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Chapter 1

Introduction

What we know about the global
financial crisis is that we don’t know
very much.

Paul Samuelson, Nobel laureate in
Economic Sciences, 1970

1.1 Motivation

In 2008 the world economy came across its most hazardous crisis since the Great De-
pression of the 1930s. Some financial service firms collapsed even though those who
were regarded as ‘too big too fail. Lehmann Brothers, the fourth largest investment
bank in the US, underwent the bailout program by the US government along with AIG,
Goldman Sachs, Merrill Lynch, Citigroup Inc., to keep them from bankruptcy; however
it eventually went bankrupt in September 2008. The Dow Jones got its largest drop
in a single day since the days following the attacks on September 11, 2001. Whereas
the S&P500 had a number of days with extreme movements (> 4%) greater than its
overall 80-year history in that October. The confidence in financial market was shat-
tered and the suspiciousness spread throughout the globe. Central banks in England,
China, Canada, Sweden, Switzerland and the European Central Bank (ECB) resorted
to rate cuts to relief the world economy but could not stop such a widespread financial
meltdown.

The crisis motivated practitioners and academics to reassess the statistical models
being used in the financial world and started to question the adequacy of standard
models. It urges us to reconsider how well we understand the tools being used to forecast
the future and manage the risk. Volatility, even though is not the same as risk, is
strongly related and being used widely to determine risk. For example, the value-at-risk
(VaR) that banks and trading houses use to determine the value of reserve capital to
set-aside, is defined as the minimum expected loss with a 1-percent confidence level for
a given time horizon (see , ). Volatility is also a key input in the pricing of
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derivative securities, whose trading volume has been largely increasing recently. The
knowledge of past and current volatility is not yet sufficient to deal with the uncertainty
in financial market. For instance, to price an option, it is necessary to know the volatility
of the underlying asset throughout the life of the option. Therefore, a crucial task
for investors and policy makers who seek rational decisions in risk management and
derivatives valuation is to forecast the volatility accurately.

A large number of volatility models have been proposed as a matter of massive
interest. The major classes of volatility models that have been extensively investigated
are the class of generalized conditional autoregressive heteroskedastic (GARCH) models
and the class of stochastic volatility (SV) models. GARCH models are constructed by
specifying the dynamics to the variances of standardized residuals of returns conditional
on past history. Result in a class of models that is simple both in parameter estimation
and volatility forecasting. Nevertheless, GARCH are modeled only in discrete time,
while principal theory in option pricing are derived in continuous environment. Therefore
option pricing under GARCH framework turns into a particularly complicated task. In
contrast with SV models that volatility are modeled as stochastic variables with desired
properties, whether or not in continuous conditions. SV models are usually discrete time
approximations to continuous time stochastic processes. Consequently, SV models are
closely related to the fundamental theory in finance, their properties are easier to find
and they are easily generalized to multivariate series in a very natural way (

, ). However SV models draw less attention from practitioners since parameter
estimation can be often complicated.

Volatility forecasting is a critical task in several financial applications. It is even more
challenging to forecast volatility in the period of financial crisis. Recently,

( ) presented a comprehensive study of volatility forecasting through the period
of the crisis of 2008 with five GARCH models. A broad range of practical issues in
volatility forecasting was examined among this type of models, the amount of data to
use in estimation, the frequency of estimation update, and the relevance of heavy-tailed
likelihoods for volatility forecasting. They found that volatility during the 2008 crisis is
well approximated by predictions made one day ahead, where one-month-ahead forecasts
are deteriorated. This encourages us to investigate in the performances of other models
and develop new model with high predictive ability. The model that could explain the
current situation and foretell the coming crisis would be desirable.

Latency of volatility causes difficulty to infer from its observed values. Both pre-
viously indicated models, GARCH and SV models, use returns information to model
and forecast volatility as returns are ‘byproduct’ of unobservable volatilities. Widely-
used variables that have been used to inference about volatility are absolute return and
squared return. High-frequency realized volatility that is calculated from intraday prices
is also valid but the data are not publicly accessible. Alternative to return, price range,
which is the difference between highest and lowest prices during the day are also em-
ployed as volatility estimator. Range-based volatility models are not vastly investigated
as return-based volatility models even though some researchers have claimed that the
range is more efficient than return. We extensively investigate in the properties of the
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range as the estimator of volatility and finally incorporate it into the new proposed
volatility model.

1.2 Data Set Description

A financial data set usually consists of a record of trades of financial assets such as
stocks, bonds or foreign exchange rates. The data can be obtained from many sources,
including websites, commercial vendors and financial markets. Most sources provide
daily data that usually consist of open price, close price, high price, low price, traded
amount (volume) and number of trades. In fact every single trade of a particular asset
is registered with time, amount, settling price, bid price, ask price and setting date. So
that some sources also provide intra-daily data sets with some expense.

Here we work on daily data that are usually accessible freely in some sources. The
data set consists of daily exchange rates of three major currencies between 2006 and
2010 collected from Bloomberg. The domestic currency is the US dollar and the foreign
currencies are the euro (EUR), the British pound (GBP) and the Japanese yen (JPY).
The prices of EUR, GBP and JPY are quoted in terms of USD. The record of data
includes price, high price and low price which in fact refer to close price, daily highest
price and lowest price respectively. The time horizon spans from 1 January 2006 to 31
December 2010 that we divide into four periods due to the global financial situation at
that time.

The Pre-Crisis period is from 1 January to 30 June 2007 that the financial market is
calm in general. The Crisis 1 ranges from 1 July 2007 to 30 June 2008 that some signs
of coming crisis being noticed. In 9 August 2007, BNP Paribas is the first major bank
to acknowledge the risk of exposure to sub-prime mortgage markets by freezing three
of their funds, indicating that they have no way of valuing the complex assets inside
them. Adam Applegarth, Northern Rock’s chief executive, later says that it was "the
day the world changed”. The Crisis 2, from 1 July 2008 to 30 June 2009, is the period
that several financial firms face difficulty. The American bank Lehman Brothers files
for bankruptcy in 15 September 2008, prompting worldwide financial panic. And the
Post-Chrisis, from 1 July 2009 to 31 December 2010, is just after the period of turmoil
from 2008 to 2009.

The data are plotted in Figure 1.2.1 showing the movements of prices in four specified
periods. In this figure, it is clearly seen the fluctuation of all exchange rates during the
crisis 2. The prices of JPY starts to rise up significantly in the crisis 1 along with the
prices EUR and GPB that have been growing since the pre-crisis period. The pre-crisis
period seems to be the most stable period while the post-crisis period still show some
fluctuations unless not as much as the crisis 2. Figure 1.2.2 shows the (close) prices,
high prices and low prices of EUR in the first month of the data set.
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Figure 1.2.1: Currency Exchange Rate between 2006 and 2010
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1.3 Mathematics in Finance

In 1900, advanced mathematics was introduced to financial world for the first time
by Louis Bachelier, a young French graduate student at the Sorbonne (the historic
University of Paris). In his doctoral thesis ( , ), Théorie de la spéculation
(The theory of speculation), that was advised by Henri Poincaré, he made a remarkable
claim that stock prices moved according to a random walk. A random walk is that
something moves randomly in direction and distance at each increment in time. He
presented mathematics of stock price showing that the price evolves away from its initial
value as the square root of the time elapsed. The radical implication of Bachelier’s claim
was that there was no more useful information in the path of a stock price over time than
there was in the wanderings of a drunk down the street of Paris. Even though what he
had done was recognized by the mathematical community and understood his valuable
work by the time he died in 1946, Bachelier’s work was not introduced to economists
until 1954.

Paul Samuelson, the first American to win the Nobel Memorial Prize in Economic
Sciences, was notified about Bachelier’s thesis by a statistician name Jimmie Savage and
obtained a copy of the thesis from the Sorbonne. The idea of using stochastic methods to
analyze economic phenomena like the movement of the stock price in Bachelier’s thesis
was innovative and had a profound influence on Samuelson’s work. Bachelier’s work had
been circulated among economists by Samuelson in 1965( , ). The term
random walk became even more recognizable by the 1973 book of Burton Malkiel’s, A
Random Walk Down Wall Street ( , ). The random walk hypothesis asserts
that price changes are unpredictable. It is consistent with the efficient-market hypothesis
developed by Eugene Fama( , ) asserting that it is impossible to beat the mar-
ket, because stock market efficiency causes existing stock prices to always incorporate
and reflect all relevant information.

Meanwhile the random walk was being introduced to economics, Harry Markowitz
firstly established risk, measurement of uncertainty, into financial modeling in his sem-
inal theory of portfolio selection in 1952 ( ) ). His mean-variance model
emphasized the rule that the investor did (or should) consider expected return a de-
sirable thing and variance of return, which was called risk, an undesirable thing. The
introduction of risk to portfolio allocation was novel, prior to his work the emphasis was
placed on picking single high-yield stocks without any regard to their effects on portfo-
lios as a whole. In 1973, Fischer Black and Myron Scholes published a famous option
pricing model ( , ), namely Black-Scholes formula, that the price
of the stock was assumed to follow a geometric Brownian motion with constant drift
and diffusion coefficient. It is used to calculate the theoretical price of European put
and call options. The term “Black-Scholes formula” was named by Robert C. Merton,
who was the first to publish a paper expanding the mathematical understanding of the
options pricing model ( , ). Afterward, Markowitz won the Nobel Memorial
Prize in Economic Sciences in 1990 and so did Merton and Scholes in 1997, but Black
was ineligible for the prize because of his death in 1995.
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A brief story behind the presence of advanced mathematics that has changed the
course of financial engineering has been adequately narrated in Jeremy Bernstein’s essay,

“Paul Samuelson and the Obscure Origins of the Financial Crisis”!.

1.4 Organization

This thesis is arranged in 6 chapters. This chapter has introduced the motivation, the
data set to be investigated and some introduction to financial mathematics. In Chapter
2, the theoretical framework including the definitions, theory, and the literature reviews
are provided for further investigation in the following chapters. Then the marginal
distributions of returns are investigated with a particular distribution in Chapter 3.
This chapter shows how good the normal inverse Gaussian (NIG) distributions are fitted
to the data.

Chapter 4 provides the guide to volatility forecasting consisting of all necessary re-
lated practical issues in volatility and also propose three forecasting models for volatility.
The implementation in the chapter shows how well the forecasting models perform in the
real situations. Chapter 5 adds up the contribution of exogenous variables in volatility
estimating, especially range-based estimators. Several range-based volatility estimators
are investigated by simulations in different scenarios. The information obtained from
this chapter is preparatory to construct new volatility models in the last chapter.

Finally, Chapter 6 collects all the ideas and information obtained from previous chap-
ters to introduce the DNIG model. The new stochastic volatility models that are tested
to be accurate both in describing the distribution of returns and in volatility forecasting.
Related practical information and extensive results are given in the appendix.

!Jeremy Bernstein (born December 31, 1929 in Rochester, New York) is an American theoretical
physicist and science essayist.



Chapter 2

Financial Econometrics

This chapter includes theoretical framework in the financial literature, providing related
definitions, theory, and the literature reviews of related works focusing on volatility
modeling.

2.1 Introduction

In financial markets, there are quantities that we can observed at a curtain frequency
such as closing, open, high and low prices, and trading volumes. These values are subject
to uncertainty and unknown until they are observed. Mathematically, we regard this
information as a real-valued random wvariable whose value is uncertain and can not be
determined until it is observed. We denote X a random variable in some probability space
(2, F, P) and z its outcome or the observation. If a random variable takes possible values
in an interval or a collection of intervals, we call it a continuous random variable. The
possible values of a continuous random variable is described by a cumulative distribution
function (cdf) F, where F(z) := P(X < z) with P(-) referring to the probability of the
bracketed event. If the distribution function is differentiable, there exists the probability
density function f, commonly abbreviated to pdf, where f(x) := dF/dx. The expectation
or mean of a continuous random variable X is defined by E[X] =y == [*_xf(z)dz. And
the expectation of a function g of X can be computed by E[g(X)] = [*_g(z)f(z)dz. We

define the n'" moment of X by E[X™] and the n'" central moment is p,, = E[(X — p)"].
The wvariance of X, which measures the expected squared distance from the mean, is
defined by var(X) = E[(X — u)?] = E[X?] — E[X]?. The variance is also denoted by o2
and the square root of variance is called the standard deviation. Furthermore, other two
important quantities for describing a random variable are the skewness and the kurtosis
defined by skew(X) := /,Lg//_l,g/2 and kurt(X) = pg/pu3 — 3.

For a pair of random variables (X,Y"), the joint distribution and the joint density
functions are defined by F(z,y) == P(X < z and Y < y) and f(z,y) == 0*F/0z0y
respectively. Provided that a particular outcome X = x occurs, then the density of Y
conditional on the event X = x, namely the conditional density of Y given X = x, is

7
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defined by f(y|z) == f(x,y)/fx(x). Here we use subscription to denote the underlying
random variable e.g. fx is the density function of X. Consequently, the conditional
expectation of Y given x is E[Y|z] = [ yf(ylx)dy. If the bivariate density f(z,y)
equals to the product of the two densities fx(x)fy (y) for all z and y, then X and Y are
independent; otherwise X and Y are dependent. The covariance is a measure of linear
dependence between two random variables defined by cov(X,Y) = E[(X —ux)(Y —puy)].
The correlation is the covariance standardized by the standard deviations of the random
variables, cor(X,Y) = cov(X,Y)/oxoy. The independence implies zero correlation, but
the converse does not hold in general. For several variables, the definitions of related
quantities are defined in the same way, see detail in ( ), Chapter 3.

A sequence of random variables { X;}, with ¢ representing time, is called a stochastic
process. Sometimes we call it the process generating observed data, or simply either
a process or a model. A stochastic process can be either discrete or continuous de-
pending on the time domain ¢. For a stochastic process {X;}, the autocovariance and
the autocorrelation of X; at lag 7 are defined respectively by 7, = cov(Xy, Xiy,) and
pr = cov(Xy, Xy17)/70. For a stochastic process {X;}, the information set available
at time t is denoted by JF;. It often contains the history of observations up to time t,
{Xs = x5, s <t} but additional relevant information known at time ¢ are also included.
This information set employs the concept of conditioning by a random vector instead
of conditioning by event (see ( ) Chapter 19 and ( ), Section 3.2
and 9.5 ). The expectation of a random variable X conditional on F;, denoted by
E\[X] = E[X|F], is called the conditional expectation; in the same way we denote the
conditional variance and covariance. A stochastic process {X;} is said to be stationary
if means, variances and covariances do not depend on time, that is, for all ¢ and 7 we
have E[X;] = p, var(X;) = 02 and cov(Xy, X;1,) = v-. The time-ordered set of obser-
vations {1, g, ...,y } is called a time series. The process generating the time series is
usually unknown, our task is to exploit, infer and reasonably model the properties of the
stochastic process driving the observations. Most interesting observed data in financial
market are prices and returns of assets that we will introduce in the next section.

2.2 Prices and Returns

Denote by P; the price of an asset at time ¢t and assume that the asset pays no dividends.
The return on investment is calculated from the change in price of the asset over a trading
period. The simple net return rf on the asset between time ¢ — 1 and ¢ is defined as

r{ = (P — Pi1) /P (2.2.1)

and we call 1 4+ r; = P;/P,_; the simple gross return. It is more convenient when we
consider a k-period return over most recent k trading periods, r;,, in term of simple
gross returns

k—1

Lt 71y = P/Pk = (P/Pi—1)(Pe-1/Pi—2)... (P 11/ Pi—) = H(l + 1)
§=0
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Thus the multi-period simple gross return is the product of single-period gross returns
and the simple net return is simply the simple gross return minus one. The simple
net return r; is often called a rate of return per a particular time period. The unit of
time period in the academic literature are often specified as daily, monthly, or annual.
Another definition of return is the continuously compounded return or log return (for
period t) defined as

re = log(1+ ;) =log (P;/Pi—1) = pt — pi—1 (2.2.2)

where p; = log(P;) is the log price at time t. Log returns become preferable when
consider multi-period returns because

k—1
g =log(L+r7,) =Y log(l+rf ;)= rj
=1 '

does not involve multiplicative operation. Practically, simple return and log return are
very similar numbers, since the Maclaurin series for log(1 + r}) is

ry =log(l+1}) =1rf — %T?‘Z + %rfg - ..

and daily returns are usually small lying between —10% to 10%. Throughout this thesis,
except stated otherwise, return and price are generally referred to log return and log
price respectively. Figure 2.2.1 shows the returns of EUR. It can be seen that there
are more fluctuations during the crises. Moreover, large changes tend to be followed by
large changes, of either sign, and small changes tend to be followed by small changes; this
property is called wvolatility clustering that was firstly addressed by ( ).

As we introduce the random walk hypothesis in Section 1.3, it states that prices
wander in an unpredictable manner. There are several definitions of the random walk
hypothesis in the literature. They usually incorporate models for price process with
conditions expressing the idea of unpredictable movements. Here we give our first defi-
nition of random walk hypothesis (RWH1) by assuming that the price process follows a
Gaussian random walk as the following. For a price process {p;}, the dynamics of {p;}
are given by the equation:

Pt = P11+ p+oe, e ~1iid.N(0,1) (2.2.3)
equivalently,
t
re = u+ o and pr = po + Zri (2.2.4)
i=1

where p is the expected price change or drift and the error terms ¢; are independent and
identically distributed () as standard normal. Denoting r, = p; — p;—1 the increment of
the process, then RWHI1 can be given by the following conditions:

(i) the increments 7 are independent;
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Figure 2.2.1: EUR returns
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Returns of EUR are more fluctuating during the crises. Moreover, large changes tend to be followed by
large changes and small changes tend to be followed by small changes; this property is called volatility

clustering.

(ii) the process {r;} is stationary ;
(iii) the increments 74 are normally distributed, ry ~ N (u, o?).

Without declaring explicitly, it is generally assumed that a Gaussian random walk is
driftless (1 = 0), otherwise it is stated as a Gaussian random walk with drift (x # 0).
This definition is the restrictive version of the Random Walk 1 model in Campbell ef
al. (1997). According to Section 2.1 of Campbell ef al. (1997), there are three versions
of random walk hypothesis conditioned by the dependence that can exist between the
increments. A more general version of the random walk hypothesis, corresponding to
the Random Walk 3 model in Campbell et al. (1997), is obtained by replacing the
independence condition in (i) by uncorrelated increments and omitting the Gaussian
condition in (iii). Hence the second definition of the random walk hypothesis () is given
by
{r¢} is stationary and cov(r, 1) =0 for all ¢ and all 7 > 0.

Remark that in the case of the Gaussian random walk, uncorrelatedness and indepen-
dence are equivalent. Clearly, the RWHI1 implies the RWH2. Widely used tests of the
random walk hypothesis such as the Q-test of Box and Pierce (1970) and the variance-
ratio test of Lo and MacKinlay (1988) employs sample autocorrelations and hence are
tests of RWH2. These tests reject RWH1 whenever they reject RWH2. The uncorrelated
hypothesis is of more attention because the i.i.d. hypothesis is not very relevant if we
are interested in the predictability of returns. Taylor (2005) also discusses definitions of
the random walk hypothesis.

Various kinds of dependence between the increments can be characterized by consid-
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ering the covariance
cov (f(re), g(re4-)) =0 (2.2.5)

for all ¢ and for 7 # 0, where f(-) and g(-) are two arbitrary functions. If f(-) and g(-)
are restricted to be arbitrary linear functions, then (2.2.5) implies that the increments
are (serially) uncorrelated. If one of either f(-) or g(+) is restricted to be linear while the
other is unrestricted, then (2.2.5) is equivalent to the martingale hypothesis stating that
tomorrow’s price is expected to be equal to today’s price, given the asset’s entire price
history (see ( )). The martingale hypothesis is a necessary condition
for an efficient market, where the current price fully reflects the information contained
in past prices. Finally, if (2.2.5) holds for all arbitrary f(-) and g(-), it implies that the
increments are (mutually) independent.

