) [62] as a main reference for this thesis
due to its simplicity and accuracy.

However, we would like to relax the following assumption on the original work of the original work
of [62].

e Stock price S(t) evolves as a GBM, i.e. S(t) ~ lognormal(u — %(72,02)

e The Brownian motion under the price dynamics is uncorrelated with the Brownian motion in the
volume dynamics, which leads to the independence between the model for the stock price S(t)
and the volume U (1).

Consider the first assumption, recall the classical diffusion model (Merton (1973), Black and Scholes
(1973)) for the process S(t) is
dS(t) = S(t)(udt + cdW(t))

where W (t) is a standard Wiener process, u is the expected return and o is the stock price volatility.

The solution of this equation is
S(t) = S(Q)e(u—%az)th(t) (1.1)

The increments of the Log price are called continuous compounded return and are then given as
1
L(t) = log(5(t)) —log(S(t-1)) = (n - 502)15 +o(W(t)-W(t-1))

which implies that returns are independent identically distributed (i.i.d.) Gaussian random variables.
It is well known that contrary to a Wiener process, In(S(t)) are neither Gaussian, nor homogeneous
and do not possess the property of independent increments (see [56]). Indeed, the distribution of log
returns appear to be fat-tailed and asymmetrical, and these properties are not explained in the diffusion
based (Black Scholes) model. There is another important property of the market that is not explained

4

in Black Scholes, which is the phenomenon “volatility smile”. This is caused by the assumption that

volatility is constant over time in the Black Scholes model. Let us now analyse this problem.

1.1.1 Evidence of inadequacy of Brownian motion: Volatility skew and

smiles

The validity of an option pricing model is justified by the ability of capturing the state of the options
market at a given instant. A valid model for volatility smile should be capable of calibrating to liquid
stocks, bonds and options, then can be used to interpolate to the hidden hedging ratio (Delta) of a
regular or an exotic option. One of the well known smile model is the Black Scholes, it translates market

price of the option into a expression in function of implied volatility, denoted as 6+(T, K). Considering



the plain vanilla European call with payout
(S(T) - K)*

Practically, such a option is expressed in term of two variables: the moneyness M = % which is the
extent to which the option is in or out-of-the-money, and the time to maturity 7 =7 —t. At any time
t, the Black Scholes gives

CPS = (B34, M, 7,6) = S(0)®(dy) - Ke " ®(dy) (1.2)

where

—1n(M)+T(r:t”—2) K 1 T g2
dy o= 2. M=——: 7=T-t ;® :—f T2 d
1,2 o 500) T (x) o e T

Since equation (1.2) is a continuous function of o, mapping (0, c0) into ((S(t)-Ke™ )", S(t))!. Hence,
given any market price C;(T;,K) of a call option matures at T;, one can always infer the value of

6+(T, K) to match the Black Scholes price with market price. Mathematically,
3 6T, K)>0: fP5(t, M, 7,64(T;,K)) = C;(T;,K)

6¢(Ti, K) is called (BS) implied volatility of the option, denoted as 62%(T}, K) from now. If the
assumptions underlying the Black Scholes formula were correct, the plot of the implied volatility of an
option across all level of strike prices and time to maturities should look flat, because the assumption

of the Black Scholes model is that the implied volatility 6; should not depend on ¢ and the moneyness

K
5(0)

Some possible causes of the volatility smile could be:

o Insufficient number of parameters in accurately describing the distribution of interest. In Black
Scholes model, stock price is assumed to evolve as a geometric Brownian motion with only two
parameters (M, o?). Empirically, asset price are fat-tailed and skewed, hence more parameters
need to be considered. However, an increase of parameters results in a loss of model parsimony

and a balance need to be struck.
e Observed price processes are not continuous, they exhibit jumps and spikes.

In spite of these mentioned shortcomings, the Black Scholes model that based on Brownian motion
remains a reference model due to its simplicity. To preserve the parsimony of the Black Scholes model
one may keep the property of independent, stationary increments. Notice that in equation (1.1), the
exponent is in fact a Lévy process, out of all analytical tractable models which we considered, Lévy
process offers the ability to model skewness and kurtosis, hence a candidate that could be considered

in replacing Brownian motion is Lévy process. So, we assume
S(t) = 5(0)er® (1.3)
where L(t) is a Lévy process, L(0) = 0.

1.1.2 A flexible alternative: Jump-types Lévy processes

There is already a vast literature on Lévy processes. During the last fifteen years, there has been a great

revival of research interest in these processes, due to the theoretical development and applications to

IThe interval is the greatest arbitrage bounds on call option prices



option pricing in Mathematical Finance. Many textbooks, research papers and international conferences
were devoted to Lévy processes. Some of the reasons why these processes are important, and should be

studied are:
e They can generalise the random walk to continuous time.

e They are the simplest class of processes which paths consist of continuous interspersed with jump

discontinuous of random size at random times.
o The structure is rich enough to generalise wider classes of processes, such as semimartingales.

e As prototypes of semimartingales, these are natural models to construct stochastic integrals and

to derive stochastic differential equations.

e The structure is very robust in the sense of generalising from the Euclidean space to other spaces,

such as Banach and Hilbert spaces, Lie symmetry and quantum groups.

From the perspective of option pricing, a number of models have been developed in adopting more
flexible distributions than the Gaussian distribution. Some notable examples on the choices of distri-
butions which have been proposed are the the Normal Inverse Gaussian (NIG) [4], the Meixner process
(Schoutens [75]), the four-parameter distribution named CGMY after the names of Carr, Geman, Madan
and Yor [12], which was generalized to a six-parameter distribution in [13]. Since most of the proposed
processes belong to the family of Lévy processes, a vast literature on option pricing has been developed
in replacing the traditional underlying source of randomness, the Brownian motion, by a Lévy process.
But an important question in this thesis is the choice of the Lévy process . Some authors suggest to use
the Poisson Jump Diffusion Model, first put forward by Merton (1976) [50]. The convenient features of
this model is that the diffusion part is responsible for the usual fluctuations in the return series and the
jump part accounts for extreme events. However, there are several weaker points of this model. Madan
& Seneta (1990) strongly advocates against the use of jump diffusion and stochastic volatility models.
They argue that the parameters under diffusion based 2 models are highly unstable due to the inherent
infinite variation property [7] and they have gone one step further and have considered pure jumps
models with no diffusion component, this is the so-called Variance Gamma (VG) models. These are
purely discontinuous models (pure jump) with finite variation and infinite activity (low activity). As
the name suggests, these kinds of models have no continuous component, with discontinuities infinite
in number. The advocator uses economic analysis, combined with structural mathematical results, to
point to the use of pure jump price processes over continuous path processes. In short, under the law of
one price, the stock price process is an effective semimartingale. Every semimartingale can be expressed
as a time-changed Brownian motion. Hence, the study of price processes is reduced to the study of
time-changed Brownian motions. Now, the crux of Madan’s argument is that the price trajectory can
only continuous if the time change is continuous and locally deterministic. Intuitively, one may view
such time changes as measure of economic activity such as the arrival of new information, buy and sell
orders or trades. One would expect some randomness and local uncertainty from these activity, pointing
to a class of discontinuous price processes. Additionally, if time change is meant to be continuous, then
price process would also be continuous, then the process must be Gaussian, locally speaking. Hence,
their choice of using a pure jump models is justified. However, in this thesis, we have chosen to work

with a Lévy process with finite first moment of the following form

L(t)=60t+cW(t) + X(¢) (1.4)

2includes Black Scholes, Stochastic volatility and jump-diffusion models



Our rationale for this choice is twofold [24].

First, the price process given by equation (1.3) is required to be a martingale. As it will be illustrated
in the rest of the thesis, a constant drift term can be easily computed in satisfying this requirement.

Second, for price process S(t) to be a martingale, both of the expectation of S(¢) and the expectation
of the exponential of S(¢) have to be finite. This is because, Lévy processes we use in finance are required
to have finite first moment. We would like a model that can allow the volatility smiles and long-tailness
of the return distribution, but not as long-tailness as not to allow for the existence of the first moments.
The requirement of finite exponential moment excludes Lévy processes of infinite variation such as the
stable processes. As we will illustrate in 2.3, the drift term in the new Lévy-Khintchine formula is
simply the expectation of the Lévy process at time 1, i.e. E(X (1)), and E(L(¢)) = tE(L(1)), since the
diffusion component and the pure jump integral that is of finite variation are both martingales with
expectation of 0.

It shall be stressed that the purpose of this thesis is not to promote the use of alternative processes
or models, the aim is to provide enough theory so that jump processes and models built from these
results hold no mystery to us, and we can conveniently work with them when needed.

Another assumption of the original work [62] that meant to be relaxed is the assumption of indepen-
dence between Stock price S(¢) and trade volume U(¢). This is not necessarily realistic and deserves
to be relaxed. Motivated from the modelling of loss and allocated loss adjustment expense (ALAE)
amount in the actuarial literature, the original proposal for this thesis in addressing this issue was to use
copulas. Copulas are used in probability theory to model dependence between real random variables.
It is a useful mathematical tool for modelling the dependence structure of a multivariate distribution
separate from the marginal distribution without having to explicitly specify a unified, traditional joint
distribution. In the case of VWAP, it may allow us describe the joint distribution of S(t) and U (¥)
while naturally characterize the dependence structure between the two objects. Since Lévy process is
of concern, we considered to use the Lévy process analog form of Clayton copula [82]. However, at a
later stage, we decided not to adopt this tool in pricing the VWAP options, but to concentrate purely
on the theory of Lévy process for this thesis. The reasons are twofold.

First, based on existing literature on Lévy copula®, to utilise the notion of Lévy copula, an implicit
assumption is that both marginal distributions of S(¢) and U(¢) need to be identical Lévy processes,
which contradict our assumption that U(t) is a squared Ornstein-Uhlenbeck process. In fact, the process
of volume is rather complex and can not be reconstructed from market prices [11], and it does not seem
to be reasonable to arbitrarily assume volume is of the same Lévy process as stock prices.

Second, although it is well known in actuarial community that copulas plays an important role
in modelling dependent risk, the practical implementation in Mathematical Finance and derivative
pricing appears to be unsuccessful. The methodology of applying Gaussian copula to credit derivative
was known to be one of the reason behind the global financial crisis of 2008-2009.

To incorporate the dependence in some fashion, we subsequently decided to use the classical approach
to relate two Wiener processes (See Klebaner (2006) p. 120). The method is quite simple, suppose we
know how to generate two independent Gaussian random variables, z1, 29, then another two random

variables can be generated from z1, zo via the following equations.

xr1 =21
T =pz1+\/1-p?z

3We are only aware of one paper on Lévy copula at the time of this thesis, [82], which is due to Peter Tankov.




Replace the above two random variables with two Brownian motions, we have

WO () =W(t)
WP () = pW (t) +\/1 - p2W () (1.5)

It is easy to verify that o2(W M (¢)) = e2(WM(¢)) = ¢, and

Cov(W D (1), WP (1)) = Cov(W D (t), pW (£) + /1 - p2W (t)) = pt

Remark. The concept of correlated Brownian motion boils down to the use of Pearson’s correlation
(Linear correlation), which is the most frequently used in practice as a measure of dependence. Nev-
ertheless, we shall stress that the method described above works only when the random variables of
interest are Gaussian distributed, unlike copulas, that are invariant under strictly increasing transfor-
mations of the underling random variables, the use of linear correlation for dependence modelling is
quite misleading in general and shall not be taken as the canonical dependence measure. Fortunately,
our setup * allows us to utilise Pearson correlation to model the dependence structure between the
driving Brownian motions.

In closing, the difference between this thesis and the main reference paper [62] is twofold. First,
we consider a popular alternative to the classical geometric Brownian motion process in governing the
dynamics of the stock price, this is the jump-type geometric Lévy process. In particular, we focus on
the theory of the Lévy process.

Second, the dependence structure of the stock price and volume is modelled via a linear correlation

coefficient.

1.2 Problem Formulation

We consider the so-called VWAP options under a Lévy process, with the expiration date 7' and the
strike level K > 0, written on the so-called Volume Weighted Average Price. The problem is to find out
the expected payoff at time T of this option:

[TS(t)U(t)dt ’
C(T) = (A(T) - K)* = | *—— - K
[U(t)dt
0

where

S(t) = S(0) exp{rt + L(t)} (Stock price evolves as a Geometric Lévy process)

o L(t)=mt+opuW®(t) + XVE(t)

o U(t) = X?(t) +J (Trade volume evolves as a shifted squared Ornstein Uhlenbeck processes)
o dX(t) = Ma-X(t))dt+ooudW M (t)

We assume m, \, ogpm, 0ou, @, 0 are bounded constants and ¢ > 0, A > 0. In particular, A being the
speed of mean reversion, a the long term average of the volume process, cou, opm are respectively, the

the volatility of the volume process and diffusion coefficient of the Brownian motion process. W (¢),

4The two dependent random variables in our setup are two Wiener processes, which are Gaussian distributed with
mean 0 and variance 1.



and W) (t) are standard one-dimensional Brownian motions defined on some filtered probability space
(Q, F,F,P), with quadratic variation satisfying [W ™, W®](t) = pt.

1.3 Research Objectives and Aims

Although there is a vast literature on pricing of Asian options, as just mentioned, very little literature
is found on the pricing of VWAP options. On the other hand, there is already a large and still growing
literature on option pricing with Lévy processes in a univariate setting, however, none of these papers
deal with the problem where the payoff of the options depends on volume weighted average price value
of the underlying asset price. This thesis aims to fill this gap. The objective of this thesis is twofold,
first, it has a pedagogical purpose in the sense of exploring basic properties of the Lévy process and
constructing the option pricing model from a theoretical (stochastic analysis) perspective. Second, we
extend the existing literature on VWAP option pricing to a Lévy process framework. In particular, we
utilise the semi-analytical method developed in Novikov et al. (2010) under a Lévy process framework.

The aims of this thesis are:

e To explore the theory of Lévy process and its stochastic calculus applications in Mathematical

Finance.
o To derive explicit formulae for the moments of VWAP that describe the distribution of the VWAP.

e To conduct Monte Carlo analysis to verify analytical results on VWAP moments.

1.4 Scopes of Research

e The moment-matching technique
This is a method to approximate a unknown distribution by a known one. To approximate a Non
Gaussian distributed by a lognormal distribution, we choose & and & of the lognormal distribution
such that the first and second moments match those of the target distribution. If X is a Gaussian

distributed random variable with mean 0 and variance 1, then let
A= eﬂ+5’z

be the lognormal variable approximating our distribution. We proceed to choose ji and & such

that the moments
E(A") = pifHi*E? /2

for ¢ = 1,2 yield the first and second moments of the approximated distribution. What remains,

5

is to calculate the moment of the approximated distribution®. Nevertheless, we elaborate the

moment matching technique in 5.3.

e The simulations and calculations
Monte Carlo simulation with 10° trials are implemented with MATLAB. Numerical integration

of multiple integral in exact expression of analytical moments is computed in Mathematica.

5In this thesis, the approximated distribution is the VWAP distribution



1.5 Thesis Structure

This thesis is structured as follow: Chapter 2 describes the Lévy processes and its behaviour and
stochastic properties. Chapter 3 details the literature on VWAP options and provides the background
on VWAP in practice. Chapter 4 describes Variance Gamma (VG) model. Chapter 5 describes the
pricing setup for the VWAP options under a Geometric Lévy model, the pricing methodology (Moment
Matching approach) and derives the analytical formulae for moments of VWAP. Chapter 6 describes
the Monte Carlo Simulation of the underlying processes of the VWAP option. Chapter 7 presents
numerical results for moments of VWAP and call option prices that have been verified by Monte Carlo
simulations. Chapter 8 concludes. The appendix contains three parts.

Appendix A includes

e The necessary mathematics used in this thesis;

e Additional calculations of covariance function.
Appendix B includes

o Mathematica codes for the analytical approximations for the geometric Lévy model (main model)

concerned in this thesis.

o« MATLAB Monte Carlo simulation codes for the geometric Lévy model (main model) concerned

in this thesis.
Appendix C includes

¢ MATLAB codes in simulating trajectories and option price under the geometric Brownian motion

model;

e Mathematica codes for the analytical approximations under the geometric Brownian motion

model;

e Mathematica codes for the analytical approximations in response to the change of correlation

level.

We also provide a CD that contains all Mathematica Codes, MATLAB codes and the exported data
for this thesis.



Chapter 2

Lévy Processes and Geometric Lévy

models

2.1 Introduction

Lévy processes are objects from probability theory, which proceed Mathematical Finance, as well as
in other fields of science such as Physics (turbulence, laser, cooling), Engineering (telecommunication,
queues) and Actuarial Science (insurance risk model). One can think of Lévy processes as continuous
time analogues of random walk. The best known Lévy process, the Brownian motion, was introduced in
1900 by Bachelier. Later, in 1959, it was refined by Osborne and applied to stock prices by Samuelson
(1965) [73]. In addition to Brownian motion, Mandelbrot (1963) [49] put forward the symmetric stable
distribution. Later, pure jump based Lévy processes such as Variance Gamma (Madan and Seneta [48]),
normal inverse gaussian (NIG) (Barndorff-Nielsen et al. (1985)[4]) and CGMY [6], were developed and
studied. Generalized hyperbolic distributions was introduced with the intention of describing a physical
phenomenon: the migration of sand-dunes. Although the Generalised Hyperbolic (GH) distributions
were meant for something else, Barndorff-Nielsen inspired Eberlein and Keller to investigate these
distributions for modelling stock returns (Eberlein and Keller (1995) [25]). The results are distributions
that describe stock returns more accurately than the Brownian motion. The need to advance to these
more complicated models primarily comes from the hedging and pricing of options, where it is crucial
to be able to determine a practicable risk neutral probability of returns. Upon concluding that stock
returns are not Gaussian distributed one is left with the task of exploring models that describe returns in
way that allows for accurate hedging and option pricing. Flexibility is the key; What is needed is a model
that allows for excess kurtosis and skewness, such models can be found within the Lévy family. There
are four main classes of Lévy processes which feature heavily in current mainstream literature on market
modelling with Lévy processes [43]. They are jump-diffusion processes (consisting of a Brownian motion
with drift plus a independent compound Poisson process), the Generalized Tempered Stable processes
(which include Variance Gamma process and CGMY process), Generalized Hyperbolic processes and
Meixner processes. In this thesis the focus will be on Variance Gamma (VG) process. There is an
extensive literature that describes the theory of Lévy processes with applications to finance, including
several excellent reference books. We shall stress that this chapter presents a contribution by aiming to
provide an overview of Lévy process and their stochastic calculus applications in Mathematical Finance.
Some of the results may not be relevant to this thesis, but useful for applications in general. To serve
that purpose, most of the proofs are omitted. For the sections 2.2 to 2.5, we follow Sato (1999) [74],
Cont & Tankov (2004) [15] and Papapantoleon (2008) [64]; For the sections 2.6. and 2.7, we follow Cont



& Tankov (2004), Protter (2005) [70] and @ksendal et al (2009) [20].

2.2 Lévy process and Infinite Divisibility

Let us start with the definition of two familiar processes, a Brownian motion and a Poisson process.
A real-valued process W = {W (t),t > 0} with W(0) = 0 defined on a probability space (2, F,P) is

said to be a Brownian motion if the following conditions are satisfied:
e The trajectories of W are P-a.s. continuous.
o It starts at zero: W(0) =0 or P(W(0) =0) = 1.
o Stationary increments:V 0<s<t, W(t)-W(s) d W(t+h)-W(s+h).
o Independent increment: V 0<u < s<t, W(t) - W(s) is independent of {W(u),u < s}
o Distribution identity:Y 0<s<t, W(t) - W(s) d W(t-s).
e For each ¢t >0, W(t) ~ N(0,1).

A process valued on the non-negative integer N = {N(¢) : t > 0} defined on a probability space (2, F,P)

is said to be a Poisson process with intensity A > 0 if the following are satisfied:
o The trajectories of N are P-a.s. right continuous with left limits (RCLL).
o It starts at zero: N(0) =0 or P(N(0)=0) = 1.
 Stationary increment:V 0<s<t, N(t) - N(s) d N(t+h)-N(s+h).
o Independent increment: V 0<u<s<t, N(t) - N(s) is independent of {N(u),u < s}.
o Distribution identity:V 0< s<t, N(t)—-N(s) d N(t-s).
o For each ¢t >0, N(t) is Poisson distributed with parameter At.

The two processes seems to be considerably different from one another. Firstly, Brownian motion
has continuous trajectories whereas a Poisson process does not. Secondly, a Poisson process is a non-
decreasing process and has trajectories of finite variation', whereas a Brownian motion has trajectories
of infinite variation.

Nevertheless, they share a lot in common. Both processes have right continuous paths with left
limits, start from the origin and both possesses the stationary and independent increment. With the
aid of these properties, we are in a position to define a general class of one dimension processes, which

are called Lévy processes.

Definition 2.1. A process X = {X(¢),t > 0} defined on probability space (2, F,P) is said to be a Lévy

process if the following properties are satisfied:
e Cadlag path: The trajectories of X are P-a.s. right continuous with left limits.
o It starts at zero: X(0) =0 or P(X(0) =0) =1.
o Stationary increment:V 0<s<t, X(t) - X(s) e X(t+h)-X(s+h).

o Independent increment: V 0<u<s<t, X(t) - X(s) is independent of {X (u),u < s}.

Itrajectories of bounded variation over finite time horizons

10



o Distribution identity:V 0< s<t, X(t) - X(s) d X(t-s).

Lévy processes are processes with very strong properties, the first properties can be observed directly
from Definition 2.1. That is, every Lévy process has the properties of stationary and independent
increments. In the early days of the research literature, Lévy processes were simply referred to as
processes with stationary and independent increments. Notice that these properties implies that a Lévy
process is a Markov process. With the aid of almost sure right continuity of trajectories, one may show
Lévy processes are also strong Markov processes?.

Based on the definition of Lévy process, one may not be able to see how rich a class of process the
class of Lévy process forms. De Finetti® [18] introduces the notion of infinite divisible distribution. The
property of infinite divisibility is very powerful in the sense that it allows us to construct any Lévy
process of interest. A random variable is infinite divisible if it could be written as a sum of n i.i.d.
random variables, for all n > 2. The meaning is that the distribution of Yj(n) depends only on n, but not
on j. Based on this property, the random variables could be reconsidered as a sum of smaller pieces.

More precisely,

Definition 2.2 (Infinitely divisible distribution). We say that a real valued random variable © has an
infinitely divisible distribution if for each n = 1,2, ..., there exists a sequence of i.i.d. random variables
©4,...,0, such that

020y, +..+60,,

Alternatively, we could have expressed this relation in terms of probability laws. That is to say, the

law p of a real valued random variable is infinitely divisible if for each n = 1,2, ... there exists another

*7

law pp, of a real valued random variable such that p =y,

, the n-fold convolution of p,.

Theorem 2.1. All infinite divisible distribution is closed under affine transformations, convolutions

and limits.

The two well known distribution: Poisson and the Gaussian distribution, are infinitely divisible.

This can be verified by the respective characteristic functions,
o2
L)Ogauss(u) = €xXp (Zeu - 2u2) s (2'1)
@pois(u) = exp ()\(ezu - 1)) ’ (22)

satisfy Definition 2.2.

2.3 Lévy-Khintchine Representation

The full extent to which we may characterize infinite divisible distributions is carried out via their
characteristic exponent v and this expression is known as the Lévy-Khintchine formula. This formula
builds the one-to-one correspondence between the Lévy process and its characteristic function. In this

section, we present two versions of the Lévy-Khintchine formulae. First,

Theorem 2.2 (Lévy Khintchine formula 1). Every infinite divisible distribution p can be written in
the form
f e p(dr) =e M ueR
R

2The proof is not provided in this thesis as it is very technical and is beyond the scope of this thesis.
3Ttalian probabilist, statistician and actuary.
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with )
¥ (u) = —ifu + 502u2 - /D;(e““” =1 —iuxlyy<1y)v(dr)

or some 0 e R, 02 >0, and v on Ry such that
fR(l Ala2)(dz) < oo (2.3)

The parameter 0,0% and v uniquely characterize the distribution law p. (0,0,v(dz)) is a generating
triplet, where 0 is the drift coefficient, o® the diffusion coefficient and v the Lévy measure. v(dx) will
often be of the form k(x)dx, and k is often referred as the Lévy density.

From the definition of Lévy process, we see that X (¢) is an infinitely divisible random variable. This

follows from the fact that for any n=1,2, ...
X()=X(t/n)+ (X (2t/n) - X(t/n))+...+ (X () - X((n-1)t/n)) (2.4)

together with the fact that X has stationary independent increments. Suppose now that we define for
all 0 e Rt >0,
i(u) = ~log B(e™* ")

When t =1, we have
W(u) = ~log E(e™* D)

Using equation (2.4) twice we have for any integer m,n that

map1(u) = Ym(u) = Nty (u) ¥ m,neN

and hence for any rational ¢ > 0,

Ye(u) =thy(u) V teQ
where 1 (u) := 11 (u) is the characteristic exponent of X; which has infinite divisible distribution.

Theorem 2.3. X (t) is infinitely divisible for a Lévy process {X (t),t > 0}. Furthermore

Px(y(u) = X1 = ¥

and

E(X(1)) = tE(X (1))

We see that each Lévy process can be associated with an infinitely divisible distribution. An im-
portant issue is that, given an infinitely divisible distribution, can we construct a Lévy process X, such

that X (1) has that distribution. The following theorem will answer this question.

Theorem 2.4 (Lévy-Khintchine formula for Lévy process). Suppose that @ e R,o >0 and v is a measure
concentrated on Ry such that [5(1 A|z|*)v(dz) < co. From this triplet define for each 0 € R,

(u) = —ifu + %U2u2 - [R(eiw =1 —iuxlyy<qy)v(de)

Then there exists a probability space on which a Lévy process is defined having characteristic exponent

®.

The Lévy process is usually specified by a generating triplet: (6,02,v). Notice that if o > 0 there

12



is a continuous Gaussian component in the Lévy process X, otherwise, X is a pure jump Lévy process.

Pure jump Lévy process can be classified according to the behaviour of Lévy measure.

Proposition 2.5. Let X be a Lévy process with a generating triplet (6,02%,v), the there are three cases
that one may consider.

e Case 1: v is a finite measure, i.e., [pv(dz) < oo;
o Case 2: v is not finite, but /Izlﬁl |z|v(dx) < oo;
e Case 3: v is not finite, and f\x\él |z|v(dz) = oo.
Proposition 2.6.
1. If 0 =0 and f\x\sl |z|v(dx) < oo, then almost all paths of X have finite variation.
2. If c#0 and fmsl |z|v(dx) = oo, then almost all paths of X have infinite variation.

For case 1, if o = 0, then the stochastic processes so-called jump diffusions are obtained; Otherwise,
compound Poisson processes are obtained.

For case 2, if ¢ # 0, then the process is an infinite activity process of bounded variation. Such
processes include the Gamma process, the Variance Gamma process.

Processes fall into case 3 in Proposition 2.5 are stable processes, they are not even of bounded
variation.

An important result mentioned previously, and will be used in the rest of the thesis is the following;:

Theorem 2.7. If X ={X(¢),0<t< T} is a Lévy process then for any t >0 and u

px, = E(eX M) = v (2.5)
u202 :
= exp {t(wu -t fR(e“” - 1—i’ux]l{¢,;<l})1/((1x))} (2.6)
where )
V() = ifu- So*u? + ]R (€™ — 1 = juall ey v (de) (2.7)

is the characteristic exponent of X1, a random variable with an infinite divisible distribution
for some 0 € R,0? >0,v on Ry such that [(1A|z|*)v(dz) < oo

Notice that the Lévy measure v is not necessarily a probability measure and so it can either be finite
or infinite, hence [ (1A |z[*)v(dz) < oo is required to ensure the tail of v are finite. On the other hand,
should v be a infinite measure due to unbounded mass around the origin, then it must at least integrate
locally against x? for small value of . The Lévy measure has the interpretation that v(A) for any
subset A € R is the rate which the process takes jumps of size x € A. Alternatively, one can view it as
the number of jumps of size falling in A per unit of time. The trajectories are continuous if and only if
v=0.

The dynamics of the Lévy-Khintchine formula boils down to the integral over the Lévy measure. We
see that in equation (2.7), the compensation of small jumps is highlighted in red. Such compensation

is necessary in general. Now take ¢ = 1, then the Lévy-Khintchine formula becomes

, 1 j
E(e™X1) = exp {i@u - §o2u2 + fR(e“‘w -1- iuwﬂ{|x|<1})v(d$)}

13



If the following integrability condition is satisfied,

/H |z|v(dz) < oo
z|<1

then we no longer need the compensation of small jumps, and the red term can be taken out from the

integral and to be added to the drift term, i,e.
- ’ ]_ .
E(e™X1) = exp {2'9 u- iazuz + /(e“” - 1)1/(dx)} (2.8)
R

where 6 = 6 — iu f{|x|<1} azv(dz). If a stronger integrability condition holds, i.e.

fu v (dz) < oo
z|>1

Then we can also compensate large jumps, i.e.

E(e™X1) = exp {i@u - %a2u2 + fR(ei“m -1- iux]lﬂmkl})v(dx)}
= exp {i@u - %02u2 + [R(emz - Dv(dx) —iu /H;ﬂﬂxkl}l’(df)}
= exp {iﬁu - %azuz + /R(e““” -1v(dz) —iu -/Rx]l{‘x‘d}y(dx) +iu /Rx]I{|w|>1}l/(da:) —iu A xH{|x|>1}I/(dx)}
=exp {2(9 + [Rx]l{|z|>1})u - %0‘2u2 + ’[R(ei““’ -1- wx)y(dx)}

” 1 .
=exp {i@ u-— §a2u2 + fR(ewm -1- zux)y(dx)}

where 6" =6 + fm>1 xv(dz).

To summarise the above, there are three central concepts of Lévy process that one shall bear in
mind before working with Lévy process.

First, the property of infinitely divisibility and the Lévy-Khintchine theorem. Some may ask why
are they necessary and deserve us to study? One main reason is that they are the restrictions one
shall be aware of before modelling and inferencing with Lévy process. If we take an infinite divisible
distribution, take its parameters as (6,02,v), and in that framework we can construct a Lévy process

in the form of

X =XD@®)+ XD @)+ xO (1)

where X is a linear trasnformation of a Wiener process with drift, X(® is a compound Poisson
process with jump size at least larger than 1, X3 is a pure-jump martingale with jump size less than
one.

However, if we take any other non infinitely divisible distributions, such as the uniform distribution.
then we cannot construct a Lévy process with that distribution. We cannot set up any part of the above
formula because 6,02, v are not present. Hence, it fails at the very beginning of having an incorrect

distribution.
Proposition 2.8. Let X be a Lévy process with a generating triplet (6,02,v). Then

e X; has finite p moment for p e (0,00), i.e. E(|X(¢)[P), if and only if

f |z[Pv(dz) < oo
J|>1
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e X, has finite p™ exponential moment for p € (0,00), i.e. E(ePX®), if and only if

[ ePu(dx) < oo
|z|>1

Proposition 2.9. IfE(|X(¢)|) < oo, i.e., flw|21 |z|v(dz) < oo, then
E(X(t)) =t(6+ flfrlzl |z|v(dz)), the process X (t) - E(X(t)) is a martingale.

Proposition 2.8 indicates that the existence of the moments is determined by the frequency of the
big jumps. Proposition 2.9 allows us to compensate big jumps to form a martingale. Hence the Lévy-

Khintchine formula takes the form

u?o?
+
2

E(e™X®) = exp {t(iu@n - A(ei“x -1- wx)l/(dx))} (2.9)
where 0" = 6 + Jiajp1 xdv(dz).

As mentioned in last chapter, the class of Lévy processes we consider in Mathematical Finance is
required to have finite first moment, proposition 2.8 helps us to identify such processes.

Another important concept is the Lévy measure. The studies of Lévy measure is important as it
allows one to determine whether a process is of finite or infinite variation. As discussed previously, the
integrability of Lévy measure carries information about the finiteness of the moments of a Lévy process.
The finiteness of the moments of a Lévy process is related to the restriction of the Lévy process to big
jumps, i.e. jump size larger than 1 in absolute value. This is a particular useful piece of information in
Mathematical Finance as it relates to the existence of a martingale measure.

In the context of financial modelling, we would like to work with the subclass of Lévy process has
at least the first moment exist. The rationale is that, for this subclass, a stronger integrability criterion

holds for the integral over the Lévy measure, i.e. ]I |z|v(dz) < oo, hence one can compensate the big

z|>1
jumps into the drift term and the Lévy Khintchine formula has a reasonable form where the mean of

the process appears as the drift term, i.e.
0 =0+ f zdv(dz) = E(X (1))
|z|>1

The new drift term 6" = E(X (1)) since the diffusion component and pure jump component in equation
(2.9) are martingales.

We will call Lévy process of this type a special semimartingale* that can be decomposed into
X(@)=0t+cW(t)+J(t)

where W is a Wiener process and J is a purely discontinuous martingale that is independent of W.
The above equation is our choice among all other subclass of Lévy process as it ensures the existence
of first moment.

Now we introduce the concept of subordination, following with some examples of Lévy process used

in various applications.

2.4 Subordination of Lévy process

The concept of subordination is important as it allows us to transform from one Lévy process to another

by time-changing with an increasing Lévy process. More precisely,

4As it will be defined in equation (2.15)
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Definition 2.3. A real-valued Lévy process is said to be a subordinator if it has a.s. nondecreasing

trajectories. The generating triplet must satisfy
1 _ 1
v(-00,0) =0, 0 =0, f zv(dx) < oo, =0+ f zv(dx) >0
0 0
and the Lévy-Khintchine formula takes the form

E(e™X®) = exp {t(zué + '/(;oo(ei“w - 1)1/(dx))}

Proposition 2.10. Let 7 be a subordinator with Lévy measure v, drift 8 and one-dimensional law
f. LetY be a Lévy process on R with triplet (6,02 v) and one dimensional law g. If T and Y are

independent, define the process
X(t) =Y (7(t))

Then X is a Lévy process on R with a generating triplet (57 52,0).

Many popular Lévy processes are created through subordination. For instance, the Variance Gamma
(VG) process is a Wiener process subordinated by a Gamma process [48]. The idea of constructing a
VG process through subordination is the following:

Suppose we start with a Wiener process with drift coefficient 8 and diffusion coefficient o
B(t;0,0) =0t + cW (t)

Now let’s randomise the time index ¢ by letting it follow a gamma process with unit mean rate and
variance rate v, i.e. 7y ~ I’(%7 v). The Gamma process is infinitely divisible, this results a pure jump

Lévy process that has an infinite number of jumps in any interval of time:
0
BY) = Xva(t) = 0, (1) + oW (7, (1))

Similarly, the Normal Inverse Gaussian process is a Wiener process subordinated by Inverse Gaussian
process [4]. In this case, the time change is given by a Inverse Gaussian distribution. The Inverse
Gaussian distribution is infinitely divisible and the resulting pure jump Lévy process is

B = Xy (t) = 016 (1) + oW (116(t))

TIG

The Generalised Hyperbolic process is a Wiener process subordinated by a Generalise Inverse Gaussian
process [25]. In this case, the time change is given by a Generalised Inverse Gaussian distribution.
The Generalised Inverse Gaussian distribution is infinitely divisible and the resulting pure jump Lévy
process is

B9 = Xau(t) = Brara(t) + oW (taia(t))

2.5 Examples of Lévy process

In this section we give some examples of Lévy processes used in finance, economics, risk management

and actuarial science.
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2.5.1 (Gaussian Process

The definition of Gaussian Process can be found in most of the elementary stochastic process textbook

(See [8; 39]). Let X (t) ~ N(ut,0?t), the characteristic exponent of a Gaussian process is given by

2 2

w(u):ié)u—ua uelR

Clearly this characteristic is of the form (2.7) with v(A) =0, VAeB(Rp)

Gaussian process is infinitely divisible and the following holds:

2,24
vx,(u) = exp (i@ut - ;

t 1 ,0%
= exp (n(zu'u - u2))

n 2 n
t 1 ,0%\\"
= (exp (iuM - u20))
n 2 n
= ((pX(t/n) (u))

where X (/™) ~ N (4 2ty
n

’'n

2.5.2 Poisson Process

Definition 2.4 (Poisson process). The counting process Ny with Ny = 0 is said to be a Poisson process

having intensity rate A > 0 if IV; has independent increments and for all s,¢ >0

e Mt=s) (A(t-s))F

P(N,- N, =k) = o

(2.10)
for ke {0,1,...},t €[0,00) and s € [0,¢]
Counsider the Dirac measure d. : B(R) — [0, 00) where
0c(A) =T ay(c) = leea
The characteristic exponent of a Poisson distribution is
P(u) =A™ -1) ueR

is of the form (2.7) with § = 0® = 0 and v(A) = \J1(A)

Poisson process is infinitely divisible and the following holds:

wx,(u) =exp ()\t(ei“ - 1))
- (exp (e -1y)
= (@X(t/n)(u))n

where X (/") ~ Poisson(2%)
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2.5.3 Compound Poisson Process

Definition 2.5 (Compound Poisson Processes). A stochastic process X; is said to be a compound

Poisson process if it can be represented as
N
Yi=) & (2.11)
k=1

for ¢t € [0,00). A Compound Poisson Processes generates a sequence of pairs (7, &k )ken of jump times
7, and marks® €,. N, is a Poisson process with intensity rate A and the marks & are iid r.v’s which

are also independent of V;.

The characteristic exponent of a compound Poisson distribution is given by

) = [(e = DAf(da)

where f is the law of the jumps. This characteristic exponent is also of the form (2.7) with 0 =
[ aAf(dz),0? =0 and v(dzx) = Af(dz).

Compound Poisson process is infinitely divisible. To show this, first let the characteristic function
of marks be E(e™") = [, e"” f(dx), then conditioning on there being n jumps on the interval [0, ], we

have
E(eiuXt|Nt _ TL) _ E(eiu(X1+...Xn)|Nt _ TL) _ ([ zua: (dI))
R

by the independence of the marks z1, ..., z,.
Recall that, for a Poisson process, P (N; =n) = (M) . By the tower law (See Appendix A: Mathe-

matical Preliminaries), the unconditional expectatlon is then

E(e™*1) = E(E(e™ | Ny))
i)IP(Nt = n)E(e™X|N; = n)

Z ()‘t)n —)\t(f zuwd(dm
— oM Z ()‘t(f]R e f(dx)))"

n!

:exp{—)\tJr)\t(/Remzf(dm))}
= exp ()\tv/R(eim—l)f(d:v))

—op (X [ -1 ()
= (Sﬁx(tm (u))n

2.5.4 Generalised Inverse Gaussian Distribution

This family is a generalisation of the Inverse Gaussian (IG) distribution and has been studied exten-
sively in Jgrgensen (1982) [37]. The Generalised Inverse Gaussian Distribution is a three parameter
distribution, it arises in the context of the first passage time of a diffusion process, when the drift and
variance of displacement per unit time are dependent upon the current position of the particle [1]. It is

proven to be infinitely divisible [5] and generate a Lévy process (a subordinator). The three parameter

5 “marks’ stands for the size of the jumps, see [67]
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GIG distribution has the density function as follows:

_ (a/b)p/Q p-1_-(az+b/x)/2
f(x)_2Kp(\/%)x € )

x>0

where K, () is a modified Bessel function of the second kind with index p. The variation of the parameter
of the GIG distribution is [26]

{(b,a) |b>0,a>0}, ifp>0
Op=1{(b,a) |b>0,a>0}, ifp=0
{(bya) |b>0,a20}, ifp<0

The above means that if p > 0,b = 0, the GIG distribution reduces to a Gamma distribution; If a =

1
2
the Normal Inverse Gaussian distribution. Other important cases are p = 0 (the hyperbola distribution)

0,p < 0, the GIG distribution reduces to a Reciprocal Gamma distribution. When p = -5, we obtain

and p = 1.