2.3 Stylized Facts for Financial Returns

Statistical properties of financial returns have been studied and documented broadly
across time as well as across markets. The properties that are commonly presented in
any set of returns are called stylized facts or stylized features for financial returns. The
statistical features of the distribution of a set of returns can be summarized by four
statistics: sample mean (7), sample variance (s?), sample skewness (w), and sample
kurtosis (k). For a set of returns {ry,ra, ..., }, these statistics are defined by

n

BN 2 1 2
F:—Zrt, 57 = Z(rt—F),
it n—-13
1 (=) 1O (ry—7)
= k= - 3.
v n—lz s n_lz o1

t=1 t=1

Note that the square root of sample variance is the sample standard deviation. These
statistics are the estimates of population mean, variance, skewness and kurtosis respec-
tively. They are generally used to describe the shape of the inferred distribution. The
regular reference is the standard normal distribution; suppose that X ~ N(0,1), then
E[X] =0, var(X) = 1, skew(X) = 0 and kurt(X) = 0. A distribution that the kurtosis
is positive is said to be leptokurtic. Skewness statistics are sometimes used to assess
the symmetry of distributions, whereas kurtosis statistics are usually interpreted as a
measure of similarity to normal distribution.

( ) documents statistical features of twenty daily returns range from Jan-
uary 1991 to December 2000, containing returns from equity investments in indices or
individual stocks, currency exchanges, commodity, bill and bond contracts. He found
that all twenty sets of returns were leptokurtic and nineteen of the twenty had excess
kurtosis more than ten of those standard errors. This is a clear evidence that the returns-
generating process is far from normal. However, he argued that the presence of skewness
in some sets of returns might be a consequence of very occasional negative outliers. Ac-
cording to ( ), there are three major stylized facts that are found in almost
all sets of daily returns obtained from those prices.
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Figure 2.3.1: Kernel density of EUR returns
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Kernel density of EUR returns is approximately symmetric, has higher peak and fatter tails than that

of normal distribution.

1. First, the distribution of returns is not normal.
2. Second, there is almost no correlation between returns for different days.

3. Third, the correlation between the magnitudes of returns on nearby days are pos-
itive and statistically significant.

The incidents of the three major properties are also found across time as well as across
markets in ( ) and ( ). The first major stylized fact speaks
of the distribution of daily returns that can be said more specifically as: it is approxi-
mately symmetric, has a high peak and it has fatter tails than that of a normal distribu-
tion. Here we roughly define a tail of a distribution that is fatter than that of a normal
distribution as a heavy tail. The exact definition of a heavy-tailed distribution and fur-
ther discussion will be given in Section 2.4. The evidence of a high peak in empirical
distributions was shown by the greater number of observations that lied between 7 —0.5s
and 7 + 0.5s than that of a normal distribution. While the greater numbers of extreme
observations below 7 —3s or above 7+ 3s than that of a normal distribution corresponded
to two heavy tails. The heavy tails indicates that there are more chances that extreme
events, so called outliers, occurs. In ( ), outliers such that returns are more
than three standard deviations from the mean is about four times the normal figure; the
extreme outliers that returns are more than four standard deviations from the mean is
approximately sixty times the normal figure.

Figure 2.3.1 compares kernel estimates of the probability distribution for standard-
ized returns, z; = (r;—7)/s, with the normal distribution for EUR returns. These density
estimates have been calculated in R using a generic function ‘density’. The kernel density
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estimator, f (z), is expressed as
fo) = 3 (2
2) = —
nB p B

where ¢(-) is the density of the standard normal distribution and B is the bandwidth,
a smoothing parameter. For a distribution with unit variance, it is acceptable to use
B=n-1/51

The first stylized fact is a principal guideline for modeling a probability distribution
of daily returns. A satisfactory probability distribution for daily returns must have
high kurtosis and be either exactly or approximately symmetric. Several distributions
with these properties have been reviewed in ( ), including the generalized
Student’s t, the lognormal-normal, the normal inverse Gaussian and the generalized
hyperbolic distributions.

The second stylized fact is of the dependence between the returns for time periods
t and t 4+ 7. The dependence is measured by the sample autocorrelation at lag T that
estimates the correlation between 7 periods apart returns from n observations;

pro =D (re =) reir =) [ 3= 1)% 7> 0. (2.3.1)
t=1 t=1

The sample autocorrelation p is the estimator of an autocorrelation parameter p in
a stationary stochastic process that the autocorrelation between any pair of random
variables only depends on the lag. The autocorrelation estimates can be used to test the
hypothesis that the process of interest is generated by uncorrelated random variables.
The standard error of an autocorrelation estimate is approximately 1/4/n, so that an
autocorrelation estimate reject the null hypothesis of zero autocorrelation at 5% level of
confidence if it lies outside the confidence interval (—2/y/n,2/y/n). Figure 2.3.2 shows
the autocorrelations for EUR returns up to lag 30 with the 95% confidence interval about
zero. It is clear that most of the autocorrelations are not significantly different from zero.

( ) finds that more than 90% of 600 sample autocorrelations at lag 1 to 30 are
between -0.05 and 0.05. Not only that some 99% of the estimates are between -0.1 and
0.1. This is an evidence of the absence of linear dependence in the stochastic process
generating daily returns. Taylor also tests the hypothesis that the process generating
observed returns is a series of i.i.d. random variables using the portmanteau Q-statistic
of ( ), it results that most of the returns processes, 14 of the 20, are
not i.i.d at 5% level of confidence.

Even though the lack of dependence between returns for different day, the dependence
between absolute returns, likewise squared returns, on nearby days is positive; this is
the third major stylized fact. According to ( ), he shows that all estimates
for the first thirty lags exceed 0.05 and are significant at the 1% level for tests of i.i.d.

! ( ) gives a rule-of-thumb for choosing the bandwidth of a Gaussian kernel density

1

1
estimator that is expressed as B = (45;) * ~1.065n7 5.

3
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Figure 2.3.2: EUR autocorrelations
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Autocorrelations of returns in the first 30 lags are not significantly different from zero. It can be said

that there is almost no correlation between returns for different days.

hypothesis. The linear dependence among absolute returns and among squared returns is
evidently far more than that among returns. At the first lag, his results show that a high
value of |r| tends be followed by a high value of |r;y1|. He also demonstrates that there
is a considerable number of lags that the across-series averages of the autocorrelations for
absolute returns have more dependence than that for squared returns. The averages of
the autocorrelations seem to decline slowly as the number of lags increase; Taylor argues
that the decline of the averages of the autocorrelations do not give evidence of a long-
memory property in the individual series. All the statistical properties of the returns
and transformed returns found in ( ) are also found in our three series of
returns.

Figure 2.3.3 shows the averages of the autocorrelations for the absolute and squared
returns of the three currencies. The averages of the autocorrelations are positive at
nearby lags and decrease at further lags. Most of the averages of the autocorrelations
for absolute returns are greater than that for squared returns. In conclusion, the charac-
teristics of returns time series are as the followings: there are very little autocorrelations
present in series of returns {r;}, the autocorrelations of absolute returns are positive
up to several further lags, and the autocorrelations of squared returns are also positive
with lesser degree. From the dependence condition (2.2), it is clear that the returns-
generating process is (serially) uncorrelated but not (mutually) independent. The inci-
dents of the three major stylized are found in several studies across time and markets;

(1988), (1987), (1997).
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Figure 2.3.3: Autocorrelations of absolute and squared returns; averages across 3 cur-
rencies
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Average autocorrelations of absolute and squared returns across the series of three currencies are signif-
icantly greater than zero in some substantial lags and decline slowly as the number of lags increases.

This indicates the existence of dependency between absolute returns and squared returns.

2.4 Heavy Tails & the CV-Plots

The presence of heavy tails in the distribution of returns stated in the first major stylized
fact plays major role in this section. In Section 2.3, according to Taylor’s results, the
heavy tails were addressed by the number of extreme observations that are either below
or above the mean by three times the standard deviation. This property is actually refers
to leptokurtic distributions whose kurtosis are greater than zero and consequently ex-
treme values are “more probable than normal”. A more precise definition of heavy-tailed
distribution is given by considering the tail distribution. Letting F' be the distribution
of a random variable X. The tail distribution of X, also known as a survival function
or reliability function, is defined as F(z) := 1 — F(z) = P(X > z).

Definition 1. The distribution F' has a (right-) heavy tail® if

lim e F(x) = oo, for all A > 0.
T—r 00
Some authors use the word ‘long tail’ instead of ‘heavy tail’ in this definition. The
tail distribution F' of a heavy-tailed distribution is said to be a heavy-tailed function.
Some examples of heavy-tailed distributions are the Pareto distribution, the Cauchy
distribution, , the Student’s t distribution, and the Weibull distribution. The Weibull

2See Foss et al. (2()13)4
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distribution has tail distribution F' given by F'(z) = exp (—(z/x)%) for some scale param-
eter k > 0 and shape parameter o > 0. The Weibull distribution is heavy-tailed if and
only if a < 1. The exponential distribution is a particular case of the Weibull distribu-
tion where a = 1. We can also say that a heavy-tailed distribution is a distribution that
has a tail that is heavier than an exponential. A fundamental theorem in extreme value
theory that we will regularly employ in this section is the Pickands—Balkema—de Haan
theorem proposed by ( ); ( ). In first instance, let
X be a continuous non-negative random variable with distribution function F. For any
threshold u > 0, the distribution function of threshold excedances, X, = (X —u|X > u),
denoted by F,, is defined as

1—Fy(z) = m or equivalently, F,(x) = w

Theorem 2 (Pickands-Balkema-de Haan). Let X, = (X, — u|X > u) with support at
(0,00). Then, for any distribution, F(x), we have

Fu(x) = GPD(x;¢,v) as u— oo
where GPD(-;&,1) is the generalized Pareto distribution () with parameters & and .

The GPD function is defined by

1
{x [
GPD(x;&,v) = 1_<1+¢> 1f£7é0.
1—exp<—%) ife=0
The GPD is the Pareto distribution if & > 0, it is the exponential distribution if
& = 0 and it is a distribution with compact support if £ < 0. The Pareto distribution
has polynomial tails whereas the exponential distribution has exponential tails. Here we
introduce a method to distinguish the behavior of tails by comparing to the exponential
distribution. The method of CV-plot is proposed by ( ), it is
a graphical method to show departures from exponentiality in the tails. It relies on
the residual coefficient of variation () of the conditional excedance over a threshold,u,
defined by
CV(u) = var(X—u|X > u)l/z/E[X—u\X > ul.

The C'V (u) is independent of scale parameter. The empirical C'V of of the conditional
excedance for a sample {z;} of size n is given by

cvp(u) = 8y /Ty (2.4.1)

where 7, and s, are the mean and the standard deviation of the set of exedances over
the threshold u, {z; —u | z; > u, j = 1,..,n} respectively. The cvy(u) is independent
of scale and it is a consistent estimator of CV(u) provided the second moment of X
is finite. Let {z(;)} be the ordered sample of {x;} such that z(;) < z9) < ... < 3y,
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then the C'V-plot is the representation of the empirical CV of the conditional excedance
(2.4.1) given by j — cv(z(;). The CV-plot does not depend on scale parameter so
that the CV-plot {z;} and {A\z;} are identical. The CV-plot is used to distinguish the
tails of the random sample {z;} from that of the exponential tails.

( ) also set up theory to determine pointwise error limits for the CV-plots from the
null hypothesis of exponentiality. Let n(u) be the number of observations in the set
{zj—ulz;>u, j=1,...,n}.

Proposition 3. Let X be a random variable with an exponential distribution with mean
w, then /n(u)(cv(u) — 1) converges to a Gaussian process {X;} with zero mean and
covariance function given by

con(Xy, X) = exp (—[t — s|/(21)) .

This is the covariance function of the Ornstein-Uhlenbeck process, the continuous time
version of an AR(1) process. It is a stationary Markov Gaussian process. In particular,
for any fized u

n(w)(cv(u) — 1) % N(0,1). (2.4.2)

Therefore, pointwise error limits for the CV-plot are calculated from (2.4.2) (the
symbol ‘d’ refers to the convergence in distribution that will be introduced in Section
2.6).

Figure 2.4.1 shows the CV-plots of samples from different distributions with 95%
pointwise limits around cv = 1. The set of positive sample is called the positive part
and the set of minus the negative sample is called the negative part. In the case of
normal distribution, we can see that the cv are mostly below the lower limit, and they
enter the error limits when the thresholds are sufficiently large. This is because the
normal distribution has lighter tails than that of the exponential distribution, and for a
sufficiently large threshold the tail distributions converge to the GPD as stated in the
Pickands—Balkema—de Haan theorem. The exponential distribution always has its cv
inside the error limits, this can be used as a reference. In the cases of the Student’s t
and the lognormal distributions, most of the cv are over the upper error limits. This is
indicative of heavy-tailed distributions. The cv enter the error limits at large thresholds,
however, these cv are not relevant because the sample size, i.e., the number of excedances
over the thresholds are too small.

We apply the CV-plots to the returns for the three currencies. The results shown
in Figure 2.4.2 indicate that all the positive tails and also the absolute returns are over
the upper error limits while the negative tails are mostly inside the error limits. It is
clear that the hypothesis of exponentiality is rejected in all cases. This implies that the
returns for these currencies are from distributions with heavy tails which is compatible
with the first major stylized fact for returns.
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Figure 2.4.1: CV-plots of some distributions
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CV-plots of samples from normal distribution, exponential distribution, Student’s t distribution and
lognormal distribution. The cv of normal distribution are below the lower limit about cv = 1 because
it has lighter tails than that of exponential distribution. Exponential distribution cv are always in the
95% confidence intervals about cv = 1 whereas Student’s t distribution and lognormal distribution have
heavier tails than that of exponential distribution. At large thresholds, the cv of all distributions enter
the confidence intervals about cv = 1. However, numbers of excedances over large thresholds are too

small and the empirical cv are not relevant.

2.5 Discrete Time Models

Accordingly, the random walk hypothesis provides the basic idea of price process and
the three major stylized facts give a clear-cut direction to model daily returns. Any
satisfactory statistical model for daily returns must be consistent with the three major
stylized facts that are of prominence. The third major stylized fact for returns is indica-
tive of positive autocorrelations among absolute returns and squared returns; this fact
implies the volatility clustering property stated in Section 2.2 such that changes in price
are not constant. The measure of price variability over some period of time is called
volatility. Typically, volatility describes the standard deviation of returns but the defi-
nition may vary in different contexts. In the RWHI1 model, volatility is the parameter o
which describes the standard deviation of returns that is assumed constant for all time
t. However, in financial markets, it seems that volatility increases during crises and then
decrease in at appropriate time. For example, in Figure 2.2.1 the variations of prices
are clearly higher during the crises than that of normal periods. Even though there is
no complete explanation why volatility changes, it is more relevant to model asset price
with changing volatility.

As distinguished from the RHW1 model that assume constant mean and constant
variance for returns, the standard formulation of daily returns that have been widely
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Figure 2.4.2: CV-plots of returns for currency exchanges
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CV-plots of returns from EUR, JPY and GBP show that the distributions of returns are heavy tailed

because most of the cv are above the upper limits of cv = 1.
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accepted currently is given by
re =+ oeq (2.5.1)

where g is the expected return, ¢ ~ i.i.d.N(0,1) are random errors and o; are time-
varying volatilities. As a result r; are normally distributed with constant mean p and
variance oZ. Denoting the residual or excess return by y; = r; — u, another common
formulation is

Yt = Otét. (2.5.2)

There are two main classes of models that use different approaches to model the volatility
in (2.5.2), ARCH models and stochastic volatility (SV) models. ARCH models specify a
process for the conditional variance of returns by a linear function of past observations,
while SV models specify a stochastic process for volatility.

2.5.1 ARCH models

Autoregressive conditional heteroskedastic (ARCH) processes have been introduced by

( ). He presented a stochastic process whose variables have conditional mean
zero and conditional variance given by a linear function of previous squared variables.
In the financial econometric contexts, the variable of interest is the return from an asset.
The changes in conditional variance of return give us the word conditional heteroskesastic
and the word autoregressive comes from the autoregressive process of squared residuals
in his pioneering research. The simplest specification of ARCH process is ARCH(1).
Given that the residuals follow (2.5.2). ARCH(1) process is given by

o =w+ayr (2.5.3)

where the volatility parameters w > 0 and a > 0 are strictly positive to ensure the
positivity of the conditional variance 0,52 and the case that @ = 0 is out of interest.
Therefore the conditional distribution of the return is normal, r¢|F—1 ~ N (i, 02). The
conditional changes in the scale variable o, entitles the conditional heteroskesastic (CH)
part of the acronym ARCH. This ARCH(1) specification results that the volatility of
the return in period ¢ depends only on the previous return. The general formulation of

ARCH(q) model is

q
ol =w+ Z ajyf_j (2.5.4)
j=1

with w > 0 and «; > 0. The process is stationary if Z?:l a; < 1. Typically, ARCH(p)
model can not describe the returns process successfully with low order of p because of the
phenomenon of volatility persistence in financial markets (see Section 9.2 in ,
). This leads to the generalization of ARCH which becomes the best known specification,
GARCH (generalized ARCH) models proposed by ( ). The GARCH (1,1)
model, which is the simplest, yet the most popular model in empirical research, is given
by

of = w+ oy + Boi (2.5.5)
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with w > 0, @ > 0 and 8 > 0. The unconditional variance of the return equals o2 =
ﬁ. The GARCH(1,1) model is appreciated because it has decent advantages, yet
the model is simple with only three parameters. Following ( ), the major
properties of a GARCH(1,1) process, provided a + 8 < 1, can be summarized as: the
unconditional variance is finite; the unconditional kurtosis is always positive and can
be finite; the correlation between the squared return ry; and ryy, is zero for all 7 > 0;
and the correlation between the squared excess returns y? and y7, . is positive for all
7 > 0 and equals C'(a + )7, with C positive and determined by both « and 3. These
properties are adequately consistent with the three major stylized facts for returns. The
general formulation of GARCH(p,q) is defined by

p q
2 _ 2 2
o =w+ E QY + E Bioi_j-
i=1 j=1

The popularity of ARCH models leads to several specifications, for examples, nonlinear

GARCH (NGARCH) from ( ), the exponential GARCH (EGARCH) from

( ), threshold GARCH (TGARCH) from ( ) and asymmetric
power ARCH (APARCH) from ( ). Some reviews in the literature on
ARCH models are in ( )s ( ) and

(2009).
Let F;_1 be the information set know at time t — 1. The distribution of return
conditional on past history is

re|Fio1 ~ N(u,0}) , or equivalently, y;|F;—1 ~ N(0,0%). (2.5.6)

We also denote © as a vector of parameters. For example, the parameter vector of
GARCH(1,1) model is © = (i, w, , 8)’. The knowledge of the conditional distributions
of returns allows us to form the likelihood function with ease. Given a set of n observed
returns {ry, 72, ..., }. The first parameter that could be estimated is the mean p that
is estimated by the sample mean 7. Then it is more convenient to deal with the excess
returns {y1,y2,..,yn} where y; = r; — 7. Because the conditional distributions of the
excess returns are also known but the less number of parameters are to be estimated. The
likelihood function is a function of © which is constructed by the product of conditional
densities f(y¢|Fi—1),

L(©) = f(y1lFo) - f(y2lF1) - f(ynlFn-1)- (2.5.7)

Maximizing the likelihood L(©) gives an appropriate estimate of the parameters ©. The
resulting estimate is equivalent to maximizing the logarithm of L(©). The log-likelihood
function is

n
1(©) =log L(©) = ) log f(yi| Fi-1,©),
t=1
which is a lot easier to optimize. From (2.5.6), the conditional distributions y;|F;—; are
normal. Hence, the log-likelihood function [(©) can be explicitly written as

n 2
) = (—log(27r) — Zlog(c?) — ig) . (2.5.8)
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Maximization of (2.5.8) provides the maximum likelihood estimate ©.