The GIG distribution has a characteristic exponent of the form (2.6) with Lévy measure

1 [e's)
v(da) =~ (b [0 g, (20t)dt + (0, p)* )e " 2 da

where

1
9 (Y) = = y>0

Ty(Jﬁﬂ(\/g) +]\4|i‘)(\/§)7

where J and M are modified Bessel functions. We refer to Abramowitz and Stegun (1970) for further
discussion on Bessel functions.
Note that we may not be able to determine whether the process is of finite variation or infinite

variation as the Lévy measure for this class involved special functions and it is quite involved.

2.5.5 Generalised Hyperbolic Distribution

The generalised hyperbolic distribution (GH) is a continuous probability distribution defined as the nor-
mal variance mean mixture where the mixing distribution is the generalise inverse Gaussian distribution,
ie.

Y=a+8V+oVVX

where «, 5 € R, o >0 and random variable X and V are independent, X ~ N(0,1). V is a continuous
distribution. In this case V is a Generalised Inverse Gaussian (GIG) distribution having the density of
the form equation (2.5.4). The conditional distribution of ¥ given V has mean a + SV and variance V.
Moments of any order exist.

The GH process can be constructed via subordination by setting the time change as a GIG distri-

bution. If we define
XGH(t) = ,Ll,t + ﬁTGIg(t) + W(TGI(}(t))

where W (t) is a Wiener process and g1 (t) is generated by GIG process.
This family was first introduced by Barndorff-Nielsen (1977) [5]. In term of the «, 8, § parameterisa-
tion, the density function of the Generalised Hyperbolic (GH) Distribution is given in terms of modified
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Bessel function of the second kind, denoted by K

_ () sy Er-yp(ay/0? + (2 - p)?)
V21K (67) (/02 + (x — p)2/a) /2>
where the parameter « > 0 determines the shape, 8 with 0 < |8] < « the skewness and p € R the

location. § > 0 is the scaling parameter and v = \/a? — 32. As the name suggests the GH distribution

is of a very general form, it embraces many subclasses, respectively the student’s t-distribution, the

p(x; A\, B,0, 1) =

Laplace distribution, the hyperbolic distribution, the normal-inverse Gaussian distribution and the VG
distribution. The main applications of GH distribution are those when require sufficient probability of
far-field behaviour, which it can model due to its semi-heavy tails. All of the mentioned subclasses of
the GH distribution have been widely used in modelling financial returns and risk processes, due to its
semi-heavy tails. The parameter A € R defines the subclasses,as it controls the heaviness of the tails.
For A =1 we have the hyperbolic distribution, for A = —1/2 we have the normal inverse Gaussian. For
0 = 0 we have the VG distribution. It is worth noticing that the two subclasses of the GH distribution
Normal inverse Gaussian and VG are closed under convolution.

The name of this family comes from the fact that, for A = 1, the logarithm of the density gives an
hyperbola, unlike the case of a Gaussian distribution where gives a parabola. As a consequence, the tail
of the distribution decays slowly with respect to the Normal. By changing the axis of the hyperbola we
get positively and negatively skewed densities.

The characteristic exponent is of the form (2.7) and is given by
¥(u) = wk(GH) + [ (e — 1 —juzx)v(dz)

where E(GH) = p+ %*(lg)’y). The Lévy measure v in terms of Bessel functions of the first and second

kind is given as follows:

el oo ef‘”‘\/m —a|z .
o7 (™ sermcmysazvmy @ 2 ) de, 220

l/(dx) = e—\wl\/2y+a2

eﬁw oo
|7(fo w2y (J2, (6v/2y)+ M2, (5v/2y))

dy) dz, iftA<0

J and M are modified Bessel functions. We refer to Abramowitz and Stegun (1970) for further discussion
on Bessel functions.

Again, similar to the case of GIG, the complicated expression of the Lévy measure does not allow
us to determine whether the process is of finite variation or infinite variation.

Note that the Gaussian coefficient o2 is 0. Another remark of this family is that a random variable
X gaving a generalised hyperbolic distribution can be written as a mean-variance mixture of a normal
distribution. That is, X is conditionally distributed as a normal N (u + 302,0?) where, in turn, o2 has

a generalised inverse Gaussian distribution.

2.5.6 Variance Gamma process

We end this section with a example of the most important Lévy process, being the VG process. The
VG process is first introduced by Madan and Seneta (1990). The characteristic exponent of a VG

1 252 1
Y(u)=——1In 1+UU V—iw‘)u):ln —_——— v, u€eR,
v 2 1+%2p —qubv

2

distribution
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and the Lévy measure is
-C3z

¢ de, ifxz>0
v(dz) = cf:w
5 ¢

—dz, ifz<0

Nevertheless, VG process will be discussed in full detail in Chapter 4.

2.6 Stochastic Calculus for Lévy processes

Given a monetary asset whose price is represented by a stochastic process S = {S(t),t € [0,T]}, two

problems related to S are often of concern:
¢ Construction of trading strategies involving S.
e Analysis of synthetic products whose value depends on S

we need to have some tools that allows us to perform transformations of the Lévy processes. As in
classical diffusion model, stochastic integrals and the It6 formula play a central role. To describe
trading strategies against S, we need stochastic integrals. To describe the dynamics of a derivative
instrument whose value depends on S(t), we need Itd Calculus. To perform transformation under Lévy
based model, the same principal holds. In this section, Some basic notions of semimartingales (as a
generalisation of Lévy process) are introduced. In particular, we focus on the construction of stochastic

integral with respect to a semimartingale. Following, It6 formulae for Lévy process are presented.

2.6.1 Semimartingales

All Lévy processes are semimartingales because any Lévy process can be splitted into a sum of squared
integrable martingale and a finite variation process. Semimartingales is a very rich class of processes.
The class of semimartingales is considerably stable under stochastic integration and nonlinear trans-
formation, it is also stable under other operations such as change of measure and time change. Hence
it turns out to be sufficient to work with semimartingales to model finite dimensional problems that
usually appear in finance, risk management and actuarial science [67]. In short, a semimartingale is

simply a local martingale plus a process of finite variation. More precisely,

Definition 2.6 (Semimartingales). A regular right-continuous with left limits (cadlag) adapted process
is a semimartingale if it can be represented as a sum of two processes: a local martingale M; and a
process of finite variation A;, with M (0) = A(0), and

S(t) = S(0) + M(t) + A(t) (2.12)

for all t € [0, 00)

In addition, a semimartingale of the form (2.12) can be decomposed into continuous and discontin-

uous parts [67]. This means that if discontinuous part of A(t) and M(t) are represented as

Al= 3 AA; and Mi= Y AM,

0<s<t 0<s<t

then processes A and M can be split into a continuous and discontinuous part:

A= AS + AY (2.13)
M, = Mf + M} (2.14)
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Definition 2.7 (Special semimartingales). A semimartingale S is said to be a special semimartingale

if it can be written
S(t) =S5(0) + M(t) + A(t) (2.15)

where M (0) = A(0) =0. M (t) is a local martingale, and A(t) is predictable and of finite variation.

The class of semimartingales includes a wide range of stochastic processes such as Markov chain,
diffusion processes and Lévy processes. By equation (2.12) and Lévy Ito decomposition we see that a
Lévy process is clearly a semimartingale.

It should be stressed that, for a semimartingale S, the process of jumps is defined as AS(t) = S(t)-S(t-).
As far as trading strategies are concerned, it is convenient to work with a stochastic integral with respect
to a semimartingale. Suppose we hold a portfolio of m asset: S(t) = (S},...,S). Each S},...,S;" are
cadlag. This investment portfolio lasts for one year, i.e. T =1, the intervals [0,¢] is discretized time
intervals Ty = 0,71, T5,...,T,, = T. Let ¢’ be any strategy in the j-th stock, j = 1,2,...,m. The trade
portfolio being considered is a m dimensional vector describing the amount of each share held by us. In
other words, we hold m stocks and the value of the stocks is described by the vector S(t) = (S}, ..., S/");
The positions taken can be described by vector ((t) = (¢}, ...,(™). So at any time ¢ € [Tp, T,,],the value
of of each j-th position in our portfolio is given by ¢ S’g . By summing up over j, the value of the entire

portfolio at any time is

V(0= 308 = (90 = [ s

Now let’s reverse the previous portfolio by shorting m shares. The second portfolio 7 (¢) is constructed
simultaneously to the investment portfolio V;(¢) at time 0, assume each share in the 7;({) has a value
of 0 at time 0, and the price is fixed over the rest of the holding period up to 7' =1, in other words, the
turnover between each two transaction T} and T}, is constant and hence the portfolio value remains
unchanged. Mathematically, the amount of each asset held at date ¢ could be described by a simple

predictable process ((t) and expressed as

n-1
C(t) =¢(0)o + Y Cklery 1y
k=0

We see that the indicator function is of the form Iy, 7, .7 (left continuous) as opposed to Ijr, 7.,)
(right continuous). This operation allows the value at t; to be defined before the jump ((T%) := ((Tk-),
which is reasonable. In practice, the transaction dates can be viewed as stopping times (non-anticipated
random times) in the sense that they form a random partition over [0,7]. Since the new position (j is
chosen based on the information available up to Tk, hence (i is Fr, measurable. From a practitioner’s
point of view, regardless the fact that the transaction settles at t = T}, the portfolio is still described
by (x-1. It takes new value (i right after settlement. Hence, the indicator function is caglad rather
than cadlag, which is practically sensible. It shall be stressed that stochastic processes of the above
equation form are called simple predictable processes. A predictable process is important in constructing
stochastic integrals because it is the only type of process that can be integrated w.r.t. a semimartingale.
The offsetting portfolio 7;(¢) is constructed in reversing the first portfolio, so again let ¢ be the strategy
in the j-th share. At time 0 the value of the strategy has value 0 (or any other initial value). The

position for j-th stock at any transaction date over the trading horizon can be described as follows.

t=Ty=0 Cg position in share with price Sg gSg
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t=T, C%l position in share with price Sg C%l S%l

t=T, C%n position in share with price Sg C%l Sgpn

Between T} and Tj.1, the position of stock in the portfolio is (. and the asset moves by (S(Tk+1) —
S(Ty)) so the the profit gained from selling each k can be conveniently expressed by Ci-(S(Tk+1)—S(T%))-

For instance, the value of our ng position at time T3 equals
mr, =G (S(T1) - S(Th))

After n steps, the investor starting with a position (y following the strategy ¢ will have accumulated

capital at the end of the trading gorizon T' equals to :

n-1 T .
mr= % G (S(Ten) - S(T) = [ Glas (2.16)
k=0 n—ee JO

The gain process associated with strategy ¢ is denoted as m;(¢). For the stochastic integral to be
interpreted as the gain process of the strategy (, the portfolio (; should be constructed at the beginning
of the period, T;.% The gain process is described by equation (2.16) is the one dimensional stochastic

integral of the predictable process ¢ w.r.t. S and denoted by
n—1 t
m(Q) = %, Ge(S(then) = S(t) > [ CAS = (C-$)() = Vi(Q) foramy i<t <t (217)
k=0

A convenient notation for the stochastic integral in equation (2.17) is Is(¢). Equation (2.17) indicates
that the stochastic integral fot (dS represents the capital accumulated between 0 and t by following
strategy . A strategy ((¢)se[o,r] can only be self-financing if the cost associated with the strategy,
C¢(¢) is a.s. 0, in other words, the worth of the portfolio, i.e. V() = (;S(t) must equal to 7({).

The stochastic integral of predictable process ¢ with respect to S : fot (dS represents the capital
accumulated between 0 and t by the strategy H. In other words, equation (2.17) represents a gain
process associated with strategy H.

The stochastic integral not only represents a gain process associated with a particular trading
strategy, but also can be used as a means of constructing new processes and new martingales from
the old ones: given a nonanticipating cadlag process {L(t),t € [0,7]} one can build new processes
fot 0sdX by choosing (simple) predictable process {o(t),t € [0,T]}. Here L(t) can be viewed as the
“source of randomness” and “o(¢)” can be viewed as the “diffusion coefficient”. Starting with a simple
stochastic process L such as a Lévy process, this procedure can be used to build stochastic models with
desired properties. The following result shows that if the asset price is modelled as a stochastic integral
S(t) = fot odL with respect to a “source of randomness” then the gain process of any strategies involving

S can also be expressed as a stochastic integral with respect to L.

Proposition 2.11 (Associativity). Let {L(t),t €[0,7]} be a real-valued cadlag process and o(t),t >0
and {{(t),t >0} be real-valued simple predictable process. Then S(t) = fot odL is a cadag process and

t t
0 0

6hence ¢j, can be known at T}, while the variation of share S(Tj,1) — S(T}%) is only known at the end of the period,
The1-
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The relation S; = foto(s)dL(s) is often abbreviated to a “diffrential” dSy = oydLy, which should be

understood as a shorthand for the integral notation.

So far we have posed no restrictions on the process S in order to make sure that the stochastic
integral is well behaved. By well behaved we mean the stability: a small change in process ¢ should
lead to a small change in the stochastic integral Is(¢). It is known that not all processes satisfy this
criteria ([15], p.253). The processes that do satisfy this criteria are so-called semimartingales. More
precisely, the strategy ¢ is required to converge uniformly, then Is(¢) should converge in probability.

A more mathematically formulated definition of semimartingale is the following:

Definition 2.8 (Semimartingale). A nonanticipating caglad process S is called a semimartingale if the

stochastic integral of simple predictable processes w.r.t. S:
n—1
C(t) = C0)o + > Crlir 1]
k=0

verifies the following continuity property: for every ¢",( € S([0,T1]) if

up G () - G 0 o
(t,w)e[0,T]xQ2 n—oo

then

fOTC"dS = [OchdS (2.19)

If the continuity property above does not hold when modelling asset price by S(t), a very small error
in the composition of the strategy will lead to a enormous loss in the portfolio. Hence, semimartingales
are often the preferable class of stochastic process in continuous time trading.

As was shown when we described the jump part of Lévy processes, the sample paths of the process
may not always be of finite variation (a well-known example could be Brownian motion). Hence we
need to consider the quadratic variation of the process to perform a change of variables. Recall the

quadratic variation of a stochastic process X; over interval [0,¢] in general is defined as.

X, X0 = Jim, 3(X(1) - X(1-0))° (220)

In the case of a semimartingales (and hence Lévy processes), quadratic variation can be defined in
accordance to Protter (2005) p.66 [70].

Definition 2.9 (Quadratic Variation of semimartingales).

1. The quadratic variation process of a semimatingale X is the nonanticipating caglad process defined
by
t
(X, X)) = IX(OF -2 [ X(u-)dX (u) (2.21)
0

2. The quadratic variation of semimartingales X and Y is defined by
t t
[X,Y](t) = X(£)Y () - X(0)Y (0) - fo X(s-)dY (s) - /O Y (s-)dX (s)

where p™ = (t§ =0 <t} < ... <tl',; =T) is a sequence of partitions of [0,7'] such that

[p"| = sup |ty —t7_1| = 0asn — oo
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Remark 2.1. X(s-) is used in the integrand. This is necessary because X(s) is not a predictable
process, whereas X (s—) is. (See Protter (2005) [70])

Notice that the Lévy process could be decomposed into a continuous part and a discontinuous part.
This implies that we can decomposed the quadratic variation into a continuous part and a discontinuous

part. More precisely,
Definition 2.10. For a semimartingale X, the process [X, X]¢ denote the path-by-path continuous
part of [ X, X]. We then have

[X.X](1) = [X, X]°(t) + ) (AX(s))?

s€(0,t]

If [X, X]°(¢) =0, then X is called a (quadratic) pure jump process. *

Corollary 2.12. If X is a semimartingale, then for each t, ¥,,(AX(s))? < oo.
It shall be stressed that [X, X](¢) is a random process, as is shown by the following examples.

Example 2.1 (Quadratic variation of a continuous Lévy process). Let X be a Lévy process with a

generating triplet (6,02,0), i.e. X(t) = 0t + oW (t), then the quadratic variation is given by o?t.

Example 2.2 (Quadratic variation of a pure jump Lévy process). Let X be a Lévy process with a
generating triplet (6,0,v), i.e. X(t) =60t + J(t), where J(t) = Zg:(lt) &) is a compound Poisson process,

N (t) is a counting process, & denotes jump size, N(t) L &, then the quadratic variation is given by
N(t)
2 2 2
[(X.X1(t) = X l&l*= 30 &l = X 1AX(s)|
k=1 s€[0,¢] s€[0,t]

More generally, it is not hard to show that the same formula holds for every finite variation process
X:

Remark 2.2. If X is a process of finite variation, then the quadratic variation is given by

(X X](1) = X [AX(s)

s€[0,t]

Example 2.3 (Quadratic variation of a general Lévy process). Let X be a Lévy process with a gener-
ating triplet (0,02,v), i.e. X(t) =60t +cW (t) + J(t), then the quadratic variation is given by

(X, X](t) =0+ ¥ |AX(5)|2:02t+[0t/]RzzNX(ds7dz)

O<s<t

Let’s now consider the case when a semimartingale X has jumps. First, define jumps as the difference
AX(t)=X(t)-X(t-)

Note that at the jump time the value of the It6 integral increases by the value of the integrand before

the jump multiplied by the jump size of the integrator. That is
AIC’X(t) = IC,X(t) - IC,X(t_) = C(t—)AX(t) V te [0, OO)

Notice that when describing the jump part of Lévy processes, the sample paths of the process may not

always be of finite variation (which is never the case, when considering a process containing a diffusion

"See Protter (2005) p.70.
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component). Hence, one needs to consider quadratic variation of the process to perform a change of
variable. The following defines quadratic variation.
Consider a pure jump process of bounded variation, X. Here X need not be a Lévy process. We can

write

X(t) = X(0) + 2, (X(s) - X(s-)).

s<t
So, X has no continuous component and the value of the process equals to its initial value plus the sum
of its jumps. Now consider, f(X(t)) for some real-valued function, f. Then, f(X(t)) is also a pure

jump process of bounded variation, and

FX(@®)) = F(X(0)) + 2, (F(X(5)) - F(X(s-)))

s<t

This is just It6 lemma for the pure jump case:

df (X)) = F(X(@)) - F(X(t-))-

Definition 2.11 (Quadratic covariation). Given two semimatingales X and Y, denoted [X,Y] is the

semimartingale defined by

[X,Y](t)=X(t)Y(t)—X(O)Y(O)—fOtX(s—)dY(s)—fOtY(s—)dX(s) (2.22)

where p™ = (1§ =0 <t} <...<t]',; =T) is a sequence of partition of [0,7'] such that

n

" = supk|tz —tz_1| —-0asn—> o

Proposition 2.13 (It6 product rule for Semimartingales). If X, Y are semimartingales then

X@)Y () = X(0)Y (0) + [OtX(s—)dY(s) N fot Y (s-)dX(s) + [X,Y](t) (2.23)
Proof. Define quadratic covariation as a limit over an increasingly fine partition of [0,¢]
n-1
[X,Y](#) = lim ];)(X(tml) = X(tk)) (Y (k1) - Y (tr))
= lim P AX ()Y (trer) = X (tra1)Y () = X ()Y (tre1) + X (82)Y (t1))

= lim DX ()Y (1)) = DY (tre1) =Y (5)) = DY (1) (X (trr) = X (1)
(2.24)

t t
= X (DY (1) - X (0)Y(0) - fo X(s-)dY (s) - fo Y (s-)dX(s) (2.25)
Note that last two sums in equation (2.24) converge to the It6 integral, that is,

n—oo

SO () =Y (1) " [ X (5)av (o)

SO ()X (trer) - X (0) "5 [ Y (s-)dx,
Hence

t
0

X(t)Y(t):X(O)Y(0)+f0tX(s—)dY(s)+/ Y (s-)dX (s)
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Example 2.4 (Quadratic covariation of correlated Brownian motions). If B () = oy W (¢) and
B (t) = 0, WP (1), where WM W) are standard Wiener processes with correlation p, then

[BY, B@(t) = poyoat

Definition 2.12 (It6 formula for Semimartingales). Let X be a semimartingale, and f = f(z,t) €
C*(R). Then,
df (X (t),t) = fo (£, X (8))dX () + fo(t, X (£))dt
5 eat X)X XD
+f(& X)) - f(8, X (=) - fu(t, X () (X(F) - X(t-))

Where X€ is the continuous part (or equivalently the continuous martingale part) of X. In integral

form, this becomes,

Pt = FO.XO) + [ Ll X ()X + [ (5, X ())ds
5 Fea(5, X ()X, XT(5)

+ 2. (f(5,X(5)) = f(5,X(57)) = fa(5, X (s-))(AX(5))) (2.26)

s<t

2.6.2 Lévy processes

In this subsection, we briefly introduce the notion of Jump Measure [20]. It appears to be quite
technical. However, it is useful in the sense that it helps us to perform many computations. Define the
jump of Lévy process L(t) as

AL(t) :== L(t) - L(t-)

Let Ry := R\{0} and let B(IRp) be the o-algelbra generated by the family of all Borel subsets V' c R,
such that V c Rg. If V e B(Rg) and t > 0, we define the number of jumps of size AL(s) € V for any s
in 0 < s <t. Since the paths of L

N(t,V):= > Iy(AL(s)) (2.27)

0<s<t

that is, the number of jumps of size AL(s) € V for any s in 0 < s <. Since the paths of L are cadlag we
see that N(t,V) < oo for all V e B(Rg) with V c Ry; see, e.g. [74]. Moreover, equation (2.27) defines a

Poisson random measure N on B(0,00) x B(Rp) in a natural way:
(a,b] xV — N(b,V)-=N(a,V), 0<a<dVeB(Ry)

The expression in equation (2.27) is called the jump measure of L. Its differential form is denoted by

N(dt,dz),t >0,z € Ry. Hence the respective Lévy measure v of L is defined by
v(V)=E(N(1,V)), VeB(Ro) (2.28)
Note that v need not to be a finite measure but it always satisfies

fRO(l/\xQ)u(dat) < o0
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Since the sum of small jump Y., AL(s)I{|/AL(s)| < 1} does not converge in general (infinite many small
jumps), so we need to force this sum to converge by compensating it. Hence we define the compensated
Jjump measure N as

N(dt,dz) == N(dt,dz) - v(dz)dt (2.29)

It is known that every Lévy process can be represented as a compound Poisson process in some way. As
we have seen previously, every Lévy process can be represented with a continuation of a constant trend,
a scaled Wiener process, and some jump process with stationary independent increments, independent
of the Wiener process [78; 66]. If the number of jumps in every finite interval is almost surely finite,
then the pure-jump component is a compound Poisson process. This criterion allows us to construct
geometric Lévy process based models (as we will see shortly), not only ones similar to jump-diffusion,
but also processes with an infinite number of jumps in finite intervals. We now formalise this idea into

the following

Theorem 2.14 (Lévy-1td decomposition theorem). Let L = {L(t),t > 0} be a Lévy process and v its

Lévy measure. L can be decomposed into
L=LO+1M 413 [®

where L) is an affine (linear) function, LM s a scaled Wiener process, L® is a compound Poisson
process with jump size smaller than 1. L) is a Lévy process with jump sizes smaller than 1. The

processes L) are independent of each other. More precisely,

L(t) = 0t + oW (t) + XPP(t) + lim X(t)

where

t [AX (s)]>1

XPP(f) = f [ eN(ds,dr)= > AX(s)= Y AX(s)[{|AX(s) > 1} (2.30)
0 JH{lal=1} se[0,¢] 5¢(0,t]

5 t B e<|AX (s)|<1

XE(t):f [u eN(ds,dr)= Y AX(s)= Y AX(s)[{e<|AX(s) <1} (2.31)

0 e<|z|<1

= s€(0,t] s€[0,t]

Then L, admits the following integral representation in terms of the jump measure N(ds,dx)

|AX (s)|>1 e<|AX (s)|<1
Lty =0t+oW(t)+ 3 AX(s)+ 3 AX(s) (2.322)
s€(0,t] s€(0,t]
t t -
L(t):9t+aWt+/ f|| xN(ds7dx)+/ [|| =N (ds,dz) (2.32)
0 z|>1 0 x|<1

for some constants 0,0 € R. Here W = {W(t),t >0}, W(0) =0, is a standard Wiener process.

The process X °PP is a compound Poisson process, the process X ¢ is a compensated compound Poisson
process (See Appendix A, proposition A.6 for definition), which is a martingale. With the aid of the
notion of Jump measure and notation introduce in equation (2.28), one can express equation (2.32a) as
equation (2.32b). Notice that [, Jie<toj<ry N (ds, dx) and I Jiectajcry T (dz)ds are well defined outside
0. However, these quantities do not converge as € tends to 0. Intuitively, the term fot /|®|<1 xN(ds, dz)
could be thought of as small jumps that dictate the day-to-day fluctuation of a stock price. On the

other hand, the large jumps are captured by the term fot fl 1 N (ds, dx) that describe large stock price

x|>

movement caused by extreme market shock, such as terrorist attack and earthquakes. In particular, we
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see that if the Lévy process has continuous trajectories, then it is of the form which is familiar to us
Lit)=60t+oW(t), t>0
It could be proven if
E(|L(t)]P) < oo for some p>1

then

/ |z|Pv(dz) < oo.
||>1

In particular, take p = 2, by assuming
E(|L(t)[*) < oo (2.33)

We have
f l2[2v(dz) < oo
|z|>1

Proposition 2.15. Let {L(t),t > 0} be a compound Poisson process with intensity 1. The jump measure

Ny, is a Poisson random measure on R x [0, co] with intensity measure N(dx x dt) = v(dz)dt

Apply proposition 2.15, equation (2.32b) becomes the celebrated 1t6 decomposition of Lévy process.

L(t) = 0t + oW (£) + fo t fl ov(de)ds + [0 t [ o (ds,da) (2.34)

When ¢ =0, the diffusion term vanishes and we obtain a pure jump Lévy process.
From now on, we assume equation (2.33) holds and the Lévy process X is represented as equation (2.34).

Note that one can express equation (2.34) in a stochastic integral form (so-called Ité Lévy process)

L(t):L(O)+fotﬁds+fotadW(s)+fotL|<1xN(ds,da:)+fotjl;lﬂxy(dx)ds (2.35)

Apply proposition 2.15 and equation (2.35) becomes

L(t):L(0)+/Ot9ds+fotadW(s)+fot/|$|<1x1§f(ds,dx)+[OthN(dx,ds) (2.36)

And in the equivalent short-hand differential notation is

dL(1) :Gdt+adW(t)+fll lxN(dt7dx)+/|

xN(dt,ds) (2.37)
z[21

The Lévy process is semi-martingale, hence the sum of squared jumps is finite, i.e.

Z (AL(s))?* < 00

O<s<t

The following result is the basic building block in studying stochastic calculus for Lévy processes. This
is the It6 Lévy formulae. We present two versions of this formulae. The first version stands from the

first principle, [15], while the the second version makes use of random measures [20].

Theorem 2.16 (Lévy It6 formula 1). Let L = {L(t),¢ > 0} be the Ito-Lévy process with given by equation
(2.86) and let f:(0,00) x R —> R be a C** function and define

Y(t) = f(t, L(t), t20
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Then the process Y = {Y (t),t >0} is also an Ité Lévy process and its solution is given by
Y(t) = f(t L(t))
= FO.LO)) + [ L5 L))+ Fal, D500+ 5 o, L))o s
+f0tfz(s,L(s))odW(s)

AL(s)#0
+ (Z ] {f(s,L(s=) + AL(s)) = f(s,L(s-)) = AL(s) f2 (s, L(s-))} (2.38)
se(0,t
and the respective differential form is given by
dY (t) = [fi(t, L(t)) + fo(t, L(t-))0 + %fm(t, L(t))o?]dt
+ fo(t, L(8))odW (t) + { (¢, L(t=) + AL(t)) - f(t, L(t-)) = AL(t) fo (¢, L(t-)) } (2.39)

With the aid of the notion of jump measure, the first version of Lévy Ito6 formula can be written

into a more elegant way.

Theorem 2.17 (Lévy It6 formula 2 ). Let L = {L(t),t > 0} be the Ité-Lévy process with given by
equation (2.36) and let f:(0,00) x R — R be a C*1 function and define

Y (t):=f(t, L(t)), t>0
Then the process Y = {Y (t),t >0} is also an Ité6 Lévy process and its solution is given by
Y(t) = f(t, L(1))
= FO,000) + [ TF(5, () + s L(s-0)0+ 5 fuu s, L))o Tds
v fot /R Fa(s,L(s))odW (s) + fot(f(s,x+ L(s-)) - f(5, L(5-))) Ny (ds, dz)
¥ fo /Ro(f(s,x + L(5)) - F(5, L(5)) - 2fo(s, L(s)))v(dx)ds (2.40)
and the respective differential form is given by
4Y (1) = [t L0) + ot LU0 + 2 o, ()it
+ Fo(t, L(1))odW, + fR (f(t, + L(t-)) = f(t, L(t-)))N (dt, dx)
+ fRO (t, f(L(t) +x) = f(t, L(t)) —xf(t, L(t)))v(dx)dt (2.41)

The two representations of the Lévy Ito formulae are equivalent. The reason is that Lévy process is

a semi-martingale that possesses the following property:

3 (AX(8))* < o0

s€(0,t]

In equation (2.38), due to the semimartingale property, if function f(-) is a twice integrable in z, then,

£ (5, X (5=) + AX(5)) = f(5, X (57)) = AX () fu(5, X (5-))] < c(AX (5))?
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Hence, the series

>, f(5,X(s=) + AX(s)) = f(5, X (s-) - AX () f2 (X (5-)))

s€(0,t]

converges.

2.7 Geometric Lévy processes

Starting from the well-known geometric Brownian motion with the following explicit form:
S(t) _ S(O)e(y—%o'Q)t+UW(t)

It is quite natural to replace the Wiener process with a more general Lévy process L(t) and consider

the process

S(t) = S(0)e*™

The processes of this kind are so-called geometric Lévy processes and can be viewed as a generalisation
of the Black Scholes model. As we will see, the study of exponential and stochastic exponential is
essential in the sense that it allows us to construct the model of interest that describes processes driven
by market information. We start with the ordinary exponential of a Lévy process. In the classical
diffusion model, the evolution of the stock price is described by the exponential of a Wiener process
with drift:

S(t) = S(0)eX"® (2.42)

where

LO(t) =mt + oW (t)
dL’(t) = mdt + cdW (t)

Apply It6 formula to S(#), we have, Then
dS(t) = S(t)(mdt + cdW (£) + %d[LO, £0]())
= S(t)(mdt + cdW (t) + %azdt)
= S(1)((m+ 50*)dt + odW (1)) (2.43)
Integrating both sides of equation (2.43),
fot dS(u) = S(£) - S(0) + [Ot S(u)(m + %ﬁ)du ‘o fot S(u)d W (u)
— S(t) = S(0) + fo " S(u)(m + %2)du +odW (u)

= 5(0) + fo " S(u)dL (u) (2.44)

where L'(u) = (m + "72)75 + oW (t) is another Wiener process with drift. Replacing L°(¢) in the process
S(t) itself (2.42) , one can obtain geometric Lévy models

S(t) = 5(0)e" ™| where L(t)is a Lévy process
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Replacing L!(t) by a Lévy process in equation (2.44) we obtain the stochastic exponential.® We see

that this process has a solution of the form

S(t) = S(0) + fo " S(u-)dL(u)

that satisfies a SDE of the same form as the classical ODE for the exponential function.

2.7.1 Ordinary Exponential for Lévy process

Proposition 2.18. Let AX(t) = X (t) - X (t-) be the jump measure of a Lévy process X (t), Nx be the
random measure of X as defined in equation (2.27), the following holds,

> () # AX() - X)) = [ [ LG () +y = X (5)}Nx (s dy)

0<s<t; AX(s)

Let {L(t),t >0} represents a Lévy process with jump measure Ny, as follows:

L(t)=0t+ocW(t)+ > AX(s) (2.45)
s€[0,t]

In differential form, equation (2.45) can be expressed as follows
dL(t) = 0dt + cdW (t) + AX(t)
Applying It6 lemma (2.38 and 2.40) to Y; = el*. We obtain,

Y (t) = f(t,L(t))
= FO.L00) + [ TF(5,06)) * fuls, L0+ 3 o, D))o s
+f0tfz(s,L(s))odW(t)

AL(s)#0

+ 2 AS(s.L(s=) + AL(s)) - f (5, L(s-)) = AL(s) fu(s, L(s-))}

s€[0,t]

t t
1+ [V 0 %ﬁ)ds v [V ()oaw ()
0 0
AL(s)#0
n Z {eL(s—)JrAL(s) _ BL(S—) _ AL(S)EL(S—)}
s€[0,t]

“1+ fot Y(s=)(1+6+ %&)ds N fot Y (s=)odW (t)

o 1L Y6 DN s+ [ (e -1-alel < 1))w(do)

In some Mathematical Finance applications, i.e. when constructing a trading strategy, it is often useful
to split the stochastic integral like Y (¢) into a deterministic part and a martingale part. To summarise,

we have the following proposition.

Proposition 2.19 (Exponential of a Lévy process). Let {L(t),t >0} be a Lévy process with generating

/ eYv(dy) < oo
ly[>1

8The stochastic exponential is also called Doléan-Dade exponential , which is first introduced by French female math-
ematician Doléan-Dade [21].

a triplet (0,02,v) satisfying
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Then Y (t) = exp(L(t)) is a semimartingale that can be decomposed Y (t) = M(t) + A(t) where the

martingale part is given by
t .
M(t)=1+ fo Y (s=)odW (s) + f[o o V() (e = 1) N (ds, ) (2.46)
,t]x

and the continuous finite variation drift part is given be

t 0.2
A(t) = fo Y(s—)(1+9+?+fR(e”—1—x]I{|x| < 1})w(dz))ds (2.47)

{Y(t)} is a martingale if and only if
2
1+9+%+fR(er—1—1:H{|x|Sl})y(dz) -0 (2.48)
2.7.2 Stochastic Exponential and Geometric Lévy process

Let L = {L(t),t >0} be a real-valued Lévy process with a generating triplet (0,02, ,v), L(0) = 0. There
exists a unique cadlag process Y = {Y(¢),¢ > 0} such that

dY (t) =Y (t-)dL(t),Y(0) =1 (2.49)
Y is given by
Y (1) = XOBELIO T (1+ AL(s))e AL+ 3(AL())? (2.50)
0<s<
or t
Y(t) = e LM-3[L,L](1)° [T+ AL(s))e AEE) (2.51)
0<s<t
Since [L, L(t) = [L, L]°(t) + 3 (AL(s))?
0<s<t

The Doléan exponential® of L is denoted by £(L). Equation (2.51) is used for the rest of this thesis.

Proof. The proof of uniqueness is omitted (See Lipster & Shiryayev (1989) [45] for details). Let

U(t) = L(t) - %[[,7[,]6(15)7 V(t) — 11(1 + AL(S))B—AL(S)

Step 1 Show the infinite product V (¢) converges. In other words, we prove V(t) is well-defined and is

of finite variation.

V(t)= [] (1+AL(s))I{AL(s)| < 1/2}e 2
s€(0,t]

V()
[T (1 +AL(S)H{AL(s)| > 1/2}e 25 (2.52)

s€(0,t]

V) (t)

Although the product is taken s < ¢, there are only a finite number of s such that |[AL(s)| > 1/2 on each

compact interval'®. In other words, the second product V(2 contains a finite number of factors and so

9This definition can be found in Appendix A under Mathematic Preliminary section
10A compact interval on R is simply a closed interval on R.
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it is of finite variation. Thus it suffices to show the first product V(1) (¢) is of finite variation. Taking
the logarithm of V!(¢) we have

(V1)) = ${(n(1 + AL(s)L{AL(s)| < 1/2)) - AL(s)[{]AL(s)| < 1/2}}
s<t
This series converge absolutely and almost surely since

S (AL()I{|AL(s)| < 1/21)? < [L, L](t) < 00 a.s.

se(s,t]

because |In(1 + z) - x| < % when |z] < 1/2. Clearly, In(V(#)) is a process with finite variation sample
paths. This ensures V(t) exist and has trajectories of finite variation.

Step 2 Show Y (t) is a solution. Set L(t) = L(t) - %[L,L]c(t) and let f(x,y) = ye*. Then Y (t) =
(o (t),V(t)), where U,V are defined previously. Now apply Ité formula we have

Y(t)=1+ fOtY(s—)dU(s) . /(;teU(s_)dV(s) N % fOtY(s—)d[U, U (s)
+ (2: ](Y(s) -Y(s-)-Y(s-)AU(s) - eU(s_)AV(s))
se(0,t

_ [OtY(s—)dL(s)—%/OtY(s—)d[L,L]C(s)+f0teU(S’)dV(s)

1 rt
+5 f Y(s=)d[L,L1°(s)+ > (Y(s) =Y (s=) =Y (s-)AU(s) - ") x AV(s)) (2.53)
0
s€(0,t]
since [U,V]¢ = [V,V]°=0. S is a pure jump process. Hence jot eV dS(s) = Y se(0,t] VGIAV (5).
Also Y(s) = Y(s-)(1+AL(s)), and Y (s-)AU(s) = Y(s—)AL(s), so the last sum in equation (2.53)
becomes

(Z ](Y(s—)(+AL(s))) ~Y(s-)=Y(s=)AL(s) - V()
se(0,t

After some cancellation of terms we have

Y(t)=1+ [OtY(s—)dL(s)
0

Y is called a stochastic exponential or Doléan exponential of L and denoted by Y = £(L). Note
that, one could define it for any arbitrary semimartingale that not necessarily a Lévy process. However,
it should be noted that the proof does not use the independent or stationary increment argument which
we usually use for Lévy processes.

Equation (2.50) gives a general formula for £(L). The formulae simplifies when the Lévy process L

is continuous. Indeed, suppose L is a continuous semimartingale with L(0) = 0. Then

E(L)(t) = exp{ (1) - 5L L)(1))

Where the semimartingale L is a transformation of a Wiener process W = {W (t),t > 0}, scaled by some

constant ¢. Since oW has no jump we have

oW (t) = exp{ AW () - %[W, W](t)} = exp{oW (t) - %t}
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cr2
Furthermore, since E(eW)(t) = 1+ [ E(eW)(5-)dW (s), we see that E(cW)(t) = "W =T s a
continuous martingale. Some authors prefer to use the term “exponential martingale”. The process

E(ocW) is in fact the well-known geometric Brownian motion.

2.7.3 Relation between ordinary and stochastic exponential

It is clear from the previous result that the ordinary exponential and the stochastic exponential are
essentially different: they do not correspond to the same stochastic process. Observe from equation
(2.50), the stochastic exponential, £(L) is strictly positive if and only if the jump of L, i.e. AL > -1.
In contrast, the ordinary exponential, exp” is clearly a strictly positive process. Hence, naturally, one
may think which of the two processes is more suitable to model stock prices or returns. Remarkably
Goll and Kallen [35] shows that the two approaches (modelling via an ordinary exponential and via a
stochastic exponential) are equivalent. If Y > 0 is the stochastic exponential of a Lévy process then it is
also the ordinary exponential of another Lévy process. The reverse is also true: If there is some process
X which is the ordinary exponential of a Lévy process Y, then there exist another Lévy process Z such
that the Lévy process X is the stochastic exponential of Z. Therefore, the two different operations,
although produce different objects when applied to the same Lévy process, end up giving us the same
class of positive processes. In continuous time, the previous argument is quite intuitive. Recall the
previous example L(¢) = oW and the ordinary exponential and the stochastic exponential are given
respectively by
YU(t) = "W and Y2(1) = W5

We see that the stochastic exponential of a Lévy process (the Wiener process with constant coefficient)
is indeed the ordinary exponential of another Lévy process (the Wiener process with constant coefficient
and affine drift). In short, the idea is: If some Y > 0 is the stochastic exponential of a Lévy process L,
then it is also the ordinary exponential of another Lévy process L. More precisely, we have the following
[15]:

Proposition 2.20 (Relation between ordinary and stochastic exponential).