2.5.2 Stochastic volatility models

In contrast to ARCH models that the conditional variance is specified by a function of
past observations, stochastic volatility (SV) models directly specify a stochastic process
for volatility. Therefore the properties of SV models can be designed via the stochastic
process generating volatility. SV and ARCH models explain the same stylized facts
for returns. While ARCH models are more popular because of their ease of maximum
likelihood estimation, SV models arise naturally in derivative pricing theory. The SV
literature has its origin in ( ) ( ) ( ) and

( ). Recall the formulation of daily returns in (2.5.1), returns in excess of
a constant mean g is

Yt = Ot€t, € ~~ lldN(O, 1)

SV models involve two conditions: first the volatilities {0} follow a positive stationary
stochastic process, second the processes {o;} and {e;} are stochastically independent?.
The standard SV model of ( ) is given by a Gaussian AR(1) process for its
logarithm,

log(ot) = o+ Blog(o—1) + M. (2.5.9)

The parameter (8 represents volatility persistence, with —1 < 8 < 1. The volatility
residuals 7y are i.i.d. normally distributed as 7 ~ i.i.d.N (0,0%). The standard SV
model has received more attention than any other SV specifications because it holds
the following properties: all the moments of returns are finite; the kurtosis of returns
is positive; the correlation cor(re,riy,) is zero and the correlation of squared excess
returns, cor(y7Z, y7, ,), is positive for all 7 > 0; finally the autocorrelation function of |y;|?
has approximately the same shape as of y? for all positive p. Nevertheless, maximum
likelihood estimation for the standard SV model is complicated and hence the parameters
are estimated by alternative methods such as quasi-mazimum likelihood (QML) methods,
the generalized method of moments (GMM) or the MCMC method. These estimation
methods for the standard SV model can be seen in ( ). Recently,

( ) introduced the hierarchical-likelihood approach to estimate the standard SV
model.

Other than the standard SV model, various stochastic processes for {o;} have been
proposed. If the distribution of o7 is assumed properly, then the distribution of returns
is a mixture of normal distributions with higher kurtosis than that of normal distribu-
tion and their autocorrelations are zero at all positive lags. There are several suggestions

about the distribution of o7 in the literature. ( ) proposes a lognormal dis-
tribution for o7, result in a lognormal-normal distribution for returns. Moreover, there
are gamma distribution ( , ), inverse gamma distribution ( )

) and inverse Gaussian (IG) distribution( , ) which are partic-

ular cases of the generalized inverse Gaussian (GIG) distribution. Specially, when the

3The vector variables (01,02, ...,0,) and (e1, €2, ..., €,) are independent for all positive integers n.
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distribution of o7 is IG or GIG, the distribution of returns is normal inverse Gaussian ()
or generalized hyperbolic () respectively. The GH and the GIG distributions are both
infinitely divisible, proven by ( ). The merit of this
property will be discuss in Section 2.6. Remark that volatility is latent and unobservable,
hence the estimation of model parameters is certainly complicated.

2.5.3 Volatility estimates

Volatility is latent variable but it is an important input in several financial models. For
this reason either the estimate or forecast of volatility is necessary. Denote o; as the
volatility of an asset at time ¢, the squared of the volatility, o7, on period ¢ is the variance
rate. A standard way to estimate the volatility, o, at the end of period ¢ using the most
recent m observations on the return {r} is

62 = b Z(rt,i —7)? (2.5.10)

where 7 = % Z;’il r¢_; is the mean of returns of last m observations. This estimator, &y,
is called realized volatility or historical volatility. Unambiguously, some authors define
realized volatility using intra-daily data, which is not applied in this thesis. Volatility
is usually expressed in term of annualized volatility representing the volatility per year.
The number of trading days per year is regularly assumed to be 252, thus the annualized
volatility calculated from daily volatility o; is approximately v/2520;. Suppose that the
return process has a constant mean u, that is estimated by 7. The excess return of the
process {r;} are y, = ry — p, that can be estimated by y; ~ r — 7. Replacing ﬁ by %
in 2.5.10, the simplified formula is

1 m
6 = m;yfi (2.5.11)

which makes very little difference to the variance estimates. The equation (2.5.11) gives
equal weigh to all observations. It makes sense to give more weight to recent data to
estimate the current level of volatility o;. The weighting scheme is given by

m
6t = oyl (2.5.12)
i=1

The variable o; > 0 is the amount of weight assigned to the observation ¢ days ago.
We can design how we weigh each observation properly but the weights must sum to
unity, so that Y ;" o; = 1. This allows us to assign more significancy to the data that
is believed to influence the process. Since we are estimating current level of volatility,
it is appropriate that the most recent data are considered with higher weights. So we
choose the weights, «;, in such a way that they decrease exponentially as we move back
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Figure 2.5.1: Volatility estimates of EUR (annualized)
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in the Crisis 2 are considerably higher than in other periods.

through time. Given that the weights are exponentially decreasing with rate 0 < A < 1,
that is a1 = Ay If @3 =1 — A, with some simple calculations, then

5’? = (1 — /\)ytz_l + AO’tQ_l — (1 - )‘)Amyg—l—m

The term (1 — A)A™y? | is sufficiently small to be ignored for large m. Finally, we
arrive
62 =(1-Ny2 |+ 62 ;. (2.5.13)

This is the exponentially weighted moving average (EWMA ) model used in the Risk-
Metrics database, which was created by J.P. Morgan* and made publicly available in
1994. The parameter used in the RiskMetrics is A = 0.94 for updating daily volatilities
estimates. Figure 2.5.1 shows volatility estimates using 22-day realized volatility and
EWMA with A = 0.94. Volatility estimates are extremely high during the Crisis 2.

2.6 Continuous Time Models

A major breakthrough in financial engineering was made by a continuous time model,
when Fischer Black, Myron Scholes, and Robert Merton presented the model for stock
price and the formula for option pricing in the early 1970s. They developed probably
the most celebrated of all models used in finance that has become known as the Black-
Scholes model. The model has been greatly influential to practitioners and academics

4See J.P. Morgan, RiskMetrics Monitor, Fourth Quarter, 1995
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on the way to price and hedge options. As a result of the development of the favorable
model, Robert Merton and Myron Scholes were awarded the Nobel prize for economics
in 1997. Fischer Black should have been awarded the prize as well but he passed away
before in 1995. Accordingly, succeeding models in option and derivative pricing theory
have been influenced by the Black-Scholes model and mostly rely on continuous time.
In this section we present some continuous time models and some important properties
that connect continuous time models to discrete time models.

2.6.1 Brownian motion

Beginning with the basic idea arising in the RWH1 model, it is sensible to think of
the natural continuous-time version of the RWHI1 process. The (standard) Brownian
motion, which is also called the Wiener process, is a continuous-time stochastic process
B = {B:}+>0 satisfying the following properties:

(i) Bp =0 a.s., that is P(By =0) = 1;

(ii) {B:} has independent increments, that is for 0 < t; < to < t3 < t4, By, — By, is
independent of By, — By, ;

(iii) {B:} has stationary increments, that is the distribution of B; — B, only depend on
the time difference t — s;

iv) B, are Gaussian, that is B; = B; — By ~ N(0, 0°t).
(iv)

The Brownian motion was named after Robert Brown, an English botanist who firstly
observed the irregular motion of pollen grains in water in 1826. Later this motion was
described in (plausible) mathematical terms by Bachelier in 1900, by Einstein in 1905,
and by von Sinoluchovski in 1906. Nevertheless, Norbert Wiener was the first one who
gave a rigorous mathematical derivation of this process in 1923, and so it is also called
a Wiener process. The famous Black-Scholes option pricing formula was derived by
assuming that the log price process follows a Brownian motion. In consequence, the
price process follows the so-called geometric Brownian motion (GBM).

Seemingly, the RWH1 model and Brownian motion are intuitively agreeing. One of
the formal constructions of Brownian motion employs the concept of weak convergence
and the central limit theorem; which asserts that if {{;}72, is a sequence of i.i.d. ran-
dom variables with mean zero and variance o < oo, then {S,} defined by S,, = > =16
converges in distribution to a random variable distributed as N(0,0%n). This theorem
advised that a properly normalized sequence of random walks will converge in distri-
bution to a Brownian motion. This idea is developed to the invariance principle of
Donsker’s (1951) which proves the convergence. Let us consider the sequence of partial
sums S = {Sp}2, where Sy = 0 and S = 2521 & for k > 1. From S, we obtain a

sequence of continuous-time process X () = {Xt(n)}tzo with scaled linear interpolations

n 1
X" = on (Spnty + (0t — [1t])€(nyy1) s £ 20 (2.6.1)
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where |t]|denotes the greatest integer less than or equal to ¢. The following theorem is
known as the invariance principle of Donsker’s.

Theorem 4 (Donsker, 1951). Let {{;}jen be a sequence of i.i.d random variables on
(2,%, P) with zero means and finite variances o2 > 0. If X is defined by (2.6.1),
then

X™ % B asn— oo

where B = {By}4>0 is the standard Brownian motion or the Weiner process with By ~
N(0,0%t) and ‘d’ denotes the convergence in distribution.

The definition of convergence in distribution and the proof of the theorem can be
found in Theorem 4.20 of ( ). The central limit theorem sug-
gests the normal distribution in the Brownian motion. One might believe that normal
distribution is the only proper distribution for the increments, however, this is incorrect.
A more general continuous-time model is constructed in the following section.

2.6.2 Lévy process

As Brownian motion is a limit of the random walk, we may think of constructing a
continuous-time process in the same way. Suppose that we wish to design a continuous
time process {Y; }+>0 such that the value of Y7 at time ¢ = 1 has a particular distribution
D. The time interval is divided into n subintervals of equal length. The corresponding
increments {fj(-n) }?:1 are assumed to be independent from a common distribution D™

such that the sum Y; = Z?:l fj(.n) ~ D. When n increases, the distribution of increments

F(™) change but the distribution of the sum D stays unchanged. This property of the
distribution D leads to the introduction of one of the most important classes as follows:

Definition 5 (Infinitely divisible). A distribution Dx with characteristic function px :
u +— Elexp(iuX)] is called infinitely divisible if for each n € N, there is a characteristic
function gpg?), such that px = (gog?))".

This is equivalent to saying that a random variable X is infinitely divisible if for each

n € N there exists {Xi(n)}?:1 of i.i.d. random variables such that
X=x"4 x4 4 xm

Then if Dy in the above construction is infinitely divisible, it can be used to introduce
a continuous-time stochastic process by taking n — co. The resulting process is called
a Lévy process { X }i>0 defined by the following properties:

(i) Xo=0 a.s.;
(ii) {X:} has independent increments;

(iii) {X¢} has stationary increments;
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(iv) X; are continuous in probability, that is for any € > 0 and ¢ > 0 it holds that
limy_; P(|Xs — X;| > €) = 0.

The last condition (iv) can be relaxed as X; are right continuous and have limits from the
left with probability one. An immediate example of Lévy process is the Brownian motion.
Lévy process was introduced by the French mathematician Paul Lévy in the 1930s, much
of the theory was developed by himself, A. N. Khintchine, and K. It6. Recently there has
been a great revival of interest in these processes, due to new theoretical developments
and also a wealth of novel applications, particularly to option pricing in mathematical
finance. Lévy processes are receiving more interest than models based on Brownian
motion because they are capable in describing the observations in financial markets in a
more accurate way. The applications of Lévy processes in finance can be found in

( ) and ( ). The following theorem allows us to consider Lévy
processes in a simple manner (see , ).

Theorem 6. If {X:}i>0 is a Lévy process, then the marginal distribution of X; is
determined by X;.

Infinitely divisibility and Lévy process are related by the following theorem (see ,
).

Theorem 7. If {X;}+>0 is a Lévy process, then, for any t, the distribution of X is
infinitely divisible. Conversely, for any infinitely divisible distribution D, there uniquely
(in the sense of law) exists a Lévy process {Xi}i>0 such that Xy has distribution D.

Theorem 7 provides us the class of distributions for which Lévy processes exist and
it is possible to find the approximation to the Lévy process by a random walk. Ex-
amples of infinitely divisible distributions include the normal, Poisson, gamma, inverse
Gaussian, hyperbolic, variance gamma, scaled-t, and normal inverse Gaussian. The last
four distributions are included in the class of generalized hyperbolic (GH) distributions,
while inverse Gaussian distribution is in the class of generalized inverse Gaussian (GIG)
distributions. ( ) proved that both GH and GIG
classes are infinitely divisible. GH distributions are often used to fit financial data since
they have tails heavier than the normal distribution. In financial literature, scaled-t dis-
tributions were introduced by ( ), variance gamma distributions by

( ), hyperbolic distributions by ( ), and NIG
distributions by ( ).

We are specially interested in the NIG distribution because it is one of only two
subclasses of GH distributions that are closed under convolution. The other subclass
having this property is the variance gamma distribution. This property asserts that if
X1 is has NIG distribution then X/, also has NIG distribution. In particular, if the
observed process at a certain frequency scale follows a NIG distribution, then at lower
frequency scales it follows an NIG distribution too. We extensively study financial data
with NIG distribution in Chapter 3. test
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Chapter 3

Explanatory Data Analysis with
NIG

In this chapter, financial data is analyzed with a particular distribution stated in pre-
vious chapter, the normal inverse Gaussian (NIG) distribution. The properties of NIG
distribution are presented and the distribution is fitted to real data. The estimation has
been done with three approaches: the method of moments, the maximum likelihood and
the h-likelihood. We also show how good the data are fitted with NIG distributions.

3.1 The NIG Distribution

The NIG distribution proposed by ( ) is the distribution on the
whole real line having density function

£ 008, 1, 8) = alo, B, 1, B)q (”” - “>_1 K (5aq (””;’“‘)) exp(fr)  (3L1)

where

ala, B, p,0) = 7 Laexp (5\/(a2 —32) — ﬁ,u) and q(z) =1+ 22

K is the modified Bessel function of the third kind with index A given by the integral
expression

Ky(z) = 5 /000 y  Lexp (—z(y+y1)/2) dy. (3.1.2)

The parameters «, 8, and 6 satisfy 0 < [f] < a, o € R and § > 0. The distri-
bution is symmetric around p provided 8 = 0. We shall denote this distribution by
NIG(a, B, p,6). The moment generating function M (¢; «, B, u,0) of NIG(«, B, 1,0) is
expressed as

M(t; 8, 11,6) = exp (5 <\/oz2 — B2 —\/a2—(B+ t)2) + ut) . (3.1.3)

29
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Thus all moments of X ~ NIG(«, 3, u1,6) have simple explicit expression and, in par-
ticular, the mean and the variance are

E[X]=p+08/(a® = B*)"? and var[X] = da®/(a® — p?)*/2. (3.1.4)

It follows from (3.1.3) that the normal inverse Gaussian distributions are infinitely di-
visible and close under convolution if the parameters « and § are fixed. If X1, Xo, .., X},
are independent normal inverse Gaussian random variables with common parameters «
and $, that is X; ~ NIG(a, 8, 15,6;) for 1 < i < m, then X" = X; + Xo 4+ --- 4+ X,
is again distributed as normal inverse Gaussian X (™ ~ NIG(a, B>ty D iy 0i).
Remark that the normal distribution N(u,0?) is a limiting case for 8 = 0, a — co and
§/a = o2

In particular, we aim to employ NIG distribution to fit time series of excess returns
ys = 1 — 7 which have zero mean and are approximately symmetric as we discussed
in Section 2.3. Therefore we take special attention to the NIG(a, B, u,d) with p = 0
and 8 = 0. Using the alternative parameterization ¢ = §/a > 0 and w = ad > 0,
the zero-mean symmetric NIG distribution, denoted by Y ~ NIG(¢,w) has the density
function

fly;9,w) = %Kl ( w? + Zyﬂ) . (3.1.5)

And the moment generating function M (¢; ¢,w) of NIG(¢,w) is simply

M(ti6.) = oxp (0 - W) .

Consequently the variance and the kurtosis are
var[Y] = ¢ and kurt[Y] = 3/w.

Thus, given a sample drawn from NIG(¢p,w), the parameters ¢ and w can be readily
estimated from its sample moments. Suppose that {y1,y2, ..,y } is a sample of indepen-
dent observations drawn from the distribution NIG(¢,w). Using the sample variance
s? and the sample kurtosis k, the parameters can be estimated by (;3 =52 and @ = 3/k.
Furthermore, the parameters can be estimated by maximizing the log likelihood function

() = g o+ o) log(m) — 5 Tog(s? + ) +Iog (Kl ft + 23 ) |

(3.1.6)
The NIG(¢,w) is also close under convolution when the ratio w/¢ is fixed. Given
X1, X9, ..., X;, are independent random variables distributed as X; ~ NIG(¢;,w;) with
a common ratio a? = w;/¢; , then XM = X| + Xy + ... + X,, is distributed as X (™) ~

NIG (Y2 i o0 wi).
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3.2 Data Descriptive Statistics

The data set we are exploring here is the exchange rates of three currencies stated in
Section 1.2. From now on we will work with the time series of excess returns times 100

yr = 100(ry — 7). (3.2.1)

We use the following abbreviations referring to the time series of exchange rates in a
specific period: EUR to EUR/USD in the whole period, EUR-pre to EUR/USD in the
Pre-Crisis period, EUR-cl to EUR/USD in the Crisis 1 period, and EUR-post to EUR/
USD in the Post-Crisis period. The abbreviations for JPY/USD and GBP/USD are
given in the same manner. The number of returns over all period is n = 1305, the
number of returns in Pre-Crisis, Crisis 1, Crisis 2 and Post-Crisis periods are 390, 261,
261 and 393 respectively.

Table 3.1 shows the summary statistics for all the time series. The average returns
7 over one day are very small thus they are often assumed to be zero. In our case
we subtract them from the return series and consider only the series of excess returns
y¢ in (3.2.1), other statistics are calculated from y; instead of 7. It is noticeable that
the variances during the Crisis 2 are higher than other periods for all currencies. The
calmest period of all currencies is the Pre-Crisis period. The skewness statistics are not
far from zero and do not provide much evidence of asymmetric distributions. Except
for the series EUR-post, all others series have positive kurtosis as pointed out in Section
2.3. The standard error of a kurtosis estimate k is y/24/n for a random sample from a
normal distribution. In our series the standard errors range from 0.14 to 0.30 depending
on n. The three series of overall periods EUR, JPY and GBP show significant positive
kurtosis because they exceed zero by more than ten times standard errors. Only the
EUR-post series has very small negative kurtosis that is insignificantly less than zero.

Table 3.2 shows the relative frequencies for time series of returns within or beyond
the number of standard deviation from the mean. The reference distribution is the
standard normal distribution. The relative frequencies around the mean in the range
from ¥ — 0.5s to §y + 0.5s of all series but GBP-post are higher than that of normal
distribution, corresponding to high peaks in empirical distributions. The frequencies of
extreme values that are beyond three standard deviations are also more than that of
normal distribution in most series. The relative frequencies of extreme values of some
series are greater than 1% even beyond 6 standard deviations. The higher frequencies of
extreme values corresponds to fat tails. In conclusion, the descriptive statistics for our
time series are well agreeing with the stylized facts for financial returns that we have
discussed in Section 2.3.

3.3 Fitting Financial Data with NIG Distribution

Now we are going to fit the data with NIG distribution. Since we NIG(¢,w) does not
involve the skewness parameter 3, so we test weather this parameterization is appropriate
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Table 3.1: Descriptive statistics for time series of returns

series n  mean (7) variance (s?) skewness (w) kurtosis (k)
EUR 1305 0.01 0.42 0.46 3.70
EUR-pre 390 0.03 0.19 0.37 1.14
EUR-cl 261 0.06 0.27 -0.26 0.30
EUR-c2 261 -0.04 1.00 0.72 2.02
EUR-post 393 -0.01 0.37 0.08 -0.09
JPY 1305 0.03 0.52 0.52 4.38
JPY-pre 390 -0.01 0.24 0.45 1.27
JPY-cl 261 0.06 0.54 0.86 4.80
JPY-c2 261 0.04 0.97 0.57 2.77
JPY-post 393 0.04 0.48 -0.11 2.01
GBP 1305 -0.01 0.48 0.03 5.18
GBP-pre 390 0.04 0.21 0.25 0.79
GBP-cl 261 0.00 0.26 -0.46 0.39
GBP-c2 261 -0.07 1.25 0.20 2.35
GBP-post 393 -0.01 0.40 0.01 0.19

The descriptive statistics for returns (7) and excess returns (s?, w, k) show that the distributions of

(excess) returns are approximately symmetric with positive kurtosis.

for financial data. Then we continue analyzing the data with NIG distribution with
different methods of estimation and test for the goodness-of-fit.

3.3.1 Skewness

The skewness estimates in Table 3.1 shows some non zero skewness indicating that
the data may be drawn from asymmetric distribution. If this hypothesis is true then
we shall not assume skewness parameter [ in the NIG distribution to be zero. Here
we test if the skewness parameter 8 in the NIG distribution significantly improve the
goodness of fit in our data by the likelihood-ratio test. Given the null hypothesis that
the excess returns y; follow a zero mean symmetric NIG distribution, y; ~ N(¢,w). The
alternative hypothesis is that the returns follow the skewed NIG distribution with the
density function

w exp (\/wz - gi)wﬁ?) o
fsi(y; ¢, w, B) = Ky <1 [w? + ¢y2> exp(fBy).

T/ Y2 + dw

The corresponding log-likelihood function for skewed NIG distribution is

Lk(6.50,8) = 3 |V = o + logl) ~ og(m) — 5 log(s? + ) +1og (K1 + 30) ) + ]
t=1
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Table 3.2: Frequency distributions

Percentage of returns within/beyond the number of standard deviations from the mean

with in beyond

0.25 0.5 1 1.5 2 3 4 5 6
Normal 19.74% 38.29% 31.73% 13.36% 4.55% 0.27% 0.01%
EUR 26.13% 48.12% 25.75% 11.34% 4.44% 1.30% 0.46% 0.23% 0.08%
EUR-pre 22.05% 43.33% 2897% 12.05% 5.38% 0.77% 0.26%
EUR-cl 23.37% 44.44% 28.74% 14.56% 5.75%
EUR~c2 24.52% 48.28% 25.29% 12.64% 5.75% 1.15%
EUR-post 22.14% 40.20% 32.06% 15.27% 4.07%
JPY 25.98% 45.82% 24.90% 10.04% 4.60% 1.23% 0.38% 0.15% 0.15%
JPY-pre 24.87% 45.38% 26.92% 13.33% 4.87% 0.77% 0.26%
JPY-cl 24.52% 42.91% 25.67% 9.20% 3.45% 0.77% 0.38% 0.38% 0.38%
JPY-c2 20.69% 41.00% 24.52% 9.58% 6.13% 0.77% 0.38% 0.38%
JPY-post 24.43% 44.02% 27.48% 11.96% 4.83% 1.53% 0.25%
GBP 25.52%  46.44% 23.75% 10.57% 4.44% 1.38% 0.46% 0.23% 0.08%
GBP-pre 24.36% 44.10% 27.69% 14.36% 6.15% 0.26% 0.26%
GBP-cl 22.22% 41.38% 29.12% 14.18% 5.36% 0.38%
GBP-c2 22.61% 44.44% 27.59% 11.11% 4.21% 1.53% 0.38%

GBP-post 18.83% 34.10% 28.50% 11.96% 4.58% 0.51%

The relative frequencies of extreme values of returns for ten returns series show that most of the returns
series have greater relative frequencies beyond three standard deviations than that of the standard normal

distribution. Evidently, the distribution of returns exhibits fat tails.

The test statistic D is twice the difference between the two log-likelihoods

D =2 (lge(¢,w, B) — U(¢,w))

Then the test statistic D is approximately a chi-square distribution with one degree of
freedom. The 95" percentile of a chi-square distribution with one degree of freedom
is 3.84 that is far greater than the statistics calculated from our data shown in Table
3.3. There is no evidences that the time series in our data set follows a skewed NIG
distribution and hence we rationally exclude the skew parameter S from our model.

3.3.2 Parameter estimation

The parameters of a zero-mean symmetric NIG distribution can be estimated simply
either by the method of moments (MoM) or the maximum likelihood estimation (MLE).
The method of moments is very convenient and the estimated parameters can be used as
initial values for MLE. From (3.1.3) the variance and the kurtosis of Y ~ NIG(¢,w) are
var(Y) = ¢ and kurt(Y) = 3/w. Thus for a time series of excess returns {y1,v2, ..., yn }
supposed to follow a symmetric NIG distribution y; ~ NIG(¢,w), the parameters can
be estimated by gg = s2 and & = 3/k, where s? and k are the sample variance and sample
kurtosis. Table 3.4 shows the estimated parameters from MoM and MLE. The values
of (ﬁ from both method are almost identical in several series, but the estimates of w are
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Table 3.3: Likelihood ratio test

log-likelihood

Series symmetric NIG skewed NIG p

EUR -1215.66 -1215.66 2.23E-07
EUR-pre -220.22 -220.22 5.19E-07
EUR-cl -199.25 -199.25 3.68E-06
EUR-c2 -358.29 -358.29 2.81E-06
EUR-post -359.33 -359.33 -1.98E-05
JPY -1352.92 -1352.92 1.39E-06
JPY-pre -267.45 -267.45 -1.65E-05
JPY-cl -279.59 -279.59 2.23E-07
JPY-c2 -356.43 -356.43 -4.20E-07
JPY-post -400.07 -400.07 -5.08E-06
GBP -1298.41 -1298.41 1.66E-06
GBP-pre -241.37 -241.37 1.14E-06
GBP-cl -192.94 -192.94 2.65E-07
GBP-c2 -390.62 -390.62 -9.49E-06
GBP-post -375.61 -375.61 1.09E-05

The log-likelihood-ratio statistics D are far smaller than the critical value 3.84. Hence, the null hypothe-
ses stating that the symmetric NIG distribution and the skewed NIG distribution are similarly fitted
to the data are not rejected at 95% confidence. Hence we rationally exclude the skewness parameter 3

from our models.

slightly different. Remark that & from the MoM estimation is satisfactory only when
k > 0, because w must be positive. The EUR-post has negative kurtosis, hence the MoM
estimate is not satisfactory. We use an initial value slightly greater than zero, wy = 0.1,
to obtain the maximum-likelihood estimate that is far greater than other estimates. The
more the parameter w, the less the kurtosis for the distribution. As a consequence, the
distribution is approximately normal with variance ¢. This result can be seen in the
density plot in the next subsection. Hereafter, we take the MoM as the initial guess for
true parameter and practically use MLE in application.

3.3.3 Goodness of fit

Firstly, we asses the goodness of fit by graphical methods. In Figure 3.3.1, the density
plots for most of the series are better with NIG distributions than normal distributions,
either with MLE parameters or MoM parameters. The fitted NIG distributions have
higher peaks than that of fitted normal distributions agree adequately with the data.
In the case of EUR-post that the kurtosis estimate is negative, the MLE fitted NIG
distribution is indistinguishable from the fitted normal distribution while the MoM fit-
ted NIG is not satisfactory. Other cases, the MLE fitted NIG distributions and MoM
fitted distributions are a bit different, however, clearly that they fit better than normal
distributions.
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Table 3.4: Estimated parameters from MoM and MLE

. é @
seres MoM MLE MoM  MLE
EUR 0421 0.418 0811 0.977
EUR-pre 0.187 0.187 2637  2.346
EUR-cl 0.274 0.276 9.854  2.655
EUR-c2 1.001  1.008 1488 0.980
EUR-post  0.365 0.364  -32.160 700.720
JPY 0517 0.505 0.685  1.204
JPY-pre 0.240  0.240 2.354  1.929
JPY-cl 0.543  0.521 0.625  1.992
JPY-c2 0.972  0.950 1.083  1.633
JPY-post 0.476  0.472 1490  1.669
GBP 0.485 0.471 0579  1.067
GBP-pre 0.207  0.209 3795  2.135
GBP-cl 0.259  0.259 7707 5.695
GBP-c2 1.254 1.235 1278  1.584

GBP-post 0.397  0.396 15.956  17.724

The estimated parameters from MoM and MLE are very similar in most cases. The values of ngS from
both method are almost identical in several series, but the estimates of w are slightly different. Remark
that & from the MoM estimation is satisfactory only when k > 0, because w must be positive. Practically

, we take the MoM as the initial guess for true parameter and use MLE in application.

Furthermore, Figure 3.3.2 show the quantile-quantile (Q-Q) plots of MLE fitted NIG
quantiles against sample quantiles. Most of the points in each plot lie nicely on the line
except for some outliers. The Q-Q plots for the post-crisis period are nearly perfect fit
to the lines. These graphics show that the NIG distribution are considerably accurate
in describing the distribution of financial returns.
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Figure 3.3.1: The density plots for returns superimposed on the fitted densities of normal
and NIG.
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The density plots for most of the returns series are better with NIG distributions than normal distribu-

tions, either with MLE parameters or MoM parameters.
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Figure 3.3.2: The Q-Q plots of fitted NIG quantiles against sample quantiles for returns
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For quantitative analysis we make use of the Pearson’s x? test for goodness of fit.
The null hypothesis is that the observations are consistent with the tested distribution.
The test statistic X2 is calculated from categorized data that the partitioning can influ-
ence the value of the statistic especially when some categories contain small numbers of
observations. Therefore we categorize the data by equal probabilities to have the same
expected value in each class. Then the test statistic is calculated by

k

X? =Y (0; - E;)*/E;

i=1

where k is the number of classes, O; are the observed frequencies and E; are the expected
frequencies. The expected frequency of NIG distribution is calculated by numerical
integration since there is no explicit form of the distribution function. An example of
X? calculation is given in Table 3.5a, we fix the number of classes as k = 20. Since the
parameters are estimated by maximum likelihood, the asymptotic distribution of X?
can be bounded between chi-square with k£ — 1 and chi-square with £k — p — 1 degrees of
freedom, where p is the number of estimated parameters. The corresponding p-value are
reported in Table 3.5b, the true asymptotic p-value lies between p-valuel and p-value2.
The least p-value, that is of the JPY-pre, is 0.016 still greater than 0.01, thus it is not
rejected at 99% confidence. The other cases are clearly not rejected at 95% confidence.
In conclusion, from both graphical and quantitative methods, the NIG distribution is
very accurate in fitting financial returns.
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Table 3.5: Goodness-of-fit test

(a) X? statistic calculation (b) Pearson’s x* test for NIG distribution
Class O E X2 p-valuel  p-value2
(—00,-1.03] 69 65.25 0.216 EUR 12.870 0.745 0.845
(-1.03,-0.735] 73  65.25 0.920 EUR-pre 15.436 0.564 0.695
(-0.735,-0.565] 64  65.25 0.024 EUR-cl 18.770 0.342 0.472
(-0.565,-0.444] 59  65.25 0.599 EUR-c2 19.690 0.290 0.413
(-0.444,-0.347] 56  65.25 1.311 EUR-post  16.008 0.523 0.657
(-0.347,-0.265] 71  65.25  0.507 JPY 24.640 0.103 0.173
(-0.265,-0.193] 61 65.25  0.277 JPY-pre 31.744 0.016 0.033
(-0.193,-0.126] 74 65.25  1.173 JPY-cl 14.785 0.611 0.736
(-0.126,-0.062] 66  65.25 0.009 JPY-c2 16.471 0.491 0.626
(-0.062,0.00] 55  65.25 1.610 JPY-post  12.547 0.766 0.861
(0.00,0.062] 65 65.25 0.001 GBP 16.119 0.515 0.649
(0.062,0.126] 82  65.25 4.300 GBP-pre 24.462 0.107 0.179
(0.126,0.193] 65 65.25 0.001 GBP-cl 18.157 0.379 0.512
(0.193,0.265] 66  65.25  0.009 GBP-c2 12.487 0.770 0.864
(0.265,0.347] 62 6525  0.162 GBP-post  17.229 0.439 0.574
(0.347,0.444] 57  65.25  1.043
(0.444,0.565] 60 6525  0.422
(0.565,0.735] 69  65.25 0.216
(0.735,1.03] 67 65.25 0.047

(1.03, 0) 64 65.25  0.024
X%2= 12870

Table 3.5a show how the statistic X2 is computed. Each class has equal expected frequency, thus the
error related to partitioning has been reduced. Table 3.5b shows the test statistics X2 and the estimated
p-values. The true p-value lie between p-valuel and p-value2. Clearly, the null hypotheses are not

rejected at 99% confidence. The observations are properly fitted to NIG distributions.

3.4 Summary

In this chapter, we have analyzed the financial data with NIG distribution. The empir-
ical distributions of the data are not normal, they have high peaks and fat tails. The
symmetric NIG distribution has been proved to be equally fitted to the data compared
to the skewed NIG distribution. Hence the symmetric NIG distribution is preferred be-
cause of less parameters. The (zero-mean symmetric) NIG distribution can be estimated
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analogously with method of moments and maximum likelihood estimation. Practically,
we use the MoM as initially values for MLE. The goodness-of-fits have been tested and
the exploratory data are adequately fitted to NIG distributions. In conclusion, the NIG
distribution is very appropriate for describing financial data.



Chapter 4

Volatility Forecasting

In this chapter, we develop volatility forecasting models that the volatility is assumed
stochastic. The NIG-SV model that the returns follow NIG distributions is specially
interested as we have shown in the previous chapter that the marginal distributions of
returns are well fitted to NIG distributions. We also discuss on some practical issues
in volatility forecasting that practitioners usually encounter. The volatility forecasting
strategy including the evaluation measures are also provided. An alternative approach
on estimation for stochastic volatility models, especially for the NIG-SV model, is inves-
tigated. The latent information estimates are obtained as by-products of the estimation.
Consequently, we develop forecasting models based on the latent information that per-
form better than standard models in some occasions.

4.1 Practical Issues in Volatility Forecasting

Volatility forecasting is one of the most challenging fields in financial econometrics.
Hence numerous papers studying performance of various models have been published
over the last two decades. The investigation in volatility forecasting consists of vast
aspects both theoretically and practically including volatility definitions, volatility mea-
surement, volatility models, model’s parameter estimation, objectives of volatility fore-
casting, forecast evaluation and volatility proxies. ( ) gives a
comprehensive review of volatility forecasting covering 93 papers from 1976 to 2002.
They also extensively discuss several practical issues in volatility forecasting in

( ) and . Recently ( ) give an informative guide to practically
forecast volatility with GARCH models. This section is mainly based on the work of

(2003); (2005) and (2012).

4.1.1 Volatility proxy

Volatility is unobservable even ex post. It is therefore more complicated when we make
comparison of forecasting methods. The unknown true volatility is regularly replaced by
related observable quantity called volatility proxy to be used as a reference when making

41
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comparison. The true volatility is usually estimated by sample standard deviation that
is called realized volatility in (2.5.11). This is a result of proxying a daily volatility by a
squared daily return. Then the average volatility over m days is proxied by the realized
volatility calculated from m observations. Given the excess return y; = o€, stated in
(2.5.2), ( ) shows that y? is an unbiased estimator of o7. However,
( ) argues that squared return is very imprecise estimator of volatility.

The use of y? as volatility proxy will lead to low coefficient of determination R? and
undermine the inference regarding forecast accuracy.

Other standard volatility proxies are daily range R; = max{log P;} —min{log P, },t—
1 < 7 <t and daily realized volatility RVt(k) = Z§:1 yt2 ;» Where yy ; are intraday returns.
Under the assumption that the log price follows a Brownian motion Yyt = ordWy, where
o =0 fort—1< 71 < t. ( ) gives an accurate volatility estimator
using daily range by 62 = R?/ (41og(2)). The mean squared error (MSE) of Parkinson’s
estimator is approximately one-fifth of the MSE of the squared return. Nevertheless,
the range-based volatility estimator depends critically on the assumed price generating
process, which is a potential drawback of the range as a volatility proxy. Daily realized
volatility is unbiased estimator and has gained much attention recently, see

( , ) and ( , ). However, for most
assets, high-frequency data are not publicly accessible and it is not easy to obtain reliable
high frequency data.

( ) gives a class of loss functions that is attractively robust in the sense
that they asymptotically generate the same ranking of models regardless of the proxy
being used as long as the proxy is unbiased and minimal regularity conditions are met. It
ensures that model rankings achieved with proxies like squared returns or daily realized
volatility correspond to the ranking that would be achieved if forecasts were compared
against the true volatility. Hence the squared return is a reasonable and affordable
choice of volatility proxy for point forecast evaluation. When a long horizon volatility
is forecasted, a point forecast becomes very noisy as the forecast horizon lengthens.
Instead, the cumulative volatility over the forecast horizon is more accurate because of
error cancellation (see , ). Suppose that the forecast horizon is

k, the cumulative volatility over the forecast horizon atQ Lkt = Zle o? ", ; 1s then proxied

by the sum of squared returns over the forecast horizon &f Gkt = Zle y? i

4.1.2 Forecast evaluation

The performance of forecasting volatility is considered by the choices of models and
strategies. It is worth mentioning that we focus only on out-of-sample implementation
because it is closer to real applications. A good forecasting model should be one that can
withstand the robustness of an out-of-sample test. The forecast performance is evaluated
by the average loss achieved by the model that is calculated by a loss function with a
proper volatility proxy. The less average loss, the more accuracy. Several loss functions
have been employed in the literature on volatility forecast evolution, see ( ).
Under our choice of volatility proxy, the squared return, ( ) suggests the MSE
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and quasi likelihood (QL) loss functions that are robust in the ranking preservation as
discussed in the previous subsection. The two loss functions are defined by

G i
52 i+ i+
QL(Ut—‘rk’ UtJrk\t) = — log -1
Jtkt Tkt
<2 ~2 2
MSE (67 > Vepkt) = (Fpok — feakpt)

where 67, is an unbiased ez post proxy of volatility (such as squared return or daily
realized volatility ) and f;,; is a volatility forecast based on information up to time ¢
and the forecast horizon k£ > 0.
The MSE loss is a usual loss function in the literature, however

( ) show that the QL loss is more preferable than the MSE loss for forecast com-
parison because of two reasons. First, the loss series is iid under the null hypothesis
that the forecasting model is correctly specified while MSE contains high levels of serial
dependence even under the null. Second, the bias of QL is independent of the volatility
level, while MSE has a bias that is proportional to the square of the true volatility.
We employ both QL and MSE loss functions in our investigation. Furthermore, the
predictive ability of two forecasts if they are equally accurate by the test of

( ). Suppose ft(l) and ft(Q) are two forecasts of o2, we define the forecast

loss differential between the two forecast by e; = g(67, t(l)) — g(62, ft(2)) where ¢ is
the loss function. We say that the two forecasts have equal accuracy if and only if the
loss differential has zero expectation for all . Assume the loss series {ej,ea,,,er}, the
Diebold-Mariano statistic is

DM = :
27 £e(0)/T

where € = (Zle eT> /T and f,(0) is a consistent estimate of the spectral density of the
loss differential at frequency 0. In standard practice fe (0) is given by

T

N B, T\, o1 . .
=5 3 (557 ) 3er) where 5u(r) = 7 32 (ea = O~ )

t=|7|+1

I( T > 1 for| 55| <1
k—1 0 otherwise '

The test statistic DM is asymptotically N (0, 1) distributed under the null hypothesis of
equal forecast accuracy.

and

4.1.3 Forecasting models

In this subsection, we describe some commonly used models that deploy historical infor-
mation to formulate volatility forecasts. Base on the information available up to time



44 4. VOLATILITY FORECASTING

t, Fi, the forecast for the future volatility at2+k is often obtained from the conditional
expectation E[o7,,|F], alternatively denoted by either E[o7,,] or at2+k| ;- We denote
fthikl , the volatility forecast for af "\, formulated at time ¢ with forecasting model M.
The realized volatility in (2.5.11) and the EWMA in (2.5.13) already make one-step-
ahead forecasts by the definitions. Assuming that the volatilities follow a random walk,
then 67 is the optimal forecast for at2+k. If the volatility is estimated at time ¢, for
example with realized volatility 67 = L Yoo y? ., the forecast for the volatility at time

m
t + k formulated at time ¢ is

RW R
fevmye = o7 (4.1.1)

A more sophisticated model estimates the current volatility by EWMA model and the
forecast obtained from the conditional expectation is also of the form (4.1.1). One of
the most popular models is GARCH(1,1), where the k-step-ahead forecast at time ¢ is
given by

GARCH .
Feve =0’ + (a+ B)*(67 — 0?) (4.1.2)
where 02 = T—a—p is the unconditional variance. It is easily seen that GARCH(1,1) fore-

casts converge to the unconditional variance as kK — co. These three forecasting models
are used as general benchmarks in the literature. Any newly developed forecasting model
should be better or as good as these models in forecasting ability.