1. Let = {L(t),t > 0} be a real valued Lévy process with a generating triplet (0,0%,v) and Y = E(L)
its stochastic exponential. If L >0 a.s. then there exist another Lévy process {Et,t >0} such that
Y;: = eLt where ,

Lo=mYi-1,-Z' > In(1+ALy) - AL (2.54)
s€(0,t]

Its generating triplet (0,52,1) is given by:

o =0,

5(A) = v(z:In(1+2) € A) = f Ly(In(1 + 2))v(d),
2
=0- % " f v(da)in(1+ )1y (In(1+2)) - 2l g (z) (2.55)
2. Let L,t > 0 be a real valued Lévy process with generating triplet (0,5,7) and Sy = exp(Ly) its exponen-

tial. Then there exists a Lévy process L,t >0 such that S is the stochastic exponential of L: S = E(L)

where
2

Li=Li+ %t + 3 (A —1-AL(s)) (2.56)
s€(0,t]
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Its generating triplet (0,0%,v) of L is given by:

V(A) = i(z:e” —1eA) = f Ta(e® - 1)i(da),
. 52
0=0+ ot f v(dr)(e” - 1)y 1y(In(1 +2)) - 2l 17(z) (2.57)
Proof. See [15]. O

A very important property of the stochastic exponential is the martingale invariance property.
Basically it tells us that any stochastic exponential of a Lévy process is again a martingale. Nevertheless,

it is formalised as follows:

Proposition 2.21. If (X)s0 s a Lévy process and a martingale, then its stochastic exponential Z =

E(X) is also a martingale.
Proof. See [15]. O

Example 2.5 (Generalized geometric Lévy process). [20] Consider the one-dimensional stochastic
differential equation for the cdglad process S = {S(¢),t > 0}:

dS(t) = S(t=)[0dt + cdW (t) + [ xN(dt,dz)], >0
S(O) =5,>0

Assuming all the technical conditions hold, we claim that the solution of example 2.5 is
S(t) = Soexp{X(t)}, t=0 (2.58)
where
t 1,
X(t) = / (0-=0"+ f (log(1 + x) - x)v(dx))ds
0 2 Ro
t t .
f BdW (s) + f fR log(1 + z) N (ds, dz) (2.59)
0 0 0

To visualise this we apply the one-dimensional Ité formula (2.41) to Y (¢) = f(¢,X(¢)),t > 0, with
f(t,x) = Spe® and X (1), as given in (2.59). Then we obtain

Y () = SoeXD[(0 - %(72 v [ Dog(1+2) ~ alu(de)dt] + 5V (1)
0
+ Soex(t)%cr?dt + f Sp[eX D+los(lra) _ X1 _ XD 1001 + 2)]v(da)dt
Ro

f SO(eX(t—)+log(l+m) _ €X(t_))]\7(dt,d$)
Ro

= Y (t=)(0dt + cdW (¢) + f 2N (dt,dz)) (2.60)
Ro
as required.

2.7.4 Change of measure and absolute continuity for Lévy processes

The Girsanov theorem is a fundamental concept in the general theory of stochastic analysis. It also has

important applications, for example in Mathematical Finance. When pricing a contingent claim traded
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in the financial market, the probability measure we use is usually different from the statistical measure
we observe. In probability theory, Girsanov theorem tells us how stochastic processes change under
change in measure. Therefore, it is the key theorem for the classical Black-Scholes model in connecting
the physical measure with the risk-neutral measure. Girsanov theorem simply says that if we change
the drift coefficient of a given It0 process with a nondegenerate drifted diffusion, then the law of the
process will not change in its form. Indeed, the law of the new process will be absolutely continuous
w.r.t. the law of the original process and the Radon-Nikodym derivative can be computed explicitly
[63]. In this section we first recall some basic facts on absolute continuity and equivalence of probability
measure, then describe the change of measure in the case of Brownian motion, finally we present the

analogous Girsanov theorem for Lévy process.
Definition 2.13. Given two probability measures P and QQ defined on the same o-algelbra F,

i P is said to be absolutely continuous with respect to Q, or dominated by Q if P(A) = 0 for every
set A for which Q(A) =0, for all A€ F.

ii if P is absolutely continuous with respect to Q and Q is absolutely continuous with respect to P,

then we call P and QQ are equivalent measures, denoted P ~ Q

In the context of financial modelling, the equivalence of measures is important. This is due to the
fact that equivalent measures have the same a.s. and null sets, hence by changing between measures,
we do not alter the possible states in the economy, we only alter the probabilities assigned to each state.
By the First Theorem of Asset Pricing, this ensures the fairness of prices under changes of measures

and changes of numeraires.

Theorem 2.22. Let W(t) be a Brownian motion on the filtered probability space (Q, F,F,P), and let

A(t) be a adapted process*' satisfying Novikov’s condition,

1 rT -,
E | exp 3 [Ae]“dt ]| < o0
0

Moreover let Er(+) be the Doléan exponential. Define an equivalent measure Q by

:&(f'ASdWS) P as.
0

¢ 1 rt
:exp([ )\deS—ff \)\S|2ds) vt e [0,T]
0 2 Jo

_dQ
nt_d]P’

F(t)

as an exponential martingale with respect to the natural Brownian filtration F under the probability
measure P

The relation

O R
Fr

Q| _
dP =nNr

Fr

defines a probability measure Q on F which is equivalent to P. Under the probability measure Q, the

11)\; must satisfy condition to ensure the Radon Nikodym derivative is a martingale
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process
W2 =W, - /:)\Sds, te[0,T] is a standard B.M. under Q
i.e.
AW 2 = dW, = \dt

s a standard Brownian motion under measure Q.
The process W@ is adapted to the filtration F.

The probability measure P is called an equivalent martingale measure.

The Girsanov theorem for Brownian motion simply states that by changing the drift of a given
Brownian motion, one can find an equivalent measure under which the new process is again a Brownian
motion. The law of the new Brownian motion will be absolute continuous w.r.t. the law of the original
Brownian motion, and the Radom-Nikodym derivative can be computed explicitly. The measure change
results between two Lévy processes [15] are similar to what we have just seen. We consider the classic

Girsanov theorem as a special case of the following theorem.

Theorem 2.23 (Generalised Girsanov). Let X = {X(t),t > 0} be a real-valued Lévy process on (Q, F,Q)
and on (Q, F,P) with respective generating triplets (9@,0(%,1/@) and (0p,08,vp). Then Qlruy << Plr)
for allt € [0,Tw] iff the following conditions hold:

1. They have the same diffusion component: O’é = O'I%) = o?

2. Vg K vp

3. The Lévy measure are equivalent with
[ @@ D2y = [ (/i@ - Dwe(da) < oo

4. If o =0 then we must in addition have 6g —6p = flwlsl x(n(z) - 1)vp(dx) Furthermore, when P and

Q are equivalent, the Radon-Nikodym derivative is

dQ

_ U@
ap|. "€

Fi

where

NON st |5 (s)|>e

2 2
U(t) = AL°(t) - A ‘2’ t —/\9t+lim( > n(AL(s)) -tfll (e"® - l)y(dx))
T|>€
Note, L¢(t) is the continuous part of L(t),\ € R is chosen such that
fp —Op — fll z(n(z) = vp(dz) = i) ifop >0, and A=0 if 0 =0
x|<1
U(t) is a Lévy process with the generating triplet (0y,ou,vy) given by

_ 1 o0 _
ou =g\, vy = vpn 0y = -50’112»)\2 - f (e = 1-yLyy<ay)vn ' (dy)
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The above result suggests that the change of measure can be done in a more flexible manner while
preserving the equivalence of measure under Lévy process. However, if the diffusion term is absent,
then the drift is freely changed. Under such circumstances, one may change the distribution of the jump
v(dz). Hence changing measure under Lévy processes, one needs to find equivalent martingale measures
(E.M.M.). An EM.M. Q is an absolutely continuous probability measure w.r.t. the original measure P
that makes the discounted price process a martingale. The pricing model being studied in this thesis:
the Geometric Lévy process model is an incomplete market model, we recognise that the option pricing
for such a model forces a move out of the traditional realm of arbitrage pricing into the domain of
equilibrium pricing, since there exists an infinite number of martingale measures under this model by
the Second Theorem of Asset Pricing. The choice of a suitable martingale measure is important for the
purpose of pricing option based on arbitrage theory. But fortunately, our setting allows us to solve the
pricing problem by utilising the classic version of Girsanov theorem. Nevertheless, the following are a

list of candidates for choosing a martingale measure for option pricing [55].
o Minimal Martingale Measure (MMM) (Follmer-Schweizer(1991)[29])
 Variance Optimal Martingale Measure (VOMM) (Schweizer(1995)[77])
e Mean Correcting Martingale Measure (MCMM)
o Esscher Martingale Measure (ESMM) (Gerber-Shiu(1994),B-D-E-S(1996)[33])

o Minimal Entropy Martingale Measure (MEMM) (Miyahara(1996)[54], Frittelli(2000)[30], Miya-
hara & Novikov (2002)[56])

 Utility Based Martingale Measure (U-MM)

2.7.5 Geometric Lévy based pricing model: Basic notions

Now we turn our focus to the stock price model of this thesis: the geometric Lévy model. First, we
review the classical pricing model.

The famous Black-Scholes model
5, = Spelimdat s

is a typical model for a complete market'?

. This model is an outstanding model based on its simplicity,
but it is well-known that in the real world, the market completeness is not usually satisfied. There is
abundant empirical evidence that financial price processes do not have Gaussian-distributed returns.
For example, the phenomenon of implied volatility smile in option markets suggests that the risk-neutral
returns are non-gaussian and leptokurtic. While the smile itself can be explained within a diffusion based
model with continuous paths, the fact that it becomes much more pronounced for short maturity options
clearly indicates the presence of jumps. From a market microstructure point of view, every price process
is essentially discrete. A continuous process such as Brownian motion is used as a proxy for the real
discrete observed process. Hence there is a need to introduce models to allow jump. Second, in diffusion-
based models, the law of returns for shorter maturity becomes more or less Gaussian law,whereas in
the real world, returns actually become less Gaussian as the time horizon becomes shorter. The third
argument is that jump processes correspond to genuinely incomplete market, whereas all diffusion-based
model are either complete or can be made complete with a small number of additional assets. Hence, we

need a model that takes into account the weakness of the traditional model. The geometric Lévy model

12The market is said to be complete if every contingent claim is attainable. A more precise definition can be found in
Appendix A, see A.8 the Second Theorem of Asset Pricing

39



is one of them. This model is well suited to an incomplete market. A great advantage of the geometric
Lévy model is the mathematical tractability, which makes it possible to perform many computations
analytically and to derive useful results in a simple manner. This leads to an explosion of literature
on option pricing (including hedging) in geometric Lévy models in the late 90s and early 2000s, the
literature contains hundreds of research papers and several monographs to date. Now, let’s make this
more precise.

Suppose that in a filtered probability space (2, F,F,P), a geometric Lévy process (GLP) is obtained
by replacing the Brownian motion with drift (continuous Lévy process) in the classical Black-Scholes

model of an asset price, by a Jump-type Lévy process [55]:
S, = Spelt (2.61)

where L; is a Lévy process with a generating triplet (0, 0%, v(dz)). The price process S; has the following
expression:

Sy = SoE(L);

where £(L), is the Doléans-Dade exponential of L, and a generating triplet L, say (8,52, 7(dz)) is

é =0+ %0’2 + f ((GI - 1)H{|em,1|gl} - IH{|$|<1}) V(dl‘) (2.62)
g=0 (2.63)
(dz) = (vo (e” - 1)71)(dz) (2.64)

tmnswm:L@%nmm)

and the log returns In(S;/Sp) = L; can be any Lévy process. This model fits quite well the empirical
distribution of the asset returns. However, pricing of vanilla options under these models is not as
simple as with diffusion-based models since the uniqueness of the equivalent martingale measure is not
preserved in most of the Lévy models. Thus, Lévy financial models lead to incomplete markets'® in
which there are infinitely many equivalent martingale measures and perfect hedges are unattainable. To
price options under these models, one needs to first choose a risk-neutral measure from the equivalent
martingale measures available. Several methods are available including Esscher transform, minimal
entropy measure and indifference pricing, which have already been mentioned.

By the First Fundamental Theorem of Asset Pricing (see appendix A, A.7 or [19]), a financial market
is arbitrage free if and only if there exist at least one risk neutral measure that is equivalence to the
original probability measure. In other words, there is no free lunch'# in the financial market if we can
find a probability measure Q, equivalent to P, such that the discounted price e™"*V; of all assets are
Q-local martingales. Q is called a risk-neutral probability. Hence the absence of arbitrage implies the
existence of probability Q ~ P, such that e’ is Q-local martingale. The following result shows that if
L is a Lévy process under P, one can always find an equivalence measure Q, under which L is still a

Lévy processes and e” is a martingale.

Theorem 2.24 (Absence of arbitrage in Geometric Lévy models). Let L = {L(t),t > 0} be a Lévy
process on (Q, F,P) with a generating triplet (6,02,v). If the trajectories of L are not monotone, then

there exists a probability measure Q ~ P such that under Q, L is a Lévy process and e* is a martingale.

L3Incomplete markets refers to markets in which the number of Arrow Debreu securities is less than the number of
states of nature

1 This means no profit can be made without taking risk. For a mathematical formulation, see theorem A.9 in appendix,
for a even more precise mathematical treatment, see [40].
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Q may be chosen in such a way that (L,Q) will have a generating triplet (9Q7oé,u@)

Remark 2.3. Set Q ~ P. It is important to note that a P Lévy process is not necessarily a Q Lévy

process. The class of Lévy process is not stable under a change of measure.
Proof. See theorem 33.1 and 33.2 in Sato (1999) [74]. O

Risk-neutral Geometric Lévy models Geometric Lévy models of type equation (2.61), where
L is a Lévy process with generating triplet (0,02, v), satisfying the condition that {eft,t > 0} is
a martingale, are called risk-neutral geometric Lévy models and can be parametrised by ¢ and v
only: Q = Q(c?,v). Under a risk-neutral probability Q(o?,v) we can evaluate call option prices as the

discounted expected terminal payoffs:
CUSN (T, K) = " TRUT I ((S(T) - K)*) = " TEUT ) ((Spe THAT) — )™y (2.65)

In this thesis, we chose to work with geometric Lévy process of the form equation (2.61), where the
Lévy process Ly = 0t + oW, + XV G, The rationale is the following.

First, we chose to work with Lévy processes based on its tractability. It is true that there are
many models around (examples are stochastic volatility model, GARCH model), Brownian motion is
simple, but not good enough. So we need another model. Models based on Lévy process are reasonably
tractable. Computations that can be performed with Lévy process that cannot be performed under a
more general class of stochastic processes.

Second, we would like to preserve the simplicity of geometric Brownian motion. Having noted
that geometric Brownian motion is a special type of geometric Lévy process where the Lévy process is
continuous, i.e. L; = 6t + cW;. To incorporate jumps, we replace the continuous Lévy process with the

Jump-type Lévy process of the following form:
Ly =0t + oW, + X (2.66)

Third, the jumps are considered to be VG distributed. We were seeking a process that could best
described the behaviours of the jumps in the trajectories of the VWAP based on the criterions in Madan
and Seneta (1990) [48].

1. Long tailedness relative to the normal for daily returns, with returns over longer periods approaching

normality;
2. Finite moments of at least low orders;

3. Consistency with an underlying, continuous-time stochastic process, with independent and stationary

increments;

4. Extension to multivariate process with elliptical multivariate distributions that thereby maintain

validity of the capital asset pricing model.

There are four candidate distributions in modelling the jump component: the stable distribution [27; 49],
the Praetz t distribution [68], the compound Event model [69] and the VG distribution [48]. The stable
distribution does not possess finite moments of any order, hence it fails criterion two and three. The
Praetz t distribution fails criterion three as it is not possible to construct a stochastic process with the

criterion 3 because the sum of independent t variable is not a t-variable. The compound Event model'®

15This is a model based on compound Poisson process with Gaussian-distributed jump size
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satisfies all four properties. If the compound Event model is used to model the jump component, then

the Lévy process becomes the well known Merton jump diffusions of the following form:
L(t) =0t + oWy + X;PP

In this model, is that the diffusion part oW, is responsible for the usual fluctuations in the return series.
The jump part X,;*P = Zgil r is a compound Poisson process with finite many jumps in every time
interval is responsible for the rare events. £ is assumed to be Gaussian distributed. Some authors
favour this model as it is convenient for simulations and capable in capturing large jumps. Models of
this type also perform quite well for the purposes of volatility smile interpolation (See chapter 13 in

[15]). However, several weak points of these models are:
e Jumps are assumed to be rare events.
e Distribution of jump size is restricted to be Gaussian process.
e Close form probability density does not exist.
¢ Finite number of jumps in every time interval.

When considering incorporating jumps in the problem of VWAP options pricing, we expect a large
number of small jumps with occasional large move. Such features of jumps cannot be found in a merton
jump diffusions-type model. The jumps under such models are usually considered to be of low frequency
and high severity. This is one of the reason decomposition of the form as in equation (2.66) is often used
in non-life insurance to describe some particular types of claim processes [58]. Also, the jumps are not
necessarily to be rare events, they shall be the drivers of the price movement. In addition, close form
probability density is necessary to perform more computations. We were looking for a model that is less
restrictive and more realistic. The VG model is a subclass of pure jump processes with finite variation
and infinite activity, appears to be the a right candidate for our purpose. First, the assumption of
jumps are rare events is relaxed in the sense that the price process moves essentially by jumps. Second,
the distribution of jump size need not to be known in advance, it can arrive infinitely often in every
time interval. This is because, the VG model arises by evaluating a Brownian motion with drift at
independent random time given by a Gamma process. A gamma process is infinite divisible, this gives
rise to a Lévy process with infinite number of jumps in every time interval. Third, close form probability
density does exist, as we will discuss in Chapter 4. Hence, clearly, the VG process possesses all the
four properties described in [48]. In fact, one can show that the VG process is a limit of a particular
compound events models in which the arrival rate of the jumps approaches infinity.

Based on the discussion above, the VG process respects the intuition behind a Wiener process and
a compound Poisson process for the purpose of modelling stock prices in the sense that it balances
between the two processes. Implementation of a Geometric Lévy model with VG jumps can be viewed
as a bridge between a classical financial model and an insurance model. Nevertheless, the idea could

be made clearer when visualising the trajectories of VG process in Chapter 4.

2.7.6 Geometric Lévy based pricing model: Applications to Finance
2.7.6.1 Categories of Geometric Lévy process

Let’s now review several geometric Lévy models in the existing financial literature. These models are
used to describe the stock price evolution under both the historical (real-world) and the risk-neutral

probability measures, but under the risk neutral probability measure the drift parameter is fixed by
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satisfying the martingale criterion.

There are two main categories of financial models. The first category are so-called jump-diffusion
models. As the name suggests, the diffusion component must be present in such models. Under this
category, the model stock price consists of two processes, the diffusion-process which determines the
normal evolution of the price, and the fluctuation of price captured by a jump process. Here the
jumps represent extreme events-stock market crashes and large drawdowns. Such an evolution can be
represented by modelling log-prices as Lévy processes with a nonzero Gaussian component and a jump

component, which is a compound Poisson process with finitely many jumps in every time intervals

Zy =0t + oW, + % & (2.67)

k=1
where {NN;,t > 0} is the Poisson process counting the jumps of Z and & are i.i.d. random variables
that represent jump sizes. The first model of this type is the Merton model'® [50], which has been
mentioned previously. This model suggests that the jumps in the log-price Z; are assumed to be
Gaussian distributed: & ~ N(a,d?). In the risk-neutral setting the characteristic exponent of the log

stock price is represented as follows:

2 2

W) = -0 (e ) (2 (e 1)) (2.68)

The second model of this type is the Kou model [42]. Kou (2002) assumed the structure in equation
(2.67), but chose the jump distribution to be that of a two-sided exponential distribution. His choice
of jump distribution was motivated by the fact that analysis of first passage time problems become
analytically tractable which itself is important for the valuation of American put options. Under this

model, the jump size & is a mixture of exponential distribution, i.e. in the form
vo(dx) = (cl)\+e_/\*””]lm>o + 02)\_e_>‘*|:”|]lm<o)dx (2.69)

with A, >0, A_ > 0 controlling the decay of the tail distribution of the positive and negative jump sizes
and p € [0,1] representing the probability of an upward jump. The probability distribution of returns
in this model has semi-heavy (exponential) tails.

The jump sizes under the described jump diffusion types of models have known distribution, the
dynamical structure of the process are relative simple. One can easily simulate and apply Monte Carlo
methods in pricing financial derivatives. However, the densities under such models have no close-form

expression: moments and quantiles are quite hard to compute.

The second category of Geometric Lévy based models are called infinite activity models. In these
models, one need not introduce a diffusion component since the dynamics of jumps is rich enough to
generate nontrivial small time behaviour and it is arguably realistic in describing the price process at
various time scales. Moreover, one can construct this class via Brownian subordination, which yields
additional tractability over the jump-diffusion models. [12; 32]

There are two sub-categories under infinite activity models: infinite activity of finite variation and
infinite activity of infinite variation. Examples of infinite activity of finite variation models are the VG

models. Examples of infinite activity of infinite variation models are NIG models, and stable models.

16 Alternative names are Merton jump diffusions or Compound Gauss-Poisson model.
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2.7.6.2 Construction of Geometric Lévy models

There are three approaches to define a parametric Lévy process with infinite jump intensity. The
first approach is to obtain a Lévy process by subordinating a Brownian motion with an independent
increasing Lévy process (we called such a process a subordinator). Here one can immediately obtain
the characteristic function of the resulting process. However an explicit formula for the Lévy measure
in not always obtainable. Hence to account for non-normality of returns, one can write the return
process L; = Z(T(t)) as a subordinated process, where the subordinator T'(¢) is an increasing Lévy
process with stationary and independent increments and Z is a Gaussian process with independent
increment. One example of a subordinated Lévy process is a Compound Poisson Process, that is a
random walk time changed by a Poisson process. Hence one can say a subordinated Lévy process is
still a Lévy process. Some Lévy process can be specified through Brownian subordination. This is an
example of a time changed Lévy process. Brownian subordination involves specifying Brownian motion
with drift and time-changing the process by a subordinator. Such subordinators act like “internal
clocks”, as market information arrives at a random time, the Wiener process with constant drift and
volatility is evaluated by a given stochastic process (or time changed by a given stochastic process), if
this stochastic process is infinitely divisible, then by simply time changing a drifted Wiener process,
we obtain a new Lévy process. This feature makes Brownian subordinated models appealing in pricing
derivative securities. An appropriate subordinator is required to specify a Brownian subordinated model

and such subordinator should have the following properties.

e It should be able to give a realistic view of the randomness in information arrival.

« it should be able to control skewness and excess kurtosis of the underlying asset since it has enough

parameters to incorporate these features.

e The expected time of information arrival at a calendar time should be equal to ¢.

It is worth mentioning that the generalised hyperbolic distribution (GHD) is constructed by subordi-
nating a Brownian motion with a GIG process. Variance Gamma and Normal Inverse Gaussian both
belong to the class of Generalised Hyperbolic Distribution.

The VG process is obtained by time-changing a Brownian motion with a gamma subordinator and

the characteristic exponent of the form:

Y(u) = —log(l + UQQJQV —iuﬁu) /V

The Lévy measure of the VG process is given by

v(dz) = (C11(z < 0) exp(~Csz) + Col(z > 0) exp(-Cyzx) )|z dx

which we will discuss in detail in the Chapter 4. The NIG process is obtained by subordinating a
Brownian motion with a GIG process and the characteristic exponent is of the form:
1 1

= - V1 +u202v - 2iuby
v v

The second approach is to specify the Lévy measure directly. Some main examples are tempered stable
processes [41], CMGY model [13].

The third approach is to specify the probability density function directly, more precisely, to specify

the density of increments of the process at given time scales A, by arbitrarily selecting an infinitely
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divisible distribution. One example is the Generalised hyperbolic processes [23]. In this approach the
increments of the process at the same node can be easily simulated and the distribution parameters can
be estimated in a dataset that is sampled to the same period A. However, the law of the increments at
other nodes is hard to find. Also, given the infinitely divisible distribution, one may not be able to tell
whether the corresponding Lévy process has a Gaussian component, finite or infinite jump intensity as

the associated Lévy Khintchine representation is hard to find.
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Chapter 3

VWAP Options

VWAP options were suggested to reduce market manipulation risk, and a typical problem naturally
arises is the pricing of VWAP options. An investor who wish to buy or sell a VWAP contract wants
to have an idea of the fair price. The Market maker for these contract wishes to know how much the
contracts are worth and how to hedge them. This gives rise to the need for derivative products base
on VWAP. These derivative products are often called VWAP options. There are very few published
or working papers available on the pricing of VWAP options. There exist only two papers and one
dissertation which discusses VWAP from an option pricing point of view. The first contribution comes
from Stace [79; 80]. The author approximates the distribution of VWAP to lognormal, the first two
moments of VWAP are found by solving a system of nineteen ODEs, and finally the options are priced
under the classical PDE approach. We briefly sketch what has been done now. First, the pricing PDE
for the VWAP options is derived. Throughout the analysis, stock price is assumed to evolve as a GBM,
volume is a mean reverting diffusion process!, hence the dynamics of the underlying are given by the
following SDE

dS(t) = pS(t)dt + oS (t)dWi(t),
dU(t) = a(U(t))dt + b(U(t))dWa(t)
where @ : R~ R and b: R — R? are sufficient regular functions so that the SDE has a unique global
solution. The VWAP is represented as
Y (t)

1) Z) ift>0
S(0), t=0

where

Y(t) = /ttS(s)U(s)ds and

0

Z(t) = fttU(s)ds; fttU(s)dsio

I Two different volume models were attempted, the first model is a Brennan & Schwarz type model of the form dU (t) =
a(Umean—-U (t))dt+BU (t)dW2(t); the second model is a CIR model of the form dU (t) = a(Umean—U (t))dt+L/U (t)dWa(t)
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Then

dY (t) = S(t)U(t)dt, and
dZ(t) =U(t)dt

Where Y (t) and Z(t) are increasing functions of time when S(¢) > 0 and U(¢) > 0.
The author starts by postulating that the price of the option could be described by a function of
t,S,U,Y, and Z, denoted as V (¢,5,U,Y, Z).

Then apply multidimensional It6 formula, V satisfies

1 1
dV = Vidt + VedS + VigdU + VydY + VzdZ + 5(05)2vssc1t + §(b(U))2VUU +paS(b(U)) Vsydt

=VsdS + VydU + LV dt

where £ =V, + USVyy + UVy + 1(05)*Vss + 5 (b(U))*Vuu + poSb(U)Vsy.

Meanwhile, a portfolio composed of two options (long position of 1 unit and short position of A,
unit) and one stock (long position of 1 unit) is constructed to arrive a PDE that describes the price of
the option, i.e.

M=V-AS-ADy®

Again, apply It6 formula,

dIl = dV - AdS - AM gy
= VsdS + VydU + LVdt - AdS - AO VIV as + viDau + cv®)

Assume that Vi # 0, Vél) # 0 and choose A and A™M such that the stochastic term dS and dU vanish,
the change in the portfolio is given by

dil = (£V =AMy Mygy

Which is a difference of two continuous local martingale and has finite variation. After some steps, the

fundamental PDE he used in describing the price of the VWAP option is arrived as

Vi + %(US)2VSS + %b2(U)Uss +paSb(U)Vsu

+78Vs + SUVy + UVy =1V + (a(U) = b(U)A(t, S,U,Y, Z))Vy =0 (3.1)

where A(t,S,U,Y,Z) is some arbitrary constant function. Knowing that the Feynman-Kac formula
provides a convenient link between PDE and expectation, the expectation of the price of VWAP is
found. Second, the author derives some analytical formulae for the bounds for the option that are
independent of the volume process. He emphasises these bounds could be viewed as a hedging strategy
that covers all risk, however, the cost is prohibitively big which makes the VWAP unattractive to buy.
Third, Monte Carlo analysis is developed to price and find the Greeks of the VWAP options, several
control variates are found. Fourth, the author postulates that the VWAP moments represent effective
lognormal moment and the price of the option is found by matching the first two moments of the

VWAP to a lognormal distribution. To approximate the expectation and variance of the quotient %,
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the following Taylor series expansion is used [57]
(Z) _E(Y) Cov(Y,Z) . E(Y)
z) E(2) (E(2))? (E(2))?

v (Y (EO) 2(Var(y)  Var(2) , Cov(¥, 2)
u(z)- (E<Z>) ((E(Y))2 TE@)? E(Y)E(Z)) '

Var(Z) ,

The first two moments are found by solving a large (19 equations) system of ODEs. Subsequently, the
lognormal parameters fi and ¢ are found and the fundamental pricing PDE that describes the price
of VWAP options is solved?. In addition to price vanilla type of VWAP call option, the author also
attempts to price an exotic type of VWAP option: a VWAP digital option. Fifth, a finite difference
method? is attempted to solve the PDE of the form (3.1) , in particular, explicit (See [84]), Crank-
Nicolson [16], and Alternating Direction Implicit (ADI) scheme [65] are used. Solving by finite difference
is found to be very challenging as there are four state variables? together with the time variable, and
the boundary condition is quite hard to formulate. As a final step, a series solution to the price of the
VWAP options is developed and the first two term of this solution are explicitly derived, based on the
assumption that stock price follows geometric Brownian motion and the volume is a mean reverting
process. It is found that the first term of the series described by a PDE which is quite similar to the
Asian option PDE. The first term is found to be independent of the volume process. The author has
also shown that the first term of the expansion works quite well when mean reversion is high.

The second approach is due to Novikov et al.(2010) [62], the authors propose to price the VWAP
option by matching moments. However, the problem was solved via a semi-analytical approach. Now
let’s sketch briefly. First, the authors postulate that the VWAP moments represent a particular class of
Lévy process, so-called Generalised Inverse Gaussian (GIG) process. The rationale is that the VWAP
option is very similar to the Asian arithmetic option. There is a vast literature on the pricing of
Asian arithmetic options. In the case of Asian arithmetic options, some authors suggest moment-match
to skewed distribution, i.e. Inverse Gamma (See[51]). A skewed distribution belongs to the class of
infinitely divisible distribution and so induce a Lévy process X = {X(t),t > 0}. Therefore, it is not
unreasonable to postulate the process of VWAP represents an effective GIG process. Another important

observation is that, the expression of VWAP is in term of the following ratio of two integrals,

(220 ) 52
Jo Updt

then taking the expectation, they assume S; is assumed to be independent® to Uy, hence equation (3.2)

T
| ESE U
0 Jo Uedt

becomes

Knowing the joint Laplace Transform

¢(Za T, q) = E(exp{_ZUt - TUS - qVT})

2See section 6 of [80] or p153 of [79].

3The finite difference method is frequently employed to solve the PDEs which describe the option prices. The method
is well-established, and there is a vast literature about the topic. Some of the excellent references are Morton& Mayer
(2005) [59], Strikwerda (1989) [81], Fletcher (1991) [28] and Mitchell & Griffiths (1980) [53]

4Random variables that depend on the time. The number of state variables determine the number of dimensions in a
PDE.

5 As discussed in Chapter 1, the independence between the Brownian motion under the price dynamics and the Brownian
motion under the volume dynamics leads to the independence between S; and Uy.

48



and assuming the usual technical condition holds ,i.e.
(l]i/‘ép) < o0
It follows that

dq
2=0

U, < 9
E(2L)=-[ Zo
(VT) -A 32 (2707q)

= / E(Ue "7 )dq
0

MAﬂ:—/TEwQ(aéwﬁg) dﬁﬁ

0 0z .0

Clearly, to compute the first moment, the idea is to find ®(z,0,q). However, to compute the second
moment, ®(z,7,q)s need to be derived. This is the joint Laplace Transform of U;, Us and the integral
of U;. The key is to compute the Laplace Transform of the integral of the squared Ornstein-Uhlenbeck
process, which does not involve solving any ODEs or PDEs, but rather utilising the Girsanov theorem.
Having analytical moments derived, VWAP moments are matched to the GIG distribution; GIG pa-
rameters are found and are used to specify the distribution for the VWAP; Consequently Option prices
are found by integrating the terminal payoff against the state price density.

The structure of this chapter is as follows. First, the VWAP is described in detail. Then the specific
contract priced in this thesis is described. Finally the use of a VWAP option is presented.

3.1 The Volume Weighted Average Price

A plain vanilla Asian option depends on the time weighted (or arithmetic average) stock price. The
weight on the stock price is equally given to days of light trading and days of heavy trading. A VWAP
is quite similar to the arithmetic average price, except it differs on how the average is taken. In practice,
trade count is required to calculate the VWAP, this explains why VWAP is often used for computing
the stock prices for companies that are publicly listed. The VWAP assigns more weight to high trading
periods than thin trading periods. Therefore, one main reason that VWAP is introduced is that it helps
reducing market manipulation risk. As a result, the use of VWAP is more appropriate for underlyings
that are public listed securities. Nevertheless, we give a simple example to see the difference of a volume

weighted average and an arithmetic average.

Example 3.1 (VWAP and Arithmetic Comparison). Suppose a stock trades at $5 today and there

are 10 trades; tomorrow it trades at $50 and there is 1 trade. The volume weighted average price

$5x10+$50x1

011 = $9.09, while arithmetic average price is % =$27.5

Now we define VWAP in both continuous and discrete time. We start with the more practical

discrete case.

Definition 3.1 (Discrete-time VWAP). Let the time interval [to,t] be discretized into the intervals

to = to,t1,...,tx =t and the volume weighted average is formed as

S S U(t:)
AT = iS ti i:17 =
(1) le (t:) le Ui SN

where N represents the number of transactions, S; = S(#;), U; = U(#;) denote the price and volume
for each i-th transaction, respectively, i = {1,.... N}, A(to) = S(to) and YN, U(;) # 0. Alternatively,

VWAP can be defined in continuous time.
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Definition 3.2 (Continuous-time VWAP). Denote the price of a stock at time ¢ as S(¢), and the
number of trades of S(t) per unit time as U(t). Let ¢y < t, thus the total value value of admissible
trades during the interval [tg,t] is fti S(u)U (u)du, and the number of shared traded is [tz U(u)du. The

continuous VWAP over time interval [to,t] is defined as

ftto S(u)U (u)du
A(t) _ ftto U(u)du
S(t)7 t=tp

Assume that ftz U(s)ds # 0.

Remark 3.1. Definition 3.2 is reduced to the definition of an Asian arithmetic option when U(t) is

constant.

It is instructive to visualise how VWAP behaves in practice via the plot of real data. We deliberately
omit here due to the lack of access to real-time database. However, it worth mentioning that Stace
(2006) [79] claims that there is little difference between an arithmetic average price and volume weighted
average price (VWAP). The author starts with a collection of real intra-day data during one month
period for four public-listed stock and constructs running Arithmetic and volume weighted average
price. Then by plotting the two averaging prices against the real-time stock price and it is found the
only difference is that VWAP tends to fluctuate more around the start of the averaging before settling
down. During the observation the author also identifies one situation where the arithmetic average
differs from the volume weighted average quite a lot. This is the situation when a stock price drops
to zero and stays there, or stops trading, in the case of the running arithmetic, the average tends to
decrease for the remaining time when averaging is re-computed. On the other hand, the VWAP tends
to be invariant. Hence it is quite clear that the two different ways of averaging potentially impact on

the derivative payout.

3.2 VWAP Options

This thesis is concerned with the valuation of European call VWAP options. We consider fixed strike

with a payoff at the terminal time of

jT S(H)U(t)dt
C(T) = (A(T) - K)* = | =——— - K

JU(t)dt
0

Once the call options contracts are priced, put options contracts can be also price via the use of put-call

parity.

3.3 The use of a VWAP

The volume weighted average price (VWAP) over rolling number of days in the averaging period is used
as a benchmark price by market participants and can be regarded as an estimate for the price that a
passive trader will pay to purchase securities in a market. During the past few years, as institutional
investor try to get a real understanding of the true cost of implementing a managerial or strategy
change, VWAP has been gaining in popularity to measure equity execution. VWAP represents the

average price of a security weighted by trade volume. In other words, It is a simple way to calculate
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the average price of a stock over any given time periods. Nowadays, it is commonly used in brokerage
houses as a quantitative trading tool and also appears in Australian taxation law to specify the price

of share-buybacks®

6In Australian financial market, share-buyback is a common activity among Investment Banks, Insurance companies
and other large scale financial institutions in gaining tax advantage and reducing managerial agency problem.
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Chapter 4

The Variance (Gamma process and

model

As discussed previously (2.7.6.1), models with jumps usually fall into two categories: Jump-diffusion
models and infinite activity (intensity) models. In particular, the jump size under the first category can
be chosen either to be Gaussian or non-Gaussian type; Likewise, The infinite activity models can either
be chosen to be of finite variation or infinite variation. A drawback of the jump-diffusion models is the
parameter instability due to the infinite variation property possessed by the Brownian component. In
this regard, Madan and Seneta propose a pure jump model (VG model) in modelling the dynamics of
the stock price. This model is a infinite activity based model with finite variation. The nice properties
of the VG model have led to its recent implementation in the Bloomberg system through the function
SKEW [38]. Now let’s take a closer look at VG.

4.1 The VG process and distribution

The class of Variance Gamma distribution was first introduced by Madan & Seneta (1990) [48] in the
late 1980s. The symmetric case of the VG process was proposed and developed by Madan & Seneta
[48] and Madan & Miline [52] as a model for studying stock returns and option pricing. The original
formulation was further generalised by Madan, Carr and Chang (1998) [47] to a general VG model.
The original symmetric VG process is considered as a special case of the general case with 8 = 0. We
always refer to the general case whenever we talk about the VG process in this thesis. The VG process
has become one of the most popular Lévy models among academia and practitioners.

The VG process is a process of independent and stationary increments, that is a Lévy process [31].
A Lévy process can be represented as the sum of three independent components: a deterministic drift, a
continuous Wiener process, and a pure jump process. Brownian motion is a special case where the jump
component is absent. On the other hand, Poisson process is a special case where the Brownian motion
and the deterministic component are absent. VG process is a pure jump process, which is similar to
the Poisson process, and thus it can be expressed in terms of its Lévy density, the simplest version with

no parameters being (See [48])

1 - xT
kva(a) = e V2l (4.1)
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For the VG process with the usual (6,0, v) parameterisation, the Lévy density is given by

1 0 1 /2 62
kva(z) = l/eXP(sz -—\/* |CC|)

|| cVuv o2

where v,0 >0

The Lévy measure has the following form
v(dz) = (C1I(z < 0) exp(-Csz) + Coll(z > 0) exp(-Cyz)) || da

where C7 > 0,C5 > 0,C3 > 0,C4 >0 are constants. Carr-Geman-Madan-Yor have introduced CGMY
process in [12], which is an extended process of VG process. The Lévy measure of the CGMY process
is

v(dz) = C(I(x < 0) exp(-Gx) + I(z > 0) exp(~Mz))|z|" ) da (4.2)

where C>0,G>0,M >0,Y <2. and Y <0, then G >0 and M > 0 are assumed. When Y =0, we

obtain a VG model as a difference of two independent identically distributed gamma processes.

Where

C=1/v>0

2,,2 2
o1 ov2 v v
4 2 2
2,2 2
M=1 9V+—UV+0—V
4 2 2

Unlike the Poisson process, the VG process may have infinite number of jumps in any interval, making

it a process of infinite activity. Unlike Brownian motion, the VG process has finite variation, so in some

sense it behaves in a more stable way.

4.1.1 The Construction of a VG process

There are two representations for the VG process, both of which are useful, but in different context. In
the first representation, the VG process is interpreted as a Brownian motion with drift, where time is
changed by a gamma process. Suppose there is a Wiener process with constant drift # and volatility o.

If W (t) is the standard Brownian motion, we can write the process B(t;6,0) as
B(t;0,0) =0t + oW (t) (4.3)

where the time ¢ follows a gamma process 7 (t) = 'yt(l’) ~T(L,v), ie.

zvle v
t —
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with unit drift g =1 (mean rate per unit of time) and variance parameter v which results in the pure

jump process that has an infinite number of jumps in any interval of time :

X(t:0,0,v) = B(7,(?),0,0)
= QT,Y (t) + O'WTA,(t) (44)

The gamma density has the characteristic function, ¢, (u,t) = E(exp(iu'yt(u))), given by

t

o (ust) = Bexp(iux))) = (=) (4.5)

1-tuv

The characteristic function for the VG is obtained quite easily by first conditioning on the gamma

process and then using the gamma characteristic function to get

1)) - (f(w))'
2

1 —dubr + ZXu? 1 —dubv +

1 v
pva(ust) = E(exp(iuX;)) = () = ")~ oxp an(
2

(4.6)
The characteristic function of the form (4.6) is in the class of infinitely divisible distributions, hence

one can deduce the Lévy measure ky () from the logarithm of the characteristic function:

bg¢VG@hn):g[:uﬂw—1nmgcmdm (4.7)

Differentiating equation (4.7) with respect to u on both sides yields a recognisable Fourier transform,

leading to
C _Ax T
kva(x) = l Alett B, (4.8)
2
Ao (2+‘;), (4.9)
oava 14 g
VG
B= QL, (4.10)
o
VG
c= 1 (4.11)
v

where B < A and |z|kyg(x) is a decreasing exponential for positive x and increasing exponential for
negative x. This interesting property of the Lévy measure is a necessary and sufficient condition for
the unit time random variable to be self-decomposable [74]. Let 4” be a gamma process with unit drift
and variance v. One can describe the dynamics of the continuous time gamma process by describing
the simulation of the process. Since the gamma process is an infinitely divisible distribution of i.i.d.
increments over non-overlapping intervals of equal length, the simulation may be described in terms of

the Lévy measure [71].

exp (—%(E)
vr

vy (dx) = dx, for x>0 and 0 otherwise. (4.12)

Another interesting remark is that, the Lévy measure has an infinite integral, one can see that
the gamma process has an infinite arrival rate of small jumps, as is indicated by the concentration of
the Lévy measure at the origin. The process is of pure jump type and could be approximated as a
compound Poisson process. To simulate the compound Poisson process approximation, we truncate the

Lévy measure near the origin by throwing away small jumps of size below e. Then the area under the
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truncated Lévy measure can be used as the Poisson arrival rate of jumps. The normalised truncated
Lévy measure acts as the conditional density of jump magnitudes, given the arrival of a jump.
The VG process X(t;6,0,v) can now be formally defined in terms of the Brownian motion with drift

B(t;0,0) and gamma process with unit mean rate 7, (t) as

X(t;0,0,v) = B(14(t),0,0) (4.13)

The idea of time change makes economic sense. It is known that the financial market does not evolve
identically every day. More precisely, trade volume is not uniform during the day and trading activities
fluctuate quite a lot form time to time. Intuitively, the original clock could be regarded as the calendar
time and the random clock could be regarded as the “business time”. This business clock could be
tuned faster while trading activity is high during a business day, and vice versa, when there is not
much trading it could be slowed down. Hence, conceptually, the business time can be distinguished
from calendar time and describe the evolution of trading activity. One can view the VG process as a
Brownian motion run under a random gamma clock.

From the Lévy measure, one may infer that the VG process is also the difference of two independent

increasing gamma processes. That is
XtVG — 71£(M+7V+) _ ,.Yt(ﬂ—vu—) (414)

Where 1, are defined in equation (5.5). Here the two gamma processes are independent (but defined

on a common probability space) with parameters

0212  o2v Qv

_ 2.z 4.15
Hx 1 B 5 ( )
ve = v (4.16)
This representation allows us to determine the Lévy measure for X,
+2 ut
b e ol fjz] if 2> 0
(4.17)

U(d.’l?) = ij

i—e_ﬁélzl/m, ifx<0

The division by the absolute value of the jump size in the VG Lévy measure (4.17) explains why the
VG process has infinite activity, as the VG Lévy measure integrates to infinity. It is also clear that the
process is of finite variation as |z| is integrable with respect to the VG Lévy density. In term of the

generating triplet (o,v,0), the Lévy measure can be re-written as

/0 Vit
exp(bz/o )exp - 5 : |z| | dz: (4.18)
o

vzl

we(dz) =
Now we compare VG process against Brownian motion, recall the definition of a standard Brownian
motion W = {W;,t >0}
e The trajectories of W are P-a.s. continuous.
o It starts at zero: W(0) =0 or P(W(0) =0) = 1.
o Stationary increment:V 0<s<t, W(t) - W(s) d W(t+h)-W(s+h).

« Distribution identity (Normal Increment):V 0< s <t, W(t) - W(s) g W(t-s).
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o Independent increment: ¥V 0<u<s<t, W(t) - W(s) is independent of {W(u),u < s}
o W(t+h)-W(t)~N(0,h): increments are normally distributed.

In a similar manner, one can define the stochastic process based on the VG distribution. (See
[76] for example). A stochastic process X = X(t),t >0 is a Variance Gamma process with parameter
01702703704 if

e The trajectories of X are P-a.s. right continuous with left limits.

o It starts at zero: X(0) =0 or P(X(0) =0) =1.

e Stationary increment:V 0<s<t, X(t) - X(s) g X(t+h)-X(s+h).

o Distribution identity:Y 0<s<t, X(t)—-X(s) d X(t-s).

o Independent increment: V 0<wu<s<t, X(t) - X(s) is independent of {X (u),u < s}
o X(t+h)-X(t)~ VG (C1(h),Ca(h),C5,Cy): increments are VG distributed.’

It turns out that a VG process is a pure jump process. Sample paths have no diffusion component in

contrast with Brownian motion.

4.2 The VG Stock Price Model

The VG model is a reasonably tractable and parsimonious model among all pure jump models. The
Madan et al. [47] paper shows that the VG process is successful in explaining the volatility smile due
to the fact that VG process is a purely discontinuous process. Comparing to the GBM model which
contains two components: deterministic drift and diffusion components, the Geometric Lévy based stock
price model we consider in this thesis contains three components : deterministic component, diffusion
& jump component. By modelling the log-returns of the stock price with a general Lévy process (a

combination of diffusion process and the VG process),
Li =1og(S;) —log(Si_1) =m+ oppr(Wy = Wi1) + (XY - xV¢
and the stock price process can be written as
Sy = Spe™

the VG model can capture the well-documented volatility smile/skew observation. Assuming no divi-
dends are paid, a risk-neutral measure is chosen to mean-correct the original. We adopt the difference-

of-gammas representation and define the continuous stock price model as
S, = Spelt, Sy>0 (4.19)
where Ly = mt + oy Wy + XtVG7 assuming 0 interest rate.

In this way, the log-returns of stock prices are no longer normally distributed.

Now we recall some basic facts under the classical Black Scholes framework,

IWhen C; = C2, we obtain the CGMY process, then X (¢ +h) - X (t) ~ (C(h),G, M).
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2
log Si4+1 — log S ~ Gaussian (uBM - UE;M,U%M)

One can move easily from the real world to the risk-neutral world by simply replacing the drift p

with a constant interest rate r (assume no-dividends).
o2
S; = Soexp((r— JzM)ﬁ+0VVt), t>0

In contrast with the Black Scholes’ setting; in the case of a Geometric Lévy model, we are working
in an incomplete market, meaning that there is no unique transformation. In fact, there are infinite
many E.M.M.. However, knowing market doesn’t have to be complete for the absence of arbitrage to
occur, one particular simple transformation is the mean-correcting measure changes, where the Lévy

process is shifted in such a way as to obtain a martingale.

va
St — SoeL‘ — Soemt+UBJ\4Wt+Xt

where

1 5 1
m=u-— —log| —— v 4.20
s QUBM g(l—@v—éa%(}y)/ ( )

ensures e "'S; is a martingale.
where the jump Lévy process XY is the difference of 2 independent gamma processes
X’y(cl; 1/04), X,Y(Cg; 1/03)That is

1

) (4.21)

1
XtVG = X’Y(Cl; 07) _X’Y(C2;
4

where the constant m is chosen in such a way that the discounted asset price is a martingale; that is,

it must satisfy
E(e_rtSt) = S()

Hence, the drift
1, 1 1
m=u——ogy — log| ———m——— v
K= 3%BM 708 1—9U—%0’%GV
is obtained.

Proof. Using Lévy Khintchine theorem and the basic property of martingales

ESt = Soetd)(l):So

2
BM +log| ——A——— > v
2 1791/+7(GV2C§) v

t(m+
- ESt = Soetw(l) = Soe = SQ

iff

]. 2 ]- . . .
m = —EO'BM —log S — v assuming no growth in price
1-0v+ =Sy
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(a) Trajectories of GBM stock path (b) Trajectories of Geometric Lévy process with VG jumps

Figure 4.1: Comparison of trajectories

1

2
(o2
1-6v+ v

1
m=pu— 501231\/[ - log( )/1/ assuming price growths at rate u

O

There are two structural properties that make the VG model appealing. The first one is the complete
monotonicity of the jump size intensity, meaning that the large jumps occur less frequently than small
jumps. This is practically sensible as more buy orders are placed, price naturally increases, and as more
sell orders are placed, price naturally decreases. Market participants from both buy and sell sides have
incentives to minimise such impacts. The second structural property is the infinite activity property,
in the sense preserves the sample path property of Brownian motion. It is instructive to visualise the
difference of a geometric Lévy process and a lognormal process (or GBM). See Fig.4.1. The left are ten
trajectories of the well-known Geometric Brownian Motion, while on the right are ten trajectories of
geometric Lévy process with variance gamma jumps. As one may tell that, on the right plot, there are
large number of small jumps. And the magnitude of the jumps progressively concentrates on the origin.
In this sense, the VG model respects the intuition underlying the sample path continuity of Brownian

Motion as a model.
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Chapter 5

Pricing VWAP Options via

moment-matching

The payoff of a VWAP option depends on the following path-dependent random variable

o iUt

Ap
[l Ut

In this chapter, we study an approximation method to price the VWAP options. The stock price
is assumed to evolve as a geometric Lévy process and the trade volume follows a squared Ornstein-
Uhlenbeck process. However, due to the complexity of the trade volume process, the moments of
VWAP process are hard to calculate without further approximation. Hence, we approximate via a
technique so-called moment matching, which is a common method used in pricing Asian options. Since
the moments of the lognormal law are well known, the moments of VWAP were initially matched to
the lognormal distribution and the lognormal parameters are subsequently found. Following the idea in
Novikov et al. (2010), we then attempt to match to the Generalise Inverse Gaussian (GIG) distribution,
which is a Lévy process with three parameters. The rationale of our choice of approximating to a GIG
distribution is the following.

First, we recognise that the VWAP options are quite similar to the Asian arithmetic options in the
case when volume U(t) is considered to be constant. It is well-known that the Asian arithmetic options
are quite difficult to price and hedge as they do not possess close-form analytic solutions in the classical
Black Scholes framework. The main reason for this difficulty is that the payoff depends on a finite sum
of correlated lognormal variables, which is not lognormal and a suitable probability distribution cannot
be identified [51]. In the case of VWAP option, this difficulty is compounded by the complexity of the
volume process. This is because the VWAP pricing results strongly depend on volume type and it is
known that the VWAP process cannot be reconstructed from market prices [11]. Currently there is no
consensus in the literature on the process that could describe the dynamics of the volume accurately.
However, with the available techniques on the pricing of Asian options, we may be able to develop an
analogous method to deal with this challenge. The Milevsky and Posner (1998) [51] paper postulates
that the infinite sum of the lognormal random variables tend to be Inverse Gamma distributed!, under
some certain restrictions on the parameters. Based on the postulation this result is used to approximate
the finite sum of the correlated random variables and a closed form expression for the value of the Asian

arithmetic option is found by using the Inverse Gamma density as the state-price density?. The idea

1This means the reciprocal of the random variable is gamma distributed.
2A state price is price of an Arrow Debreu Security, it is the value today of 1 dollar paid in one state of the world
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from the Milevsky and Posner (1998) paper is explored and applied to the pricing of VWAP option in
Novikov et al. (2010). The authors postulate that the terminal VWAP price could approximate to a
GIG distribution, the GIG distribution is infinitely divisible and so it is a Lévy process. As mentioned
previously, there is a vast literature on the pricing of options under Lévy processes, a popular class of
Lévy process that is often used in exotic option pricing is the Normal Inverse Gaussian (NIG) process
[2]. As we have seen in chapter 2, the NIG process is a special case of the GIG when the index of the
Bessel function is taken as —%. In addition, the extra parameter of the GIG distribution might make it
a more flexible distribution to model stock prices. Furthermore, The relationship between the quantity
similar to VWAP and some skewed distribution (gamma, NIG, GIG) has been extensively studied in
the actuarial literature (Dufresne, Gerber and Shiu (1991) [22] and Chaubey, Garrido and Trudeau
(1998) [14]). Hence instead of matching the well known lognormal, we have chosen to approximate the
distribution of the VWAP by a GIG process.

5.1 The Model

First, S;, Uy processes are defined. Let W, = (W\t,m), 0 <T be two dimensional Brownian Motion on a
filtered probability space (Q, F,F,P). Assume

S, = Soert+mt+XtVG+oBM(p,\/ﬁ)'wt
where opgr € RT. The dynamics of the Ornstein-Uhlenbeck process are described as
dXy = Xa-Xy)dt + (oov,0) - dW,
for some real ooy. Let introduce the real-valued stochastic processes W1 and W by setting
w - T/Vt, Wt@) = Pm + MWt

where p € [-1,1], Wt(l) and Wt(2) are standard one-dimensional Brownian motion defined on some
filtered probability space (€, F,F,P), with quadratic variation satisfying [W®M) W3], = pt. It is

evident that
St _ Soe’l“t+mt+X,:/G+0'Bj\/[V_Vt(2) (5'1)

and
dX, = Ma - Xy)dt + copdW, (5.2)

where Wt@) is a Brownian motion correlated with the Brownian motion Wt(l) for the volume process
Us, XY is a variance gamma process independent of W), and m = u— 0%, ~log(1-0v - Lo? 1) v
is a drift to ensure e™"S; is a martingale.

Stace in his paper [80] used mean-reverting processes (CIR and Brennan-Schwartz processes) for mod-
elling trade volume. Here we adopt the following mean-reverting process (shifted squared Ornstein-

Uhlenbeck process) to model the trade volume in accordance to Novikov et al. (2010),
Up=X2+06, dX;=Ma-X,)dt+oopdW ", Xy=a

where m, \, ogm, @, 0 are assumed to be bounded constants, § > 0, A > 0. In particular, A being the speed

of mean reversion, a can be thought of as the long term average of the volume process. Intuitively,

(only) tomorrow.
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when X, rises, the drift < 0, then X; tends to drop ; when X; drops, the drift > 0, then X; tends to rise
back again. The Ornstein-Uhblenbeck process X; is represented as

Xi=a+ooué (5.3)
where &, is a standard Ornstein-Uhblenbeck process satisfying the SDE
gy = ~N&edt + dW D &5 =0 (5.4)

In the symmetric case, when § =0 and a = 0, the process U (t) is a particular case of the Cox-Ingersoll-
Ross(CIR) process, [60].
S is assumed to depends on U for any t > 0.

The continuous time analog of the VWAP is given by

) St

A =
S Ut

The approximation of E(Ar) and E(A2) are required, which we will discuss shortly.

5.2 The Approximation

A common approximation to the Asian arithmetic average option is to approximate the distribution
of the underlying asset by a lognormal process. The Turnbull & Wakeman (1991) paper matches the
first two moments of the arithmetic average asset price to a lognormal distribution and an approximate
Asian option price is obtained. The Brigo, Mercurio, Rapisarda & Scotti (2004) paper [10] uses a
moment-matching approach to price basket-options. Stace (2007) [80] matches the first two moments of
the VWAP to a lognormal distribution. Novikov et al. (2010) [62] matches the first two moments of the
VWAP to a Generalised Inverse Gaussian distribution (GIG). In this thesis, we studied the methods
in the last two papers. First, we approximate the distribution to the VWAP by a lognormal process
SEN(t). Approximating to this distribution has the advantage of leading to an analytically tractable

problem. Under the objective measure, the dynamics of the process SV (t) is given by
dS(t) = pSEN (t)dt + 5 SN (t)dW (t)

with STV (0) = S(0), /i the drift coefficient, & is the diffusion coefficient, and W (t),0 < t < T, a Brownian
motion on a filtered probability space (Q, F.F, I~P’), and .7:"(15), 0 <t < T, afiltration for W(t) where T > 0.
The parameters /i and 6 need to be found. The VWAP call option is a function of ¢ and SN (¢), i.e.
C(t, 8N (t)). With taking the lognormal density as the state-price density function, we can obtain a
closed-form analytic expression for the value of a VWAP option.

Second, we approximate the distribution to the VWAP by a GIG process S¢! G(t). The GIG density

is given by

p(x;a,b,p) =

DN RN
2K, (v/ab) |- o

where a > 0, b > 0, p is a real number and K, is a modified Bessel function of the second kind. The
parameters a, b, p need to be found. Then similar to matching lognormal, we assume VWAP call option
is a function of t and S (), i.e. C(t,S%1%(t)). Then by using the GIG distribution as the state-price
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density function, we can obtain a closed-form analytic expression for the value of a VWAP option.

5.3 The moment-matching technique

The moment matching approach is a method whereby a number of moments of the process A; at the
time T are set equal to the corresponding moments of a candidate approximating process. The resulting
set of equations then allows us to derive the parameters of the approximating process.

To approximate a non Gaussian distribution by a lognormal, we choose parameters i, of the lognormal
such that the lognormal moments match our VWAP moments. In other words, to match A; to a
lognormal process Sy with drift i and volatility & we require only the first two moments of Ap. We

recall that the mean and the variance of S; are given by
E (S}) = §oeﬁt, Var(gt) = §0262ﬁt (6&2t - 1) .

Making the substitutions IE(S}) =E(Ar) and E(§T2) =E (A2T) allows us to obtain the parameter

values fi and & since

(1) =+ log IF;((%)) (5.5)
N 1 Var (Sf) +E(S~t)2
a(t) = \J : log E(S) (5.6)

Now for any given time 7" one can find fi and & which matches the final distribution of the VWAP
to a lognormal distribution, these are given by i(7T) and &(7T). This implies that we now have the
parameters fi(t) and &(t) for the process Sy at all times. Nevertheless, the approach in obtaining
the VWAP moments will be described in the next section. Another candidate distribution could be
the Generalised Inverse Gaussian distribution (GIG). The choice of approximating with the GIG is
motivated by past research on the pricing of Asian options [17; 51]. It is known in the Mathematical
Finance literature that the flexible semi-heavy tailed distribution is a natural choice for approximating
Asian options on stocks with large volatilities.

The GIG distribution has the density function as in (2.5.4) Its i*' moment is given by

i - (b)m B () (5.7

al Ky (Vab)

a

To match A; to a GIG process with three unknown parameters a, b and p. We require the first
three VWAP moments E (A7), E(A%.) and E (A%.), the matching of moments gives a system of three
nonlinear equations

m; =E(A%), i=1,2,3

with three unknowns parameters a, b and p to be found.

5.4 Deriving Analytical Moments

In this section, analytical formulae for the first and second moments of the VWAP are derived via the
calculation of the Laplace transform of the integral of the squared Ornstein-Uhblenbeck process. This
methodology is chosen based on its convenience and simplicity. Calculations of this type (which are

based only on using the Girsanov transformation and do not involve solving any PDEs and ODEs) have
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been done in the context of the calibration of an Ornstein-Uhlenbeck process [61].

5.4.1 First moment

The first moments is given by the following

Proposition 5.1.

E(4r) = -Spet" [ Y [ %

#(2,0,q)dq)dt (5.8)
2z=0

The mean of the VWAP process is computed in the following manner

T
E(4p) B[ oSt
[l Ut

T
=f E(StUt)dt
0 VT

T mt+o g (pWi+/1-p2 Wy )+ X
_ [ E ( Soe U, ) dt
0

1 Ut
— SO fTEeXt+mt+UBM\/WWtE(eJBMthUt)dt
0 Vr

The next step consists of elimination of the term e?2¥”"+ ysing the change of measure. For convenience

we define

dQ :
= e— = )\d S Py ]P - oD
N dP . (c/'t ([0 w. ) a.s

t 1 t
:exp{f AdWs—ff |)\\2ds}
0 2 Jo

where W, is a P Brownian Motion and A is constant satisfying

E(exp(; /OT|)\|2dt)) < 0.

Hence, we define the Radon Nikodym derivative as

dQ
dP

— 2 .
2
= epJBMWT_pTUBMT

Fr

is an exponential martingale and therefore by Girsanov theorem,

AWR = AW, + popudt
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E ea'BMPWtUt :]E@ eUBI\/IPWtUtﬁft
Vr dQ

UBIMPWt — 2
Q(e Ute—PUBMWt+sz’25Mt)

I
=

Vr

= 6%:’)20?31\47515(@ (ﬂ)
Vr

Hence we have,
T W, 1,252 Uy
E(Ar) = Sof REeXermitosmuvi=-p*Wi o3 0bntgQ (V—)dt
0

T
log(i1 5 )
S()e 1-0v+ v

= Spetrt3oBa(1-p"-1)) 3070 [TEQ (&)dt

0 VT
:Soeut fT}EQ(E)dt
0 VT

where E€ is the expectation with respect to measure Q. For convenience, write

T
Vi = f U,dt
0

NEY
NEY

—log(é) T
e%agBM(l—f)teute—%o%Mte 179u+§u e%p2UQBMt f EQ ( Ut
0

We need to find E© (g—;) In refer to paper [62], this expectation can be found by computing the Laplace

transform of the integral of the squared Ornstein-Uhblenbeck process.

Defined the joint Laplace transform as
¢(Za r, q) = EQ(eXp{_ZUt - TUS - qVT})

and assuming that
E%(U;/Vr) < oo

we can compute E(Ar) as follows. First we note that

5]
_ge (7e—zUt—qu)
0z

= -E? (Ve ?'7).

B
ZP(2,0
% (2,0,q) B

z=0

Integrating both sides of equation (5.12) we have

0 oo 0
dg=—— dg=——
0czﬁ(z,O,q) q fo #(2,0,q)dq I

oo l
— Q(y,eaVr -wQ t
_fo £ ( te )dq_E (VT)

2=0

Hence the first moment can be represented now as the following

B(Ar) = -5t [ ([T 2

#(2,0,q)dq)dt
z=0
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Next we find ¢(z,0, q)

T
¢(z,0,Q)=]EQ(exp(—zUt—q/0 Updt))

=exp{-20 - qdT} ¥(2,q)

where

T
\Il(z,q):lE@(exp{—zXf—qfo X2dt)).

The next step consists of elimination of the term fOT X?2dt using a change of measure. For convenience

we define the stochastic exponential
T T
nr(A) = exp{-A f W,dW, — A2/2 f W2dt)
0 0
where W, is a standard Brownian motion. Using the Girsanov theorem (see details in [44]), we obtain
T
Bena) =B s {2 W) g [ @ s b Pa)
0
T T T
= E%(exp {—z(a +oW)?—¢ f (a® + 20aWy)dt — A f Wi dW; — (A?/2 + qv?) f Wtzdt}).
0 0 0

Set
K= A2 +2qv2.

Since fOT W dW; = (W2 -T)/2 we have

U(z,q) = EQ(WT(“) eXp{_Z(a + UWt)2 -q fOT(GQ + 2vaWy)dt — (A~ ﬁ)(W% - })

2

and using the Girsanov theorem again,

- EQ(eXP{‘Z(a +0Y3)? - ¢ fOT(a2 +2vaY;)dt - MM})

2

where Y; is a standard Ornstein-Uhlenbeck process with parameter x i.e. Y; = e™¢ fot e dW,. After

some simplifications we obtain

U(z,q) =exp {—za2 - qa®T + (A_;)T}fy (z,9) (5.14)

where

T - \)Y?2
v(z,q) = E%(exp {—QZUaYt - 2qua f Yids — 20° Y7 + (ﬁ2)T})
0

To compute v(z,q), we condition over the filtration F,

T -A\)Y2
v(z,q) = ECQ [EQ (exp {—QZUaYt - 2qva f Yyds - zv2Y;2 + (KJQ)T} ‘ .7'})]
0

=EQ [egEQ (exp {—2qva [tT Yids + (/1—2)\))/7%} ‘ .7-})] (5.15)
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where & = -2zvaY; — 2qua fot Y.ds — ;21)2Yt2 and is F;-measurable. Using the fact that Y; is a Markov

process, the inner expectation of equation (5.15) can be expressed as

T -\Y2
EQ (exp {—qua / Y,ds + (H;\)T}
t

Y,;) (5.16)

Set X = a]tTYSds, Xy =Yp, X3 =Y; and 0,5 = Cov(X;, X;) for ¢,j € {1,2,3} (see the appendix A.2
for the calculation of the covariances). Because Y; is an Ornstein-Uhlenbeck process, X1, X5 and X3
are Gaussian random variables and so together they form a multivariate normal distribution. Then

1

X
the distribution of lX :| given X3 = z is a multivariate normal distribution with the mean vector and

2
covariance matrix given by

013 013 013023
M1+7(2—M3) 011—0_7 012—07
n=l G T= o o
p2 + — (2 = p3) _ 218928 -2

033 012 022
033

respectively. So to compute the conditional expectation of equation (5.16), we can find

_ 2
EC (exp{—quXl + (H;)XQ} ‘ X3 = z)

o0 oo K=N)y?
= [oo [oo exp{—quaH— (Q)y}thXQ)Q_ (z,y ] 2)dxdy (5.17)

2
Computation of the double integral of equation (5.17) essentially requires us to solve

X
where fy, x,|x, (%, 2) is the density function of le given X3 = z.

f [ exp{—Aac2 - By? +Cx+Dy+ny+G} dxdy (5.18)
where A, B,C, D, F and G are constants. Under the condition F'2 < 4AB the solution to equation (5.18)
is

BC? + D(AD + CF)
4AB - F?

27Texp{ +G} (4AB - F?)74/2,
Using this result, in addition to performing a number of symbol manipulations in Mathematica, we can

rewrite equation (5.1) as
T BWZ:
EQ (exp {—quaf Y,ds + ("$2)T} ‘ }"t) = exp {HY;2 +JY, + L}
t

where the constants H,J and L are known. Mathematica expressions for these constants are too long
to reproduce here; See Appendix for Mathematica codes. This in turn allows us to express v(z,q) of
equation (5.15) as another double integral of the same form as equation (5.18). This leads to a closed-
form expression for the joint Laplace transform ®(z,0,q) where its partial derivative with respect to z
may be computed analytically.

Remark.  The Laplace transform of Vr given by ®(0,0,q) was originally derived in [61]. In

particular, the following expression was obtained in [61] (see also Section 17.3 in [61]) for the case a =0
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and ¢ > 0:

AT 12
]

)

9(q) =E%exp (—qv2 fOTfszdS) =[ 2ne

(k= X)e *T + (k + A)erT

where the process & is defined in equation (5.1) and k = /A2 + 2qv2. In view of Andersen’s Lemma
([44], see also Section 2.10 in [36]) and taking into account equation (5.1) we have for any X = a and

x>0

T T
IP’{/; X2ds <z} <P{v? fo £2ds < x}.

This implies the following estimate for any p >0

I T 1o
E%(V;, )—@/O q 1<I>(070,q)dq£@f0 a" ' g(q)dg.

Since g(q) = O(e 1) as ¢ —» oo this estimate implies
E%(V;?) < oo.

When § > 0 this result is, of course, trivial. Since U, is a shifted squared Gaussian process we have also

EQ(Utp ) < oo for any p > 0. Using the Holder inequality we obtain that for any p >0
ES(UF/VE) < 0o

and so condition E®(U;/Vr) < oo holds.

Since o) does not enter into the computation of E(Ar), we have the following remark.

Remark 5.1.
E(A}S) = E(A}S) = Spet*
5.4.2 Second moment

Using the same technique as the derivation of the first VWAP moment, the VWAP second moments is
given by

Proposition 5.2.

T T oo ~ ~ 9 a a

(A2 :f f f G2, (tA)P(2) lt=sld(1) 3ok (s+t) [ 9 9 g dadtds.

( T) o Jo Jo 170° © © 0z Or (z,7.4) rs0 qares
(5.19)

Given the Laplace Transform ¢(z,r,q) in equation (5.11) where
U,U, © 9 0

jond ety I f 2% d 5.20
( V2 ) , 95, 9,29 _ (5.20)

~ 1 1
P(n) =nm + —n’5%,, +log /1/
2 BM 1-nlv+ 7(n‘7‘2’c)2 v

Gpa = opu(l-p?)
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To prove this result. First we need the following lemma 5.3 and proposition 5.4.

Lemma 5.3.
E(SP') = Siretv (™) (5.21)

where

1 1
P(n) =nm + —n’c%,, +log /y
2 BM 1-nlv+ 7("”‘2“)2 v

Proof. For any n >0,
E(SP) = E((Soe™*)™) = ShEemE® = gnetv(m)
Now L; =mt + O'BMWt(z) + XtVG

E(SZ)) _ E((Soemt+oBMWt+Xt )n)

— genmte%nzazBMtEenXt

— (T)zenmte%nza%Mt 1 -
1-nbv+ %V

t
v
nmt+3n’o% ) t+log ﬁ
= S 1-ngy+ - TVGEI
- ~0

tl nm+in?od,, +log| ——A—— v
o ( 2 1-ngw+ {27V

- Sgetw(n)

where

_ 1 5 5 1
P(n) =nm+ S" OBM +log(1 o (””‘2/6‘)21/)/V (5.22)

Set n =1 in equation (5.22)

2
IBM ilog| ——2——— v
2 179u+%u

t(m+
== ES; = Soetw(l) = S0e =5y

1

_ v Assume no growth in stock price
1-0v+ %V ) /

1
m= —50123M - log(

In general, we add the expected return p of Sy to m, hence
1, ) 1
m=pu——ogy —log| —— | /v
. 2 BM . 1-60v+ 7(0‘/2@)2 v

Proposition 5.4. Let S; and Sy be any two Geometric Lévy process of the form S; = Spelt, where
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Lt =mt+ JBMWt + Xt then
E(S;S,) = S2Re?LeEeli—Le = §2(t1)v(2) glt=slv (1) (5.23)

Now we are in a position to prove proposition 5.2, the idea is the following.

Proof. Recall in the model setup, W, L W;, The VWAP second moment is given by

T
S, Udt)?
E(AQT):E(IOTt t )
(Jo Urdt)?
) fT fTE Soemt+UBM(th+\/l—pQFW’t)+XtUtSOems+UBM(pWS+\/1—p2WS)+X5US dtds
o Jo V2

T T _ — onmp(We+tWy)
— [ f Esge7nt+xf,+o'31u\/ 1_/J2Wt+m5+Xs+UBIVI\/1_/)2WSE € 5 UtUS dtdS
o Jo Vi

T ,T - onmp(Wi+Ws)
= f f IESgeL”LSE(e 5 UtUS)dtds
o Jo Vi

T ~T _ L. UBMP(Wt+Ws)U U.
- f f S(0)Ee2bsEeliLoE ( ¢ s ) dtds
0o Jo Vi

T T L. opm p(We+Wy)
- f f S(0)Ee2bEeliLoE ( ¢ b ) dtds
0o Jo Vi

where Et =mt+ 6BMW + XtVG, 6By = oBuy/1 - p% Now apply lemma 5.3 and proposition 5.4 with

taking 62 = 0%,,(1 - p?)

T T - - UBMP(Wt+Ws)U U
E (A%) = [ [ Sge(t/\s)w@)et—slib(l)E(e . tUs ) dtds (5.24)
o Jo Vi
where 1/;(n) = nm+ %nQ(}%M +1n (171202) /1/ The next step consists of eliminating of the term
1-nfv+ 2VG

eoBmp(WetWe) using the change of measure. Define the Radon Nikodym derivative as

aQ
dP

—_ —_ 2
— ,POBM WT+WS *LG’Z S+T
—e ( ) 2 BM( ), ]PJ_a_S'

f(t))

- EQ (eaBMp(WtJrWS)UtUs epO’BM(Wt+Ws)+pz20'JZBM(S+t))

Fr

E 6UBMP(Wt+We)UtUS _ g0 SUBMP(Wt“’We)UtUSdE
V2 B VE dQ

Vi

_ 3PP (s ( UVtLgs ) (5.25)
T
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Given the Laplace transform ®(z,r,¢) in equation (5.11) we can compute E (AzT) as follows:

Q(I)(Z,T’,q) = _]EQ (UteizljtirUsquT)
0z 0 Y
8 8 Q —zU—rUs—qV-
— oo 0(zrg)|  =EF(UUe ) (5.26)
0z 0 o o
Now multiply both sides of equation (5.26) by ¢ and integrating with respect to ¢ over [0, c0):
q[co QQ(I)(Z; T q) dq:q/wEQ(UtU €_qVT)dq
0 0z Or Y — 0 s
- E¢ (UtUs / qe‘Vquq)
0
— HE(} ljilfs )
Vi
So we have
LQ[] o a 8
]EQ S = f 77(b ,7, d 5'27
(vq%) 0 025, PO M (5.27)

and so the second moment is given by

T T < $) —s| L (po 2(s g 0
E(A2T)=f0 fo fo gS2e(tA)B(D) lt=sl(1) 3 (o BMH”)(aZaT@(z,r,q)

) dgdtds.  (5.28)
z=r=0

Further calculations of ®(z,r,q) are similar to the case ®(z,0,¢) and thus are omitted here. We must
note that all our analytical results have been implemented in the Mathematica software package and

fully verified using Monte Carlo simulations (see Chapter 7). O

5.4.3 Pricing

To find the price for the VWAP call option call option maturing at T, with strike at K, with the
terminal payoff function
Cr=(Ar-K)*

using the moment matching technique, we need only the values of lognormal parameters fi and & at the
terminal time, i.e. (7)) and 6(7T"). To obtain these two parameters, first, the analytical moments of
VWAP derived in (5.4.2) and (5.4.1) are solved for each time over the interval [0,1]. Then based on the
postulation that the moments of VWAP represent moments of the matching distribution (lognormal in
this case), fi and & are inverted from the analytical moments.

Fig.5.1 illustrates how fi(t) and &(t) evolve over time (See Appendix B for Mathematica codes).

mu sigma
05035 e -
005030 /
0.0282 i

005025
005020 Gl
0.05015

0.0280
005010

005005 s 00279 o
Fooum i . ; . LT T

02 04 [ a8 i 0z 04 [ 08 i

(a) Solving fi(t) (b) Solving &(t)

Figure 5.1: Solving fi(t) and 6(¢) by computing VWAP moments.
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We integrate against the state price density to obtain the option price. We consider two different

processes to match. The first process is the well known lognormal process with two parameters, i.e.

~ 1 ~ ~ - 1a
Ap ~lognormal(ji— =6%,6%) <= A, = e"Wﬁ“’%"i W1 ~N(0,1).

()

Following papers [79; 80; 62], we start by postulating that the process of VWAP represents an effective

lognormal process and then match the first two moments:

2 ~

EAp = B(Ap) = 37 T+(i=39°y = AT

IEAQT _ IE(A%) _ 62&%2(;17%5—2) _ 62,&T+&2T

In the absence of arbitrage, the risk-neutral price of a VWAP call option is the expected discounted

payoff, which is simply a regular Riemann integral, i.e.

In A(T) ~ N(In A(0) + (ji - %&2)T, 52T

(2-In 5(0)-(r-$ 02)T)?
- 202T dz

-~ i 1
Co =E(e” T (Ap - K)*) = / e T (6% = K)ypes oy e
In K fe=> }\/27r(72T
The second process we consider is the so-called generalised inverse gaussian (GIG) process (which is a
popular model in modern actuarial risk theory, see [58]). In this case we first postulate that the process
of VWARP represents an GIG process,

zT~GIG(ﬁKP+1(@ <b)(Kp+2<m> _(KM(@) ))

Vak,(Vab) '\ K,(Vab) \ K,(vab)

Since the GIG process is characterized by three parameters, we match the first three moments, i.e.

EAr = B(A7) = m{¢'?)
EA% = E(A3) = m{?'9
EA} = E(A}) = m{¥Y
(GIG)

where m; are as in equation (5.7). Then similarly, the VWAP option price is obtained by computing

the following regular Riemann integral (which is the discounted expected payoff), i.e.

(a/b)?"?
2K,(Vab)

Co=E(e"(Ar - K)*) = f e (Ar - K){arsrc) P 1o (aw+b/2)/2 g
In K

For illustration purposes, we consider the following parameter values for both lognormal and GIG
approximations:

r=0, So=110, K =100, r=0, T=1, p=0

=01, opm=0.1, 6=0.14, v=0.1 oyg =0.1,

1. 1
m_'u_EUBM_Og 1—9V+7(UV2G)2V Y

2,,2 2
Ay -t/ Tve?
v 4 2

v
_?)



1 [02? o3
Ayt ~T(At= ] 227 26y
v 4 2

and our parameters choice yields results as shown in Table 5.1

Ov
+?)

Table 5.1: Numerical values of call price and Monte Carlo simulation of call price for varying stock
price volatility value opga;.

oBM Monte Carlo  lognormal GIG approx-
approxima- imation
tion

0.1 15.89 15.68 15.83

0.2 16.64 16.11 16.59

0.3 18.07 17.61 18.00

04 19.89 19.61 19.79

0.5 21.92 21.82 21.76

22

=—©— Lognormal
GIGs
—8— Monte Carlo

21

N
=]

VWAP call option price

I I I I I
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

15 : ‘

stock volatility

Student Version of MATLAB

Figure 5.2: Call option prices for K =100 and different stock price volatility o.
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Chapter 6

Monte Carlo Simulation

This chapter develops Monte Carlo methods to price the VWAP options. Methods developed in previous
chapters are benchmarked and compared to the results of this chapter. The simulations are carried out
in MATLAB, which provides us a rich set of tools for carrying out this task.

In this chapter, we first review some basic mathematics facts in regard to MC and gain a theoretical
understanding of the method. Formulation of the problem and the discretization methods used to
simulate underlying processes of interest follow. Then, the VWAP options are priced and results can
be found in table 5.1 in the last chapter.