4.1.4 The role of the log transformation

In the financial literature, some volatility models involve log transformation, for ex-
amples, the EGARCH model by ( ) and the standard SV model by

( ). When the log transformation involves in the model, the estimates for either
volatility or log volatility may be obtained from the estimation procedure. It is worth
considering weather we should make forecast based on the original series {o;} or the
log-transformed series {log(o;)}. In time-series analysis, the log transformation is con-
sidered to stabilize the variance of time series. Hence the time series that is modeled
and forecasted under the log transformation is expected to be more accurate. When the
series of log volatility {log(o;)} is modeled and forecasted by a time series model, for
example ARMA model, one may directly apply the exponential function to obtain the
forecast for the original series {o;}. However, instantaneous reverse transformation of
optimal forecast for transformed variable does not result in optimal forecast for original
variable in general. In other words, if v, ), is an optimal forecast for log(oy1)) then
exp(Ve4k|¢) is not an optimal forecast for oy y. ( ) propose
the optimal forecast for oy provided the log-transformed series {log(o;)} is Gaussian
and stationary as

1

Jisk|t = exp {Ut+k|t + 2Val"(7)t+k|t)}

where vy, ¢ is the optimal forecast for log(c¢1 ). This method immediately apply when
log-transformed series is modeled by stationary ARMA processes. Further investigation
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in the role of the log transformation in forecasting economic variables is also found in

(2010).

4.1.5 Recent work and forecasting strategy

In practice, there are several issues related to volatility forecasting as we have discussed
in this section. It is worth to develop from existing discoveries. The recent work from

( ) has provided a pragmatic and fruitful guide to volatility fore-
casting through the period of financial crisis. ( ) have tested the
forecasting performances of four models in ARCH class including GARCH(1,1), TARCH,
EGARCH, NGARCH and APARCH using broad time series of exchange rates, domestic
equity indices and international equity indices. The study also takes into account the
strategies being used for estimation and different forecast horizons. There findings are
summarized as the followings:

(i) models perform best using the longest available data series,

(ii) updating parameter estimates at least weekly counteracts the adverse effects of
parameter drift,

(iii) no evidence that the Student t likelihood improves forecasting ability,

(iv) soaring volatility during the crisis of 2008 was well described by short-horizon
forecasts,

(v) crisis forecasts deteriorated at long horizons (one-month horizon),

(vi) at the one-month horizon, the difference between asymmetric and symmetric GARCH
becomes insignificant.

Based on these findings, we further investigate in volatility forecasting with stochas-
tic volatility models, that are closely related to continuous time models and derivative
pricing theory. The objective is to obtain forecasting models that accurately forecast
volatility through the crisis of 2008. The ARCH-type models have been proved that they
performs well in short-horizon forecasts. Therefore, we forecast only on 22-step-ahead
horizon to be compatible with the one-month horizon that deteriorating forecasts were
reported in ( ). To focus on the forecast performances on differ-
ent models, we keep the forecasting strategy fix based on the guide of

(2012).

The parameter estimates are updated every five days using longest available data
up to the estimation update. Since point forecast is usually noisy, instead we make
cumulative volatility forecast over the horizon o*f Nkt = Zle at2 ", ; that is proxied by the
sum of squared returns over the forecast horizon

k
GFne = D Uiy (4.1.3)
=1
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The sum of squared returns 6? '\ .+ 18 an unbiased proxy of the cumulative volatility af ot
Therefore it has been employed as the target variable for the cumulative forecast

k
=1

formulated at time ¢. Forecast the cumulative volatility over the forecast horizon is
more accurate than point forecast because of error cancellation, moreover the cumulative
volatility forecast is the required input in the pricing model relying on a riskless hedge
(7).

The data in the Pre-Crisis period is reserved as the initial sample window for esti-
mation and forecasting. Every five days the sample window is expanded and the related
parameters are reestimated with the extended sample. Then the estimation and fore-
casting run throughout the remaining period using the expanding windows. When the
forecasts from different models are made, we evaluate the forecast performances by com-
paring the average QL losses. The MSE losses are also calculated but we mainly consider
the QL losses. The long-run average losses are taken from the whole forecasting period,
the average losses from a single period are also considered. When a two forecasting
models are compared, the Diebold-Mariano test is applied to test whether they have
equal accuracy.

4.2 Parametric Lévy Processes

Lévy process is a continuous-time stochastic process that can be constructed from a
distribution with infinitely divisible property. Lévy processes have been introduced
for analyzing financial returns because the associated distributions can be modeled to
capture the heavy tails and other relevant features of returns better than normal distri-
bution. In particular, a class of generalized hyperbolic distributions is very often able
to fit the distributions of financial data. This have been established in considerable
investigations, such as the variance gamma model by ( ), the
hyperbolic model by ( ), the NIG model by

( ) and the generalized hyperbolic (GH) Lévy processes by

(2001).

4.2.1 The generalized hyperbolic Lévy processes

The GH class of distributions was introduced by ( ) consisting of
the hyperbolic distributions, the NIG distributions, the scaled-t distributions and the
variance-gamma distributions. The GH distribution is characterized by five parameters,
written as X ~ GH(\, «, 3,9, ). The probability density function of a GH distribution
is given by
» K, 1 (om/52 T — 2)
F s h e B 8) = — L0 - M efl=i) (4.2.1)

\/27TK)\<(5"}/)‘ (\/m/OO%—/\ '
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where 72 = a? — 2 and K is the modified Bessel function of the third kind with index
A given in (3.1.2). The distribution is symmetric if 5 = 0, § is the scale parameter
and p is the location parameter. The subclass of hyperbolic distributions is obtained
by letting A = 1, the subclass of NIG distributions is obtained by letting A = —1/2,
the subclass of variance-gamma distributions is obtained when § = 0 and finally the
subclass of asymmetric-scaled t distributions is obtained when o = |3|. See

( ) for details and properties of GH class of distributions. As we have
shown in Chapter 3, the zero-mean symmetric distributions are preferable in many cases.
Again we set p and  to zeros and reparametrize ¢ = §/y = §/a and w = Jy = Jda,
this parameterization is useful because the parameters ¢,w and A are invariant under
affine transformations (see , ). The zero-mean symmetric GH
distribution GH (A, ¢,w) has the density

2 4 ¢,2y(20-1)/4
f@ A ¢,w) = (éqb/\\;}%l)()\(w) Kx_1/2 < w? + 2932) (4.2.2)

The GH distribution can be interpreted as scale-location mixture of normal distribution
where the mixing distribution is a generalized inverse Gaussian (GIG) distribution. The
GIG distributions, denoted as X ~ GIG (A, ¢,w), are described by three parameters and
defined on the positive half axis. The probability density function of the GIG distribution
is given by

A—1
fz A, p,w) = wa/\(w) exp (—;w(qb:cl + ¢1x)) , x> 0. (4.2.3)

The class of GIG distributions consists of the subclasses of gamma distributions, in-
verse gamma distributions and inverse Gaussian (IG) distributions. The class was
first proposed by Etienne Halphen in 1946 to model the distribution of the monthly
flow of water in hydroelectric stations (see ) ). The sub-
class of IG distributions is obtained from GIG distributions where A\ = —1/2, that
is IG(¢,w) = GIG(=1/2,¢,w). Since K_;3(w) = \/7/2wexp(—w), it follows that the
1G distribution does not involve the Bessel function,

732 /dw
Vo
The relationship between GH distributions and GIG distributions was originally given

by ( ) as the derivation of GH distribution from GIG
distribution. The relationship can be stated as if

IG(z; p,w) = -exp(w) - exp <—1w(¢x_1 + ¢_1:L‘)> , x> 0. (4.2.4)

2

X|W ~ N(0,w) and W ~ GIG(X, ¢, w)

then the marginal distribution of X is GH, X ~ GH(\, ¢,w). GH distribution is then
interpreted as a scale mixture of normal distribution where the mixing distribution is
GIG. As special cases, the NIG distribution arises when the mixing distribution is an IG
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distribution, and the variance-gamma distribution appears when the mixing distribution
is a gamma distribution. Hence, their names come from their mixing distributions.
When the mixing distribution is an inverse gamma distribution, the mixture becomes
the asymmetric-scaled t distribution and the t distribution arises when § = 0 as a scale
mixture of normal. In particular, the symmetric NIG distribution and the Student-t
distribution have scale mixture of normal representations as in the following definition.

4.2.2 Scale mixture of normal

Definition 8. Let X be a continuous random variable with location p and scale o.
The probability density function of X is said to have a scale mixtures of normal (SMN)
representation if it can be expressed as

fx(z;p,0) = /000 N (x5 1, K(\)o?) w(A)dA (4.2.5)

where N(x;-,-) is the normal density function, x(\) is a positive function of A, and (-)
is a density function defined on RT.

We refer to A and 7(+), respectively, as the mixing parameter and mizing density of
this scale mixture representation.

The Student-t distribution with location u, scale ¢ and degrees of freedom v,
X ~ t,(u,0) can be expressed as

o2

ty(zip,0) = / N(z; p, —)Ga(A; 5, 5)dA
0 by 272

where Ga(-;a,b) is the gamma density function of the form Ga(x;a,b) = %)\a_le_b)‘.

It is equivalent to the hierarchical form

2

X|( 0, X) ~ N, 5) and Ay ~ Gaf

v v
22

The symmetric NIG distribution with zero mean Y ~ NIG(¢,w) can be repre-
sented by

fy(y;é,w) = /OOO N(y; 0, 0u)IG(u; 1, w)du

where IG(1,w) denotes the inverse Gaussian distribution with mean 1. It can be ex-
pressed hierarchically as

Y|(¢,u) ~ N(0, pu) and ujw ~ IG(1,w).

( ) shows that GH distribution is infinitely divisible.
Thus there is a Lévy process {Y;}+>0 uniquely defined by the fact that the law of Y;
has GH density. We call this process the GH Lévy process with parameters (\, a, 0, ).
The GH Lévy processes considered by ( ) becomes
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a popular alternative to Brownian motion for modeling financial processes. In general,
the GH densities of Y; for ¢t # 1 are unknown, and they can not be simulated from the
process in a non-intensive manner.

As stated in ( ), this model is so general that it
is typically difficult to manipulate mathematically and so is not often used empirically.
Instead special cases are usually employed. For examples, the variance gamma (VG)

process by ( ) which has extensively used in the financial literature
and the hyperbolic Lévy process by ( ). We pay special attention
to the NIG Lévy process by ( ) which we have shown in Chapter

3 that the NIG distributions are adequately fitted to financial data. Moreover, the class
of NIG distributions is closed under convolution, this implies that the distribution of Y;
in the NIG Lévy process {Y;}+>0 is NIG at all time point.

The classes of NIG distributions and VG distributions are only two subclasses of
GH distributions that have this property. Hence the NIG and VG Lévy processes are
more natural GH Lévy processes than the other GH Lévy processes. The discrete-time
model for NIG Lévy process is also proposed in ( ) that allows us
to model stochastic volatility for daily returns, denoted by NIG-SV model. Note that
the close-under-convolution property also asserts that if the observed process at a certain
frequency scale follows a NIG distribution, then at lower frequency scales it follows a
NIG distribution.

4.3 NIG-SV Model and HGLM Method

4.3.1 The model

For the excess returns {y;};;, the NIG-SV model is defined by

Y = 0t
{az ~ IG(6,w) (3

where €; ~ 1.i.d.N (0, 1). It follows that y; ~ NIG(¢,w), the marginal distribution of {y;}
and the log-likelihood function are given by (3.1.5) and (3.1.6) respectively. Moreover,
the variance and the kurtosis of y; are

var(y;) = ¢ and kurt(y;) = 3/w.

4.3.2 H-likelihood estimation

The NIG-SV model and maximum likelihood estimation have been implemented in Chap-
ter 3. Not only the MLE and MoM are available for estimation in the NIG-SV model,

( ) give another approach to estimate parameters for a large class
of SV models so called the hierarchical generalized linear model (HGLM) method.

( ) view all the GH Lévy models in the previous section as general
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random effects models introduced by ( ), and therefore the associat-
ing hierarchical likelihood (h-likelihood) are applied to estimate the model’s parameters
(see and ).

Given the NIG-SV model in (4.3.1), we firstly supposes that
U? = Puy

where u; are random effects from a positive infinite divisible distribution, that represent
the news arriving to the markets. In this case u; ~ IG(1,w). This makes ¢ be the scale
parameter whereas E[u;] = 1 and 0? ~ IG(¢,w) as specified in (4.3.1). This constraint
is useful in multivariate setting that we will clarify later. ( )
gives the log-link function

log(o?) = a + by (4.3.2)

where a = log(¢)! and b = log(u;). Then NIG-SV model in (4.3.1) together with
(4.3.2) becomes an HGLM model with random effects in the dispersion. In particular,
it is a special case of the double HGLM (DHGLM) by ( ) where
the volatility involves the random effect appearing in the dispersion structure (see

) ). Using the joint distribution (y, b)) ~ f(y¢|be) fo(b:), it follows
that the h-likelihood is

h=" " {log f(y:|br) +log fo(br)} (4.3.3)

t=1

where f(y|b;) and feo(b:) are the conditional density functions of y; given b, and of b,
with some parameters ©. The h-likehood carries all the information in the data about
the unobserved quantity b; and the fixed parameters © when the random effect b; is

additive (see , ). This is the reason for writing the model with the
log-link function in (4.3.2). In general the log-likelihood is obtained by I = log [ exp(h)db
that is usually difficult. ( ) propose the use of Laplace approximation

to [, so-called the adjusted profile h-likelihood,

1 8%h
py(¢,w) = h—2log <27T852|b:8> (4.3.4)

where b solves 8h/8b = 0. Maximizing p, gives the estimates for fixed parameters (¢,w)
and the unobserved random effects b;. An advantage of the h-likelihood approach is
that it does not require the integration, necessary to obtain ordinary (marginal) likeli-
hood, and hence no analytic formula for the probability density function is needed.

( ) report that the first-order adjusted profile h-likelihood in (4.3.4)
is substantially accurate in many cases, however it can lead to non-negligible biases
when apply to financial data. This problem can be solved by using the second-order
improvement

Sp(h) = po(h) — F/24

!The parameter « in this setting is distinct from the parameter of GH distribution.
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o*h o%h o%h
F=t O s (_C ) pt (S22 L p2
H?’( ab4> 5( 8b3) < (%3)} ]wa

and D = diag [(82h/ (%2)]. The standard errors for the estimation which are approx-
imated from the Hessian matrices in both approximations are satisfactory (
, 2006).

Particularly for the NIG-SV model where the parameter vector © is (¢, w)’, the condi-
tional density for y|b; is f(y:|b) = N (0, ¢pu(by)) and the density function for b; is given
by fe(b:) = f(u(b))u(b:) = exp(bs)IG(1,w). The explicit expressions for log f(y:|b:)
and log fo(b) are

where

e_bf
log Flulb) = — {log(%) +log(6) + -+ 15 } (4.3.5)
log fo(b:) = —% {log(27r) —log(w) + 3log(b) — 2w + u)(bt_1 + b)) — th}(4.3.6)

Hence the h-likelihood in (4.3.3) has the explicit expression as the summation of (4.3.5)
and (4.3.6). The random effects can be estimated by solving dh/0b; = 0, that we have

by = log (2(”2;1)) (4.3.7)

where wy = \/ 1+ w? +wy?/¢. Consequently, the adjusted profile h-likelihood is ex-
pressed as

pu(6.0) =n { = log(2r) ~ 5 lor(6) + w+ § o }—Zlog[wt (wr — 1] - Zwt
(13.8)

and the second-order approximation is

Sh(6) = pal6,) - 2423““; : (13.9)

Wi

Remark that the adjusted profile h-likelihoods in both (4.3.8) and (4.3.9) do not depend
on Bessel functions because the mixing distribution IG does not involve Bessel function.
This is a reason why NIG-SV model is preferable than other GH models. Moreover, h-
likelihood method does not need integration to find the marginal distribution as required
in the maximum likelihood method.

Table 4.1 shows the estimates of parameters for NIG-SV models fitted to twenty
time series with first-order, second-order h-likelihoods and maximum likelihood methods.
Most estimates of ¢ are almost similar with the three methods of estimation. In the
case of w, the first-order h-likelihood estimates and the maximum likelihood estimates
are concordant but the estimates from the second-order h-likelihood show some biases.
First-order h-likelihood estimations always converge, but second-order h-likelihood and
maximum likelihood estimations diverge in the EUR-post series.
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Table 4.1: Parameter estimation for NIG-SV models with maximum likelihood (ML),
first-order h-likelihood (H1),and second-order h-likelihood (H2) with the corresponding
standard errors.

Sors ML H1 H2
€eries d) a} ¢ (:) ¢) (:)
EUR 0.4176  0.9775 0.4010  1.3232 0.4996  0.5032
(0.026)  (0.191) (0.020)  (0.145) (0.034)  (0.060)
JPY 0.5048  1.2044 0.4961  1.4019 0.6156  0.5449
(0.029)  (0.238) (0.025)  (0.155) (0.042)  (0.067)
GBP 0.4706  1.0675 0.4562  1.3484 0.5680  0.5275
(0.028)  (0.202) (0.023)  (0.146) (0.039)  (0.063)
EUR-pre  0.1868  2.3456 0.1932  1.6627 0.2352  0.6422
(0.017)  (1.180) (0.018)  (0.377) (0.030)  (0.162)
JPY-pre  0.2403  1.9291 0.2456  1.5892 0.3010  0.5960
(0.023)  (0.917) (0.023)  (0.354) (0.038)  (0.143)
GBP-pre  0.2089  2.1346 0.2147  1.6111 0.2625  0.5995
(0.020)  (1.150) (0.020)  (0.366) (0.033)  (0.144)
EUR-cl 02762  2.6550 0.2869  1.6560 0.2715  4.6630
(0.030)  (2.125) (0.032)  (0.472) (0.027)  (5.715)
JPY-cl 05207  1.9923 0.5340  1.6278 0.6511  0.6540
(0.060)  (0.972) (0.060)  (0.430) (0.101)  (0.203)
GBP-cl  0.2587  5.6948 0.2759  1.9077 0.2573  8.8277
(0.025)  (5.932) (0.030)  (0.584) (0.024)  (10.171)
EUR-c2  1.0078  0.9803 0.9677  1.3220 1.2050  0.5095
(0.138)  (0.422) (0.111)  (0.324) (0.185)  (0.135)
JPY-c2  0.9496  1.6326 0.9600  1.5367 11782 0.6335
(0.114)  (0.734) (0.108)  (0.389) (0.181)  (0.185)
GBP-c2  1.2354  1.5836 1.2454 15178 1.5318  0.6002
(0.149)  (0.752) (0.140)  (0.389) (0.235)  (0.172)
EUR-post 0.3645  700.72 0.3969  2.1658 0.3645 2397.30
(0.026)  (262.14) (0.036)  (0.608) (0.026) NA
JPY-post  0.4722  1.6686 0.4777  1.5406 0.5871  0.5961
(0.046)  (0.682) (0.044)  (0.328) (0.073)  (0.141)
GBP-post  0.3963  17.72 0.4297  2.3435 0.3961  23.30
(0.029)  (28.87) (0.038)  (0.663) (0.029)  (37.98)

Parameter estimates for NIG-SV models with three methods of estimation are almost similar with three
methods. The estimates from first-order h-likelihood method and maximum likelihood method are
concordant but the estimates from second-order h-likelihood show notably biases in the estimates of w.
The first-order h-likelihood estimations converge in all cases while the other methods diverge in some

cases written in boldfaces.
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4.3.3 Multivariate NIG-SV model

The NIG-SV model with HGLM method can be extended to multivariate model naturally
by applying the same random effects to all entries. For y; = (y1,4 Y2,¢s -, Yae)', the
multivariate NIG-SV model is given by

Yit = O t€it
afy ~ IG(i,w) (4.3.10)
10g(0¢2¢) =a; + by

fori = 1,..,d, t = 1,..,n and € = (€14,...,€4¢)" ~ N(0,Q). The random effect is
introduced to the model by Jzt = uz;, the a; = log(¢;) and by = log(uz). Here ¢; = o2
is a scale parameter in the sense that the random effect u; = ozt/d)i is distributed
as IG(1,w) and the mixing distribution agt = utp; ~ IG(¢pi,w). The random effect
uz represents the news arriving to the markets that has the same effect to all indices.
Suppose that var(e;) = Q = (p;;j), then we have

E(y¢|us) = 0 and var(y¢|u) = ueX

where ¥ = (0y5) and 04 = 0;0,p;j. Here ¥ = A'QA, where the correlation matrix, €, is
assumed to be known and A is the diagonal matrix of the standard deviations v/¢; = o;.
It is clearly seen that ¥ does not depend on ¢, and the distributions of y; conditional on
u; are multivariate normal. Both MLE and HGLM methods for estimation are applied
in the multivariate NIG-SV model. The expressions for the log likelihood, h-likelihood
and its adjusted profile likelihoods are provided in the appendix.