Monte Carlo (MC) is a simulation method. It was initially applied to option pricing by Boyle in 1977.
Nowadays, it has been more and more widely applied to price options with complicated structures. MC
has been widely used in financial engineering when an analytic solution for one problem is not available.
Its applications range from pricing, hedging, risk management, etc. Compared with other methodologies
in option pricing, Monte Carlo simulation is straight forward and easy to implement. Though Monte
Carlo simulation is often considered as the last resort! in pricing derivatives, for derivatives with very

complicated payoff structures, it is often the only feasible approach for pricing purpose.
% pay , y PP p g purp

6.1 The Mathematics behind MC

Suppose we want to estimate some J, and we have
J =E(9(X)) (6.1)
where g(X) is an arbitrary function such that E(]g(X)|) < oo, then we could generate n independent

random variate X7, Xo, ..., X, such that all X; have the same distribution as X then, according to the
Weak Law of Large Number (WLLN) The estimator of J is given by

1 n
niz1

In particular, if X has the pdf ¢(z1,..., %) then

J:f f g(x1, s ) q(1, ooy T )d 2y . d Xy

and so we have an algorithm for approximating multidimensional integrals.

1When no close-form solution is available.
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Since E(|lg(X)|) < oo, by the Kolmogorov’s Strong Law of Large Numbers, a stronger form of

convergence holds:

1 n a.s.
==Y 9(X;) > Eg(X)
n - n—oco

To estimate accuracy of the approximation, we assume
Var(g(X)) = 0°(g) < oo

and note

Var(g(X)) _o*(g)

Var(J,) =

Since the Monte Carlo simulation is never exact, and one always has to take the standard error into

account. It can be expressed as

0=\ LS 0n) e or 00 Z8ODT g

And applying CLT we have the convergence (J,, —J)\/n AN (0,0%(g)). In particular, it implies that

30(9)

NG

|Jn = J] <3 \ﬁg_) with Pr{|Jn -J| < } ~0.997 assuming large n (6.2)
n

The constant ¢2(g) is usually unknown but it can be estimated using Weak Law of Large Number
(WLLN) by
~ 1& i P
n(9) = - > (X D) = (1) > E(g* (X)) - T* = 7*(9)
i=1

CLT also tells us that
Jn—J) as.
=) as nig gy
loa n—o0

In other words, for large n we have

21, (X - E(X))
Vns(X)

Var(X))

~N(0,1) or (711 ix) _E(X) ~ N(0,

s(X)
NG

One could say that J, — J is approximately a standard normal variable scaled by i.e. for large n

P{J ~zg \/)E)<J<J +2 8(;;)}%1—04

For example, an estimate of the 95%-confidance interval for J is given by

(Jn—1.965\(/>;) g 1965\(;;))

The estimation of J by J,, is referred as the crude Monte Carlo method. The disadvantage of the crude

we have

Monte Carlo method is its slow rate of convergence. Since for large n we have s ~ o, we have to enlarge
5(X)
T

our n by a factor of 100 to achieve a reduction of the standard error N of a factor 0.1. Thus more

accuracy is ensured by more iterations.
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6.2 The Monte Carlo Techniques Applied to Option Pricing

The value of a call option at time ¢ is the discounted expected terminal payoff, i.e.
C(t,5(t) =" TIEY((S(T) - K))*

where the expectation is taken under the risk neutral measure. The approximation of the option price
relies upon the Strong Law of Large Number (SLLN). To utilise SLLN, the underlying process, i.e.
S(t), is simulated from time 0 until time T for N times. For each of these trials, the payoff is computed

and discounted by e (T~ to form C;, C' is then approximated by Cy, where

Then by the SLLN, Cn converges to the true expectation as N — oo. Another issue that deserves
some special attention is the sources of error that could occur. The first type of error arises from the
randomness of MC. The second type of error arises from the discretization of the price and volume
processes. Suppose we have a close form solution, we wish to identify discretisation bias versus random
error, To find out how much of the discretisation error, one way is to keep running the Monte Carlo

simulations until we see the evidence of the bias. But how do we identify such evidence of bias? It can
g

VN’

more effort to increase the number of time steps rather than increasing the number of simulations until

be shown by the standard error, i.e. if it exceeds 2 , i.e. statistically significant, it could worth

standard error is brought down. Once the standard error is brought down, one can start increasing the
number of MC runs. Some typical examples are the simulation of a Lognormal LIBOR model, which is
outside the scope of this thesis. (We refer readers to Brigo & Mercurio (2006) [9])

In the case of VWAP, the explicit solutions are known for S(¢) and U(¢) , we use the crude MC by
discretizing the solution of the Stochastic Differential Equations with respect to the two processes.

This algorithm to price European option via MC is summarised as follows.
e Simulate the underlying processes under the risk neutral measure N times,
e Calculate the discounted payoff for each of the simulations,
e Average the discounted payoffs, and
e Calculate the standard deviation of the solution.

To illustrate the Monte Carlo method, we first consider to price a standard European call that is
determined by the terminal stock price S(T"). The price of the option in this case is independent to the
evolution of S(¢) between time 0 and time 7. Let S(T") evolves as a GBM, i.e.

S(T) = S(0) exp ((r - %Q)T + aﬁz) , where Z~N(0,1)

Then a simple Monte Carlo algorithm to estimate E(e™"*(S(T)-K)") is the following.
fori=1,...,N do
generate Z;
set S(T) = S(0)elr=5)T+oVTZ;
set C; =e"T(S(T) - K)*
end for
set Cy = (C1 + ...+ Cn) /N
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However, in valuing more complicated options using more complicated models of the dynamics of the
underlying assets. It is often necessary to simulate a path over multiple intermediate date and not
just at the initial and terminal date [34]. For instance, in the case of simulating Asian options and
VWAP options, the price of the option depends on intermediate value of the terminal date. In the
latter, the VWAP is obtained by weighted against the stock prices by their trade volume. Hence,
the option price does depend on the intermediate value of both underlying stock price and volume.
The following algorithm is an illustration of simulating M paths with N number of discretisation
points.
fori=1,....,M do
fori=1,...,N do
generate Z;;
set Si(t;) = Si(tj-1) exp ((7“ - )t~ ti1) + o/ - tj—l)Zij)
end for
S = (Si(t1) + ...+ Si(tn))/N
Ci=eT(S-K)*
end for
set Cy = (C1+...+Cy) /M

6.3 Problem Formulation

We consider to price the VWAP call option

fTS(t)U(t)dt
C=e¢"TEQ OTi -K
[U(t)dt
0

The risk neutral dynamics of the state variables are described as the same way as in 5.1. Nevertheless,

we restate as following

S(t) = S(0)er X Wrenu W @) (6.3)
dX (t) = Ma—- X (t))dt + cdW D (¢) (6.4)
U(t) = X(t)2+6 (6.5)

where W) (t) is a Brownian motion correlated with the Brownian motion W) (¢) for the volume

process Uy, XtVG is a variance gamma process independent of W(Q)(t), and m=pu— %J%M —log(1-60v-
1
2
the SDE. Three situation we may have:

0"2/G’U) Jv is a drift to ensure S, is a martingale. To price option via MC, we often need to simulate

e Case 1: Explicit solution to the SDE is known.

e Case 2: Explicit solution to the SDE is unknown, parameters are constant. Example: The CIR

model with constant parameters.

e Case 3: Explicit solution to the SDE is unknown, parameters are time varying. Example: The

CIR model with time varying parameters.

For case 1, the simulation would be exact in the sense that the underlying dynamics can be exactly

simulated at any given constant of time. For case 2, though no explicit solution to the SDE, we can
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still approximate the solution via a numerical scheme, i.e. an Euler or a Milstein scheme, however,
both methods induce more discretisation errors. For case 3, a direct MC simulation would not work
in general. But if the underlying dynamics are known, one can still simulate the SDE with a very
slow convergence. In this thesis, case 1 applies as we already have explicit solutions for both S(t)
and X (t). Hence, instead of simulate the SDE itself, we can just simulate the solution of the SDE,
and the algorithm is an exact simulations. To summarise, the simulation of the system of equations is

accomplished by
 Using exact solutions for S(¢) and X (¢) given by (equation (6.3) and equation (6.8)),
« Discretize the exact solutions of S(¢) and X ().

Different correlation levels between WM (¢) and W) (t) are varied in the repetition of the numerical

experiments to observe the effect of the correlation on the price of the option.

6.4 Simulation of Squared Ornstein-Uhblenbeck
We assume the stock trading volume follows an squared Ornstein-Uhblenbeck process
U(t) = X2(t) +0 (6.6)
whereas X (t) is defined as the unique strong solution of the following SDE:
dX(t) =Xa-X(t))dt + coudW (t) (6.7)

Here, W is a Brownian motion and A, a are positive constants, and ooy € R. Notice that the drift in
equation (6.7) is positive if X (¢) < a and negative if X (¢) > a; thus, X(t) is pulled toward level a, a
property generally referred to as mean reversion.

Equation (6.7) is also called a Vasicek model and its unique strong solution is given by
t t
X(t) = e MX(0) + A f e ads + ooy f e M aw ()
0 0
t
=a-eM(a-X(0) + oou fo My ()
t
= e X (0) + a(1- M) + 500 f e g1 () (6.8)
0
Likewise, V 0 < u < t,
t t
X(t) = e MIX (u) + A f e ads + ooy / e MW (s)
t
=a-e (g - X (u)) +oou f e D qw ()
t
= e ED X () + a1 - e MDY 4 ooy f M g () (6.9)

X (t) defines an Ornstein-Uhblenbeck. Note that equations (6.8) and (6.9) is used for simulation in
this thesis. From this it follows that, given X (0) and given constant ¢, the value X (¢) is normally

distributed with mean
E(X(8) = X (u) + s, 0); (s, t) = a1 - ) (6.10)
and covariance function
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2
Cov(Xy, Xy) = %e‘”wwt) (et 1) (6.11)

When u =t in equation (6.11), the variance is obtained as

2
Var(X,) = %(1—5“), £>0 (6.12)
To simulate X at time 0=ty <ty <...<t,, one can set

X(t;) = e_A(ti_tifl)X(tifl) +p(tic1,t;) +oou(tio1,t:) Z;

2
=MD X (4 ) a1 - e M)y \/ %(1 - e 2\(tit)) Z(¢) (6.13)

with Z1, ..., Z, are drawn standard normal random variates.

Our Monte Carlo analysis implemented in MATLAB is based on the algorithm described by equation
(6.13). This algorithm is an exact simulation in the sense that the distribution of X(¢1),...X(¢,)
produces precisely of the Ornstein-Uhlenbeck process at time ¢y, ..., ¢, for the same initial value X (0).

Take the square of the above equation (6.13), we obtain the squared Ornstein-Uhlenbeck process U, i.e.
U(t;) = (X(t:))*

Nevertheless, it is more instructive to visualise the trajectories of an Ornstein-Uhlenbeck process and
a squared Ornstein-Uhlenbeck process. Fig.6.1 shows a realisation of an Ornstein-Uhlenbeck process
(Top) and a realisation of a squared Ornstein-Uhlenbeck process (Bottom). (MATLAB implementation

can be found in appendix C)
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Figure 6.1: Trajectories of an Ornstein-Uhlenbeck process and a Square Ornstein-Uhlenbeck process
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6.5 Simulation of the VG process

For a single dimensional VG process, there are several efficient methods including sequential sampling
and bridge sampling techniques for constructing the sample paths. Sequential sampling based methods
rely on the two different representations given in 4.1.1. That is, to write VG as either a subordinated
Brownian motion or a difference of two independent gamma processes. Bridge sampling based methods
sample the end of the path first, then fills in the rest of the path as needed. For the detail of simulating
VG via bridge sampling, we refer readers to [31]. Here we refer to the paper [31] and describe the
sequential sampling method in simulating a single dimensional VG process. There are three methods
one can consider. The first two based on the two representation presented in 4.1.1 and are “exact” in

the sense when the correct distribution is available. The algorithms are the following

Algorithm 1 (Simulating VG as time-changed Brownian Motion).

INPUT: VG parameters 0,0, v; time spacing Atq,..., At, such that Zf\il At; =T
INITIALIZATION: Set X (0) =0.

Loop from i=1 to N:

1. Generate AG; ~T'(At;[v,v), Z; ~ N(0,1)
independently and independent of past r.v.s.

2. Return X (t;) = X(t;1) +0AG; + o /AG; Z;.

Note: The letter G is reserved for the Gamma process in algorithm 1.

Algorithm 2 (Simulating VG as Difference of Gammas).

INPUT: VG parameters 0,0, v; time spacing Atq,..., At, such that Zf\il At; =T
INITIALIZATION: Set X (0) =0.

Loop from i=1 to N:

1. Generate Ay ~T(At;[v,vuy), Ay; ~T(At;/v,vu-)
independently and independent of past r.v.s.

2. Return X (t;) = X (t;i-1) + Ayf — Any;.

In this thesis, we have chosen to adopt algorithm 2 based on the difference of gamma parametrisation
as described in equations (4.14) and (4.15). The main reason is that this algorithm appears to be simpler
as it does not require the simulation of Brownian motion.

The third method is to approximate VG as a compound Poisson process. The main advantage of
the third method is its generality. In other words, it can be used for any Lévy process. The algorithm

can be found in [31].
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6.6 Simulation of the VWARP option

6.6.1 Parameter Values

The parameter values 2 used in Monte Carlo simulation are
So=110; r=0; K=100; p=0; r=0

oyaG = 0.1 OBM = (0.1,0.2,0.3,0.4,0.5)

v=0.1; 6=-0.14; oou=5; X(0)=22; T=1

L la 1
m-N‘ngBM_ o8 1- 0y + love)?, Y
2

N =500 M =108

1 2,,2 2
Ay ~T(Ar LB ey Oy
v 4 2 2

1 [022 o3
Ayt ~T(At= ] L 4 TV6Y
v 4 2

(%
+?)

6.6.2 Notation and Discretization

The VWAP option is priced over time period [tstart,tfinal] and set T' = tsart — tanal- In this thesis
we price from tgpary = 0 to tanar = 1. The time period is discretized into N = 500 time intervals of
equal with At = % so that the simulation is performed at the times tgiary = to,t1,...,tN = tanal Where
t; =1At, At; = At,i=1,...,N. The simulation was performed M times.

S(t;) is obtained by using the exact solution of S(t) given by equation (5.1)

S(tl) — S(ti,l)emAt+”BNIm(PZ(ti)+‘“‘PZZ(“)), (6.14)

at each time step with Sp = S(0) and Z(¢;) being drawn from N(0,1) distribution?.
Similarly, X (¢;) is obtained by using the exact solution of X (¢) given by equation (6.8)

2
X(t:) = X (tis)e ™ +a(1 - AAL) + \/”;;(1 L OVAD)

Take the square of the above, we obtain the simulated square Ornstein-Uhblenbeck process.

6.6.3 The Algorithm

The algorithm in simulating the VWAP option combined all the algorithms discussed in this chapter,
which can be viewed as a combined algorithm of simulating a European call option, an Ornstein-
Uhlenbeck process and a geometric Lévy process with taking the jump component as a VG process. To
obtain the price of a VWAP option we have to use Monte Carlo techniques again. To simulate the trajec-
tories of the VWAP, we use the crude Monte Carlo method with 10 simulated paths to price the VIWAP

option. The algorithm is summarised as the following;:

set Sum 1=Sum 2=Sum 3=Sum 4=0

20va,0BM, v, 0 are, respectively, the skewness parameter, the diffusion parameter, the kurtosis parameter and the
symmetry parameter
SMATLAB default normal random number generator randn() was used to produce N(0,1) random variable.
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for j=1,....,M do

INITIALIZATION

fori=1,...,N do
Generate Ayf ~T(At;/v,vpy), Ay; ~T (At /v,vp-)
Set X(t;)=0
Return X (t;) = X (ti-1) + Ay — Ay,
Generate a trajectory for stock price
Generate a trajectory for (trade )volume
Multiplying the stock price trajectory with volume trajectory S(¢)U (¢)
Sum 1=Sum 1+ volume
Sum 2=Sum 2+ price* volume

end for

_ Y price*volume
AT > volume

Sum 3=Sum 3+Ar

Cj= e (Ar - K)*

Sum 4=Sum 4+C}
end for

set Cy = (C1+...+Cy) M
The MATLAB implementation can be found in appendix B.

6.6.4 Accuracy

In this chapter, we use the discrete-time definition of VWAP, so for each simulation j, the VWAP is

found as

Yot S(t)U(t:)
ol U(t:)

J

This is repeated M = 10° times in this thesis. Finally, we approximate the expectation of A; by

M
E(A)~» —
TP
and variance by

1 M 9 1 M 9
J= J=

and standard error by

1 M
s<A>=JMZA2 HZA)? (6.15)

Hence the MC standard error of the first moment E(Ar) is calculated as in equation (6.15).
The MC standard error of the second moment E(A2) is given by

1 M

s(A) = \j 73 ZA4 ZA2)2 (6.16)
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Chapter 7

Numerical Results

7.1 Results of the main model, the comparable results of the

GBM model and the change of correlation p

In this chapter we will discuss the implementation based on the lognormal and the GIG approximations
under the assumption that stock price evolves as a geometric Lévy process and volume evolves as a
shifted squared Ornstein-Uhlenbeck process. The computation was carried out by running 10° crude
Monte Carlo using MATLAB R2010b on a Macintosh Labtop with IntelCore I7. All calculations of
the first moments were performed symbolically leading to exact expressions for equations (5.12) and
(5.26). The subsequent multidimensional integrals were computed numerically using NIntegrate in
Mathematica and are very fast. Monte Carlo simulation was used to estimate the third VWAP moment
for pricing with the GIG. The Monte Carlo simulations were performed under MATLAB using n = 10°

trajectories and 500 discretisation points over [0,T]. Our parameter choices give rise to

Sf _ Soert‘*’mt'*XtVG*"’BMWf,@)

for the stock price dynamics and

Uy = X2,
dX, =2(22 - X,)dt + 5dW ", X, =22

for the volume dynamics. The Brownian motion Wt@) under the stock price dynamics correlated with

the Brownian motion Wt(l) under the volume dynamics via the following equations

Wt(l) :’Wt

Wt@) = PW\t +V1- ,02,VVt
[W(l)v W(z)]t =pt, Vte [07T]

First, we set T'=1, p = 0 for traceability. Tables 7.1 and 7.2 display a range of computed moments and
the corresponding simulated values in our geometric Lévy model. The accuracy of the first moment
approximation is validated by the small Monte Carlo standard error and relative error . Fig.7.1
displays call option prices for different strike values (K) and different stock price volatilities (opas) for

both lognormal and GIG approximations. Fig.7.2 shows call option prices for different strike values

IMC estimate—Analytical approximation|
MC estimate .

1This is computed as
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Table 7.1: Numerical values of E(Ar) and Monte Carlo simulation of E(Ar) for varying stock price
volatility value ogp; under the GL model, assuming p = 0.

OBM E(Ar) ¢ E(Ar) MC std. er- Rel.error (%)
ror

0.1 115.68 115.680 0.0099 0.0009

0.2 115.68 115.679 0.0154 0.0017

0.3 115.68 115.678 0.0203 0.0017

0.4 115.68 115.677 0.0286 0.0026

0.5 115.68 115.676 0.0358 0.0035

“ Note that take p = 0, drift, symmetry,kurtosis,skewness parameters are held constant as u =0.1,0 =
0.1,0 =0.14,v=0.1 and oyg =0.1
opnm does not enter into the computation of E(Ar), which leads to unchanging values for this column

Table 7.2: Numerical values of E(A%) and Monte Carlo simulation of E(AZ%) for varying stock price
volatility value ogp; under the GL model, assuming p = 0.

OBM E(A%) E(A42) MC std. er- Rel.error (%)
ror

0.1 13392.73 13480.69 2.3199 0.6525

0.2 13531.17 13619.98 3.695 0.6521

0.3 13766.66 13760.3 5.4215 0.6528

0.4 14106.67 14199.7 7.5000 0.6552

0.5 14562.29 14659.06 10.058 0.6602

(K) and different stock price volatilities (opas) under the Monte Carlo Simulation using n = 1,000,000
trajectories and 500 discretisation points over one year. Fig.7.4 shows computed prices arising from
different methods with opy ranging over [0.2,0.5]. Relative error plots comparing approximated prices

with simulated counterparts are presented in Fig.7.3.

(a) Prices from Lognormal distribution, p =0 (b) Prices from GIG distribution, p =0

Figure 7.1: Call option prices for different strike values K and stock price volatility ogm, p =0 (GL).
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Figure 7.2: Simulated Call option prices (GL) for different strike price and different stock price volatility
OBM, P = 0.

For K = 100, the relative error of the lognormal approximation increases for opp; < 0.2, then
decreases in the volatility range [0.2,0.5] with a tendency to increase. The relative error of the GIG
approximation stays beneath 1.26% over the entire range of volatilities.

For K =110, the relative error of the lognormal approximation exceeds 10.44% for small og; < 0.22,
the relative error of the GIG approximation appears to be quite stable and quite small. The relative
error of the GIG approximation stays beneath 1.46% over the entire range of volatilities.

For K = 120, the lognormal approximation deteriorates even more while the GIG approximation

works exceptionally well.

Relative Error (%)

02 03 04 s 06 07

(a) K=100,p=0 (b) K =110,p=0 (¢) K=120,p=0

Figure 7.3: Relative error (GL, p = 0) of option prices as a function of opy. The blue line represents
Lognormal error and the pink dashed line is the GIG error.

Fig.7.4 shows how well the two approximation methods work. The GIG prices appear to be very
close to the Monte Carlo benchmark prices while the lognormal approximation tends to underprice

toward lower volatilities range.
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Figure 7.4: Call option prices (GL) for K = 100 and different stock price volatility ogm, p = 0.
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Next, we compare against our results with the classical geometric Brownian model. The range
of computed moments and the corresponding simulated values are presented in Tables 7.3 and 7.4.
The accuracy of the first moment approximation is also validated by the small Monte Carlo standard
error and relative error. Fig.7.5 displays call option prices for different strike values (K) and different
stock price volatilities (opar) for both lognormal and GIG approximation. Fig.7.6 shows call option
prices for different strike and different stock price volatilities (cpp) under Monte Carlo Simulation
using n = 1,000,000 trajectories and 500 discretisation points over one year. Fig.7.8 shows computed
prices arising from different methods with opy ranging over [0.2,0.5]. Relative error plots comparing
approximated prices with simulated counterparts are presented in Fig.7.7.

The parameters for asset price and volume were chosen to be as similar as possible to those in papers
Novikov et al. [62] and Stace [80] and it is worth mentioning that the computed parameter values are

quite similar to their results. The parameter choices give rise to
dS, = (0.1)S,dt + opmSidW >, Sy = 110
for the stock price dynamics and

U, = X7,
dX; =2(22 - Xy)dt + 5dW | X, =22

for the volume dynamics. The Brownian motion Wt(2) under the stock price dynamics correlated with

the Brownian motion Wt(l) under the volume dynamics via the following equations

Wt(l) -,

W = oW, +/1- 02 W,
[V_V(l)v W(z)]t =pt, Vie [OvT]

As usual, we set T' =1, p = 0 for traceability.
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Table 7.3: Numerical values of E(Ar) and Monte Carlo simulation of E(Ar) for varying stock price
volatility value oy under the GBM model, assuming p =0

OBM E(Ar) E(Ar) MC std. er- Rel.error (%)
ror

0.1 115.68 115.4507 0.0068 0.2094

0.2 115.68 115.4428 0.0136 0.2162

0.3 115.68 115.4349 0.0205 0.2229

0.4 115.68 115.4271 0.0276 0.2295

0.5 115.68 115.4195 0.0349 0.2395

Table 7.4: Numerical values of E(A%) and Monte Carlo simulation of E(A%) for varying stock price
volatility value opy under the GBM model, assuming p = 0.

OBM E(A2) E(A2) MC std. er- Rel.error (%)
ror

0.1 13427.92 13374.76 1.5758 0.3975

0.2 13566.90 13511.73 3.2294 0.4083

0.3 13803.32 13746.04 5.0545 0.4167

0.4 14144.68 14085.19 7.1647 0.4224

0.5 14602.11 14540.34 9.7154 0.4249

120 120

(a) Prices from Lognormal distribution, p = 0. (b) Prices from GIG distribution, p = 0.

Figure 7.5: Call option prices for different strike values K and stock price volatility opnm, p =0 (GBM).

87



MC Call price varying Strike and varying volatility under GBM

e
_——
=

—_———
—_—

—_——t—
—_—

120

" 0 100
Stock Volatility Strike price

Figure 7.6: Simulated Call option prices (GBM) for different strike price and different stock price
volatility opm, p = 0.

For K =100 it can be seen that the relative error of the lognormal approximation stays within 3%
in the volatility range [0.2,0.39] with a tendency to increase. The relative error for GIG approximation
stays beneath 0.6% over the entire range of volatilities.

For K =110, the relative error for the lognormal approximation presents a stable decreasing trend
while the relative error for the GIG approximation presents a zigzag pattern for ogy < 0.2, this indicates
the GIG approximation appears to be unstable for numerical calculation in small volatilities range.
These findings for VWAP options do conform with a classical market observation for Asian options
in some sense, namely, for a small volatility of underlying process and near at-the-money options the
log-normal approximation is not too bad [46; 62]. For K =120, from Fig.7.7c we see that the relative
error of both approximations reaching the maximum magnitude. Also, as ogy increases, the relative

error tapers off to zero.

Relative Error (%) Relative Error (%) w0}
4

A L L s
02 03 04 0s 06 07

(a) K =100,p=0 (b) K =110,p=0.3 (c) K=120,p=0.5

oz 03 04 05 06 03

Figure 7.7: Relative error (GBM, p = 0) of option prices as a function of ogy. The blue line represents
Lognormal error and the pink line is the GIG error.
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Fig.7.8 shows how well the two approximation methods work. The GIG approximation appears to
be very close to the Monte Carlo benchmark while the lognormal approximation tends to overprice

toward higher volatilities range.
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Figure 7.8: Call option prices (GBM) for K =100 and different stock price volatility ogwm, p = 0.
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Third, we examine the effect of the change of correlation level (p = 0.3, p = 0.5) between the driving
Brownian motions (Wt(l) and Wt@)) on the moments of VWAP and the price of the option. As indicated
in table 7.5, 7.6, 7.7 and 7.8, the relative error for both moments appears to be bigger than the original

scenario. For the GIG approximation, the relative error in Fig.7.14 exhibits some zigzag pattern in

low volatilities range opy < 0.175. For the lognormal approximation, the accuracy becomes highly

unreliable. Fig.7.11 and 7.12 indicate that the lognormal prices are much lower than the Monte Carlo

benchmark prices over the entire range of volatilities [0.2,0.5].

Table 7.5: Numerical values of E(Ar) and Monte Carlo simulation of E(Ar) for varying stock price
volatility value ogy under the GL model, assume p = 0.3.

OBM E(Ar) E(Ar) MC std. er- Rel.error (%)
ror

0.1 115.68 116.23 0.0100 4.7

0.2 115.68 116.77 0.0156 0.935

0.3 115.68 117.31 0.0222 1.388

0.4 115.68 117.84 0.029328 1.833

0.5 115.68 118.37 0.0369 2.270

Table 7.6: Numerical values of E(Ar) and Monte Carlo simulation of E(Ar) for varying stock price
volatility value ogy under the GL model, assume p = 0.5.

OBM E(Ar) ¢ E(Ar) MC std. er- Rel.error (%)
ror

0.1 115.68 116.18 0.0100 4.7

0.2 115.68 116.68 0.0156 0.857

0.3 115.68 117.17 0.022201 1.271

0.4 115.68 117.66 0.029373 1.683

0.5 115.68 118.15 0.03678 2.091

Table 7.7: Numerical values of E(AZ%) and Monte Carlo simulation of E(AZ%) for varying stock price
volatility value ogy under the GL model, assuming p = 0.3.

OBM E(A%) E(AZ) MC std. er- Rel.error (%)
ror

0.1 13388.61 13610.97 2.3603 1.63

0.2 13514.44 13881.2 3.8019 2.64

0.3 13728.1 14255.77 5.6462 3.70

0.4 14035.72 14746.56 7.9126 4.82

0.5 14446.38 15369.81 10.7554 6.01

Table 7.8: Numerical values of E(A%) and Monte Carlo simulation of E(AZ%) for varying stock price
volatility value ogy under the GL model, assuming p = 0.5.

OBM E(A%) E(A42) MC std. er- Rel.error (%)
ror

0.1 13381.29 13480.69 2.3199 1.59

0.2 13484.78 13619.98 3.695 2.69

0.3 13659.94 14221.3 5.6295 3.95

0.4 13910.88 14701 7.8855 5.37

0.5 14243.64 15311 10.718 6.97
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=0.3

(b) Prices from GIG distribution, p

=0.3

(a) Prices from Lognormal distribution, p

0.3 (GL).

Figure 7.9: Call option prices for different strike values K and stock price volatility o, p

=0.5

Prices from GIG distribution, p
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Figure 7.10: Call option prices for different strike values K and stock price volatility opn, p

91



e | 0 007 OFTIE]
—— 5|5
—&—}jonte Cao

VAP call option price

1BD 1 1 1 1
2 0.25 0.3 0.35 04 045 0.5
stock volatility

Figure 7.11: Call option prices (GL) for K = 100 and different stock price volatility ogm, p = 0.3.
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Figure 7.12: Call option prices (GL) for K =100 and different stock price volatility opnm, p = 0.5.
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(a) K =100,p=0.3 (b) K =110,p=0.3 (c) K =120,p=0.3

Figure 7.13: Relative error (GL, p = 0.3) of option prices as a function of ogy. The blue line represents
Lognormal error and the pink dashed line is the GIG error.
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(a) K =100,p=0.5 (b) K =110,p=0.5 (c) K =120,p=0.5

Figure 7.14: Relative error (GL, p = 0.5) of option prices as a function of ogy. The blue line represents
Lognormal error and the pink dashed line is the GIG error.

Three main points are illustrated based on the observations across models and correlation levels.

First, for the strike level where options are at-the-money, i.e. K = 110, the relative error of lognormal
approximation is found to be quite small under the GBM model but is found to be quite big in our
GL model. This indicates that the classical market observation for Asian options that the lognormal
outperforms others does not hold under our GL model. Indeed, the GIG approximation seems to be
more suitable for pricing small volatility and near at-the-money options based on the small size and
smooth pattern of the relative error. Overall, it appears that the lognormal approximation is unsuitable
for VWAP whereas the underlying stock price dynamics is described by a geometric Lévy process. This
is different from the classical observation for Asian options (where the underlying asset dynamics follows
a geometric Brownian motion) that lognormal approximations outperform others (See papers [46; 62]).
When the driving Brownian motions are correlated, both approximations deteriorate (See Fig.7.13 and
Fig.7.14). Nevertheless, the accuracy of GIG approximation remains considerably reliable, despite some
zigzag pattern at low volatility range, i.e. opy < 0.175.

Second, the zigzag pattern that is usually found in the relative error plot of the GIG approxima-
tion towards small volatilities range in the GBM model seems to disappear in our GL model. The
GIG approximation seems to be quite stable and provides more reliable accuracy than the lognormal
approximation.

Third, as the correlation level changes, the capability of both approximations deteriorates. The rela-
tive error of the GIG approximation is still considerably small, but the zigzag pattern in low volatilities
range may suggest some instability of the numerical calculations. On the other hand, the size of the
relative error suggests the lognormal approximation is more vulnerable than the GIG approximation in
response to the change of correlation level. The option prices comparison plots indicate the lognormal
approximation significantly underprice the VWAP option. This observation relates to the phenomenon
of volatility skew and smiled mentioned earlier in 1.1.1 and does conform with the classical observation

that out-of-the-money options tend to be underpriced in model with continuous trajectories [83].
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Overall, it appears that the lognormal approximation is unsuitable for VWAP whereas the underlying
stock price dynamics is described by a geometric Lévy process, which is different from the classical
observation for Asian options that lognormal approximation outperforms. Despite some zigzag pattern
at low volatility range, the accuracy of GIG approximation remains considerably reliable.

Table 7.9 summarises the above discussion and provides a performance comparison of the two approx-

imation methods under the two pricing setups for different strike values (K) and stock price volatilities

(UBM)-

Table 7.9: Relative error comparison across methods and models

] | op € (0,0.2) | opn €[0.2,0.5) | opy € [05,1] |
GL

K =100 GIG Lognormal GIG

K =110 GIG GIG Lognormal
K =120 GIG GIG GIG
GBM

K =100 Both are fine GIG GIG

K =110 || Lognormal. Instability over GIG GIG GIG

K =120 || Lognormal. Instability over GIG GIG GIG
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7.2 Comment on MC implementation

The relative error plots suggest that the GIG approximation appears to be more successful in approxi-
mating accurate prices than the lognormal approximation. However, it shall be stressed that the crude
MC algorithm implemented in MATLAB requires significant computational effort: The CPU time to
obtain 100 option prices against 20 strike prices is about 13 hours in our setup while only 8 hours are
needed in the geometric Brownian motion setup, assuming a MC simulation with 10° trials is used and
the parameter values are chosen as close as possible to those in paper [62]. Despite the fact that this
time could be significant reduced if a lower-level programming language (e.g. C++) could be used,
some possible reasons for this disappointment are worth mentioning. First, despite the simplicity, a
well-known drawback of the crude Monte Carlo methods is their slow convergence, which can make
the estimation process very time consuming if a more precise estimator is required. Second, along with
the mentioned advantages, a difficulty in using the VG process and the more general Lévy process is
that they require more advanced stochastic analysis. In the case of valuing a path-dependent option, a
closed-form solution cannot be found [38]. Various techniques are suggested to improve the efficiency,
such as stratified sampling, bridge sampling and Quasi-Monte Carlo (QMC) methods have been devel-
oped. In the paper [72], a time-changed Brownian motion gamma bridge ? is introduced, along with
stratified sampling and QMC to reduce variance. The paper by Avramidis and L’Ecuyer (2006) [3]
introduces a difference of gamma bridge 3 combined with QMC. An excellent tutorial overview of VG
and Monte Carlo can be found in Fu (2000) [31].

2Bridge sampling for the time-changed Brownian motion representation
3Bridge sampling combined with randomised QMC for the difference-of-gamma, representation
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Chapter 8

Conclusions and perspective

8.1 Overall Conclusion

This thesis seeks to extend the previous work [62] on the pricing of VWAP options !, by allowing the
stock price to be modelled with a Lévy process. The semi-analytical approach developed by the paper
Novikov et al. [62] was studied and explored. Explicit formulae for the moments of VWAP were found
under the geometric Lévy process setup.

Having thoroughly studied the Lévy process (the underlying stock price process of the VWAP) in
Chapters 2 and 4, analytical expressions for the first two moments of VWAP were presented and numeri-
cally implemented based on the semi-analytical method developed by Novikov et al. The approximation
for the VWAP option prices were obtained by matching the first three (two) moments of the VWAP to
a GIG (lognormal) distributions.

A Monte Carlo analysis was then performed to benchmark the numerical results for the moments
of VWAP and call option prices. It was found the GIG approximation provides a fairly accurate
approximation when the underlying stock price is assumed to evolve as a geometric Lévy process. On
the other hand, the lognormal approximation that usually works well in pricing low volatilities and
near at-the-money Asian option under the classical geometric Brownian motion model appears to be
unreliable. It tends to underprice the VWAP option at all level of volatilities and strike values under
the geometric Lévy model. Overall, under the geometric Lévy pricing model, the GIG distribution
was found to be successful in approximating accurate VWAP option prices for all level of volatilities
and strike values. The capability of the GIG approximation only deteriorates slightly as correlation is
imposed between price and volume.

Hence, to approximate the price of VWAP options via the moment matching technique under a

Lévy based model, the GIG approximation is preferred.

8.2 Recommendation for Future Research

If one were to conduct further research from the viewpoint of the above conclusion, one possible extension
to this work is to match higher order moments by using a better numerical method such as the Gram-
Charlie expansion.

Also, to achieve a higher level of accuracy when running MC simulations, a Quasi Monte Carlo
method that uses low discrepancy sequences (LDS) could be considered. An example of LDS is the

Sobol sequences. Sobol sequences possess all the statistical properties of random sequences, they often

Mn the original work, stock price is assumed to evolve as a GBM
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lead to a faster convergence to the desired simulated values when normal distribution is sampled. These
sequences return normal pseudorandom variates without any random errors.

To utilise LDS, one may consider some advanced Monte Carlo algorithms, such as

¢ A time-changed Brownian motion gamma bridge in conjunction with stratified sampling and Quasi
Monte Carlo (QMC);

o A difference of gamma bridge in conjunction with Randomised Quasi Monte Carlo (RQMC).

In this thesis, we considered only a one-dimensional problem. Hence, another possible extension
of this thesis is to extend the pricing method to VWAP options which depends on more than one
underlying asset. In particular, it is useful to develop a multidimensional (Lévy) model that takes into
account the dependence between various assets and dependence between prices and volume.

Lastly, from a practical point of view, the next step is to develop an effective hedging strategy.
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Appendix A

Mathematical Preliminaries and the

calculation of covariance function

A.1 Mathematical Preliminaries

This section summarises some Mathematical results and definitions that have been used in this thesis.
These results are thoroughly described by various textbooks in Mathematical Finance: Cont & Tankov
(2004), Klebaner (2005), Glasserman (2003), Protter (2003 or 2005) and Musiela & Rutkowski (2005).

As well as Lecture notes in Analysis, Stochastic Process & Stochastic Analysis.

Definition A.1 (c-algebra). Given the non empty set €, a collection of subsets of Q,F, is called a

o-algebra if
e The empty set, @, isin F. i.e. @eF,
o If a set, E, is an element of F, then the complement of E, E is also in F,
o If a sequence of sets Ey, Es, ... belongs to F. Then so does their union, i.e. U2 E; € F,
o The pair (2, F) is called a measurable space.

Definition A.2 (Probability Measure). A probability measure, P, on a measurable space (£, F) is a
function P: F ~ [0,1] such that

] H:D(Q) = O,P(Q) =1
o if El,EQ, ...e F and {Ez}le is disjoint then ]P(U::lEZ) = Zf:l P(E,)

Definition A.3 (Equivalence Probability Measure). Given a non empty set Q and a o-algelbra, F, of
Q. Then two different probability measure P and Q are said to be equivalent if they agree on which

sets in F have probability 0.
Definition A.4 (Probability Space). The triplet (£, F,P) is called a probability space.

Definition A.5. If Q = R?, then the Borel o-algebra is defined as the o-algebra generated by the open

set on R?

Definition A.6 (F-measurable). Given the probability space (€2, F,P), the the function f:Q — R is
called F-measurable if

frA) ={weQ: f(w)eA} e F

for all open sets A € R?.
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Definition A.7 (Random Variable). A random variable X is F-measurable function
X:Q—R

Definition A.8 (Cumulative Distribution Function). The cumulative distribution function of the ran-

dom variable X is the function F' given by
F(z)=P(X<z), zeR

Definition A.9 (Probability Density Function). In case where distribution function F' in A.8 is differ-
entiable, the probability density function f(x) of F(z) is

dF(x)

fa) =5

Definition A.10 (Gaussian density). The probability of the Gaussian distribution with mean p and

2
f(z) = \/%exp(—(z;f)), VrzeR

Shorthand notation N (u,0?) is often used to denote this distribution. The special case when =0

variance o“ is given by

and 02 =1, i.e. N(0,1), is called the standard Gaussian distribution or standard normal distribution.
Definition A.11 (Expectation). Given the random variable X on the probability space (2, F,P). If
Jo | X (w)|dP(w) < oo, then the expectation of X is

IE:X:fQX(w)d]P’(w)

In one dimension, the expectation of the continuous random variable X with probability density function
f(z) is
EX = f xf(x)dx

Definition A.12 (Conditional Expectation). Let (2, F,P) be a probability space, let G be a sub-o-
algebra of F, and let X be a random variable that is either nonnegative or integrable. The conditional

expectation of X given G, denoted by E(X|G), is any random variable that satisfies
o Measurability: E(X|G) is G-measurable, and

o Partial averaging:

fAE(X|g)(w)d]P’(w):fAX(w)dP(w), VAeG

Proposition A.1 (General Properties of Condition Expectation). Given the random variable & and
on (Q,F,P), then the following properties hold

1. Linearity: E(a& +bC) = aE(&) + bE(C) ¥ a,be R,

2. Tower Law: If H c F, then E(E(¢|F)[H) = E(&[H)

3. Iterated Expectation (Special Case of Tower Law): E(E(£|F)) = B¢
4. B(&C|G) = EE(C|G) if € is G-measurable (taking out what is known)

5. Comparison: If £ <(, i,e, P(£<() =1, then
E(¢) <E(Q)
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6. Jensen’s inequality : if p is convex, real-valued function defined on R, then

p(ES) <E(p(S))-

Definition A.13 (Variance). Given the random variable X on the probability space (2, F,P), then
the variance of X is given by
Var(X) =E((X -EX)?)

It is trivial to show
Var(X) =EX? - (EX)?

Definition A.14 (Covariance). Given the random variables X, Y on the probability space X,Y on the
probability space (€2, F,P), then the covariance of X and Y is given by

Cov(X,Y)=E(X -EX)(Y - EY)

or, in a more convenient form

Cov(X,Y) =EXY - EXEY

Definition A.15 (Correlation Coefficient). Let X,Y be random variables on the probability space
(Q,F,P). Further, assume that Var(X) > 0 and Var(Y) > 0. Then the correlation coefficient of X

and Y is
Cov(X,Y)

pLxY) = Var(X)Var(Y)

The is often call correlation.

Definition A.16 (Standard Deviation). The standard deviation of random variable X is given by

o(X) =+vVar(X)

The expectation is also called the first moment or mean, and the variance as the second moment.

Moments can be defined for any order.

Definition A.17 (i'" Moment). . The i*" moment of the random variable X is given by
m; = E(X")

Definition A.18 (Independent). Let (2, F,P) be a probability space. Let F and H be sub-c-algebras.
If Ae G and B € H, we have
P(An B) =P(A)P(B)

then we say that these two o-algebras are independent.

Definition A.19 (Almost Sure Convergence). A sequence of random variable (X, ),»1 converges almost

surely to a random variable X if
B={w: lim X,(w)# X(w)} has P(B) =0.

or

P(lim X, = X) =1
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Almost sure convergence is often abbreviated by

lim X,, = X a.s.

n—oo

Definition A.20 (LF-Space). Given the random variable X : w - R%, then we define the L?-norm of

X, denoted by [|X||2, by
11k =/ [ 1X @)2dB()

The L?(PP)-space is given by
LA(P) = L*(Q) = {X : Q > R% || X||2 < 00}

Definition A.21 (Convergence in LP). A sequence of random variables (X,,)n>1 converges in L? to X
(where 1 < p < o0) if | X,|, X are in LP and

lim E(|X, - XP) =0

Definition A.22 (Converge in Distribution). The sequence of distributions of r.v’s X7, X, ... converges
to the distribution of r.v. X if

lim Fx, (z) = Fx(x)

for any x from the set of continuity points of Fx(z) .
d
Notations: X,,d - X

Definition A.23 (Weak Convergence). The sequence X1, X, ... converges weakly to X if
Jim E(F(X,,)) = E(/(X))

d
for every bounded continuous function f(z) Notations: X,d - X

Theorem A.2 (Weak Law of Large Numbers (WLLN)). Let Xi,Xo,..., X, be independent random
variables with finite expected value B(X;) = p and finite variance V(X;) = 0®. Let S, = Yy X;.
Then for any € >0
P(|&—u|2e)qﬁ—°§0
n

equivalently,
Sn n—»00
}P’(|——u|<e) — 1
n
bt S (X~ ) 1
i=1 (A — T2
n=—"—r——"’ Oz :—[ e 2 dx
3 NG (@)= J .

The following theorems are of fundamental importance to option pricing.

Theorem A.3 (Central Limit Theorem (CLT)). Let Xi,Xos,...,X, be a sequence of i.i.d random
variables such that E(X;) = u,E(X?) < 00 and Var(X;)=0%>0. Then

d
&n > &~ N(0,1)
or,equivalently, for all x € (—oo0,00)

P(¢n <x) » @(x)
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Suppose X 1is a random variable and we need to evaluate

J =E(9(X)),

where g(X) is given function. To estimate J we need to generate a sequence of independent random
variables Xy, Xo, ..., Xy, such that P(X; <x) =P(X <) and then according to WLLN we have

12 P
In = = 3 9(Xi) » E(g(X))
niz1
To estimate an accuracy of the approximation, we assume
Var(g(X)) = 0?(g) < oo

and note
_Var(g(X)) _o*(g)

Var(Jy,)

Then, applying CLT we have the convergence (J, — J)\/n 4 N(0,0%(g)). In particular it implies that

a(9)
Pl|J,-J]|<3—=~» 0.997) for large n
o125

n

The constant o2 (g) is usually unknown but it also can be estimated using WLLN:
. 1 i
6u(9) =~ 22 9'X0) = (J)* > E(g*(X)) - J* = 0% (g)
i=1

Theorem A.4 (Strong Law of Large Number (SLLN)). Let X, X, ..., X, be independent random
variables with finite expected value E(X;) = p and finite variance V(X;) = 0* = 0%, < co. Let S, =
Yo, X;. Then

lim — = lim — ZXZ- =p a.s. and inL

n—oo M n—oon i
Then for any € >0,
Sn n—oo
]P’(|——u|>e) (i)
n
In this thesis, we work under a probability space (Q, F,P) equipped with filtration {F;,¢ € [0,T]}

Definition A.24 (Filtration). A filtration or information flow on (2, F,P) is an increasing family of
o-algelbra {F;,t € [0,T]} forall 0<s<t, Fsc Fy ¢ F.
Notation: F = {F;,t€[0,T]}

Definition A.25 (F-adapted). A real-valued stochastic process X = {X(t),t € [0,7]} defined on
(9,F,P) is said to be F-adapted if for any ¢ € [0, T'] the real-valued random variable X (¢) is F;—measurable,
i.e. for any z € R the event {X(¢) < 2} belongs to the o-algebra F;.

We usually say a process is adapted, rather than F-adapted. In this thesis, we consider the natural
filtration, which is the filtration generated by X.
Notation (natural filtration): F;X = o(X,|u <t) or FX = 0{X,,u <t} A stochastic process is a r.v. that

is indexed by time. Time can either be discrete or continuous.

Definition A.26 (Stochastic Process). A stochastic process is a parameterised collection of random

variables
[X(t),teT)
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defined on a probability space (Q, F,P) taking values in R?

Definition A.27 (Stopping time). A random variable 7 > 0 is said to be a stopping time or, Markov
time w.r.t. Fy if
{r<t}eF forany t>0

Definition A.28 (Predictable process (discrete-time)). A stochastic process H is said to be predictable

if H,, is H,,_1 measurable.

Definition A.29 (Predictable process (Continuous-time)). Process H is predictable if it satisfies one

of the following
1. a left-continuous adapted process, in particular, a continuous adapted process.
2. a limit (with a.s. convergence in probability) of left-continuous adapted processes.

3. a regular right-continuous process such that, for any stopping time 7, H, is F,_-measurable, the
o-field generated by sets AN{T < t}, where A € F;

4. a Borel-measurable function of a predictable process

Definition A.30 (Martingale). Let a process Z; be adapted to F(t). We say that Z(¢) is a martingale
with respect to (F(t),P) if
E(Z(t)|F(s)) = Z(s) for any t>s

Interpretation: Martingale have no systematic stochastic drift.
Notation: M(F(t),P) is a class of all martingales w.r.t. given F(t) and P

The Stochastic Exponential is the basic building block of the pricing framework in this thesis. This
important concept is introduced as follows.
Let W be a standard Brownian motion defined on a filtered probability space (2, F,P) for a real-valued
process A, we define the real-valued F-adapted process X by setting

X(t) = I(H)(\) = [Ot)\(s)dW(s), Vi e [0,T]

The process X defined in this way is, of course, a continuous local martingale under P with respect to
F.

Definition A.31 (Stochastic Exponential). The stochastic exponential (also known as the Doléan

exponential or exponential martingale) of X is given by the formula, for t € [0,T],

1

£(#)(X) :5(t)(/;/\(s)dWs) =exp(/0t/\(s)dWs—§/Ot|/\(s)|2ds),

that is, £(t)(X) = exp(X (¢) - %[X,X](t)). More generally, for any continuous local martingale M we
set E(t)(M) =exp(M (t) - 3[M, M](t)) for t € [0,T].

Lemma A.5. The stochastic exponential of X is the unique solution Y of the SDE
dY (t) =Y ()A(@)dW =Y (£)d X (¢)
with initial condition Y (0) =1
Remark A.1. Tt follows immediately from Lemma A.5 that
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o« dE@)(X) = E)(X)NE)AW, = E()(X)dX ().

o For any continuous local martingale M, the stochastic exponential £(M) is the unique solution
Y of the SDE
dY (t) =Y (t)dM (t)
with the initial condition Y(0) = 1.

Definition A.32 (Markov processes). Let (Q, F,P) be a probability space, T a fixed positive number,
and let F(¢) for 0 < t < T be a filtration of sub c-algebra of F. An adapted stochastic process
X(t),0 <t < T is called Markov process w.r.t. the filtration F(t) for 0 < ¢ < T if for all bounded

real-valued Borel function f defined on R¢ then
E(f(t, X)) =E(f(t,X(t))|X(s)) as.VO<s<t

Proposition A.6 (Compensated compound Poisson process). Let X (t) be a compound Poisson process

with jump size on [e,1) with jump measure N(-), the compensated compound Poisson process X (1)
t -
X(t) = f [ =N (ds, dz) (A1)
0 {e<1}

= fot/R\{o} xN(ds,dx)—fot[R\{o}xV(dx)dS (A-2)
- [0 t fR o «N(ds,dz) (A.3)

is a martingale.
The following definition plays an important role in probability theory.

Definition A.33 (Laplace Transform). The Laplace Transform of a locally integrable function f is
defined by

FO = [ e f@)da
0
Laplace Transform is one of the central tool in this thesis.

Definition A.34 (moment generating function). The moment generating function of a random variable
is defined by

ox (u) =E(e")

Notice that if X has probability density f and X is positive, then we have the Laplace Transform
of (at least formally)

ox(-N) =E(e¥) = [T e f(a)da
0
This is the Laplace Transform of f. It is also known as the moment generating function.

Theorem A.7 (First Fundamental Theorem of Asset Pricing). The market model defined by (Q, F,F,P)
and the asset price {S(t),t € [0,T]} is arbitrage-free iff there exists a probability measure Q ~ P such
that the discounted assets {S(t),t € [0,T]} are martingales w.r.t. Q

Theorem A.8 (Second Fundamental Theorem of Asset Pricing). A market defined by asst (S}, ..., S )ter0,775
described as stochastic process on (U, F,F,P) is complete iff there is a unique martingale measure Q

equivalent to P.

Theorem A.9 (No Free Lunch). We say that a price process (cadlag process) S = {S,0<t < T} admits

no free lunch iff there is a probability measure Q equivalent to P such that S is a martingale under Q.
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A.2 Calculation of Covariance functions

The details on the calculation of the different covariance functions required in this thesis is the following.

To compute the double integral of equation (5.17) we need

T T T ,T
o1 = Cov(a f Y.ds f sts) - E(a2 f f YSYududs)
t t t t
T s T
:a2f (f E()@Yu)du+f E(Ysyu)du) ds
t t s
T s T
_ (l2 f f 76—n(u+s)(e2n‘u _ 1)du i f ie_ﬁ(u+s)(€2ﬁs _ 1) ds
t t 2K s 2K

where the last expression can be easily computed in a symbolic package such as Mathematica.
Next )
099 = COV(YT,YT) = 27(1 - G_QKT)
K

1
o33 = Cov(Y, Y:) = %(1 —672Kt)

T Ta oy
o012 = Cov|a f Y,ds,Yr | = f — (e - 1)ds
t t 2K

1
023 = COV(YT,Tt) = ﬂe*’{(tJrT)(eZﬂf _ 1)
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Appendix B

Mathematica codes of the analytical
approximation and MATLAB codes
of simulations for the main

(Geometric Lévy) model

The following implements the semi-analytical method presented previously to obtain the price of VWAP
options. We utilise the Mathematica codes first developed by Tim Ling.
To keep things simple, we compute moments given one set of parameters as following; start with

notebook GL 2nd moment basic_rho0.nb

S0=110; o0=b5; T=1; A=2; b=0; p=0; oVG=0.1; oBM=0.1; oRHO=0BM*\/1-p"2;

Following chapter 5.4 in thesis, we have the following;:

m[t_] = ae™ +a(1-e);

Needs[“MultivariateStatistics”]

PDF [MultinormalDistribution [{,uxl + g—;g(z — px3), ux2 + g—gg(z - ;Lx3)} ,

{{o11- €2 519 s13028) (519 ol3em 599 @B (7 03]

(y—yx2 (z—mgi)v% )( 12+ 013023 )

2 2
—01224+011022—- 0‘13 022 + 20120313023 — al;;§3

expon[x_,y.] =} (-

-px3)o13
(m—p.xl —(z 1xd)e )(‘722 6233 1- (z-px3)013
—0122+011022— 0'1320'22 + 20‘120‘130‘23 _ 0'11?3'232 T - px o33

(011_ m (y —px2— M)
—0122+0110622— 0‘1320‘22 + 20‘120‘3130‘23 _ auggsi’

(m—,uxl—M)( 12+ 013023) ) (y _ I_I,X2 _ (2-px3)023 ))

2 2
—0122+011022— 0'13 0'22 + 20‘120‘130‘23 _ 0'11?3?3 033

—2qoz + ST e

G = FullSimplify[expon[0, 0]];

F = FullSimplify[ Coefficient[expon[z, y], zy]];
A = —FullSimplify [Coefﬁcient [expon[:z;, 0], a;2]] ;
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B = FullSimplify [Coefﬁcient [expon[O, v, yz]] ;

Cx = FullSimplify[ Coefficient[expon[z, 0], z]];

Dy = FullSimplify[ Coefficient[expon[0, y], y]];

JYt = FullSimplify [Coeﬂicient B(Cx)-Dy(ADy+CxF) | G, z]] ;

4+(AB)+F?
HYt2 = FullSimplify [ Coefficient | 20 -DydDyCxF) , 7 2],
constZ[z_] = B(Cx)::ayéz)‘lf;}‘ngF) +G;

L = FullSimplify[constZ[0]];
Check that the coefficient H,J, L are correct

FullSimplify [ 2O -DrADYIOT) . G HYt2 % 22 - Yt % 2 - L]

0

Check that the coefficient A, B,C, D, F are correct
FullSimplify [expon[w,y] - ((Cx *x)+ (Dy *y) + (F = (zy)) + (—A * x2) + (B * yz) + G)]

0

0C1 = FullSimplify[ om\/-0122 + 011022 - 2135922 201201302 _ ollo23" )] ;

o033 o033 o033

2
A=l

Now the outer integral

*)
PDF[MultinormalDistribution[{ua, ub}, {{oaa, cab}, {cab,abb}}],{z, y}];

exponl[x.,y-] = 3 (—(y — pib) (—;:I;Ii?:a?bb - -::I;i?:::bb) - (z - pa) (_ —;:1;211?:;?% + —;:I;i?;::bb ))
+(cl)z + (c2)z? + (c3)y;

G1 = FullSimplify[expon1[0,0]];

F1 = FullSimplify[ Coefficient[exponl[z, y], zy]];

A1 = -FullSimplify [Coefﬁcient [exponl [z,0], :1:2]] ;

B1 = FullSimplify [Coeﬂicient [exponl [0,9], y2]] ;

Cx1 = FullSimplify[ Coefficient[exponl[z, 0], z]];

Dy1 = FullSimplify[ Coefficient[expon1[0, y],y]];

(*CheckthatthecoefficientsA1,B1, C1,D1, FlandGlarecorrect™*)

FullSimplify [exponl[z,y] - ((Cx1 * z) + (Dyl * y) + (F1 * (zy)) + (<Al * 22) + (B1 * 4?) + G1)]

0

27 / (
2
VAL /_ 4A113‘11+F1

(*Now need to collect coefficients for the triple integral*)

0C?2 = FullSimplify [ 21V —-gab? + aa.aabb)] :

'w(—rrab2 +aa.a.o'bb)
—oac2obb+20aboacobc-caacbc?2-gab2occ+oaacbbocc

exponTrip[u_,v_,w_] = 1 (—w(
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" v(ocaboac—caaobc)
—cac2obb+20aboacobc-caacbc?-gab2occ+oaasbbocc

" u(—cacobb+oabobc)
—cac2obb+20aboacobc-caacbc?-gab2occ+oaasbbocc

v ( w(oaboac—gaasbc)
-oac2obb+20aboacobc-caasbc?-gab%occ+aaacbbace
v(-oac?+oaaccc)
t oac?obbt2caboacobo—oaacbc?—oabloccroaacbboce

" u(cacobc-cabocc)
—cac2o0bb+20aboacobc-caacbc?-cab?acc+oaacbbocc

—u w(-cacobb+oabobc)
—oac2obb+20aboacobc-caacbc?-gab?acc+oaacbbace

+ v(cacobc—oabocc)
—oac2o0bb+20aboacobc-caaocbc?-cab?acc+oaacbbocc

u(-obc?+obbacc) ))

+ Gac?obbi2saboacobo-oaacbc?—sablocctoaaobboce
+(-20m[t]z + J)u + (-z0% + H) u? - 2qov + (-20 m[s]r)w + (-ro?) w?;
C00 = FullSimplify[exponTrip[0, 0,0]];
Cu2 = —Coefficient [exponTrip[u, 0,0],u?];
Cv2 = Coefficient [exponTrip[0, v, 0], v*];
Cw2 = Coefficient [exponTrip[0, 0, w], w?];
Cu = Coefficient[exponTrip[u, 0, 0], u];
Cv = Coefficient[exponTrip[0, v, 0], v];
Cw = Coefficient[exponTrip[0, 0, w], w];
Cuv = Coefficient[exponTrip[u, v, 0], uv];
Cuw = Coefficient[exponTrip[u, 0, w], uw];
Cvw = Coefficient[exponTrip[0, v, w], vw];
FullSimplify [exponTrip[u, v,w] - (—Cu2 *u2+Cv2x 02+ Cw2+ w2+ Curu+Cv*o

+Cw x w + Cuv * (u * v) + Cuw * (u * w) + Cvw * (v * w) + C00)]

0

Kk =1/\2 +2g02;

J =JYt;
H =HYt2;
cl = —2zm[t]o + J; KNI

c2=-z0%+H;

c3 = —2qo;

gammal7.,q.] = OC1 + OC2 + Exp[L] » Exp [ LS DAMIDILOA T , 1]

(*Now to compute all the covariance*)
022 =3 (1-e2T);
033 = & (1-e72:t);
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012 = ftT m[s] (e (+D) (e - 1)) ds;
013 = ftT m[s] (e (=D (et ~ 1)) ds;
023 = ﬁ (em(t—T) _ e—n(t+T)) :
caa= 5 (1-e2rt);
oab = [ m[s] (e "+ (e2** -1)) ds;
(*o11 and obb were precomputed*)
a? (2+e_2t'°—2e(t_T)'°+e_2T'°—2e_(t+T)'°+2th:—2TK,)
2k3 )

f"e‘”‘"(—1+4et'°+ef‘mc (-3+2tk)) .
253 b

oce =2 (1-e2%2);

oac = %e"‘(s”) (€2 -1);(* s < t%)

ae~(5+t)x (—1+e“)(1+e“—26t'°) .
K2 )

oll=-

obb=2

obc = -

Clear[S0,n,g,0VG,0BM, 8, v, u];
Y[n-]:= (n * g+ %n"2aRHO"2 - Log [1 —nbv + W]/”)
cf[n_]:=Exp[t » ¥[n]]

(*Compute first moment*) S0 =110;

o=05;
T=1;
A=2;
b=0;
a=22;
p=0;

oVG = 0.1; (*control parameter for skewness*)
oBM = 0.1; (*this is the diffusion coefficient in the vg stock price model*)
oRHO = ¢BM * (/1= p*2);

v =0.1; (*control parameter for kurtosis*)

0 = —-0.14; (*measure of symmetry*)

p=0.1;

g=p-0.5+0BM*2 + Log[1—0v+ W]/v;
px1 =0;

px2 =0;

px3 =0;

pa = 0;

pb =0;
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(*¥[1];%)
Phi[z_,q-] = Exp [—z(m[t])2 - qfOT(m[s])2 ds+ % —zxb—qxbx T] * gammal 2, q];
dzPhi[q-, t_] = Derivative[1,0][Phi][2,q]/.z = 0;

(*moment]1 = NIntegrate [—SO * e("+0'5*PA2*"BMA2)*tdzPhi[q, t],{q,0, 00}, {t,0, T}] ;%)
moment1 = NIntegrate[-S0 * cf[1]Exp[0.5 * p"2 * cBM"2 * t]dzPhi[q,t],{q,0, 00}, {t,0,T}]
TimeUsed][]

115.681
11.651

Now to set up the second moment

s 1
OC2trip = Tony onagaca 2m/

\/ —Cuw?Cv2+CuvCuwCvw+Cu2Cvw2-Cuv2Cw2-4Cu2Cv2Cw2
Cuv27+4Cu2Cv2T

(2\/§1r3/ 2 \/ —oac2obb + 20aboacobe — caaobe? — gabZace + aa,aubbacc) ;
gamma2[z_,1_,q.] = OC1 * OC2trip * Exp[L] * Exp [— (Cuw2 (Cv2 -4C00Cv2) + 4C00Cu2Cvw?
-4Cu2CvCvwCw + Cuv?Cw?

+4Cu2Cv2Cw? + Cuw(4C00CuvCvw — 2CuCvCvw — 2CuvCvCw + 4CuCv2Cw)
-4C00Cuv*Cw2 + 4Cu2Cv>Cw2

-16C00Cu2Cv2Cw2 + CuCuv(-2CvwCw + 4CvCw2) + Cu’ (Cvw? - 4Cv2Cw2))/

(4 (Cuw2Cv2 - CuvCuwCvw — Cu2Cvw? + Cuv?Cw2 + 4Cu2Cv2Cw2))] ;

Phi2(z.,r-,q.] = Bxp [~2(m[t])? ~ r(m[s])? - ¢ Jj' (m[s])? ds + O] « gamma2(z, . ];
dzdrPhi2[q.,t_,s_] = ((Derivative[1,1,0][Phi2][z,7,q]/.z = 0)/.r - 0);

moment?2 =

NIntegrate [SO°gExp[s * 1[2] + (£ - 5) * ¥[1] + 0.5 * p"2 * S BM2 * (s + t) ]dzdrPhi2[g, , 5],
{q,0,00},{t,0,T},{s,0,¢}]+

Nlntegrate [SquExp[t *P[2] + (s —t) *P[1] + 0.5 * p"2 * cBM"*2 % (s + t)]dzdrPhi2[g, s, t],
{g,0,00},{t,0,T},{s,t,T}];

TimeUsed[]

Print[“First moment = ” <> ToString[moment1]]

Print[“Second moment = ” <> ToString[moment2]]

Print[“Variance = ” <> ToString[moment2 — moment1”2]]

Print[“SD = ” <> ToString[Sqrt[moment2 — moment1”2]]]

Print[“mu tilde = ” <> ToString[Log[moment1/S0]/T]]

110



Print [“sig tilde = ” <> ToString [Sqrt [Log [ (moment2-moment142)+(moment1)* ] / T]]]

(moment1)?2
First moment = 115.681
Second moment = 13392.7
Variance = 10.7393
SD = 3.27709
mu tilde = 0.0503521
sig tilde = 0.0283231

To see how [i(t) and &(t) evolve over time, we use notebook GL LNParEvoln plot_rho0.nb. Every-

thing has been done previously follows.

S0=110; o0=5; T=1; A=2; b=0; p=0; oVG=0.1; oBM=0.1; oRHO=0BM*\/1-p"2;
Following chapter 5.4 in thesis, we have the following:

m[t.] = ae™ +a(1-e);

Needs[“MultivariateStatistics”]

PDF [MultinormalDistribution [{uxl + 21832 — yx3), ux2 + 223 (2 - ;zx3)} ,

o33 o33
{{o11- Z2 12— 2liems) (519 218638 599 W] (2 03]

(yopx2- 2230222 ) (o124 2123

1
expon[x_,}’-] =35\~ 2 132522 , 2012013023 _ 0110232
2 -0122+011022- 213722 4 2012013023 _ oligd

+ (a:—uxl—!z-_l::‘:;’&)(a22—%) (m _ IJ,xl _ (z_#x3)613)
-0122+011022- 2132222 , 2012013023 _ 0110237 033
("'11_ '213332 )(y—ux2— 2pryott )
—0122+011022— 613§g22 + 2012:3133623 _ al;g§32

(a:—pxl—i—w';’?a"m )(—al2+—"§§’323) ) (y - ux2- (z—px3)023 ))

—0122+011022— al:zggzz+2a12:3133a23_a1:’c3r§32 033
2
—2qo0z + (“'g‘)y 3 CRITININInne)

G = FullSimplify[expon[0, 0]];

F = FullSimplify[ Coefficient[expon[z, y], zy]];

A = —FullSimplify [Coefﬁcient [expon[:z:, 0], :1:2]] ;

B = FullSimplify [Coefﬁcient [expon[O, yl, y2]] ;

Cx = FullSimplify[ Coefficient[expon[z, 0], z]];

Dy = FullSimplify[ Coefficient[expon[0, y],y]];

JYt = FullSimplify [Coefﬁcient [B(Cx)::ag,;:?; CxF) 4+ @, z]] ;

HYt2 = FullSimplify [Coeﬂicient [B(Cx)::(]iylg;:%+CxF) +G, z2]] ;

COIlStZ[Z_] = B(Cx)::(]?qylg‘)tgyz +CxF) + G,

L = FullSimplify[constZ[0]];

Check that the coefficient H, J, L are correct

FullSimplify | 2L -pyADLOD) | G- HYt2 4 22 - Yt # 2 - L]

0
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Check that the coefficient A, B,C, D, F are correct
FullSimplify [expon[a:,y] —-((Cx*z)+ (Dy *y) + (F * (zy)) + (A +2?) + (B +y*) + G)]

0

0OCl1 = FullSimplify[ 2r /(27r \/_ 0122 + 011022 — 2182022 | 2012013023 _ ¢11023? )] ;

VA /_ 4Ai+1:‘2 o33 o33 o33

Now the outer integral

*)
PDF[MultinormalDistribution[{ua, ub}, {{caa, cab}, {oab,obb}}], {z, y}];

exponl[x.y.] =3 (—(y = b) (—cr(:b_"‘l:-l:r):aa:bb - —a(:b_ﬂﬁ?:::bb) - (z-pa) (_ —a(:t:?l:l:r);::bb + —cr(:b_;::r):;:bb ))
+(cl)z + (c2)x? + (c3)y;

G1 = FullSimplify[expon1[0,0]];

F1 = FullSimplify[ Coefficient[exponl [z, y], zy]];

A1 = -FullSimplify [ Coefficient [expon1[z, 0], 2%]] ;

B1 = FullSimplify [ Coefficient [expon1[0,y],%?]];

Cx1 = FullSimplify[ Coefficient[exponl[z, 0], z]];

Dy1 = FullSimplify[ Coefficient[expon1[0, y],y]];

(*CheckthatthecoefficientsA1, B1, C1, D1, FlandGlarecorrect*)

FullSimplify [exponl[z,y] - ((Cx1 * ) + (Dyl * y) + (F1 * (zy)) + (Al * 22) + (B1 * 42) + G1)]

0

0C2 = FullSimplify [ o1V -gab® + aaaabb)] :

2n
VAT /_4A11111+F12 /(
(*Now need to collect coeflicients for the triple integral*)

w(-cab®+gaacbb)
—oac2obb+20aboacobc-caacbc?-gab?acc+oaacbbocc

exponTrip[u_,v_,w_] = % (—w(
+ v(caboac—caaobc)
—-cac2obb+20aboacobc-caaocbc?-cab%occ+oaacbbacc

+ u(—ocacobb+oabobc)
—oac2obb+2caboacobc-caacbc?-cab?occ+oaacbbocc

v ( w(caboac—gaaobc)
—cac2obb+20aboacobc-caacbc?-gab?occt+oaacbbace
v(-oac’+oaaccc)
t sac?obbt2caboacobo-oaacbc?—oablocctoaacbboce

+ u(oacobc—-oabocc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

_ w(—ocacobb+oabobc)
U\ Z5acZobbi2oaboacobc—oaaobcl—oablocctoaaobboce

+ v(oacobc—cabocc)
—oac2obb+20aboacobc-caacbc?-cab?acct+oaacbbocc

'u.(—a'bc2 +o'bbo'cc) ) )

+
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

+(-20m[t]z + J)u + (-202 + H) u? - 2qov + (-20 m[s]r)w + (-ro?) w?;
C00 = FullSimplify[exponTrip[0, 0,0]];
Cu2 = —Coefficient [expon’I‘rip['u., 0,0], u2] ;
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Cv2 = Coefficient [expon’I‘rip[O, v,0], v2] ;

Cw?2 = Coefficient [expon’I‘rip[O, 0,w], w2] ;

Cu = Coefficient[exponTrip[u, 0,0], u];

Cv = Coefficient[exponTrip[0, v,0],v];

Cw = Coefficient[exponTrip[0, 0, w], w];

Cuv = Coefficient[exponTrip[u, v, 0], uv];

Cuw = Coefficient[exponTrip[u, 0, w], uw];

Cvw = Coefficient[exponTrip[0, v, w], vw];

FullSimplify [exponTrip[u, v, w] - (~Cu2 * u? + Cv2 * v2 + Cw2 * w? + Cuxu+Cv * v

+Cw + w + Cuv * (u * v) + Cuw * (u * w) + Cvw * (v * w) + C00)]

0

k=A% +2q02;

J =JYt;
H =HYt2;
cl = —2zm[t]o + J; CKNNNIINIHINIITEE)

c2=-z0% + H;
c3 = —2qo;

gamma(z_,q-] = OC1 * OC2 » Exp[L] » Exp [BI(CXI)Z;]()ﬁ]g‘;l?gll; Gl F1) Gl] ;

(*Now to compute all the covariance*)
022 = 3- (1-€72T);
033 = 5= (1-e72rt);
012 = [tT m[s] (e (+D) (e2%¢ - 1)) ds;
013 = [T m[s] (e (et — 1)) ds;
093 = L (er-T) — gr(t+ D)),
caa= 5 (1-e2rt);
oab = [Fm[s] (Le () (25 - 1)) ds;
(*¢11 and obb were precomputed*)
a?(2+e 2% —2e(t"TIm e 2T R 9o~ (TR 94 9T )
23 ;

Ze~2tr (~1+4e* " +e%" (-3+2tk)) |
2";3 b

oll=-

obb=2

occ = i (1 - e‘z'“’) ;

oac = %e"‘(“t) (e2'“ - 1) ; (¥ s < t¥)
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ae~(s+t)% (-1+e°")(1+e°—2e")

obc=- o) ;

Clear[S0,n,g,0VG,0BM, 0, v, u];
P[n_]:= (n *g+ %n"2aRHO"2 - Log [1 -nbv + W]/v)
cf[n_]:=Exp[t * ¢[n]]

(*Compute first moment*) S0 = 110;

o=5;
T=1;
A=2;
b=0;
a=22;
p=0;

oVG = 0.1; (*control parameter for skewness*)
oBM = 0.1; (*this is the diffusion coefficient in the vg stock price model*)
oRHO = 0BM * (y/T- p2);

v =0.1; (*control parameter for kurtosis*)

0 = —0.14; (*measure of symmetry*)

p=0.1;

g=p-0.5+0cBM"2 + Log[1—0v+ W]/v;
pxl =0;

px2 =0;

px3 =0;

pa =0;

pb = 0;

Now, the moments derived in Chapter 5 are solved for each time interval [0,1]. At each time, the
approximations to the mean (equation 5.5) and variance (5.6) of the VWAP are used to obtain the

values of i(t) and &(¢). In Mathematica, we have the following

Clear[muPoints, sigmaPoints, xPoints, muTilde, sigmaTilde]

TEnd = 1;

incrementSize = 0.01;

i=1;

Do[

Phi[z_,q_] = Exp [—z(m[t])2 - qfoT(m[s])2 ds + % —z*xb-qxbx T] * gamma/| 2, q];
dzPhi[q-, t_] = Derivative[1,0][Phi][2,¢]/.z = 0;
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moment1 = NIntegrate[ S0 * cf[1]Exp[0.5 * rho"2 * sigmaBM"2 * t]dzPhi[q, t],{q,0, o}, {t,0,T}];

(*
Nowtosetupthesecondmoment

*)

OC2trip = L 27/

m\/_ Cuv2 464“02112Cv2
( \/ —Cuw2Cv2+Cquuvaw+Cu2va2—Cuv2Cw2—4Cu2Cv2Cw2) /

Cuv?m+4Cu2Cv2r

(2\/§7r3/ 2\/-oac2obb + 20aboacobe — oaaohe® — gab2ace + aaaabbacc) ;

gamma2[z_,1_,q.] = OC1 + OC2trip * Exp[L] * Exp [~ (Cuw?® (Cv® - 4C00Cv2) + 4C00Cu2Cvw?
-4Cu2CvCvwCw + Cuv’Cw?

+4Cu2Cv2Cw? + Cuw(4C00CuvCvw — 2CuCvCvw — 2CuvCvCw + 4CuCv2Cw)

-4C00Cuv?Cw2 + 4Cu2Cv>Cw2

-16C00Cu2Cv2Cw2 + CuCuv(-2CvwCw + 4CvCw2) + Cu® (CVW2 - 4CV2CW2)) /

(4 (Cuw2Cv2 - CuvCuwCvw — Cu2Cvw? + Cuv?Cw?2 + 4Cu2CV2CW2))] ;

Phi2[z_,r_,q-] = Exp [—z(m[t])2 -r(m[s])? - qfOT(m[s])2 ds+ %] * gamma2[z,r,q];
dzdrPhi2[q., t_,s_] = ((Derivative[1, 1,0][Phi2][z,7,q]/.z = 0) /.r - 0);

moment2 = NIntegrate [SO2qup[s *P[2] + (¢ - 8) * ¢[1] + 0.5 * tho"2 * sigmaBM"2 « (s + t)]dzdrPhi2[q,, s],
{9,0,00},{¢,0,T},{s,0,t}]+

NIntegrate [SO2qup[t *P[2] + (s —t) » Y[1] + 0.5 * rho”2 * sigmaBM"2 * (s + t)]dzdrPhi2[q, s, 1],
{9,0,00},{,0,T},{s,t,T}];

muTilde[i] = Log[moment1/S0]/T’;

(moment2-moment1*2)+(moment1)?
P T|;
(moment1) ’

sigmaTilde[%] = Sqrt [Log
i+,
{T,incrementSize, TEnd, incrementSize}]

(*ENDDO - LOOP*)

(* Plot graphs*)

xPoints = Table[T, {T, incrementSize, TEnd, incrementSize};

muPoints = Table[ {xPoints[[¢]], muTilde[%]}, {7, 1, Length[xPoints]}];

sigmaPoints = Table[ {xPoints[[#]], sigmaTilde[]}, {i, 1, Length[xPoints] }];

ListLinePlot[ muPoints, PlotRange — Full, AxesLabel - {Style[T, Large], Style[“mu”, Large]}]
ListLinePlot[sigmaPoints, PlotRange — Full, AxesLabel - {Style[T, Large], Style[ “sigma”, Large] }]

muTilde[100] - muTilde[1]
sigmaTilde[100] - sigmaTilde[1]

0.000351263
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0.000486757

?muTilde
?sigmaTilde
GlobalmuTilde

Print[“First moment = ” <> ToString[moment1]]

Print[“Second moment = ” <> ToString[moment2]]

Print[“Variance = ” <> ToString[moment2 — moment1"2]]

Print[“SD = ” <> ToString[Sqrt[moment2 — moment1"2]]]

Print[“mu tilde = ” <> ToString[ Log[moment1/S0]/1]]

Print [“sig tilde = ” <> ToString [Sqrt [Log [ (moment2-moment112)+(moment1)* ] / 1]]]

(moment1)?2

First moment = 115.681
Second moment = 13392.7
Variance = 10.7393

SD = 3.27709

mu tilde = 0.0503521

sig tilde = 0.0283231

To evaluate the accuracy of our methods in pricing the VWAP option, we need more prices. If 100
prices are needed, then 200 (300) moments values are requires in lognormal (GIG) case. The GL 2nd
moment 100_rho0.nb notebook was coded in exactly the same manner as GL 2nd moment basic_rho0.nb
except that the diffusion parameter cBM now become vectored-valued: cBM = 1 is partitioned into 100
interval. The moments were computed similarly as the last two notebook and the data was exported
for the next job.

The LNprice_rho0.nb notebook computes option price via the lognormal approximation, first, import

the moments data.
csvFile=Import ["F:\\Thesis codes\\FinalMoment\\GL 2nd moment 100_rhoO.csv",

Transpose [{sig,m1,m2}],"CSV"];

sigmaPrice=Table[csvFile[[i]1[[1]1],{i,2,Length[csvFilel}];
mul=Table[csvFile[[i]] [[2]],{i,2,Length[csvFile]}];
mu2=Table[csvFile[[1]] [[3]],{i,2,Length[csvFilel}];

here mul and mu2 are the first two moments of VWAP, using equations 5.5 and 5.6, ji and & are solved
for each ¢BM from 0.01 to 1, i.e.

Clear [muTilde,sigmaTilde]

muTilde=Log[mul/S0]/1
sigmaTilde=Sqrt [Log[((mu2-mul~2)+(mul) "2)/(mul) 2] /1]

{0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
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.05603521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.05603521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.05603521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.05603521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.05603521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.05603521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,0.0503521,
.0503521,0.0503521,0.0503521,0.0503521}

O O O O O O O O O O o

{0. +0.0507952 I,0. +0.0497769 I,0. +0.0480316 I,0. +0.0454742 I,0. +0.0419607 I,

0. +0.0372157 I,0. +0.0306744 I,0. +0.02069771,0.0123571,0.0283231,
0.0389921,0.0480339,0.0562396,0.0639327,0.0712799,0.0783792,0.0852932,0.0920643,0.0987224,
0.10529,0.111783,0.118214,0.124594,0.130931,0.137231,0.143501,0.149743,0.155962,0.162162,
0.168345,0.174513,0.180669,0.186814,0.19295,0.199079,0.205201,0.211318,0.217431,0.22354,
0.229648,0.235753,0.241858,0.247962,0.254067,0.260173,0.26628,0.272389,0.278501,0.284615,
0.290733,0.296854,0.30298,0.30911,0.315244,0.321384,0.327529,0.33368,0.339837,0.346,0.35217,
0.358346,0.36453,0.370721,0.376919,0.383126,0.38934,0.395563,0.401794,0.408034,0.414283,
0.420541,0.426809,0.433086,0.439373,0.44567,0.451977,0.458295,0.464623,0.470962,0.477313,
0.483674,0.490047,0.496431,0.502827,0.509235,0.515655,0.522088,0.528533,0.53499,0.541461,
0.547944,0.554441,0.560951,0.567475,0.574012,0.580563,0.587129,0.593708,0.600302,0.606911}

Note that the first eight roots of & are complex and so were taken out for the later integration. Now
using the lognormal distribution as the state price density, the prices could be computed by numerical

integration via NIntegrate.

flxopo 0= — Exp [~ (2 - Log[110] - (1 - 0.5 * 6)) "2/ (2 * 0*) ]

KStart=100;

KEnd=120;
LNPrices=Flatten[Table[Table[K,sigmaPrice[[i+8]],NIntegrate[(Exp[x]-K)
f[x,muTilde[[i+8]],sigmaTilde[[i+8]]],x,Log[K], oo],
i,1,92,1],K,KStart,KEnd,2],1];

After the numerical integration, we obtain 100 prices for each strike (total: 100 x 20 prices.) The output
is too large to produce here (See CD) so we do not display. We plot the surface of the computed prices
to see how sensitive they are to different strike price and stock price volatilities.