Table 4.2 shows the parameter estimates of three currency exchange rates for different
periods. Most of the estimates with three methods are almost similar. These results
demonstrate the promising extensive utility of the HGLM approach. Other SV models
in the class of GH models such as the VG model and scaled-t model are also extendable
in this manner.

4.3.4 Optimization

An important step when the likelihood function is defined, either the maximum likelihood
or the h-likelihood is to find the value that maximize the likelihood function. This step
is called optimization which includes the algorithm to locate the optimal value that
satisfies the criteria. Here we present two common maximization methods in financial
econometrics.

4.3.4.1 Method of scoring

A general way to find the value that maximize a function is done by considering the
first and the second derivatives of the function. A local maximum zq of a differentiable
function f must satisfy the necessary conditions such that f’'(z) = 0 and the f”(x) < 0.
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Table 4.2: Parameter estimation for multivariate NIG-SV models in five periods.

period method dA)EUR qASpr QZBGBP @
ML 0.4137 0.5198  0.4671  0.9357

(0.021)  (0.029) (0.024) (0.097)

H1 0.3896  0.4877  0.4401 1.2262

Al (0.018)  (0.025) (0.021) (0.118)

H2 0.4197 05276  0.4742  0.8916

(0.022)  (0.030) (0.025) (0.088)

ML 0.1909  0.2357  0.2080  2.9766

(0.013) (0.018) (0.015) (0.871)

L H1 0.1913  0.2362  0.2083  2.9278
Pre-Crisis

(0.013) (0.018) (0.014) (0.665)

H2 0.1927  0.2376  0.2096  2.6814

(0.014) (0.019) (0.015) (0.837)

ML 0.2717  0.5046  0.2717  2.3023

(0.026) (0.052) (0.027) (0.677)

. H1 0.2708 0.5022  0.2696  2.4670
Crisis 1

(0.025) (0.051) (0.026) (0.603)

H2 0.2748  0.5118 0.2758  2.0606

(0.027)  (0.054) (0.028) (0.619)

ML 1.0078  0.9625 1.2305 1.2914

(0.109)  (0.112) (0.132)  (0.321)

. H1 0.9696 0.9249 1.1868 1.6173
Crisis 2

(0.097)  (0.100) (0.117)  (0.358)
H2 1.0264 09813 1.2522  1.1871
(0.113)  (0.117) (0.137)  (0.282)
ML  0.3766 0.4493 0.4050 5.0156
(0.027)  (0.035) (0.030) (1.741)
H1 0.3824 04519 04110 4.0188
(0.028)  (0.036) (0.030) (1.028)
H2 0.3766  0.4494  0.4050  5.0276

(0.027) (0.035) (0.030) (1.867)
Parameter estimates for multivariate NIG-SV models with three methods of estimation are consistent.

Post-Crisis

This results demonstrate the promising extensive utility of the HGLM approach.
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This is the principle idea to construct an algorithm to find that value. The first derivative
of the log-likelihood function with respect to the vector of parameters O,

GO) = alogé(@)7

is known as the gradient or the score. In the case of iid, where the vector of parameters
is fixed © = (01,6s,...,0;), the gradient is

G(0) = (0log L(©)/001,010g L(©)/06s, . ..,01og L(©)/06;,)" .
The maximum likelihood estimate, denoted by é, requires
G(0) =G(0)]g_g =0 (4.3.11)

to satisfy the first-order condition for a maximum. The second-order derivative of
log L(©), so called the Hessian, is given by

[0%log L(©) 9%logL(©®)  9%logL(©)]
001001 001002 00100y,
0?logL(©) 0%logL(©)  9%log L(O)
H(@) _ 892.(991 892.692 892‘(99k
8%log L(©) 0%log L(©) o 9% 1log L(©)
| 00,001 00,002 001,00;, |

and denote H(©g) = H(©)|o=0,- It is necessary for a maximum that Hessian is negative
definite, i.e. x’H(@)X < 0, for all non-zero vector x. To solve the equation (4.3.11), we
consider the first-order Taylor series expansion of the gradient function around the true
parameter O,

G(©) = G(60) + G'(60)(6 — 6y) (4.3.12)
where G'(0) = H(©). Then equation (4.3.12) can be written as

G(0) ~ G(60) + H(60)(O — O).
Hence the maximum likelihood estimate © satisfies
G(0) =0~ G(6y) + H(6)(6 — 0y). (4.3.13)
When (4.3.13) is expressed as an equality, the solution is
6 =0y — H HO0y)G(0y). (4.3.14)

The true parameter Oy is unknown and it can not be used to evaluate @, however
equation (4.3.14) suggests the route to reach the solution. Typically, numerical procedure
to obtain the solution is given by setting an initial value that lies in the plausible region,
namely ©1. Then the solution is iteratively updated by a particular scheme. The
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Newton-Raphson algorithm uses equation (4.3.14) directly to update the k" solution
®(k) by

Ow) = Ou-1) — H ' (Oh-1))G(O-1)) (4.3.15)
where Hy,_1) = H(O)le=0,_,)» Gr-1) = G(O)le=e,_,, and O,_y) is the solution

obtained by the (k — 1) step. The algorithm proceeds until Ok) =~ O(p—1), that the
equation (4.3.15) leads to

Oy — Op—1) = —H ' (O4-1))G(O(.—1)) ~ 0,

which is satisfied if G(O ) ~ 0 since H _1(@(k_1)) is negative definite. Therefore the
final solution © 4, satisfies the condition that defines the maximum likelihood estimator.

That is é = @(k)
The method of scoring employs the information matrix

1®)=8 [_82;((?5%/@ )]

by replacing it to —H ~1(Og) in (4.3.14). The updating scheme of the method of scoring
is given by
Oy = Op—1) + I (Op—1))G(O 1))

where 1(©,_1)) = 1(0©)e=0,,_,,- The main problem of method of scoring arises from
the difficulty in calculation of the information matrix.
4.3.4.2 BHHH algorithm

The BHHH algorithm was proposed by Berndt, Hall, Hall and Hausman in 1974 (
, ). The information matrix is replaced by

O (0] 2 (0]
=[P o[ il

which is a result from the information matrix equality

0log L(©) dlog L(O) 9?logL(O)]
E [ 26 oo | TE | "se0er | =Y

(4.3.16)

Equation (4.3.16) also holds for the log-likelihood function at the t** observation,log L:(©),

therefore
> Olog Ly(©) 0log Ly(©) | > _82 log L(©)
00 00’ N 0000/ '
The expectation [alo%gt(@) 810%({3?(@)] is estimated by

Olog Li(©) dlog Li(©)] .. 1 ,
E [ 90 RET _nlgﬁlon;Gth
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where Gy is the gradient evaluated at the observation, that is G; = 810%7%(9). Hence

the expectation of the outer product of gradient for the full log-likelihood function is

tth

Olog L(©)0log L(©®)] .. - ,
[ 90 5O’ _nlbnéo;Gth'

For finite observations, the expectation is estimated by

i 0log Li(©) 0log Li(O)

n
BO) =) GiGi = 90 06/
t=1

t=1

Consequently, the updating scheme for the BHHH algorithm is
O = Op—1) + B~ (O-1))G(O(k-1))

which does not require the second derivative to implement.

4.4 Latent Information and Volatility Forecasting

Volatility is latent variable, we cannot observe this quantity directly from the market.
It is usually estimated from related observable quantities such as return or price range.
In the previous section we have applied the h-likelihood method to estimate the model
parameters for NIG-SV models. A consequential product of using h-likelihood estimation
is the series of random effect estimates and hence the estimates of log volatilities.

4.4.1 Random effects and log volatility estimates

The h-likelihood estimation for NIG-SV model yields the estimates of the random effects
b from equation (4.3.7). This variable is modeled to represent the news arriving to the
market and the log-volatility estimate can be recovered from

log(62) = log(¢) + by (4.4.1)

and the estimator for volatility is consequently
67 = exp [log(q@) + l;t] . (4.4.2)

Therefore after the NIG-SV model is estimated by h-likelihood method, we yield the
series of log-volatility estimates {log(67)}"_;. A common way to forecast volatility using
(transformed) volatility estimates is to assign a proper model to the time series. The
class of ARMA models is a basic class of time series models that has a vast contribution
in the financial literature. Several financial time series models are constructed on the
basis of ARMA models. For example the standard SV model by ( ) is set
up by an AR(1) process in the log of volatilities, the GARCH(1,1) model is founded by
ARMA(1,1) process. ( ) uses price ranges and returns as volatility estimates
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and makes volatility forecasts by fitting the estimates to ARMA(1,1) models.

( ) and ( ) show that the sum of two AR(1) processes
is capable in modeling volatility, the resulting process is ARMA(2,1). The EGARCH
model advocated by ( ) is founded by assigning ARMA process to {log(c?)}.

( ) apply ARMA(2,1) and ARFIMA models to the series {log(o;)} that
is estimated from daily realized volatilities. The ARFIMA model is a generalization to
ARMA model with fractional integration. Even though ARMA models can be extended
in several ways, such as ARFIMA, and higher orders ARMA (p,q), we tend to keep our
models simple and tractable with less number of parameters. Hence the ARMA(1,1)
model becomes our preference. Modeling the series {log(67)} by ARMA(1,1) is also
comparable to the EGARCH(1,1) model. A stationary ARMA(1,1) model for {log(67)}
is given by

log(67) = ¢+ ¢11log(67 1) + € + 0141 (4.4.3)

where ¢, ~ WN(0,02) are white noise (uncorrelated random variables with zero mean
and finite variance) and |¢1| < 1. The infinite MA representation of (4.4.3) is

o
log(67) =c+ > e

j=0

where 99 = 1, 1 = ¢1 + 01 and ¢; = cbjl.*l(qbl + 0y) for 7 > 2. Tt follows that
Ellog(67)] = ¢ and var (log(67)) = o2 >0 zpf. The parameter estimation can be
achieved by minimizing the conditional sum of squares function S(©) = 3" e? where
et = €(0) and © = (¢1,61)". If log(6?) is taken to be fixed, the prediction errors e; can
be computed from the recursion

e = log(&f) — ¢1 log(&f_l) — e, t=2,...,n

with e; = 0. The minimization can be accomplished by the optimization algorithm in
Subsection 4.3.4. The forecast is given by the minimum mean square estimator (MMSE)
of log(67, ;). That is equal to

oo
IOg(&tQHc\t) =c+ Z Vktj€t—j (4.4.4)
=0

and
var <1og(&?+k|t)) = MSE (log(frt2+k|t)) =(1+f+ - +Pi_i)ol.

In practice, the forecast is usually be carried out with €; replaced by e; = €,(0). If n is
large, the difference between ¢; and e; is negligible (see , ). The MMSE in
(4.4.4) is the forecast for log volatility. To obtain the volatility forecast 0? e applying

the exponential function to the log forecast log(o results in biased forecast for J? e

Fle)
t+klt
( ) have discussed on this issue and give the correction

NIG

ft+k|t = €Xp {log((}f-s-k\t) + Var(log(&,?+k|t)} . (4.4.5)
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4.4.2 Implementation and empirical results

Here we forecast volatility with the model given in (4.4.4) and (4.4.5) employing the
strategy given in Section 4.1.5. The target variable is the cumulative volatility over the
forecast horizon Ut2+kt = Zle 0’752_’_1» that is proxied by sum squared returns yf Nkt =

Z?Zl y2,;- The benchmark forecasts are obtained from the random walk model

k—1
RW
Ft+k\t = Zygﬂ‘
=0
and GARCH(1,1) model

k
GARCH GARCH
Ft+k|t = Z ft+i|t
i=i
where ftc_ﬁ.ECH is i-step GARCH(1,1) forecast formulated at time ¢ given by (4.1.2). Our
forecasting models obtained from NIG-SV models and h-likelihood are

k
NIG-SV NIG-SV
Ft—i—k\t = E :ft+i|t
i=i

where f:ﬁjt is modeled by (4.4.3).

Preliminary experiments show that forecasting the volatility with ARMA(1,1) model
in (4.4.3) does not produce good results because the averages of forecasts are substan-
tially smaller than the volatility proxies. For instance in the case of EUR series, the
long-run average of the 22-day forecasts is 5.269, while the average sum of squared re-
turns is 11.631. That is more than twice the average of forecasts. To adjust the level of
forecasts to match the level of volatility proxies, we apply the simple linear regression
between the volatility estimates from (4.4.2) and the squared returns. Suppose that in-
sample estimates of volatility {57,..,52} are fitted to the corresponding squared returns
as

th = a&?, t=1,...,n,

then the NIG-SV* forecasting model is given by

NIG-SV* NIG-SV
Jeiwe =l (4.4.6)
Another forecasting model that is found to considerably improve the forecast perfor-
mances in our data set is obtained by fitting the log volatility to the ARMA(1,1) process
with zero mean
log(62) = ¢} log(62 1) + € + O1er1. (4.4.7)

If the corresponding infinite MA representation is log(67) = > 720 ¥j, then the ad hoc
forecasting model, denoted by NIG-SV’, is given by

NIG-SV/

ft+k|t = exp {IOg(&?wt) + var(log(&t%rk‘t)} (4.4.8)
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Figure 4.4.1: The QL loss series of EUR, forecasts
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The QL loss series from four forecasting models for EUR, from top: GARCH, NIG-SV, NIG-SV* and

NIG-SV’ respectively. The less the loss values, the more the accuracy of the forecasting model.
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Table 4.3: Volatility forecasting with RW, GARCH, NIG-SV and NIG-SV*

QL loss MSE loss
RW  GARCH NIG-SV NIG-SV*  NIG-SV’ RW GARCH NIG-SV  NIG-SV*  NIG-SV’

Long-run average

EUR 0.127 0.120 0.639 0.259 0.307 55.61 55.78 132.13 108.62 106.11

JPY 0.300 0.247 0.546 0.236 0.310 129.21 109.12 141.13 126.91 115.27

GBP 0.157 0.157 0.671 0.324 0.363 105.70 107.16 223.42 189.84 189.38
Crisis 1 average

EUR 0.122 0.130 0.320 0.091 0.115 6.74 6.17 14.54 6.27 7.70

JPY 0.583 0.474 0.815 0.254 0.408 137.69 112.97 112.14 77.64 86.10

GBP 0.172 0.110 0.182 0.061 0.069 6.52 4.83 8.23 4.04 4.31
Crisis 2 average

EUR 0.211 0.201 1.762 0.423 0.881 168.85 171.30 423.93 242.83 347.47

JPY 0.246 0.257 0.954 0.196 0.568 262.91 230.06 346.77 186.05 289.55

GBP 0.227 0.328 2.008 0.524 1.080 328.14  341.00 738.62 407.56 628.88
Post-Crisis average

EUR 0.074 0.060 0.087 0.252 0.044 10.24 9.36 10.14 82.00 5.92

JPY 0.162 0.101 0.111 0.252 0.079 35.25 26.46 22.26 117.71 17.34

GBP 0.101 0.072 0.082 0.352 0.066 18.54 14.35 12.68 158.71 10.52

The average losses taken from different periods. The NIG-SV* is favorite in the Crisis 1 whereas the

NIG-SV’ is favorite in the Crisis 2. There is no clear winner in the other periods.

where log(&t2+k|t) = 3720 Yk €t—j and var (log(&t%rk't)) = (L+ Y2+ 2 o2

Figure 4.4.1 shows the loss series of cumulative volatility forecasts for EUR from
the beginning of Crisis 1 to the end of Post-Crisis. It can be seen graphically that the
losses of forecast are higher in the Crisis 1 and extremely high in the Crisis 2 for all
forecasting models. The NIG-SV model and NIG-SV’ models perform poorly in the
Crisis 2 comparing to GARCH model. The losses of NIG-SV* are approximately in the
middle of the other three models. And the NIG-SV’ performs nicely in the Post-Crisis
period.

Numerically, the average losses taking over different periods are shown in Table4.3.
First, we can see that the MSE losses are extremely high in the Crisis 2. This reflects the
high dependence between the loss and the level of true volatility as we have discussed
in 4.1.2. Therefore we take more attention to the QL losses. The NIG-SV* model is
favorite in the Crisis 1 whereas the NIG-SV’ model is favorite in the Post-Crisis. In
the Crisis 2, the average losses are relatively high and there is no clear winner in this
period, GARCH, NIG-SV* and RW models win the competitions for EUR, JPY and
GBP respectively.

4.5 Summary

In this chapter, we have presented the route to volatility forecasting from the begin-
ning with related issues to the new models for forecasting. Self-contained guide for
volatility forecasting in practice is given. Stochastic volatility models in the class of GH
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models, especially the NIG-SV model, have been discussed as promising in describing
and forecasting volatility. The HGLM approach for estimation and the associating h-
likelihood method have been studied and implemented to the real data. The empirical
results show that h-likelihood method is comparable to maximum likelihood method
but h-likelihood method is simpler because the integration does not involve. Moreover,
applying h-likelihood method yield the estimates of latent variables that can be use to
forecast volatility. The new models for volatility forecasting based on NIG-SV model
have been presented. Finally, the new forecasting models have been implemented to the
real data and they perform better than the standard models in many cases.



Chapter 5

Range-Based Volatility Models

Volatility is unobservable in the market and the dynamics of volatility is unknown. To
measure the volatility we need to exploit observable variables. In the previous chapter,
returns have played a key part in volatility modeling. Nevertheless, there are other
observable variables available in financial markets such as trading volume, daily high,
low, open, and close prices. In this chapter, we show how other relevant variables are
exploited to estimate volatility provided a particular process for prices is assumed. Price
range, which is the difference between daily high and low prices, plays an important role
in this section. Although the daily high and low are only two numbers, they provide
a lot of information about volatility since they are extracted from prices record of the
whole day.We introduce some range-based volatility models which assume geometric
Brownian motions to price processes and also propose the new estimators that correct
the discretization error of the existing models. The accuracy and the efficiency of range-
based volatility estimators are investigated by simulations.

5.1 Range-Based Volatility Estimators

Data on the daily range are widely available in board assets over long historical span.
In general, it does not cost the practitioners to obtain the data as in the case of intra-
day prices. Daily range is not only a single number, but it does represents the price
movements over the whole trading day. Thus some investigators utilize the information
contained in the range to estimate volatility rather than the return. Based on the as-
sumption that intraday log prices follow a Brownian motion, ( ) provides
one of the first estimators of volatility from price range. He asserts that the estimator is
five times more accurate than squared return which is the naive estimator and it is un-
biased when expected returns are zero. ( ) improve Parkinson’s
estimator by incorporating open and close prices to the estimator, results in a more
accurate estimator, that is as accurate as the sum of eight squared intraday returns.

( ) compliment the results of ( ) providing
the range-based volatility estimator subject to minimum mean squared error (MMSE)
criterion and also the range-based estimator of the standard deviation.