ListPlot3D[LNPrices, AxesLabel -> K,o,"Price",LabelStyle->Directive[Large]]

The output is identical to Fig.7.1a.
To check accuracy, MC counterpart prices are needed. We simulated 10° trajectories to ensure ac-
curacy with use of MATLAB. With the terminology introduced in the Monte Carlo Simulation chapter,

we first wrote a function to simulate path dependent VWAP call options:

% a realisation of a squared Ornstein-Uhblenbeck process

fvwapou.m
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T=1; %final time
N=500; %number of time steps
lambda=2;a=22;sig=5;%parameters
x=nan(N,1) ;%generate N by 1 not a Not-A-Number
x(1)=22;%initial value
h=T/(N-1); Ystep size
t=0:h:T; % time
f=0(z,x) (exp(-lambdaxh) *x+sig*sqrt ((1-exp(-2*h*lambda))/(2xlambda)) *z) ;
for i=2:N
x(i)=f(randn,x(i-1));
end
x=x+a*(1-exp(-lambda*t’)) ;
u=x."2;
subplot(2,1,1); plot(t,x)
subplot(2,1,2); plot(t,u)

%Simulate VWAP call with S_t dynamics is Gemetric Levy process
function [vwapcall,stdcall,vwapml,stdml,vwapm2,stdm2,vwapm3]
=vwap_rho_vg(S0,K,rho,sigvg,sigtil,nu,theta,lambda,a,sigou,X0,T,N,MSim)
tic; % use tic toc to elapsed CPU time

%initialisation

dt=T/N;

C=1/nu; % Assume C1=C2 for traceability

G=(sqrt (theta. 2*nu. " 2/4+sigvg. 2*nu/2)-theta*nu/2) .~ (-1);
M=(sqrt(theta. 2*nu."2/4+sigvg. ~2*nu/2)+theta*nu/2) .~ (-1);
muX=a* (1-exp(-lambdaxdt)) ;
sigX2=(sigou~2/(2*lambda) ) * (1-exp(-2*lambda*dt)) ;

mu_vg=0.1;
m=mu_vg+log(l-sigvg. 2*nu/2-theta*nu) /nu-0.5*sigtil. 2;

r=0;

sum1=0;
sumla=0;
sumlb=0;
sum2=0;
sum3=0;
sum4=0;
%To generate stock path, we first generate jumps

for j=1:MSim

S_vg=S0;

Xti=X0;
Uti=X0.x*X0;
SumUt=X0.*X0;
SumStUt=S_vg.*Uti;
for i=2:N+1
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%First, simulate jumps

gl=gamrnd (dt*C,1/M); % generate gamma random deviate
g2=gamrnd(dt*C,1/G); ' generate gamma random variate
TJS=0;

JS=gl-g2;

TJS=TJS+JS;

%Now as usual, generate path for St

BM=randn(2,1); ’generate two N(0,1) random variate
gz=sigtil.*sqrt(dt)*(rho*BM(1)+sqrt(1-rho~2)*BM(2));

S_vg= S_vg.*exp(mxdt+gz+TJS);

%generate path for Volume

Xti=exp(-lambda*dt)*Xti+muX+sqrt (sigX2)*BM(1);

Uti=Xti." 2;
StUt=8_vg.*Uti;

% Accumulate values of denominator and numerator of the VWAP

SumUt=SumUt+Ut1i;
SumStUt=SumStUt+StUt;
end;

%Take the ratio we get VWAP
AT=SumStUt/SumUt;
suml=suml+AT;

%add to running sum
sumla=sumla+max (AT-K,0);
sum2=sum2+AT."2;
sum3=sum3+AT. " 3;
sum4=sum4+AT. "4;

end;

%discount back is not needed since r=0

%MC estimate of VWAP call
vwapcall=sumla/MSim
stdcall=sqrt((sumlb/MSim-vwapcall."2)/MSim)
%MC estimate of VWAP momentl
vwapml=suml/MSim

stdml=sqrt ((sum2/MSim-vwapml.~2)/MSim)

%MC estimate of VWAP momentl
vwapm2=sum2/MSim

stdm2=sqrt ((sum4/MSim-vwapm2.~2) /MSim)

vwapm3=sum3/MSim

toc
%Elapsed time is 46897.359567 seconds

hstderror of vwap call

%stderror of momentl

%stderror of moment?2

%vwap_rho_vg(110,100,0.2,0.1,v01,0.1,-0.14,2,22,5,22,1,500,10)
%vwap_rho_vg(110,K,0.2,0.1,v01,0.1,-0.14,2,22,5,22,1,500,10) %for surface plot

One great advantage of MATLAB is the capability of handling vectors and matrices, vectored valued

can be used directly. Hence, to compute the 100 prices at each strike, we set o = [0.01 : 0.01 : 1],
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K =[100:1:120]. then with use of the f function, the previous mentioned vwap_rho_vg function was

implemented in obtained the desired quantities of interest. Nevertheless, the codes are the following.

% MC option prices surface plot code

T=1;r=0;

K=[100:1:120];

S0=110;

vol=[0.01:0.01:1];

[X,Y]=meshgrid(K,vol) ;

f=0(X,vol) vwap_rho_vg(110,K,0.5,0.1,v0l,0.1,-0.14,2,22,5,22,1,500,1000000)
[call,sdc,ml,sdl,m2,sd2,m3]=f(X,Y); %stored all

%xlswrite (’VWAP_GL_MC_rho0O.x1s’, [call,sdc,ml,sdl,m2,sd2,m3]) %output data to excel

One can also plot the surface via the surf() function to visualise how prices varies across volatilities
and strikes. The output was presented previously as in Fig.7.2.
Now we check the accuracy of the lognormal approximation at three level of strike prices K =

100,110, 120. First, import the Monte Carlo option prices and store them in a table

mcPriceKcsv=Import ["F:\\Thesis codes\\FinalMoment\\VWAP_GL_MC_rhoO.csv","CSV"];
Table[mcPriceKesv [[i]] [[1]],{i,1,Length[mcPriceKcsv]}];

mcCallK100=Table [mcPriceKcsv[[i]] [[2]],{i,9,Length[mcPriceKcsv]}];
mcCallK110=Table [mcPriceKcsv [[i]] [[12]],{i,9,Length[mcPriceKcsv]}];
mcCallK120=Table [mcPriceKcsv[[i]] [[22]],{i,9,Length[mcPriceKcsv]}];

Copy the previous computed analytical prices data at the desired strike level, store them in a table as

well.
LNCallK100 = Table[LNPriceK100[[i]]1[[3]], {i, 1, Length[LNPriceK100], 1}]

(*Table of call price struck at 100 i from 1 to 100 in step of 1%)

LNCallK110 = Table[LNPriceK110[[i]][[3]], {i, 1, Length[LNPriceK110], 1}]
(*Table of call price struck at 100 i from 1 to 100 in step of 1%)

LNCallK120 = Table[LNPriceK120[[i]][[3]], {i, 1, Length[LNPriceK120], 1}]
(*Table of call price struck at 120 i from 1 to 100 in step of 1x%)
Compute the relative error, and plot them.

relativeK100
=Table [{LNPriceK100[[i]] [[2]],Abs[mcCallK100[[i]]-LNCallK100[[i]]1]/mcCallK100[[i]]*100%},
{i,1,92,1}]

ListLinePlot [relativeK100,PlotStyle->{Thick},AxesLabel->{\ [Sigma],Text["Relative Error (%)"1},
PlotRange—->{{0.09,1}}]

relativeK110
=Table [{LNPriceK110[[i]]1[[2]1],Abs[mcCallK110[[i]]-LNCallK110[[i]]]/mcCallK110[[i]]*100},
{i,1,92,1}]

ListLinePlot[relativeK110,PlotStyle->{Thick}, AxesLabel->{\[Sigma],Text["Relative Error (%)"]},
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PlotRange->{{0.09,1}}]

relativeK120
=Table [{LNPriceK120[[i1][[2]1],Abs[mcCallK120[[i]1]1-LNCallK120[[i]]1]1/mcCallK120[[i]]1*100},
{i,1,92 ,1}]

ListLinePlot [relativeK120,PlotStyle->{Thick},AxesLabel->{\[Sigmal ,Text["Relative Error (%)"1},
PlotRange->{{0.09,1}}]

Now to compute the GIG prices, open the GIGprice_rho0.nb, import the moments data as usual,

csvFile=Import ["F:\\Thesis codes\\FinalMoment\\NEW\\GL 2nd moment 100_rhoO.csv","CSV"];

sigmaPrice=Table[csvFile[[i]]1[[1]], {i,2,Length[csvFile]}];
mul=Table[csvFile[[1]] [[2]], {i,2,LengthlcsvFile]l}];
mu2=Table[csvFile[[i]]1[[3]], {i,2,Length[csvFile]}];
mu3=Table[csvFile[[i]][[4]], {i,2,Length[csvFile]}];
Ri[p_,u_]:=(BesselK[p+2,ulBesselK[p,u])/BesselK[p+1,u]
R2[p_,u_] :=(BesselK[p+3,u] (BesselK[p,ul) "2)/(BesselK[p+1,ul])"3

Use the FindRoot command to find p and u, Notice that Bessel K[p,u] implemented in Mathe-
matica gives us the modified Bessel function of the second kind K,(u), here p is the order of the Bessel

function evaluated at point u

puRoots = Table[FindRoot [{R1[p,u]l==mu2[[i]]/(mul[[i]])"2,R2[p,ul==mul[[i]]/(mui[[i]]) "3},
{{p,-1.5},{u,0.5}}], {i,1,Length[mul],1}]

And the following is obtained.

FindRoot::1stol: The line search decreased the step size to within tolerance specified
by AccuracyGoal and PrecisionGoal but was unable to find a sufficient decrease

in the merit function.

You may need more than MachinePrecision digits of working precision to meet

these tolerances. >>

{{p—>-213.252,u->139.272},{p->-207.933,u->135.755},{p->-199.615,u->130.253},
{p—>-189.023,u->123.249},{p->-176.952,u->115.267},{p->-164.149,u->106.804},
{p->-151.231,u->98.2653},{p->-138.657,u->89.9567},{p->-126.735,u->82.0804},
{p—>-115.642,u->74.7546},{p—>-105.46,u->68.0333},{p->-96.2052,u->61.9255},
{p->-87.8465,u->56.4117},{p->-80.3293,u->51.4553},{p->-73.5858,u->47.0111},
{p->-67.5434,u->43.0311},{p->-62.1304,u->39.4676},{p->-57.2787 ,u->36.2756},
{p—>-52.9257,u->33.4134},{p—>-49.0143,u->30.8433},{p->-45.4939,u->28.5317},
{p->-42.3193,u->26.4487},{p->-39.4507 ,u->24.568}, {p->-36.8534 ,u->22.8664},
{p->-34.4964,u->21.3236},{p->-32.3532,u->19.9219},{p->-30.4,u->18.6457},
{p->-28.6163,u->17.4813},{p->-26.9839,u->16.4168},{p->-25.4871,u->15.4416},
{p->-24.1118,u->14.5465} ,{p->-22.8458,u->13.7234},{p->-21.6781,u->12.965},
{p->-20.5992,u->12.2652}, {p->-19.6005,u->11.6181},{p->-18.6746,u->11.0189},
{p->-17.8147,u->10.4631},{p->-17.0148,u->9.94674},{p->-16.2696 ,u->9.46632},
{p->-15.5743,u->9.01867},{p->-14.9246,u->8.60099},{p->-14.3168,u->8.21072},

121



{p—>-13.7473,u->7.84559},{p->-13.213,u->7.50355},{p->-12.7112,u->7.18274},
{p->-12.2392,u->6.88149},{p->-11.7948,u->6.59828} ,{p->-11.3759,u->6.33174},
{p—>-10.9805,u->6.08061},{p->-10.6071,u->5.84375},{p->-10.2539,u->5.62013},
{p->-9.91953,u->5.40883}, {p->-9.60271,u->5.2089}, {p->-9.30221,u->5.01963},
{p->-9.01692,u->4.84027},{p->-8.74584 ,u->4.67014} ,{p->-8.48802,u->4.50865},
{p->-8.24261,u->4.35522},{p->-8.00883,u->4.20933},{p->-7.78593,u->4.07051},
{p—>-7.57324,u->3.93831},{p->-7.37014,u->3.81233},{p->-7.17604,u->3.69218},
{p—>-6.99042,u->3.57752},{p->-6.81278,u->3.46801},{p->-6.64265,u->3.36336},
{p->-6.4796,u->3.26328},{p->-6.32323,u->3.16752},{p->-6.17317,u->3.07583},
{p—>-6.02906,u->2.98798}, {p->-5.8906 ,u->2.90376}, {p->-5.75746 ,u->2.82297},
{p—>-5.62937,u->2.74543},{p->-5.50606 ,u->2.67097},{p->-5.38729,u->2.59942},
{p->-5.27281,u->2.53064},{p->-5.1624,u->2.46447},{p->-5.05587,u->2.40079},
{p—>-4.95302,u->2.33948}, {p—>-4.85366 ,u->2.2804}, {p->-4.75763 ,u->2.22347},
{p—>-4.66476,u->2.16856},{p->-4.5749,u->2.11558}, {p->-4.48791,u->2.06444},
{p—>-4.40365,u->2.01505},{p->-4.32199,u->1.96734},{p->-4.24281,u->1.92122},
{p->-4.16599,u->1.87661},{p->-4.09144 ,u->1.83346},{p->-4.01904,u->1.7917%},
{p->-3.94869,u->1.75126},{p->-3.88031,u->1.71209},{p->-3.81381,u->1.67413},
{p->-3.7491,u->1.63733},{p->-3.6861,u->1.60164},{p->-3.62474,u->1.56701},
{p—>-3.56494,u->1.5334},{p->-3.50665,u->1.50077},{p->-3.44978,u->1.46907},
{p->-3.39428,u->1.43828}}

Extract p and u from the list so that we can use them conveniently.

pRoots = Table[puRoots[[i]1[[111[[2]]1,{i,1,Length[puRoots],1}]
uRoots = Table[puRoots[[i]]1[[2]11[[2]1],{i,1,Length[puRoots],1}]

{-213.252,-207.933,-199.615,-189.023,-176.952,-164.149,-151.231,-138.657,-126.735,-115.642,
-105.46,-96.2052,-87.8465,-80.3293,-73.5858,-67.5434,-62.1304,-57.2787,-52.9257,-49.0143,
-45.4939,-42.3193,-39.4507,-36.8534,-34.4964,-32.3532,-30.4,-28.6163,-26.9839,-25.4871,
-24.1118,-22.8458,-21.6781,-20.5992,-19.6005,-18.6746,-17.8147,-17.0148,-16.2696,-15.5743,
-14.9246,-14.3168,-13.7473,-13.213,-12.7112,-12.2392,-11.7948,-11.3759,-10.9805,-10.6071,
-10.25639,-9.91953,-9.60271,-9.30221,-9.01692,-8.74584,-8.48802,-8.24261,-8.00883,-7.78593,
-7.57324,-7.37014,-7.17604,-6.99042,-6.81278,-6.64265,-6.4796,-6.32323,-6.17317,-6.02906,
-5.8906,-5.75746,-5.62937,-5.50606,-5.38729,-5.27281,-5.1624,-5.05587,-4.95302,-4.85366,
-4.75763,-4.66476,-4.5749,-4.48791,-4.40365,-4.32199,-4.24281,-4.16599,-4.09144,-4.01904,
-3.94869,-3.88031,-3.81381,-3.7491,-3.6861,-3.62474,-3.56494,-3.50665,-3.44978,-3.39428%}

{139.272,135.755,130.253,123.249,115.267,106.804,98.2653,89.9567,82.0804,74.7546,68.0333,
61.9255,56.4117,51.4553,47.0111,43.0311,39.4676,36.2756,33.4134,30.8433,28.5317,26.4487,
24.568,22.8664,21.3236,19.9219,18.6457,17.4813,16.4168,15.4416,14.5465,13.7234,12.965,
12.2652,11.6181,11.0189,10.4631,9.94674,9.46632,9.01867,8.60099,8.21072,7.84559,7.50355,
7.18274,6.88149,6.59828,6.33174,6.08061,5.84375,5.62013,5.4088,5.2089,5.01963,4.84027,
4.67014,4.50865,4.35522,4.20933,4.07051,3.93831,3.81233,3.69218,3.57752,3.46801,3.36336,
3.26328,3.16752,3.07583,2.98798,2.90376,2.82297,2.74543,2.67097,2.59942,2.53064,2.46447,
2.40079,2.33948,2.2804,2.22347,2.16856,2.11558,2.06444,2.01505,1.96734,1.92122,1.87661,
1.83346,1.7917,1.75126,1.71209,1.67413,1.63733,1.60164,1.56701,1.5334,1.50077,1.46907,
1.43828%}
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Now use the p,u roots as inputs to find a,b roots via the FindRoot command.

abRoots=Table [FindRoot [{(b/a) " (1/2) BesselK[pRoots[[i]]+1,uRoots[[i]]]/BesselK[pRoots[[i]],
uRoots[[i]]]==mul[[i]],

Sqrt[a b]l==uRoots[[i]]},{{a,0.2},{b,20.2}}], {i,1,Length[puRoots],1}]

{{22->0.359611,0->53938.1},{22->0.350466,0->52585.3},{22->0.336163,0->50469.4%},
.317953,0->47775.},{22->0.297208,0->44704.6},{22->0.275211,0->41448.2},
.253025,0->38162.5},{22->0.23144,0->34964.6},{22->0.210983,0->31932.3},

{22->0
{22->0

{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.
{22->0.

Extract

aRoots

bRoots

0535868,0->8485
0437036,0->6992
0361743,0->5849

0257423,0->4252
0220709,0->3685
0190997,0->3222
0166671,0->2841

0129731,0->2255

0103534,0->1832

00434916,0->809
00405778,0->755
00379509,0->706
00355761,0->660

.26},{22->0
.46},{22->0
.463},{22->0
0303382,0->4958.
.77} ,{22->0
.24} ,{22->0
.73},{22->0
.22},{22->0
0146544,0->2523.
.06},{22->0
0115565,0->2027.
.05},{22->0

58},{22->0

05},{22->0

28},{22->0

901},{22->0.
839}, {22->0.
.737},{22->0.
.812},{22->0.
.397},{22->0.
.926},{22->0.
00334238,0->618.

911}}

191962,0->29111.3},{22->0.174515,0->26522.3},{22->0. 158666 ,0->24168.9},
144363,0->22043.5},{22->0.131512,0->20132.4},{22->0.119994,0->18418.},
109683,0->16882.},{22->0.100456,0->15506.2},{22->0.0921958,0->14273.1},
0847927 ,0->13166.9},{22->0.0781492,0->12173.},{22->0.0721776,0->11278.5},
0668,0->10472.1},{22->0.061948,0->9743.45},{22->0.0575612,0->9083.77},
.0499786,0->7941 .
.0409702,0->6578.
.0340666,0->5528.
.0286863,0->4705.
.0244284 ,0->4050.
.0210117,0->3520.
.0182356,0->3087.
.0159544,0->2728.
.0140608,0->2428.
.0124743,0->2175.
.0111339,0->1958.
.00999269,0->1773.14},{22->0.00965002,0->1717 .},
00932423,0->1663.44},{22->0.00901425,0->1612.32},{22->0.00871913,0->1563.48},
00843795,0->1516.79},{22->0.00816988,0->1472.13},{22->0.00791413,0->1429. 36},
00767,0->1388.4},{22->0.0074368,0->1349.13},{22->0.0072139,0->1311.45},
00700074,0->1275.29},{22->0.00679677,0->1240.56},{22->0.00660147 ,0->1207 . 18},
00641438,0->1175.08},{22->0.00623505,0->1144 .19}, {22->0.00606308,0->1114 .45},
00589807 ,0->1085.8},{22->0.00573966 ,0->1058. 19}, {22->0.00558751,0->1031 .55},
00544131,0->1005.85},{22->0.
00503547 ,0->933.
00467341 ,0->868.

07},{22->0.0466961,0->7445.21},
19},{22->0.0384684,0->6198.37%,
3},{22->0.0321267,0->5232.16},
4},{22->0.0271582,0->4470.7%},

1},{22->0.0232073,0->3861.33},
74%},{22->0.0200233,0->3366.87},
54},{22->0.0174262,0->2960.59},
85},{22->0.0152846,0->2622.96},
7},{22->0.0135012,0->2339.49},
093},{22->0.0120027,0->2099. 25},
91},{22->0.0107333,0->1893.9},

00530075,0->981.039},{22->0.00516556,0->957 .068},
00491024,0->911.497%},{22->0.00478962,0->889.821},
00456139,0->848.517},{22->0.00445337,0->828.827%},
0042486,0->791.222},{22->0.00415153,0->773.255},
00396721,0->738.869},{22->0.00387969,0->722.404},
00371329,0->690.828%},{22->0.00363416,0->675.677%},
00348352,0->646.559},{22->0.00341181,0->632.559},

a,b roots from the list so that we can make use of them

Table[abRoots[[i]]1 [[11]1[[2]],{i,1,Length[puRoots],1}]
Table[abRoots[[i]] [[2]]1[[2]1],{i,1,Length[puRoots],1}]

{0.359611,0.350466,0.336163,0.317953,0.297208,0.275211,0.253025,0.23144,0.210983,
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.191962,0.174515,0.158666,0.144363,0.131512,0.119994,0.109683,0.100456,0.0921958,
.0847927,0.0781492,0.0721776,0.0668,0.061948,0.0575612,0.0535868,0.0499786,0.0466961,
.0437036,0.0409702,0.0384684,0.0361743,0.0340666,0.0321267,0.0303382,0.0286863,0.0271582,
.0257423,0.0244284,0.0232073,0.0220709,0.0210117,0.0200233,0.0190997,0.0182356,0.0174262,
.0166671,0.0159544,0.0152846,0.0146544,0.0140608,0.0135012,0.0129731,0.0124743,0.0120027,
.0115565,0.0111339,0.0107333,0.0103534,0.00999269,0.00965002,0.00932423,0.00901425,
.00871913,0.00843795,0.00816988,0.00791413,0.00767,0.0074368,0.0072139,0.00700074,
.00679677,0.00660147,0.00641438,0.00623505,0.00606308,0.00589807,0.00573966,0.00558751,
.00544131,0.00530075,0.00516556,0.00503547,0.00491024,0.00478962,0.00467341,0.00456139,
.00445337,0.00434916,0.0042486,0.00415153,0.00405778,0.00396721,0.00387969,0.00379509,
.00371329,0.00363416,0.00355761,0.00348352,0.00341181,0.00334238}

O O O O O O O O O O o

{53938.1,52585.3,50469.4,47775. ,44704.6,41448.2,38162.5,34964.6,31932.3,29111.3,
26522.3,24168.9,22043.5,20132.4,18418.,16882.,15506.2,14273.1,13166.9,12173.,
11278.5,10472.1,9743.45,9083.77,8485.26,7941.07,7445.21,6992.46,6578.19,6198.37,
5849.46,5528.3,5232.16,4958.58,4705.4,4470.7,4252.77,4050.1,3861.33,3685.24,
3520.74,3366.87,3222.73,3087.54,2960.59,2841.22,2728.85,2622.96,2523.05,2428.7,
2339.49,2255.06,2175.09,2099.25,2027.28,1958.91,1893.9,1832.05,1773.14,1717.,
1663.44,1612.32,1563.48,1516.79,1472.13,1429.36,1388.4,1349.13,1311.45,1275.29,1240.56,
1207.18,1175.08,1144.19,1114.45,1085.8,1058.19,1031.55,1005.85,981.039,957.068,
933.901,911.497,889.821,868.839,848.517,828.827,809.737,791.222,773.255,755.812,
738.869,722.404,706.397,690.828,675.677,660.926,646.559,632.559,618.911}

All roots are real. Now using the GIG distribution as the state price density, the prices could be

computed by numerical integration via NIntegrate.

F1po 2 b Y= D Exp[ - (a2 + £)/2]

2BesselK| p,\/(ﬁ |
KStart = 100;
KEnd = 120;
GIGPrices=

Flatten[Table[Table[Strike, sigmaPrice[[i]],
NIntegrate[(x-Strike)f [x,pRoots[[i]],aRoots[[i]],bRoots[[i]]],
x,Strike, oo],

i,1,Length[puRoots], 1],

Strike,KStart,KEnd,2] ,1]

Again, output too large so not produce here (See CD).

Plot the surface to see how price evolves across different strike levels and volatilities.
ListPlot3D[GIGPrices, AxesLabel -> K,o," Price",LabelStyle->Directive[Large]]

The output is identical to Fig.7.1b. To check accuracy, the exact procedure was followed as in the
LNprice_rho0.nb. (See CD)

124



Appendix C

All other MATLAB and

Mathematica codes

C.1 MATLAB codes for the plots of trajectories and GBM
model
1. MATLAB codes for chapter 4

%10 trajectories of GL with VG jumps are plotted with use of Euler scheme
clear all;

increment = 500; %500 discretisation

ntraj = 10;
T = 1; % Maturity
SO0 = 110; % Initial stock price

%Model parameter

sigmaBM = 0.10; 7% volatility

sigmaVG=0.3;

theta= -0.14;

nu=0.2;

mu_vg=0.1;

m=mu_vg+log(1l-sigmaVG~2*nu/2-theta*nu) /nu-0.5*%sigmaBM~2;
C=1/nu;
G=(sqrt(theta”2*nu"2/4+sigmaVG~2*nu/2) -theta*nu/2) " (-1);
M=(sqrt(theta”2+*nu”2/4+sigmaVG~2*nu/2)+theta*nu/2) " (-1);
dt = T/increment; % time step

cl=mx*dt;

c2=sigmaBM*sqrt (dt) ;

T=1;
for i = l:increment+1

t(1) = (i-1)=dt;

end
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for i = 1 : ntraj
% initialize stock price for each simulation
S(1,i) = 80;

for j = 2:increment+1

variate = normrnd(0,1); % generate gaussian random deviate

gl=gamrnd (dt*C,1/M); % generate gamma random deviate
g2=gamrnd (dt*C,1/G) ;% generate gamma random deviate
TJS = 0;

JS = gl-g2;

TJS = TJS + JS;
S(j,i) = S(j-1,i)*exp( cl +c2*deviate+ TJS );
end
end
plot(t,S)

%10 trajectories of GBM are plotted with use of Euler scheme
clear all;
increment = 500; %500 discretisation
ntraj = 10; %number of trajectories
T =1; % Maturity
SO = 110; % Initial stock price
sigma = 0.10; % volatility
mu=0.1
dt = T/increment; % time step
cl=(mu-0.5*sigma”2)*dt
c2=sigma*sqrt(dt);
T=1;
for i = l:increment+1
t(i) = (i-1)#dt;
end
for i = 1 : ntraj
% initialize stock price for each simulation
S(1,i) = S0;
for j = 2:increment+1
deviate = normrnd(0,1);
S(j,i) = S(j-1,i)*exp( cl +c2+deviate );
end
end

plot(t,S)

% one trajectory of a squared Ornstein-Uhblenbeck process
fvwapou.m

T=1; %final time

N=500; %number of time steps

lambda=2;a=22;sig=5;%parameters
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x=nan(N,1) ;%generate N by 1 not a Not-A-Number
x(1)=22;%initial value
h=T/(N-1); %step size
t=0:h:T; % time
f=0(z,x) (exp(-lambdaxh) *x+sig*sqrt ((1-exp(-2*h*lambda))/(2xlambda)) *z) ;
for i=2:N
x(i)=f(randn,x(i-1));
end
x=x+a*(1-exp(-lambda*t’)) ;
u=x."2;
subplot(2,1,1); plot(t,x)
subplot(2,1,2); plot(t,uw)

%Simulate VWAP call with S_t dynamics is Gemetric Brownian motion process
function [vwapcall,stdcall,vwapml,stdml,vwapm2,stdm2,vwapm3]

= vwap_rho_gbm( S0,K,rho,mu,signma,lambda,a,sigou,X0,T,N,MSim )

tic;

dt=T/N;

muX=ax* (1-exp(-lambda*dt)) ;
sigX2=(sigou~2/(2*lambda) ) * (1-exp(-2*lambdax*dt)) ;

r=0;

%initialisation
suml1=0;
sumla=0;
sumlb=0;
sum2=0;

sum3=0;

sumé4=0;

for j=1:MSim
S_gbm=S0;
Xti=X0;

Uti=0;
SumUt=X0.*X0;
SumStUt=S_gbm.*Uti;
for i=2:N+1

BM=randn(2,1);
S_gbm=S_gbm. *exp ((mu-0.5*sigma."2)*dt
+sigma*xsqrt(dt) . * (rhoxBM(1)+sqrt (1-rho”2)*BM(2))) ;
Xti=exp(-lambdaxdt) *Xti+muX+sqrt (sigX2)*BM(1) ;
Uti=Xti. 2;

StUt=S_gbm.*Ut1i;

SumUt=SumUt+Uti;

SumStUt=SumStUt+StUt;

end;

AT=SumStUt/SumUt;
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suml=suml+AT;
sumla=sumla+max (AT-K,0);
sumlb=sumib+max (AT-K,0)."2

sum2=sum2+AT. " 2;
sum3=sum3+AT. " 3;
sumd4=sumé4+AT. 4;
end;

Y%discount back is not needed since r=0

vwapcall=sumla/MSim
stdcall=sqrt((sumlb/MSim-vwapcall. 2)/MSim)
vwapml=suml/MSim

stdml=sqrt ((sum2/MSim-vwapml. "2) /MSim)
vwapm2=sum2/MSim

stdm2=sqrt ((sum4/MSim-vwapm2.~2) /MSim)

vwapm3=sum3/MSim

toc

%Elapsed time is 288835.439527 seconds

%[call,sdc,ml,sd1,m2,sd2,m3]=vwap_rho_gbm( 110,100,0.1,0.1,0.1,2,22,5,22,1,500,1000)
%[call,sdc,ml,sdl,m2,sd2,m3]=vwap_rho_gbm( 110,K,0.1,0.1,v0l,2,22,5,22,1,500,1000)%for surface plot

C.2 Analytical approximation under the GBM model

The following are the analogous Mathematica codes implement our analytical formulae under the clas-
sical GBM model. Notebook GBM 2nd moment basic_rho0.nb compute first and second moments given

scalar parameter values

%S0=110; o0=5; T=1; A\=2; b=0; p=0; oVG=0.1; oBM=0.1; oRHO=0BM*\/1-p"2;
m[t-] = ae™ +a(1-e*);

Needs[“MultivariateStatistics”]

PDF [MultinormalDistribution [{,uxl + g—g(z - pux3), ux2 + z—gg(z - ,u,x3)} ,

{{o11- €2 512 olem) (519 o102 599 - G (7 43];

(2-px3)023 13023
expon[x_,y] =3 |- (yopx2- 2372 ) (-on24 210522
I 2 _0.122+a.110.22_olg§g22+2012:3133023_0122332

(z—pxl—(t—lﬁ‘#)( 22— 62333 ) )(:1: _ le _ (z—px3)a'13)

+
_ 2 _ 0132522, 2012013023 _ g110232 033
012%+011022 P T >33

_e132 () vo (z-ux3)023

("11 33 )(y px2 =33

_ 2 _ 0132522 | 2012013523 _ o110232
0122+011022 53+ ) >33

(z—uxl—%)(—al2+%) ) (y — x2 - (2—-pux3)023 ))

_ 2 _ 0132522 . 2012013023 _ g110232 033
012%2+011022 Es ot P~ >33

~2qoz + S )

G = FullSimplify[expon[0, 0]];
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F = FullSimplify[ Coefficient[expon[z, y], zy]];

A = —FullSimplify [Coefﬁcient [expon[.'z:, 0], xz]] ;

B = FullSimplify [Coeﬂicient [expon[O, IR yz]] ;

Cx = FullSimplify[ Coefficient[expon[z, 0], z]];

Dy = FullSimplify[ Coefficient[expon[0, y],y]];

JYt = FullSimplify [Coeﬂicient [B(Cx)::a’;g‘)?}'; CxF) 4 G, z]] ;

HYt2 = FullSimplify [Coeﬂicient [B(cx)::ag?zﬁmxp) +G, z2]] ;

B(Cx)2-Dy(ADy+CxF) + G-
4+(AB)+F? ’

L = FullSimplify[constZ[0]];

constZ[z_] =

Check that the coefficient H, J, L are correct

FullSimplify [ 2% -PrADVOM) G HYt2 % 22 ~ Yt % 2 - L]

0

Check that the coefficient A, B,C, D, F are correct
FullSimplify [expon[x,y] - ((Cx*z)+ Dy *y) + (F * (zy)) + (-A * xz) +(B*y?)+ G)]

0

0OC1 = FullSimplify[ 2m /(27!'\/—0'122 +ol1022 - 0132022 | 2012013023 _ 0110232 )] :

VA - % o33 33 33

Now the outer integral

*)
PDF[MultinormalDistribution[{ua, ub}, {{caa,oab},{cab,obb}}], {z,y}];

exponl[x.y] =3 (—(y = kb) (—a(:b_ﬁlil;):a?bb - —a(:t:zl:-?;f:bb) - (z-pa) (_ —0(31:21112:;?1)1) + —a(:b_"’l:-?:::bb ))
+(cl)z + (c2)z? + (c3)y;

G1 = FullSimplify[expon1[0, 0]];

F1 = FullSimplify[ Coefficient[exponl[z, y], zy]];

A1 = -FullSimplify [Coefﬁcient [exponl [z,0], z2]] ;

B1 = FullSimplify [Coefﬁcient [exponl [0,9], y2]] ;

Cx1 = FullSimplify[ Coefficient[exponl[z, 0], z]];

Dy1 = FullSimplify[ Coefficient[expon1[0, ¥], y]];

(*CheckthatthecoefficientsA1,B1, C1,D1, FlandGlarecorrect™*)

FullSimplify [expon1[z,y] - ((Cx1 * z) + (Dyl * y) + (F1 * (zy)) + (-Al * 22) + (B1 * 4?) + G1)]

0

0C2 = FullSimplify[ 9mv/—cab? + aaaabb)] :

27 /
VAT /_ 4A1B11+F12
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(*Now need to collect coefficients for the triple integral*)

w(-oab®+gaacbb)
—-cac2obb+2caboacobc-caasbc?-gab2occ+asaasbbacc

exponTrip[u_,v_,w_] = (—w(
" v(caboac—caaobc)
—oac2obb+20aboacabc-caagbc?—cab?acc+oaasbbocc

" u(—cacobb+oabobc)
—cac2o0bb+20aboacobc-caacbc?-cab?acc+oaacbbocc

w(oaboac—caaobc)
- ( -oac2obb+20aboacobc-cgaacbc?-cab%occ+oaacbbacc
v(-oac’+oaaccc)
* —sac?obbi2oaboacobo—caaobc?—cab’occtoaacbboce

+ u(cacobc-cabocc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

_ w(-cacobb+oabobc)
—oac2obb+20aboacobc-caacbc?-gab?acc+oaacbbace

+ v(oacobc—cabocc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

u(-obc?+obbocc) ) )

+
—oac2obb+2caboacobc-caacbc?-cab?acc+oaacbbocc

+(-20m[t]z + J)u + (-z0% + H) u? - 2q0v + (-20 m[s]r)w + (-ro?) w?;
C00 = FullSimplify[exponTrip[0,0,0]];

Cu2 = —Coefficient [exponTrip[u, 0,0],u?];

Cv2 = Coefficient [exponTrip[0, v, 0],v?];

Cw2 = Coefficient [exponTrip[0, 0, w], w?];

Cu = Coefficient[exponTrip[u, 0, 0], u];

Cv = Coefficient[exponTrip[0, v, 0], v];

Cw = Coefficient[exponTrip[0, 0, w], w];

Cuv = Coefficient[exponTrip[u, v, 0], uv];

Cuw = Coefficient[exponTrip[u, 0, w], uw];

Cvw = Coefficient[exponTrip[0, v, w], vw];

FullSimplify [exponTrip[u, v, w] - (~Cu2 * u2 + Cv2 * v2 + Cw2 * w? + Cu*u+ Cv * v

+Cw * w + Cuv * (u * v) + Cuw * (u * w) + Cvw * (v * w) + C00)]

0

Kk =v/A2 +2q0?;

J=JYt;
H =HYt2;
cl = =2zm|t]o + J; (NN

c2=-z0%+H;

c3 = -2qo;

gammal(z_,q.] = OC1 + OC2 + Exp[L] + Exp [ BUO DAGIDLOA T, g1
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(*Now to compute all the covariance®)
022 = 3- (1-€72T);
033 = 5 (1-e72);
012 = ftT m[s] (e (D) (e - 1)) ds;
013 = ftT m[s] (e "=+ (et — 1)) ds;
023 = L (5T _ R (D)),
san= i (1-e2),
sl = i 5] (Jeer) (¢35 1)) ds

(*o11 and obb were precomputed*)

a2 (2+e_2t'° —2e(t=T)r 2T r_ge=(t+T)x +2th:—2TK,)
oll=- 53 ;

aZe 2" (~1+4e™ +e2*% (-3+2tk)) |
2&3 b

obb =

oce =2 (1-e2%2);

oac = %e—n(s+t) (621:3 _ 1) ; (* s < t*)

ae~(5*+t)x (-1+e®*)(1+e°"-2e") .
552 >

obc = -

Clear[S0,n,g,06VG,sBM, 0, v, u];
Y[n]:=(n* g+ in"20BM"2)
cf[n_]:==Exp[t * ¥[n]]

S0 =110;
o =b;
T=1,
A=2;
b=0;
a=22;

p =0;0BM = 0.1; (*this is the diffusion coefficient in the vg stock price model*)
oRHO = ¢BM * (/1= p*2);

p=0.1;

g=u-0.5+0BM"2;

px1 =0;

px2 = 0;

px3 =0;

pa = 0;

pb =0;
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(*¥[1];%)
Phi[z_,q-] = Exp [—z(m[t])2 - qfOT(m[s])2 ds+ % —zxb—qxbx T] * gammal 2, q];
dzPhi[q-, t_] = Derivative[1,0][Phi][2,q]/.z = 0;

moment1 = NIntegrate[-S0 * cf[1]Exp[0.5 * p"2 * cBM"2 * t]dzPhi[q,t],{q,0, 00}, {t,0,T}]
TimeUsed][]

115.681

13.353

s 1
OC2trip = NN AT 2m/

\/ —Cuw?Cv2+CuvCuwCvw+Cu2Cvw2-Cuv2Cw2-4Cu2Cv2Cw2
Cuv?7+4Cu2Cv2r

(2\/§7r3/ 2 \/ —oac2obb + 20aboacobe — caaobe? — cabZace + aa,aabbacc) ;
gamma2[z.,1-,q-] = OC1 * OC2trip * Exp[L] * Exp [~ (Cuw? (Cv* - 4C00Cv2) + 4C00Cu2Cvw>
-4Cu2CvCvwCw + Cuv’Cw?

+4Cu2Cv2Cw? + Cuw(4C00CuvCvw — 2CuCvCvw — 2CuvCvCw + 4CuCv2Cw)
-4C00Cuv’Cw2 + 4Cu2Cv’Cw2

-16C00Cu2Cv2Cw2 + CuCuv(-2CvwCw + 4CvCw2) + Cu’ (Cvw? - 4Cv2Cw2))/

(4 (Cuw2Cv2 - CuvCuwCvw — Cu2Cvw? + Cuv?Cw2 + 4Cu2Cv2Cw2))] ;

Phi2(z.,r-,q.] = Bxp [~2(m[t])? - r(m[s]) - ¢ Jj' (m[s])? ds + O] « gamma2(z, . ];
dzdrPhi2[q.,t_,s_] = ((Derivative[1,1,0][Phi2][z,7,q]/.z = 0)/.r = 0);

moment2 =

NIntegrate [S0%qExp[s * ¥[2] + (t - 5) * Y[1] + 0.5 * p"2 * 5BMA2 * (s + ) ]dzdrPhi2[q, t, 5],
{g,0,00},{t,0,T},{s,0,t}]+

NIntegrate [SO%qExp[t * 9[2] + (s — t) * $[1] + 0.5 * p*2 x gBM"2 * (s + ) ]dzdrPhi2[g, 5, 1],
{9,0,00},{t,0,T},{s,t,T}];

TimeUsed[]

Print[“First moment = ” <> ToString[moment1]]

Print[“Second moment = ” <> ToString[moment2]]

Print[“Variance = ” <> ToString[moment2 — moment1”2]]

Print[“SD = ” <> ToString[Sqrt[moment2 — moment1”2]]]

Print[“mu tilde = ” <> ToString[Log[moment1/S0]/T]]

Print [“sig tilde = ” <> ToString [Sqrt [Log [ (moment2-moment1"2)+(moment1)” ] / T]]]

(moment1)2
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30.342

First moment = 115.681

Second moment = 13427.9

Variance = 45.934

SD = 6.77746

mu tilde = 0.0503521

sig tilde = 0.0585376 It worth mentioning the above results exactly match the original work in Novikov
et al. Notice that moment 1 is invariant against the choice of correlation and pricing model. A simple
reason is that the terms in the characteristic exponent cancelled out.

The GBM 2nd moment 100-rho.nb was coded in exactly the same manner given parameter values

S0=110; o0=5; T=1; A=2; b=0; p=0; oVG=0.1; 0BM=0.01,0.02,...,1; oRHO=0BM*\/1-p"2;

sigmaPrices = {0.01,0.02,0.03,0.04,0.05, 0.06, 0.07, 0.08, 0.09,
0.1,0.11,0.12,0.13,0.14,0.15,0.16,0.17,0.18,0.19,0.2,
0.21,0.22,0.23,0.24,0.25,0.26,0.27,0.28,0.29,0.3,0.31,
0.32,0.33,0.34,0.35,0.36,0.37,0.38,0.39,0.4,0.41,0.42,
0.43,0.44,0.45,0.46,0.47,0.48,0.49, 0.5, 0.51,0.52, 0.53,
0.54,0.55,0.56,0.57, 0.58,0.59, 0.6, 0.61,0.62, 0.63, 0.64,
0.65,0.66,0.67,0.68,0.69,0.7,0.71,0.72,0.73,0.74,0.75,
0.76,0.77,0.78,0.79,0.8,0.81, 0.82, 0.83, 0.84, 0.85, 0.86,
0.87,0.88,0.89,0.9,0.91,0.92,0.93,0.94, 0.95,0.96, 0.97,
0.98,0.99,1};

m[t-] = ae™ +a(1-e);

Needs[“MultivariateStatistics”]

PDF [MultinormalDistribution [{,uxl + Z—ég(z - px3), ux2 + g—gg(z - ,ux3)} , {{011 - (213?2 ,012 - %} ,

{o12- 218628 599 - W] (0 )]

expon[x.,y-] =

(z—px3)o23 13023 (2-px3)013 232
1(_ ('-'/_/"X2_ >33 )(_‘712+ 2522) + (“’_l""‘l_ s )("22_ a3 ) (:I} —pxl - (z—,ux3)¢713) _
2 —0122+011022 613§g22+2a12:3133623 01‘1,;3)32 —0122+011022— alg§§22+2012:31é3023 alclrgg:a? 033
132 2-px3)023 2—px3)o13 13523
(11558 (-or-te) (- Coget)comoctig) N (o)
—0122+011022 6152;522+2a12:3133623 01‘1,3332 —0122+011022— al§§g22 + 2012:31:;”23_ a1c1r§§32 033
(RN *

—2qox + == (KINnInnnnnnnee)

G = FullSimplify[expon[0, 0]];

F = FullSimplify[ Coefficient[expon[z, y], zy]];
A = —FullSimplify [Coefﬁcient [expon[:z:, 0], :1:2]] ;
B = FullSimplify [Coefﬁcient [expon[O, yl, y2]] ;
Cx = FullSimplify[ Coefficient[expon[z, 0], z]];
Dy = FullSimplify[ Coefficient[expon[0, y],y]];
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JYt = FullSimplify [Coefﬁcient B(Cx)’-Dy(ADy+CxF) G, z]]

4+(AB)+F2
HYt2 = FullSimplify | Coefficient | 20 -DyADAOR) , g, 2],
)2~ .
constZ[z] = Z(CX)-Dy(ADy+CxF) , c.

4x(AB)+F?
L = FullSimplify[constZ[0]];
Check that the coefficients H,J and L are correct

FullSimplify | 2(CL-pyADLOD) | G- HYt2 4 22 - Yt # 2 - L]

0

(*Check that the coefficients A,B,C,D,F and G are correct*)
FullSimplify [expon[x,y] - ((Cx*z)+ (Dy *y) + (F * (zy)) + (A »2?) + (B »y*) + G)]

OC1 = FullSimplify [—A 2z /(21\/ -0122 + 011022 - 2182022 2012015023 _ ollgds” )] ;

(*Now the outer integral*)
*)
PDF[MultinormalDistribution[{ua, ub}, {{oaa, cab}, {cab,abb}}], {z, y}];

—oab?+caacbb  -cab”+caacbb —oab%+caacbb ' -cab®+caacbb

exponl[x_y ] = 1 (—(y— ,ub)( (y-pb)oaa _ _ (z-pa)oab )_ (z - pa) (_ (y-pb)oab _  _ (z-pa)obb ))
+(cl)z + (c2)z? + (c3)y;

G1 = FullSimplify[expon1[0, 0]];

F1 = FullSimplify[ Coefficient[exponl[z, y], zy]];

A1 = -FullSimplify [Coefﬁcient [exponl [z,0], z2]] ;

B1 = FullSimplify [Coefﬁcient [exponl [0,9], y2]] ;

Cx1 = FullSimplify[ Coefficient[exponl[z, 0], z]];

Dy1 = FullSimplify[ Coefficient[expon1[0, y], ¥]];

FullSimplify [exponl[z,y] - ((Cx1 * z) + (Dyl * y) + (F1 * (zy)) + (Al * z%) + (B1 » %) + G1)];

0C2 = FullSimplify [ o1V -gab® + aaaabb)] .

2m
VAT /_4A113All+1=12 /(
(*Now need to collect coefficients for the triple integral*)

w(-cab®+gaacbb)
—oac2obb+20aboacobc-caacbc?-gab?acc+oaacbbaocc

exponTrip[u_,v_,w_] = % (—w(
v(caboac—caaobc)

+
—ocac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

+ u(—cacobb+oabobc)
—cac2obb+2caboacobc-caacbc?-cab?acc+oaacbbocc

v ( w(caboac—gaasbc)
—cac2obb+20aboacobc-caacbc?-gabocc+oaacbbace
v(-oac’+oaaccc)
* sac?obbt2caboacobo-oaacbc?—oablocctoaacbboce

+ u(ocacobc-oabocc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

—u w(—ocacobb+oabobc)
—oac2obb+20aboacobc-caacbc?-gab?acct+oaacbbaoce
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" v(ocacobc—oabocc)
—cac2obb+20aboacobc-caacbc?-gab2occ+oaasbbocc

u(-obc?+abbacc) ) )

+
—cac2obb+20aboacobc-caacbc?-gab2occ+oaasbbocc

+(-20m[t]z + J)u + (-z0% + H) u? - 2qov + (-20 m[s]r)w + (-ro?) w?;
C00 = FullSimplify[exponTrip[0, 0, 0]];

Cu2 = —Coefficient [expon’I‘rip[u, 0,0], u2] ;

Cv2 = Coefficient [exponTrip[O, v,0], v2] ;

Cw2 = Coefficient [exponTrip[0, 0, w], w?];

Cu = Coeflicient[exponTrip[u, 0,0], u];

Cv = Coefficient[exponTrip[0, v,0],v];

Cw = Coefficient[exponTrip[0, 0, w], w];

Cuv = Coefficient[exponTrip[u, v, 0], uv];

Cuw = Coefficient[exponTrip[u, 0, w], uw];

Cvw = Coefficient[exponTrip[0, v, w], vw];

FullSimplify [exponTrip[u, v, w] - (~Cu2 * u? + Cv2 * v2 + Cw2 * w? + Cuxu+Cv * v

+Cw+ w+ Cuv * (u*v) + Cuw * (u * w) + Cvw * (v * w) + C00) ]

0

K =+/A2 +2qo2?;

J =JYt;
H =HYt2;
cl = —2zm[t]o + J; NN

c2=-z0% + H;
c3 = —2qo;

gammalz_,q.] = OC1 + OC2 * Exp[L] » Exp [ BUON DAMIDILCA T , 1],

(* Now to compute all the covariances*)
022 =5 (1-e2T);

033 = 5 (1-e72:);

012 = ftT m[s] (Le"(+D) (e - 1)) ds;
013 = [;T m[s] (e (2t - 1)) ds;
023=+ (entD) - g<(t+ D)) ;

caa= 2 (1-e2:t);

ab = [ mls] (e~ (&2 - 1)) s
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(*o011 and obb were precomputed*)
a? (2+e_2t'° —2e(t=TI% 4 =2Tk _ge=(t+T)x +2tn—2TK,)
213 >
2¢72tn (—1+4et'°+e2t'° (-3+2tk)) .
2"“3 )

oll=-

obb=2

(* We also need a few more covariances for second moment*)
occ = % (1 - e‘2'“) ;

oac = %e"‘(“t) (62“ - 1) ;(* s < t¥)

ae (R (_14e°") (14" -2¢'")

obc=- T ;

Clear[S0,n,g,6BM, 0, v, u];
P[n]:=(n* g+ in"20BM"2)
cf[n_]:=Expl[t * ¢[n]]

(*Compute first moment*)

S0 =110;
o =5;
T=1;
A=2;
b=0;
a=22;
p=0;

oBM = sigmaPrices; (*this is the diffusion coefficient in the vg stock price model*)
p=0.1;

g=u-0.5+0BM"2;

px1 =0;

px2 = 0;

px3 =0;

pa = 0;

pb =05

Phi[z_,q-] = Exp [—zz(m[t])2 - qfoT(m[s])2 ds+ (A—T”)T —z*b—qxbx T] + gammal 2, q];
dzPhi[q-, t_] = Derivative[1,0][Phi][2,q]/.z = 0;

moment1 = NIntegrate[ S0 * cf[1]Exp[0.5 * p"2 + cBM"2 * t]dzPhi[q, t],{q,0, >}, {t,0,T}]

(*Nowtosetupthesecondmoment

*)
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. 1
OC2trip = Tony enTagaca 2/

( \/ —Cuw2Cv2+Cquuvaw+Cu2va2—Cuszw2—4Cu2Cv2Cw2) /

Cuv27+4Cu2Cv27

(2\/§7r3/ 2 \/ —oac2obb + 20aboacobe — caaobce? — cab2ace + aaaabbacc) ;

gamma2[z_,1_,q.] = OC1 * OC2trip * Exp[L] * Exp [~ (Cuw? (Cv? - 4C00Cv2) + 4C00Cu2Cvw>-
4Cu2CvCvwCw + Cuv?Cw? + 4Cu2Cv2Cw? + Cuw(4C00CuvCvw — 2CuCvCvw — 2CuvCvCw + 4CuCv2Cw)
-4C00Cuv’Cw2 + 4Cu2Cv’Cw2

-16C00Cu2Cv2Cw2 + CuCuv(-2CvwCw + 4CvCw2) + Cu® (va2 - 4CV2CW2)) /

(4 (CuW2Cv2 - CuvCuwCvw — Cu2Cvw? + Cuv2Cw2 + 4CuZCv2CW2))] ;

Phi2fs_,x.,q] = Bxp [~2(m{t])? - r(m{s)* -y (mls1)?ds + C2T ] « gamma2z, r,a};
dzdrPhi2[q.,t_,s_] = ((Derivative[1, 1,0][Phi2][z,7,¢]/.z = 0) /.r - 0);

moment2 = NIntegrate [SquExp[s *P[2] + (E-8) » P[1]

+0.5 * p"2 » cBM"2 * (s + t)]dzdrPhi2[q, t, s],{q,0,00},{t,0,T},{s,0,t}]

+NIntegrate [SquExp[t *P[2] + (s —t) » P[1]

+0.5 * p"2 » cBM"2 * (s +t)]dzdrPhi2[qg, s,1],{q,0, 00}, {t,0,T},{s,t, T}];

TimeUsed[]

Print[“First moment = ” <> ToString[moment1]]

Print[“Second moment = ” <> ToString[moment2]]

Print[“Variance = ” <> ToString[moment2 — moment1"2]]

Print[“SD = ” <> ToString[Sqrt[moment2 — moment1"2]]]

Print[“mu tilde = ” <> ToString[Log[moment1/S0]/T]]

Print [“sig tilde = ” <> ToString [Sqrt [Log [ (moment2-moment1:2)+(moment1)” ] / T]]]

(moment1)?2
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Analytical approximation in

response to the change of correlation

C.3 Analytical approximation under the Geometric Lévy model,
p=0.3

sigmaPrices = {0.01,0.02,0.03,0.04,0.05, 0.06, 0.07, 0.08, 0.09, 0.1,
0.11,0.12,0.13,0.14,0.15,0.16,0.17,0.18,0.19,0.2,0.21, 0.22,
0.23,0.24,0.25,0.26,0.27,0.28,0.29,0.3,0.31,0.32,0.33,0.34,
0.35,0.36,0.37,0.38,0.39,0.4,0.41, 0.42, 0.43,0.44, 0.45, 0.46,
0.47,0.48,0.49,0.5,0.51,0.52,0.53, 0.54, 0.55,0.56, 0.57, 0.58,
0.59,0.6,0.61,0.62,0.63,0.64, 0.65,0.66, 0.67,0.68,0.69, 0.7,
0.71,0.72,0.73,0.74,0.75,0.76,0.77,0.78,0.79,0.8,0.81, 0.82,
0.83,0.84,0.85,0.86,0.87,0.88,0.89, 0.9, 0.91,0.92,0.93, 0.94,
0.95,0.96,0.97,0.98,0.99,1};

m[t-] =ae ™M +a(1-e*);

Needs[“MultivariateStatistics”]

PDF [MultinormalDistribution [{,uxl + 21835 - ux3), ux2 + z—gg(z - p,x3)}

o33
A{o11- 23 g1 2liems) 515 2liels gop X (4,43];

(y-px2- G2 ) (o124 2lio23)

_ 2 _ 3132522 | 2012013523 _ g110232
012%2+011022 Eg -+ o35 >33

exponfxy]= 3 (-

+
_ 2 _ 0132522, 2012013023 _ g110232 033
0122+011022 a3+ Py 533

(a:—p.xl—(‘—l;x#)(a22— ":?: ) ) (x _pxl— (z—yx3)al3)

2 -

—ei3 —px2— (z-px3)o23

(”11 33 )(y px2 =33

_ 2 _ 5132522 |, 2012013523 _ g110232
0122+011022 a3+ o35 >33

(w-—px1- 222213 ) (5124 213023 ) (y _ px2 — (mx3)o23 ))

_ 2 _ 0132522, 2012013023 _ g110232 033
0122+011022 a3yt a3

033
(5=-Ny*
2 )

-2qozx +
G = FullSimplify[expon[0, 0]];

F = FullSimplify[ Coefficient[expon[z, y], zy]];
A = -FullSimplify [ Coefficient [expon[z, 0], 2%]];
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B = FullSimplify [Coefﬁcient [expon[O, v, yz]] ;

Cx = FullSimplify[ Coefficient[expon[z, 0], z]];

Dy = FullSimplify[ Coefficient[expon[0, y], y]];

JYt = FullSimplify [Coeﬂicient B(Cx)-Dy(ADy+CxF) | G, z]] ;

4+(AB)+F?
HYt2 = FullSimplify [ Coefficient | 20 -DydDyCxF) , 7 2],
COIlStZ[Z_] - B(CX)2_Dy(ADy+CxF) + G,

4+(AB)+F?
L = FullSimplify[constZ[0]];

FullSimplify [ 2O -DrADYIOT) . G HYt2 % 22 - Yt % 2 - L]

0

FullSimplify [expon[w,y] - ((Cx +x) + (Dy *y) + (F * (zy)) + (‘A * a:2) + (B * yz) + G)]

0

OC1 = FullSimplify [—2" /(27r\/—0122 + 011022 - 2182022 | 2012013023 _ ollo2s? )] ;

VAN - % o33 a33 a33

PDF[MultinormalDistribution[{ua, ub}, {{oaa,ocab}, {cab,abb}}],{z, y}];

_1 (y—pb)oaa (z—pa)oab (y—pb)oab (z—pa)obb
exponl[x.y-] =3 (—(y — pb) (-aab2+aaaabb - -aab2+aaaabb) - (z - pa) (_—aab2+aaa.abb + —aab2+aaaabb))

+(c)z + (c2)2? + (c3)y;

G1 = FullSimplify[expon1[0,0]];

F1 = FullSimplify[ Coefficient[exponl[z, y], zy]];
A1 = -FullSimplify [Coefﬁcient [exponl [z,0], z'2]] ;
B1 = FullSimplify [Coeﬂicient [exponl [0,9], y2]] ;
Cx1 = FullSimplify[ Coefficient[exponl[z, 0], z]];
Dy1 = FullSimplify[ Coefficient[expon1[0, y],y]];

FullSimplify [exponl[z,y] - ((Cx1 * ) + (Dyl * y) + (F1 * (zy)) + (Al * 22) + (B1 * ) + G1)]

0

0C?2 = FullSimplify [ omV/—-gab? + aa.aabb)] :

2m /(
A 2
VAT [_a 113;\11+F1

w(—crab2 +aa.a.¢7bb)
—oac2obb+20aboacobc-caacbc?-gab?occ+oaacbboce

exponTrip[u_,v_,w_] = (—w(
" v(caboac—caaobc)
—oac2obb+20aboacobc-caacbc?-cab2acc+oaacbbocc

" u(—cacobb+oabobc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc
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v ( w(caboac—gaaobc)
—cac2obb+20aboacobc-caacbc?-gab?occt+oaacbbace
v(-oac’+oaaccc)
+ —oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

+ u(ocacobc—-oabocc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

_ w(—ocacobb+oabobc)
U\ Z5acZobbi2oaboacobc—oaaobci—oablocctoaaobboce

+ v(oacobc—cabocc)
—oac2obb+20aboacobc-caacbc?-cab?acct+oaacbbocc
'u.(—a'bc2 +o'bbo'cc)
* Zac?obbr2caboacobo-oaacbo?—cablocotcaacbbaoce

+(-20m[t]z + J)u + (-202 + H) u? - 2qov + (-20 m[s]r)w + (-ro?) w?;
C00 = FullSimplify[exponTrip[0,0,0]];

Cu2 = —Coefficient [expon’I‘rip[u, 0,0], u2] ;

Cv2 = Coefficient [expon’I&‘ip[O, v,0], v2] ;

Cw?2 = Coefficient [expon’I‘rip[O, 0,w], w2] ;

Cu = Coeflicient[exponTrip[u, 0,0], u];

Cv = Coefficient[exponTrip[0, v,0],v];

Cw = Coefficient[exponTrip[0, 0, w], w];

Cuv = Coefficient[exponTrip[u, v, 0], uv];

Cuw = Coefficient[exponTrip[u, 0, w], uw];

Cvw = Coefficient[exponTrip[0, v, w], vw];

FullSimplify [expon'I‘rip[u, v,w] - (—Cu2 *u? +Cv2* 02 +Cw2xw? +Curu+Cv*wv

+Cw + w + Cuv * (u * v) + Cuw * (u * w) + Cvw * (v * w) + C00)]

0

k= /X% +240%;

J =JYt;

H = HYt2;

cl = -2z2mt]o + J;
c2=-z20%+H;

c3 = -2qo;

gamma[z_,q-] = OC1 » OC2 % Exp[L] + Exp [BI(CXI)Z:](DXL%)I?;T; Cx1F1) Gl] ;

022 = i (1 - 6‘2"T) ;

033 = 5= (1-e72rt);

012 = [tT m[s] (e (+D) (e2%¢ - 1)) ds;
013 = [T m[s] (e (et — 1)) ds;
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023 = ﬁ (en(t—T) _ e—n(t+T)) :
caa = % (1 - 6_2K't) ;

oab = f{ mls] (e~ (62 - 1) s

a2 (2+e_2t'°—2e(t_T)" +e 2Tr_ge=(t+T)r +2tn—2Tn)
oll=- 213 )
2 -2tk te 2tk
a‘e —-1+4e""+e -3+2tk
obb = 2 (-3+2tx))

K3 3

occ = i (1 - e’z'“’) ;

oac = ie"‘(“t) (62“ - 1) ; (¥ s < t¥%)

ae ()% (_14e°") (14" -2e'")
2“2 b

obc = -

Clear[S0,n,g,0VG,sBM, 0, v, u];
P[n_]:= (n *g+ %n"2aRHO"2 - Log [1 -nbv + W]/v)
cf[n_]:=Exp[t * ¢[n]]

S0 = 110;
o=05;
T=1,
A=2;
b=0;
a=22;
p=0.3;

oVG = 0.1; (*control parameter for skewness*)
oBM = sigmaPrices; (*this is the diffusion coefficient in the vg stock price model*)
oRHO = ¢BM * (y/I-p*2);

v =0.1; (*control parameter for kurtosis*)

0 = —-0.14; (*measure of symmetry*)

p=0.1;

g=p-0.5+0BM*2 + Log[1—0v+ wvv;
px1 =0;

px2 = 0;

px3 =0;

pa = 0;

pb =0;
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(*¥[1];%)
Phi[z_,q-] = Exp [—z(m[t])2 - qfOT(m[s])2 ds+ % —zxb—qxbx T] * gammal 2, q];
dzPhi[q-, t_] = Derivative[1,0][Phi][2,q]/.z = 0;

Timing[moment1 = NIntegrate[—S0 * cf[1]Exp[0.5 * p"2 * cBM"2 * t]dzPhi[g, t],{q,0, 0}, {t,0,T}]]

(*Nowtosetupthesecondmoment

*)

. 1
OC2trip = Toy enggaa 2r/

( \/ —Cuw2Cv2+Cquuvaw+Cu2va2—Cuv2Cw2—4Cu2Cv2Cw2) /

CuvZm+4Cu2Cv2r

(2\/§7r3/ 2 \/ —oac2obb + 20aboacobe — caaobce? — cab2ace + aaaabbacc) ;

gamma2[z_,1_,q.] = OC1 * OC2trip * Exp[L] * Exp [~ (Cuw? (Cv? - 4C00Cv2) + 4C00Cu2Cvw>-
4Cu2CvCvwCw + Cuv?Cw? + 4Cu2Cv2Cw? + Cuw(4C00CuvCvw — 2CuCvCvw — 2CuvCvCw + 4CuCv2Cw)
-4C00Cuv’Cw2 + 4Cu2Cv’Cw2

-16C00Cu2Cv2Cw2 + CuCuv(-2CvwCw + 4CvCw2) + Cu® (va2 - 4CV2CW2)) /

(4 (Cuw2Cv2 - CuvCuwCvw — Cu2Cvw? + Cuv?Cw?2 + 4Cu2Cv2Cw2))] ;

Phi2[z_,r_,q-] = Exp [—z(m[t])2 -r(m[s])? - qfOT(m[s])2 ds+ %] + gamma2[z,1,q];
dzdrPhi2[q.,t_,s_] = ((Derivative[1, 1,0][Phi2][z,7,q]/.z = 0) /.r - 0);

moment2 =

NiIntegrate [SO2qup[s *P[2] + (¢ - 8) *Y[1] + 0.5 * p*2 x G BM*2 (s + t)]dzdrPhi2[q, t, s],
{9,0,00},{¢,0,T},{s,0,t}]+

NIntegrate [SO2qup[t *P[2] + (s —t) *Y[1] + 0.5 * p*2 x cBM"2 * (s + t)|dzdrPhi2[g, s, ],
{g,0,00},{t,0,T},{s,t,T}];

Print[“First moment = ” <> ToString[moment1]]

Print[“Second moment = ” <> ToString[moment2]]

Print[“Variance = ” <> ToString[moment2 — moment1"2]]

Print[“SD = ” <> ToString[Sqrt[moment2 — moment1"2]]]

Print[“mu tilde = ” <> ToString[Log[moment1/S0]/T]]

Print [“sig tilde = ” <> ToString [Sqrt [Log [ (moment2-moment12)+(moment1)* ] / T]]]

(moment1)?2
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C.4 Analytical approximation under the Geometric Lévy model,
p=0.5

sigmaPrices = {0.01,0.02,0.03,0.04,0.05,0.06,0.07,0.08,0.09, 0.1,
0.11,0.12,0.13,0.14,0.15,0.16,0.17,0.18,0.19,0.2,0.21, 0.22,
0.23,0.24,0.25,0.26,0.27,0.28,0.29, 0.3, 0.31,0.32,0.33,0.34,
0.35,0.36,0.37,0.38,0.39,0.4,0.41, 0.42, 0.43,0.44, 0.45, 0.46,
0.47,0.48,0.49,0.5,0.51,0.52,0.53, 0.54, 0.55,0.56, 0.57, 0.58,
0.59,0.6,0.61,0.62,0.63,0.64, 0.65,0.66, 0.67,0.68, 0.69, 0.7,
0.71,0.72,0.73,0.74,0.75,0.76,0.77,0.78,0.79,0.8,0.81, 0.82,
0.83,0.84,0.85,0.86,0.87,0.88,0.89, 0.9, 0.91,0.92,0.93, 0.94,
0.95,0.96,0.97,0.98,0.99,1}

m[t-] =ae M +a(1-e*);

Needs[“MultivariateStatistics”]

PDF [MultinormalDistribution [{,uxl + 213 (5 - yx3), ux2 + 22 (2 - ,ux3)} ,

o33 o33
{{o11- L2 512 - s13e231 (519 213638 599 (2 W] (4 3]

e e

_ 2 _ 0132522 | 2012013023 _ 0110232
012%2+011022 a3+ Ty >33

(z-px3)013 232
+ (m-ll'xl_ e )("’22_ %83 (.'l: - px1 - (z—p,x3)al3)
—0122+0110622— 012§g22 + 2.712:31?::23 _ al;g§32 033

(o112 ) (-t

exponf,y-] = & (-

o33
_ 2 _ 0132522 |, 2012013023 _ 0110232
012%2+011022 a3+ Ty >33

(m—yxl (z_’::?g"ls )(—a‘l2+"103§’323) ) (y - pux2 - (z—pux3)023 ))

— 2 _ 0132522 , 2012013023 _ 01105232 033
012%2+011022 Es ot YT >33

G = FullSimplify[expon[0, 0]];

F = FullSimplify[ Coefficient[expon[z, y], zy]];

A = ~FullSimplify [ Coefficient [expon[z, 0], 22]];

B = FullSimplify [ Coefficient [expon[0, y], 3%]];

Cx = FullSimplify[ Coefficient[expon[z, 0], z]];

Dy = FullSimplify[ Coefficient[expon[0, y],y]];

JYt = FullSimplify [Coefﬁcient [B(C"):;ag;‘j’g; CxF) 4 @, z]] ;

HY1t2 = FullSimplify [Coeﬂicient [B(Cx):;a’;g’;g?.;wxm +G, 22]] ;

B(Cx)2-Dy(ADy+CxF) +G-
4+(AB)+F? ’

L = FullSimplify[constZ[0]];

constZ[z_] =

(*Checkthatthecoefficients H, Jand Larecorrect*)

FullSimplify [ 2(O0-DrADYIOT) , G _ HYt2 % 2 - Yt # 2 - L]
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0

(*Checkthatthecoefficients A, B, C, D, FandGarecorrect*)
FullSimplify [expon[x,y] - ((Cx*z)+ Dy *y) + (F * (zy)) + (-A * x2) +(Bxy?)+ G)]

0

(*constantC, inlatexdocument*)

OC1l= FullSimplify[

2 2
+ 011022 — 2132022 | 2012013023 _ 011023 )] :

2m 2
VA\/-1AB:FZ / (2”\/"’12 33 33 33

(*
Nowtheouterintegral
*)
PDF[MultinormalDistribution[{ua, ub}, {{caa, cab}, {oab,obb}}], {z, y}];
_1 (y-pb)oaa (z-pa)oab (y-pb)oab (z—pa)obb
exponl[x,y.] = 3 (—(y ~ ub) (—aab2+a:aabb - —aab’lia;abb) - (z - pa) (_—aab2+a:aobb + —aab2+a:.a.0'bb))

+(cl)z + (c2)z? + (c3)y;

G1 = FullSimplify[expon1[0,0]];

F1 = FullSimplify[ Coefficient[exponl [z, y], zy]];

A1 = -FullSimplify [ Coefficient [expon1[z, 0], 2]] ;

B1 = FullSimplify [ Coefficient [expon1[0,y],%?]];

Cx1 = FullSimplify[ Coefficient[exponl[z, 0], z]];

Dy1 = FullSimplify[ Coefficient[expon1[0, ], ¥]];

(*CheckthatthecoefficientsA1,B1, C1,D1, FlandGlarecorrect™*)

FullSimplify [exponl[z,y] - ((Cx1 * ) + (Dyl * y) + (F1 * (zy)) + (Al * 22) + (B1 * 42) + G1)]

0

0C2 = FullSimplify[ 9mv/—cab? + aaaabb)] :

2m
VAT /_4A113Alf1-‘12 /(
(*Now need to collect coefficients for the triple integral*)

w(-cab®+gaacbb)
—oac2obb+20aboacobc-caacbc?-gab?acc+oaacbbocc

exponTrip[u_,v_,w_] = % (—w(
+ v(caboac—caaobc)
—oac2obb+20aboacobc-caaocbc?-cab?acc+oaacbbocc

+ u(—cacobb+oabobc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

v w(ocaboac—-caaobc)
—cac2obb+20aboacobc-caacbc?-gab”?occ+oaacbbacc

+ v(-oac’+oaaccc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

+ u(ocacobc-oabocc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc

—u w(—ocacobb+oabobc)
—oac2obb+20aboacobc-caacbc?-gab?acc+oaacbbaoce

+ v(oacobc—oabocc)
—oac2obb+20aboacobc-caacbc?-cab?acc+oaacbbocc
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u(—a‘bc"’ +o‘bbo‘cc) ) )

+
—oac2obb+20aboacobc-caacbc?-gab?acc+oaacbboce

+(-20m[t]z + J)u + (-202 + H) u? - 2qov + (-20 m[s]r)w + (-ro?) w;
C00 = FullSimplify[exponTrip[0, 0, 0]];

Cu2 = —Coefficient [expon’I‘rip[u, 0,0], u2] ;

Cv2 = Coefficient [expon’I‘rip[O, v,0], v2] ;

Cw?2 = Coefficient [expon’I‘rip[O, 0,w], w2] ;

Cu = Coefficient[exponTrip[u,0,0], u];

Cv = Coefficient[exponTrip[0, v, 0], v];

Cw = Coefficient[exponTrip[0, 0, w], w];

Cuv = Coefficient[exponTrip[u, v, 0], uv];

Cuw = Coefficient[exponTrip[u, 0, w], uw];

Cvw = Coefficient[exponTrip[0, v, w], vw];

FullSimplify [exponTrip[u, v,w] - (—Cu2 *u? +Cv2* 02 +Cw2xw? +Curu+Cvrv

+Cw + w + Cuv * (u * v) + Cuw * (u * w) + Cvw * (v * w) + C00)]

0

5= /BT 207,

J =JYt;
H =HYt2;
cl = —2zm[t]o + J; CKNNNIINNIHINIITEE

c2=-z0% + H;
c3 = -2qo;

gammalz.,q.] = OC1 + OC2 + Exp[L] + Exp [ BUCIDAGIDILOA Y |, 1]

(* Now to compute all the covariances*)
022 = 5 (1-e2T);

033 = 5 (1-e72rt);

012 = ftT m[s] (e (+D) (e - 1)) ds;
013 = ftT m[s] (e (=D (et — 1)) ds;

023 = & (ert-T) — g=m(t+T)),;

caa= 5 (1-e2rt);

oab = [ mis] (e (o2 1)) ds
(*o1llandobbprecomputedincovariances.nb*)

a2 (2+e_2t'° —2e(t=T)r 2T r_ge=(t+T)x +2tn—2TK,)
K3 >

oll=-
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2e'2t'°(—1+4et'°+e2t” (-3+2tk)) .
2&3 b

obb=2

(* We also need a few more covariances for second moment*)
oce =2 (1-e2%2);

oac = %e—n(s+t) (621:3 _ 1) ; (* s < t*)

ae~(5+t)x (-1+e®*)(1+e°"-2¢")

obc = - T ;

Clear[S0,n,g,06VG,sBM, 0, v, u];
P[n_]:= (n * g+ %n"2aRHO"2 - Log [1 -nbv + W]/v)
cf[n_]:==Exp[t * ¥[n]]

(*Compute first moment*)

S0 =110;
o =b;
T=1,
A=2;
b=0;
a=22;
p=0.5;

oVG = 0.1; (*control parameter for skewness*)

oBM = sigmaPrices; (*this is the diffusion coefficient in the vg stock price model*)
oRHO = ¢BM * (\/I-p*2);

v =0.1; (*control parameter for kurtosis*)

0 = —-0.14; (*measure of symmetry*)

pn=0.1;

g=p-0.5+0BM*2 + Log[1—0v+ W]/v;

px1 =0;

px2 =0;

px3 =0;

pa = 0;

pb=0;

(*¥[1];%)

Phi[z_,q-] = Exp [—z(m[t])2 - q[oT(m[s])2 ds + % —zxb—qxbx* T] * gammal 2, q];
dzPhi[q-, t_] = Derivative[1,0][Phi][2,q]/.z = 0;

Timing[moment1 = NIntegrate[—S0 * cf[1]Exp[0.5 * p"2 * cBM"2 * t]dzPhi[g, t],{q,0, o}, {¢,0,T}]]
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(*Nowtosetupthesecondmoment

*)

. 1
OC2trip = Tony engaaca 2/

\/ —Cuw?2Cv2+CuvCuwCvw+Cu2Cvw2-Cuv2Cw2-4Cu2Cv2Cw2
CuvZm+4Cu2Cv2r

(2\/§7r3/ 2 \/ —oac2obb + 20aboacobe — caaobce? — cab2ace + aaaabbacc) ;
gamma2[z_,r_,q.] = OC1 + OC2trip * Exp[L] * Exp [~ (Cuw?® (Cv® - 4C00Cv2) + 4C00Cu2Cvw?
-4Cu2CvCvwCw + Cuv’Cw?

+4Cu2Cv2Cw? + Cuw(4C00CuvCvw — 2CuCvCvw — 2CuvCvCw + 4CuCv2Cw)
-4C00Cuv?Cw2 + 4Cu2Cv>Cw2

-16C00Cu2Cv2Cw2 + CuCuv(-2CvwCw + 4CvCw2) + Cu® (va2 - 4Cv2Cw2)) /

(4 (Cuw2Cv2 - CuvCuwCvw — Cu2Cvw? + Cuv?Cw?2 + 4Cu2Cv2Cw2))] ;

Phi2(z.,r-,q.] = Exp [ ~2(m[t])? ~ r(m[s])? ~ ¢ " (m[s])? ds + O] « gamma2[z, 7, ];
dzdrPhi2[q.,t_,s_] = ((Derivative[1, 1,0][Phi2][z,7,q]/.z = 0) /.r - 0);

moment2 =

NiIntegrate [SO2qup[s *P[2] + (£ - 8) * Y[1] + 0.5 * p*2 x G BM*2 (s + t)]dzdrPhi2[q, t, s],
{9,0,00},{¢,0,T},{s,0,¢}]+

Nlntegrate [SO2qup[t *P[2] + (s —t) *Y[1] + 0.5 * p*2 x cBM"2 * (s + t)|dzdrPhi2[q, s, ],
{9,0,00},{,0,T},{s,t,T}];

Print[“First moment = ” <> ToString[moment1]]

Print[“Second moment = ” <> ToString[moment2]]

Print[“Variance = ” <> ToString[moment2 — moment1”2]]

Print[“SD = ” <> ToString[Sqrt[moment2 — moment1”2]]]

Print[“mu tilde = ” <> ToString[Log[moment1/S0]/T]]

Print [“sig tilde = ” <> ToString [Sqrt [Log [ (moment2-moment112)+(moment1)* ] / T]]]

(moment1)?2
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Appendix D

CD contents

The CD contains TWO folders. Folder 1 contains all Mathematica Codes for Analytical approximation
into four subfolders.

Subfolder rho0 contains all Mathematica codes for the analytical approximation (moments, evolution
of lognormal parameter by solving moments, option prices under both GIG and lognormal model) under
the main model (geometric Lévy model) under the condition of p = 0 between the two Wiener processes.
The exported analytical moments data from Mathematica notebook GL 2nd moment 100 rho0O are in
the GL 2nd moment 100 rho0 CSV file. The exported option prices and moments values from MATLAB
are in the VWAP GL MC rho0 CSV file.

Subfolder GBM contains all Mathematica codes for the analytical approximation (moments, option
prices under both GIG and lognormal model) under the GBM model. The exported analytical moments
data from Mathematica notebook GBM 2nd moment 100 rho0O are in the GBM 2nd moment 100 rhoQ
CSV file. The exported option prices and moments values from MATLAB are in the VWAP GBM MC
rho0 CSV file.

Subfolder rho03 contains all Mathematica codes for the analytical approximation (moments, option
prices under both GIG and lognormal model) under the main model (geometric Lévy model) under the
condition of p = 0.3 between the two Wiener processes. The exported analytical moments data from
Mathematica notebook GL 2nd moment 100 rho03 are in the GL 2nd moment 100 rho03 CSV file. The
exported option prices and moments values from MATLAB are in the VWAP G MC rho03 file.

Subfolder rho05 contains all Mathematica codes for the analytical approximation (moments, option
prices under both GIG and lognormal model) under the main model (geometric Lévy model) under the
condition of p = 0.5 between the two Wiener processes. The exported analytical moments data from
Mathematica notebook GL 2nd moment 100 rho05 are in the GL 2nd moment 100 rho05 CSV file. The
exported option prices and moments values from MATLAB are in the VWAP GL MC rho05 file.

Folder 2 contains all MATLAB codes used in this thesis.
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