63
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All these estimators only consider the special case that the expected returns are

Zero. ( ) provide an estimator that is unbiased whatever the
drift is, this estimator incorporates high, low, open and close prices.
( ) discover an accurate probability link between volatility and range data when

intraday prices follow a driftless GBM, that the distribution of log range given volatility
is approximately normal. Further results on range-based volatility estimators appear in
(1953), (1999), (2000).
The estimators of ( ), ( ),
( ) and ( ) have been tested by ( ) using both
simulations and real data. They claim that the variances estimated with range-based
estimators are quite close to the daily integrated variance. These estimators, except

for the estimator of ( ), have been further analyzed by
( ) with numerous simulations and empirical data. He concludes that the estimator
of ( ) is the best estimator that the returns normalized by this

estimator are approximately Gaussian. This result is consistent with the results obtained
from high frequency data. The empirical results support the use of estimators for actual
market data.

For range-based volatility modeling and forecasting, ( ) finds that the
ranges have higher autocorrelations than that of the absolute returns. This indicates
that the ranges are more likely to be forecasted accurately and becomes a satisfactory
option in volatility modeling and forecasting. Range-based volatility models include
the two-factor SV model of ( ), the conditional autoregressive range
model (CARR) of ( ), the range-based EGARCH model of
( ), the range-based threshold conditional autoregressive (TARR) model by

( ) and the asymmetric smooth transition dynamic range models of
(2012).

Range-based volatility models are developed by common assumptions : the trading is
continuous, the volatility is constant during the day, and the log-price process is driftless.
Hence, we firstly assume that price movements during the period of time 7 € [t — 1,¢],
{P;}+—1<r<: follow geometric Brownian motion written in the differential form

dP; = pgPrdr + o PrdB; (5.1.1)

where the drift rate ug and the diffusion coefficient o are assumed constants, and B is a
standard Brownian motion given in Section 2.6.1. Equation (5.1.1) has the well-known

solution ,

P, = PoeXp{<Md - U2> T+0(Br — Bo)}
that the log price p; = log(P;) over the period [t — 1, ] follow a random walk with drift
Pt —Dt—1 =+ o€ (5.1.2)
where u = g — %2 and ¢; = 0 B; ~ N(0,0?%). The price process is driftless if u = 0, i.e.,

Pt — Pt—1 = O€¢. (5.1.3)
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The highest price and the lowest price in the interval [t—1,¢] are H; = sup{S; : t — 1 < 7 < ¢}
and L; = inf{S; : t — 1 <7 <t}. Denote the price at the beginning of the day by O
(open), the price in the end of the day by C; (close), the highest price of the the day Hy,
and the lowest price of the day L;. Then we consider the following variables

c; = log(Cy) —log(Oy), hy =log(H;) —log(Oy), and I; = log(L¢) — log(Oy).

Typically the price on the beginning of the day differs slightly from the closing price
on the previous day. This setting is valuable when the opening jumps are concerned.
However the opening jumps are typically small in comparison to daily volatility. Thus we
assume that the opening jump does not exist, i.e. Oy = Cy_1 and consider the following
quantities

re = ¢ = log(Cy) — log(Cy—1), hy =log(H) —log(Ci—1), and l; = log(L¢) — log(Ci—1).

The difference between log-high and log-low is called price range, denoted by R; = hy—1;.
The estimators of ( ), ( )

( ) and ( ) are investigated in this chapter. For simplicity,
we consider GBM in the unit interval 7 € [0, 1] and drop out the time subscript t.

The Parkinson Estimator Under the assumption that the prices follow a drift-
less Brownian motion in(5.1.3), ( ) proposes one of the first range-based
volatility models,

1

Tog(®) (h —1)2. (5.1.4)

6p =

This estimator is derived in which 42 is an unbiased estimator of o2. It is a result from
the distribution function of the range of the standard Brownian motion derived by

( ). ( ) claims that the estimator is more efficient than the square of
return 72 that is a very common estimator of 0. Parkinson showed that the relative
MSE calculated by MSE (&?D, 02) /MSE (7"2, 02) is 0.20367. This means that Parkinson’s
estimator is approximately five times more efficient than squared return.

The Brunetti-Lildholdt Estimator In addition to Parkinson’s range-based estima-
tor for o2 that is derived subject to unbiasness. provide the
estimator for o subject to MMSE criterion.

2 A4log(2)

Bl = 5e(3) (h—1)* = 0.25628 (b — 1)? (5.1.5)

(-) denotes the Riemann zeta function. In the case of o2, the relative MSE increases
from 0.20367 to 0.43416 when the estimator is constructed subject to the MMSE crite-
rion.
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The Garman-Klass Estimator Not only utilize the information contained in the
range, ( ) seek the minimum variance estimator based on ¢, h
and [ that can be expressed as an analytical function of ¢, h and [. Their estimator is
given by the formula

625 = 0.511(h — 1)> = 0.019(c(h + 1) — 2hl) — 0.383¢2.

The second term is very small and thus they recommend the more practical estimator
neglecting the cross-product term,

62 = 0.5(h — )% — (2log(2) — 1)c*. (5.1.6)

The Roger-Satchell Estimator The previous three estimators are derived from the
driftless Brownian motion. ( ) provide the estimator that allows
arbitrary drift given by

2

6pg=hh—c)+1(l—c) (5.1.7)

They prove that E [h (h —c) +1(l — ¢)] = 0% , therefore 6% is an unbiased estimator of
0% . This estimator 6%5 is independent of drift, it is unbiased even though p # 0.

5.2 Simulation Study on Range-Based Volatility Estima-
tors

The properties of some range-based volatility estimators are tested in

( ) and ( ). The common estimators that have been analyzed in both
investigations are the estimators of Parkinson, Garmann and Klass, and Rogers and
Satchell. ( ) focus on the effects of nonzero drift, and opening jump

on the accuracy and efficiency of each estimator. The impact of changing volatility on
each estimator is also tested. They conclude that if stock prices follow a GBM with
small drift and with no opening jump, the three range-based estimators all provide good
estimation of the true variance. If the drift term is large, the Parkinson estimator and the
Garman-Klass estimator will significantly overestimate the true variance, whereas the
Rogers and Satchell estimator estimator is drift independent. They also find that when
the volatility is time varying, the average estimation error is smaller than the constant
volatility case when the volatility is modeled by a deterministic function of price. This
result shows that the range-based estimators are able to capture the short-run dynamics
of volatility variation.

However, they did not take into account the effects of discretization. ( )
neither considers the discretization effects but he takes a great number of simulations
that a continuous Brownian motion is approximated by a random walk with 100,000 steps
repeated 500,000 simulations. He studies the performance of the estimators when all the
assumptions of these estimators hold perfectly and rates the Garman—Klass estimator as
the best volatility estimator based on daily (open, high, low and close) data. In
( ), the empirical results show that the returns standardized by the Garman-Klass
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volatility estimates are close to normal. That is consistent with the results obtained
from high-frequency data studied by ( ). Therefore, in the absence
of high-frequency data, further development of volatility models based on open, high,
low and close prices is promising.

In this section, we study by simulations the properties of range-based volatility esti-
mators in realistic situations that the assumptions of the estimators do not hold perfectly.
We focus on the effects of nonzero drift and the changing volatility. In
( ), the volatility is simulated with three different models: the constant volatility
model, the deterministic volatility model, and the jump volatility model. Here we sim-
ulate the volatility by the NIG-SV model. We also take into account the impact of
discretization, hence we simulate intraday price paths according to practical record of
transactions. A 5-minute prices record over 9 hours of trading, i.e., from 8:00 to 17:00,
consists only 108 transactions data per day. Hence we take relatively low numbers of
steps comparing to the simulations study in ( ) and ( )
that the number of intraday movements are 500 and 100,000 respectively.

The simulations are directed to examine the performance of each estimator under
two assumptions: the changing drift effects and the changing volatility effects. On each
day, the price is assumed to move 20, 40 and 100 steps that the numbers of movements
correspond to approximately every 30, 15 and 5 minutes prices record over 9 trading
hours respectively. For the constant volatility simulations, the price paths are simulated
by Gaussian random walks. For the stochastic volatility simulations, the price paths are
simulated by NIG-SV models.

5.2.1 Discretization error

In simulations, the Brownian motion is modeled by a random walk with Gaussian steps.
It follows that the maximum of the random walk is in general smaller than the maximum
of the Brownian motion and the minimum of the random walk is greater than the mini-
mum of the Brownian motion. Consequently, all those range-based volatility estimators
will generally underestimate true volatility in simulations. The downward bias is iden-
tified by ( ) and also ( ). ( )
give a correction of the downward bias to their estimators when the number of steps
taken by the random walk in the time interval [0, 1] is known. Assume that we simulate
a log-price path,{po,p1,,p2,...,pr}, by taking k steps of 1/k step size to represent a
Brownian motion, p;, in the time interval 7 € [0,1]. Thus the simulated high and low
prices are given by hy = max {s; : 0 < j <k} and [, = min{l; : 0 < j <k} and p; = ¢y.
They can be written as

h=h+Aandl =1 —A
where A and A have the same law. Then the Rogers-Satchell estimator is
ohs = (h+8) (e +2) =) + (1= A) (1 = A) = 1)

= (AQ + AQ) + A (2hg — pi) — A (2l — pi) + e (hie — pi) + s (L — pi) -
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They show that expectations E[A] = ﬁa and E[A?] = 202, where a = v27 (0.25 — (V2 — 1) /6)

and b = (14 (37/4)) /12. The estimator is then corrected by replacing A, A, A? and
A? by their expectations. Then the corrected estimator 6 gy is the positive root of the
equation

. 20, . 2a )
Q(orsk) = (1-— ?)012!2519 N (hie = k) 6rsk — hi (b, — pr) — Ui (I — pi) = 0.

The solution always exists for & > 2b, since Q(0) — oo as |o] — oo and Q(0) < 0.
Eventually the corrected estimator orgy is given by

. —B+ VB2 —4AC
bRk = 5 (5.2.1)

where A =1- 2 B = —% (hg — ) and C = —hy, (hg — pr) — I (I, — pr). Remark
that the final price p; is the closing price c.

The knowledge of E[A] and E[A?] is very useful since we can also apply this method
to correct the other estimators. The corrected Parkinson’s estimator is 6pj where &py

solves

4b 4a
4log(2) — — ) 62, — —(he — lx)6pr — (b — 1x)? =0 5.2.2
< 0g(2) k>0Pk \/E( k= le)opr — (hi — l) (5.2.2)
The corrected Brunetti-Lildholdt estimator solves
1 4b\ ., da . 2
— — - — — — = = 2.
<0.25628 A > OBLE \/];(hk Ik)oprk — (he = Ix)* =0 (5.2.3)
And the corrected Garman-Klass estimator solves
4b\ . 4da .
<2 — k‘) UéKk — ﬁ(hk — lk)O'G’Kk — (hk — lk)z + (4 log(2) — 2)])% = 0. (5.2.4)

5.2.2 Simulation with constant volatility

Suppose that we simulate a daily log-prices by a k-step Gaussian random walk, then the
following day prices also follow another k-step Gaussian random walk starting from the
previous day last price. The process continues until day n‘*, then we will have a matrix
of size n x k that represents the simulated log prices following a Gaussian random walk
with constant volatility o.

1
Pij+1— Pij = pHT O

wherei ={1,...,n},j={1,...,k} and ¢ ; ~ N(0,1). We take p; 1 = p;_1x hence open-
ing jumps are not allowed. Each p; = p; , is the closing price, A} = max {s;; : 1 < j <k}
and [} = min {s; ; : 1 < j < k} are high price and low price of day i‘" respectively. The
normalized prices at day i are given by

¢ =Pi — Di—1, hi =hj —pi—1and [; =[] — p;_1.
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The simulations are taken subject to variation in drifts, volatilities and numbers of
intraday price movements. Our empirical data has average daily return of 0.0001 and
average daily variance of 4.7x107°. Therefore the drifts are given by 1 = 0, 0.0005, 0.001,
0.005 and 0.01. The daily variances are taken from o2 = 2.5x107%, 10x 1075, 40 x 107
and 90 x 107°. The numbers of intraday movements are 20, 40 and 100. In each
simulation, we simulate price path for 100 days and repeat for 1000 simulations.

The major concerns on an estimator are the accuracy and the efficiency. The accuracy
corresponds to the difference between the true value and the estimate. The efficiency
corresponds to the uncertainty of the estimator. Here we measure the accuracy by loss
functions given in Section 4.1.2, MSE and QL. In each simulation, given the volatility o
constant over n days, the accuracy of the estimator 42 is measured by the average losses

n n
1 2 2

— 1 o o
~2 2 ~2 272 ~2 92
MSE(6°,0%) = nigl(ai —0“)% and QL(67,0°) = n?l <&?_]0g&§_1>'

The absolute errors, |62 — 2|, are also computed. The absolute error is useful when
the bias is concerned. For the efficiency, we measure by the variance ratio between the

Parkinson estimator and the estimator of interest. That is
Eff(6%) = var(6%) /var(6?).

In each simulation, we evaluate the performance of each estimator with the indicated
measures. The simulations are taken 1000 times, then we report the average values of
the measurements in the final results.

5.2.3 Simulation with stochastic volatility

In contrast to Brownian motion that the volatility is constant, the volatility in the
NIG-SV model is stochastic

1
Dij+1 —DPij = %HJrUi,jEi,j (5.2.5)
¢ w
Jz'2,j ~ IG(E’E)

where ¢ = {1,...,n}, 7 = {1,...,k} and ¢; ~ N(0,1). As the consequence of the
close-under-convolution property of NIG distribution, we have the following properties.

(i) If y ~ IG(¢,w) then \y ~ IG(\p,w).
(ii) If y; ~ IG(¢,w) for i =1,2,...,n, then > | y; ~ IG(n¢, nw).
(iii) If y ~ NIG(¢,w) then \y ~ NIG(\2¢,w).
(iv) If y; ~ NIG(¢,w) for i = 1,2,--- ,n, then Y ;" | y; ~ NIG(n¢, nw).

Proposition 9. Suppose € ~ N(0,1) and 0 ~ IG(¢,w), then y = ge ~ NIG(¢p,w).
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We simulate price paths by assuming that intraday volatility 02-27 ; of the day ith follow

an inverse Gaussian distribution az ;~ 1 G(%7 Z), where k is the number of intraday
observations. Then the daily volatility follows o ~ IG(¢,w). By Proposition 9, we
multiply the intraday volatility to the Gaussian random variable to obtain the intraday

return that follows y; j ~ NI G(%7 %) and finally the summation of intraday returns is

the daily return that follows y; ~ NIG(¢,w).
The IG random variables aij are simulated following ( )
employing the method of ( ). If w is distributed as IG(1,’) then v =

w'(u —1)?/u is distributed as a chi-square distribution with degree of freedom one, x?
. Therefore, we begin with simulating v with distribution X% (the square of a standard
normal distribution), then we consider

v VAw'v + 12

ulzl—i—ﬁ— , and up = —.

2w’ U1

The desired w is chosen from u; and uy with probabilities 1/(14wu;) and u; /(14uy ) taking
u = uy or u = ug respectively, it turns out that u is IG(1,w’) distributed. Given w’ = w/k
and multiply u by 1/k, we obtain the intraday volatility sz =u/k ~ IG(¢/k,w/k).
The daily volatility is simply the summation of intraday volatilities that turn out to be
0?2 ~ IG(¢,w). In simulations, we assume that our data are generated by (5.2.5). The
volatility is stochastic with fixed expected daily variance ¢ = E[o?] = 10 x 107°. In
stead of vary the volatility that is already stochastic, we vary the kurtosis of the daily
returns. In our empirical data, the average kurtosis is 4.42. Accordingly, we vary the
kurtosis by 1, 3, 5 and 7 that results in varying the parameter w = 1, 1/3, 1/5, and 1/7
respectively. The drifts are taken from the same list as in the case of constant volatility
simulations.

5.3 Discussion on the Results

Table 5.1 shows partial results from the simulations with constant volatility. In panel
(a), the log prices follow driftless Brownian motion. The Garman-Klass estimator is the
most accurate estimator when the accuracy is measured by MSE. It is also the most
efficient estimator in term of relative variance. The corrected Garman-Klass estimator
is the most accurate estimator in term of QL measure. The squared return and the
(corrected) Parkinson estimators are less bias but the large MSE in the squared return
show that it is very noisy estimator. The Brunetti-Lildholdt esimator has smallest
standard deviation as it was constructed for. All range-based estimators are less bias
with the correction of discretization error. The QL losses of the squared returns is
4502910, that we replace any number greater 1000 by ’inf’. The extremely high level of
QL measure is the result of near zero divisors. Since the QL function involves the ratio
between the true value and the estimate, the QL loss increases highly if the estimate is
close to zero. The naive estimator suffers the most by the QL measure because of the
zero returns. In the case of the Rogers-Satchell, the estimator is zero if the intraday
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prices move in one direction that the close price equals to either the high or the low
price.

In Table 5.1 panel (b), the log prices follow Brownian motion with (very large) drift.
The Garman-Klass is impressively robust. It has small QL, the MSE increases slightly
but the bias is even smaller. The Rogers-Satchell and its correction are robust under the
change in drift as they are expected. The Parkinson estimator and the Brunetti-Lildholdt
estimator including their corrections deteriorate by the increasing drift when we measure
the MSE. Nevertheless, they perform better when the QL measure is employed. In fact,
all estimators improve in term of QL losses when the drift is increased. The full results
of all sixty simulation schemes in the end of this chapter show that the Garman-Klass
estimator is the best performing estimator. It wins 59 of 60 in the MSE competitions
while its correction wins all the QL competitions.

Table 5.2: The effect of discretization when log prices follow Brownian motion with
02 = 10. The averages of variance estimates (x10° ) with 95% confidence intervals are
presented.

(a) Log prices follow driftless Brownian motion p =0

k r2 P Py BL BLy GK GKj, RS RSy
20 9.97 7.46 9.73 5.30 6.61 6.49 9.57 6.41 9.32
(2.73)  (1.06) (1.39) (0.76) (0.94) (0.78) (1.14) (0.95) (1.26)
40 9.94 8.09 9.72 5.75 6.70 7.38 9.59 7.34 9.45
(2.77)  (1.13)  (1.35) (0.80) (0.93) (0.85) (1.10) (1.01) (1.23)
100 10.01 8.75 9.80 6.22 6.84 8.26 9.69 8.24 9.62

(2.77)  (1.17)  (1.31) (0.83) (0.91) (0.92) (1.08) (1.06) (1.21)

(b) Log prices follow driftless Brownian motion g = 0.01

k r2 P Py BL BLy GK GKy, RS RSy
20 20.14  10.96  14.30 7.79 9.72 7.42  11.45 5.95 9.34
(4.78)  (1.71)  (2.23) (1.21) (1.51) (0.88) (1.37) (0.99) (1.33)
40 19.89  11.61  13.94 8.25 9.61 8.41  11.25 7.02 9.45
(4.83)  (1.87) (2.24) (1.33) (1.54) (1.09) (1.46) (1.12) (1.40)
100 20.02  12.35  13.83 8.78 9.65 9.39  11.20 8.01 9.58

(4.72)  (1.78)  (1.99) (1.27) (1.39) (1.03) (1.24) (1.09) (1.24)

The original estimators poorly estimate the true variance when the number of intraday movements is as
small as 20. The corrections significantly improve the bias both when the drift is zero and the drift is

large.

Table 5.2 show the effect of discretization error. In the case of driftless Brownian
motion, all the range-based estimator underestimate the true volatility if the number
of intraday movements is as small as 20. The true volatility is not in 95% confidence
interval of any uncorrected estimator. The corrected estimators significantly improve
the downward bias. Increasing the intraday movements to 100 does not guarantee that
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Table 5.1: The accuracy and efficiency of range-based volatility estimators when log

prices follow Brownian motion with intraday movements k& = 40, daily variance 0 =

10 x 107°.

(a) Log prices follow driftless Brownian motion p =0

r2 P Py BL BL, GK GK; RS RSy
Mean 9.94 8.09 9.72 575 6.70 7.38 9.59 7.34  9.45
Absolute error  0.06  1.91 0.28 4.25 3.30 2.62 0.41 2.66  0.55

Standard error 1.41 0.57 0.69 0.41 0.48 0.43 0.56 0.52  0.63

MSE 19.83 3.76 4.90 3.52 3.41 2.69 3.37 3.48 4.18
QL inf 0.46 0.33 0.88 0.66 0.48 0.27 26.77 0.89
Efficiency 0.20 1.00 0.78 1.06 1.09 1.40 1.13 1.10 0.93

(b) Log prices follow Brownian motion with drift x4 = 0.01

r2 P Py BL BL, GK GKj RS RS
Mean 19.89 11.61 13.94 8.25 9.61 8.41 11.25 7.02  9.45
Absolute error 9.89  1.61  3.94 1.75 0.39 1.59 1.25 2.98 0.55

Standard error 2.46 0.95 1.14 0.68 0.79 0.56 0.75 0.57 0.72

MSE 69.63 8.69 13.71 4.56 5.79  2.96 5.04 3.90 4.68
QL inf 0.37 0.30 0.63 0.49 0.40 0.24 12.26 1.08
Efficiency 0.13 1.00 0.63 1.88 1.49 2.94 1.75 2.26  1.92

In panel (a), the corrected Garman-Klass estimator (GKy) is the most accurate estimator in term of QL
measure. The squared return (r7) and the Parkinson estimator and its correction (P and Pj) are less
bias. The large MSE in the squared return show that it is very noisy estimator. The Brunetti-Lildholdt
esimator has smallest standard deviation. All range-based estimators are less bias with the correction
of discretization error.

In panel (b), when the drift is very large, the Garman-Klass estimator (GK) still performs properly with
small QL and MSE. The Rogers-Satchell (RS) and its correction (RSy) are robust under the change
in drift as they are expected. The Parkinson estimator (P) and the Brunetti-Lildholdt estimator (BL)

including their corrections (Pr and BLyg) deteriorate by the increasing drift when measure by MSE.
Note: Each simulation has 100 days with k movements per day. The simulation is repeated 1000 times.
The MSE and QL measure the accuracy of the estimator. The smaller the value of MSE (QL), the
greater the accuracy of the estimator. The efficiency is relative to the Parkinson estimator. The higher
value of efficiency is preferred. The absolute error measures the average distant from the true volatility.
The values of Mean, Absolute error and Standard error are scaled by 10°, the values of MSE are scaled
by 10°.
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Table 5.3: The accuracy and efficiency of range-based volatility estimators when log
prices follow NIG-SV model with intraday movements k& = 40, expected variance F [02-2] =
10 x 1075, kurtosis 1/w = 5.

(a) Log prices follow NIG-SV model p = 0, average variance = 9.8 x 107°

r? P Py BL BLj GK  GKp RS RSk
Mean 9.85 5.53 6.64 3.93 4.58 3.86 5.19 3.23 4.36
Absolute error 0.05 4.27 3.16 5.87 5.22 5.93 4.61 6.57  5.44
Standard error 2.48 1.07 1.28 0.76 0.88 0.63 0.85 0.57 0.74

MSE 85.61 14.21 15.55  14.46 14.05 14.24 12.65 17.09 4.60
QL inf 2.07 1.60 3.33 2.70 2.47 1.61 12.78 3.59
Efficiency 0.26 1.00 0.95 0.98 1.00 1.03 1.15 0.85  3.25

(b) Log prices follow NIG-SV model y = 0.01, average variance = 9.72 x 107>

r? p P BL BLj GK  GKp RS RSk
Mean 19.68 9.21 11.06 6.54 7.63 5.17 7.16 3.47  4.88
Absolute error 9.96 0.51 1.34 3.18 2.10 4.56 2.56 6.26 4.85
Standard error 3.26 1.28 1.54 0.91 1.06 0.70 0.95 0.67 0.85

MSE 85.61 15.78 19.65 13.66 14.03 12.71 11.60 16.75 4.60
QL inf 0.77 0.66 1.14 0.95 1.18 0.73 51.81 4.56
Efficiency 0.29 1.00 0.82 1.16 1.12 1.33 1.42 0.99 3.59

In both cases, the corrected Rogers-Satchell estimator is significantly better than the others in term
of MSE measure, whereas the corrected Parkinson estimator performs best with QL measure. The
corrections improve the downward bias only slightly. When the drift is introduced, the MSE change very

little but the QL decrease in most cases.

the true volatility will be met. In the case of Brownian motion with drift, all but
the Parkinson estimator have average estimates lower than the true volatility at 20
and 40 intraday movements. The Parkinson estimator becomes overestimating when
the number of movements increase to 100 but the other estimators improve with the
increasing number of movements and the corrections.

Table 5.3 show the partial results when the log price is assumed to follow the NIG-SV
model. The best performing estimators are almost identical in both cases with large drift
and without drift. The corrected Rogers-Satchell estimator is significantly better than
the others in term of MSE measure, whereas the corrected Parkinson estimator performs
best with QL measure. The corrections improve the downward bias only slightly. Among
the uncorrected estimators, all but the Rogers-Satchell estimators have almost similar
MSE when the drift is zero. When the large drift is introduced, the Garman-Klass and
the Brunetti-Lildholdt estimators have smaller MSE whereas the QL losses decrease in
all uncorrected estimator except for the Rogers-Satchell estimator.

Table 5.4 show that the number of intraday movements in simulation has minor effect
on the bias. In the case of driftless simulations, all but squared returns underestimate the
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Table 5.4: The effect of discretization when log prices follow NIG-SV model with E[c?] =
10 x 10°, kurtosis=5. The averages of variance estimates (x10° ) with 95% confidence
intervals are presented.

(a) Log prices follow NIG-SV model p =0

k r2 P Py BL BLy GK GKj, RS RSy
20 9.60 5.26 6.86 3.74 4.66 3.59 5.53 2.96 4.62
(5.50)  (2.29) (2.99) (1.63) (2.03) (1.26) (1.99) (1.09) (1.62)
40 9.85 5.53 6.64 3.93 4.58 3.86 5.19 3.23 4.36
(4.86)  (2.09) (2.51) (1.48) (1.73) (1.23) (1.67) (1.12) (1.45)
100 9.78 5.65 6.33 4.02 4.42 4.06 4.86 3.45 4.14

(5.33)  (2.26) (2.53) (1.60) (1.76) (1.30) (1.57) (1.15) (1.35)

(b) Log prices follow NIG-SV model p = 0.01

k r2 P Py BL BL GK GKj, RS RSk
20 1947 888  11.58  6.31 7.87 479 775 3.07 520
(6.17) (2.45) (3.19) (1.74) (2.17) (1.37) (2.13) (1.35) (1.92)
40 19.68 921  11.06 654  7.63 517 716 347  4.88
(6.39) (2.51) (3.02) (1.79) (2.08) (1.37) (1.86) (1.31) (1.66)
100 19.99 952  10.66 6.76 744 548  6.69  3.77  4.61

(6.63) (2.63) (2.95) (1.87) (2.06) (1.44) (1.75) (1.36) (1.58)

The number of intraday movements in simulation has minor effect on the bias. In the case of driftless
simulations, all but squared returns underestimate the expected variance even though the number of
intraday movements is increased to 100. When the drift is added, the Parkinson estimator is considered

to be the best estimator because of small bias and high efficiency.

expected variance even though the number of intraday movements is increased to 100.
The squared return is unbiased estimator if the drift does not involve, however it is very
noisy because of high standard deviation. The Parkinson estimator has downward bias
if the drift is zero but it is more accurate when the large drift is added. The Parkinson
estimator is considered to be the best estimator because the small bias is compensated
by the high efficiency.

Table 5.5 show the performance comparison of the estimators when the price pro-
cesses follow different models. Clearly, most of the estimators are less accurate when
the volatility is stochastic. Nevertheless, the range-based estimators are still a lot better
than the squared return. With the MSE measure, the corrected Rogers-Satchell is the
most robust estimator under the change in volatility whatever the drift is.

5.4 Summary

The simulation study in this chapter shows that the range-based volatility estimators
are very efficient comparing to the squared return in both cases that the true volatility
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Table 5.5: The accuracy of the range-based estimators when the price processes follow
GBM and NIG-SV models.

Model r? P Py BL BLy, GK  GKj RS RSy
Panel A: p=0
MSE { GBM 19.83  3.76 490 352 341 269  3.37 348 4.18
NIG-SV  85.61 14.21 1555 14.46 14.05 14.24 12.65 17.09 4.60

QL GBM inf 0.46 0.33 0.88 0.66 0.48 0.27  26.77 0.89
NIG-SV inf 2.07 1.60 3.33 2.70 2.47 1.61 12.78  3.59

Panel B: = 0.01
MSE GBM 69.63 8.69 13.71 4.56 5.79 2.96 5.04 3.90 4.68
NIG-SV  85.61 15.78 19.65 13.66 14.03 12.71 11.60 16.75 4.60

QL { GBM inf 0.37 0.30 0.63 0.49 0.40 0.24 12.26  1.08

NIG-SV inf 0.77 0.66 1.14 0.95 1.18 0.73 51.81 4.56
Most of the estimators are less accurate when the volatility is stochastic but they are a lot better than

the squared return. With the MSE measure, the corrected Rogers-Satchell is the most robust estimator

under the change in volatility regardless the size of the drift.

is constant and stochastic. Even though the price process involves the drift, the range-
based estimators are still accurate. The number of intraday movements can be used to
increase the accuracy of the estimators. This number can be replaced by the number of
intraday transactions if it is available. If the number of intraday movements is unknown,
the Garman-Klass estimator performs relatively accurate in both constant and stochastic
volatility models. The Parkinson estimator is also a proper estimator when the volatility
is stochastic. Therefore, the use of range and exogenous variables is very satisfactory
in modeling the volatility. We take this advantage to create a new stochastic volatility
model incorporating exogenous variables in the next chapter.
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Chapter 6

Dynamic Normal Inverse
Gaussian Models

In this chapter, we incorporate all the information obtained from previous chapters to
construct new stochastic volatility models. The models are defined and their properties
are given in the first section. Then the methods for estimation and forecasting are
proposed. The estimation methods are implemented to the real data and the parameters
are tested for the signification. The forecast performances are compared to the standard
models and the NIG-SV models given in Chapter 4.

6.1 The DNIG Model

In previous chapters, several volatility models have been studied. We found that the
NIG-SV models are well fitted to the data and the HGLM method of estimation allows us
to make forecast with NIG-SV models. Moreover, the simulations in Chapter 5 illustrate
the relevance of using the price range as volatility estimator. In this chapter, we propose
new SV models that take advantages of the previous models by incorporating the range
in to the NIG-SV model and applying the HGLM approach to estimate the model’s
parameters.

The new volatility model is developed by combining the ideas of three volatility
models: the standard SV model, the NIG-SV model and the range-based volatility
estimators. The standard SV model ( , ) in (2.5.9) is defined by a Gaussian
AR(1) process for the logarithm of volatility. It receives a lot of attention because of the
capability in describing volatility and return. However, the parameter estimation for the
standard SV model is complicated when the MLE is applied to estimate the parameters
because the likelihood function is difficult to compute. In another way, the NIG-SV
model that the volatility is specified by a random variable is capable of explaining the
distribution of returns and the estimation can be easily done by MLE or H-likelihood. We
also find that the variance and the kurtosis of returns that are related to the parameters
of the NIG-SV model significantly change during the crisis. It motivates us to provide
the dynamics that drives the volatility in the NIG-SV model as in the standard SV

[
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model.

The difficulty of estimating the standard SV model arises from the inability to ob-
serve the past volatility in the AR(1) process, therefore the estimation requires excessive
computation. Substituting the unobserved variable log(o? ;) by a proper volatility esti-
mates would simplify the estimation procedure. Here we choose the range as the volatility
estimator as we have proven its relevance in the previous chapter. The combination of
these ideas lead us to the dynamic NIG stochastic volatility (DNIG) model.

6.1.1 Definition

Suppose that the volatility are constant over a unit-time period and the intraday prices
follow

de = GTdBT
o V1 € (t —1,¢].

Or

Define the daily log-range by R; := max, ¢(;—1 {log Sr }—min ¢ ;_1 g{log S;} = log(H;)—
log(Lt). The dynamic NIG stochastic volatility model of order 1, denoted by DNIG(1),
is defined by

Yt = Ot€t, €t ~~ lldN(O, ].)
log(c?) = a+ Blog(R? |)+b (6.1.1)
Ut =exp(b:) ~ IG(1,w).

There are three parameters, namely «, 8 and w. This specification defines the dynamics
for the logarithm of volatility as the combination of the observation o+ (8 log(Rf_l) and
the random effect b;. The distribution of volatility conditional on past history is inverse
Gaussian with a constant parameter w and a time-varying parameter ¢,

Ut2|~7:t—1 = exp (a + ﬁlog(th_l)) up ~ IG (¢, w),

where ¢; = exp (a +p log(Rfﬁl)) and JF is the set of information up to time t. Then the
distribution of the return conditional on past information is normal inverse Gaussian,

yt‘ft—l NNIG(¢t,w) (612)
Thus the variance and the kurtosis of the return conditional on past history is
var(ye| Fi—1) = ¢r = exp (a + ﬁlog(Rf_l)) and kurt(y|Fi—1) = w.

It is easily seen that the DNIG(1) model is the NIG-SV model if the parameter 8 equals
to zero. The DNIG model is constructed by assigning the dynamics to the volatility and

the returns are conditionally distributed as NIG, hence we name this model the dynamic
NIG-SV model.
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6.1.2 Higher order setting

The DNIG(1) model simply considers the volatility driven by the previous log-range.
The model can be extended to incorporate higher order of past history. The DNIG
model of order k, denoted by DNIG(p), is defined by

Yt = o€, € ~ 1.i.d.N(0,1)
log(c?) =a+ Y7 Bilog(R,)+ b (6.1.3)
Ut =exp(b) ~ IG(1,w).

This extension is one of most advantages of the DNIG model comparing to the standard
SV model because the standard SV model has never been extended to incorporate higher
order of autoregression. One of the reasons that the standard SV models with higher
orders have not been investigated because the estimation is cumbersome even in the
case of the first order standard SV model. The DNIG model allows us to investigate
more in the short-term dynamics of volatility. In the later section, we mainly employ
the DNIG(1) and the DNIG(2) models to explore their properties.

6.2 Parameter Estimation

Another advantage of the DNIG model is that the dynamics involves observable vari-
ables, the ranges, instead of the past volatility that is unobservable. The conditional
distributions of observed returns are known and thus the estimation is uncomplicated.
The parameter estimation is done in two approaches, the maximum likelihood estima-
tion and the h-likelihood estimation. Here we give the explicit expression for estimation
in the case of DNIG(1) model. The methods also apply to the higher order models.

6.2.1 Maximum likelihood estimation

The knowledge of the conditional distribution of the return allows us to construct the
likelihood function for parameters estimation.Suppose that the returns {y;:}}; follow
the DNIG(1) model with the set of parameters ©® = (a,f,w)’. Given the observed
information set F,, including the returns {yi,%2,,...,yn} and the ranges {Ri,..., Ry},
the distribution of the return y; conditional on past history is normal inverse Gaussian
as in (6.1.2). The probability density function of the NIG(¢,w) distribution has been
given in (3.1.5).Hence the log-likelihood function is explicitly written in terms of «,
and w as

o, Byw) = ZIOg(f(yt‘ft—ﬁavﬂuW))
t=1

= n[log(w) + w —log(m)] + Z {—; log (y7 + wexp(a + Blog(Rfl(ﬁ.}l)

t=1
+ Zn: log | K1 wyt + w?
t=1 exp (o + Blog(R7_,))
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Maximizing the log-likelihood function in (6.2.1) provides an appropriate estimate of the
parameter © from the observed information.

6.2.2 H-likelihood estimation

The model (6.1.1) can be viewed as HGLM with random effects in the dispersion. Then
the associated h-likelihood is applied

= "{log f(yslbs; o, B) + log f(by;w)}
t=1

where b = {b:}}_, is the vector of random effects. Since y;|b; is normally distributed
with zero mean and variance o7 , then

L oe(o?) — & 1y7
log f(yt’bt;avﬁ) = —ilog(ot) — 3 log(Qﬂ-) — 5?
t

= —% {(a+ Blog(R7_) + by) + log(2m) }
—%yf exp [— (o + Blog(R;_;) + br)] (6.2.2)

The pdf of b; is f(by;w) = |Ou(be)/Obe| - fu (u(bt); w) where u(by) = exp(by) ~ IG(1,w).
The pdf of u ~ IG(1,w) has been given in (4.2.4) , therefore

log f(b;w) = log(exp(br) - f(exp(br);w))

- %log(w) _ %log(%r) bw— % < (exp(-b) +exp(h) (6:23)

Hence the h-likelihood is (6.2.2) plus(6.2.3). At a fix time ¢, we use the notation
hi(be; ©) = log f(ye|be; v, B) + log f(by; w), then

1 1 1
hi(bi;©) = w+ 3 log(w) — 2%~ log(2m) — 5/310g(R371)

2 (exp(~b0) + exp(b) — 37 exp [~ (o -+ Floa(BE) +b0)] — b

Consequently we reach

h(b;0) = n [w + %log(w) - %a - log(27r)] - %BZlog(RtQ_l)
t=1

—fw Z (exp(—bt) + exp(br)) Z {yt exp [— (a+ Blog(R? ) + be)] + 20}

The marginal log-likelihood I = [ exp(h)db is approximated by the Laplace approxima-
tion ( , )

po(h) = h — %log det {D(h,b)/(2m)} |, s (6.2.4)
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where D(h,b) = —9%h/db? and b solves dh/db = 0. Consider

h 1 1
o = Vi exp [ (o + Blog(Ri_y) + bi) ] = 5w (= exp(=by) + exp(by))

and

Ph | —3ytexp[— (a+ Blog(R: ) +bt)]| — tw (exp(—by) + exp(by)), s=t
b, )0 st

then b; that solves Oh/Oby =0 is

A —1 w2+ wyfexp [~ (o + Blog(RP,))] +1
bt :10g

- (6.2.5)

The model parameter © = (o, 8,w)" is directly obtained by maximizing (6.2.4) and the
estimates of random effects b = (b1, ..., b,) are extracted by (6.2.5). The standard errors

,std.err, can be computed from the hessian H = [82pb/802”9:é, std.err; = \/}i,i where
I=—-H1 Eventually, the volatility is estimated by

62 = exp <a + Blog(R? ;) + l;t> . (6.2.6)

6.2.3 Empirical results on estimation

Table 6.1 shows that the estimated parameters with both maximum likelihood and h-
likelihood methods when the returns follow the DNIG(1) model. The estimated pa-
rameter from both methods are very similar, especially the estimates of a and 5. The
estimates of w are also lie in 95% confidence intervals of each other in most cases even
though they are slightly different.

The estimates of w in GBP-c1, EUR-post and GBP-post are extremely high and
have large standard errors with the maximum likelihood method whereas the estimates
from h-likelihood method are more consistent with the estimates from other series. The
higher estimated values of w in EUR-post, GBP-post, EUR-c1 and GBP-c1 correspond
to the lower kurtosis in the marginal distributions presented in Section 3.2. That the
kurtosis are 0.09, 0.19, 0.30 and 0.39 respectively. When the time series are taken from
the whole period of EUR, JPY and GBP, the parameter 3 are significantly different from
zero. The estimates of 8 range from 0.319 to 0.469 which are close to the constant of
the Parkinson estimator 0.361. Table 6.2 shows similar results when the returns follow
the DNIG(2) models.

Table 6.3 show the log-likelihood ratio statistics when the goodness-of-fit are com-
pared among the NIG-SV, the DNIG(1) and the DNIG(2) models. The null hypothesis
is that the null model which is the restricted case of the alternative model are similar
fitted to the data. The alternative hypothesis is that the alternative model is better
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Table 6.1: Parameter Estimates and their 95% confidence intervals for DNIG(1) models
with MLE and h-likelihood methods.

. Maximum likelihood H-likelihood
Series
« 53 w « B w
EUR -0.846  0.356 1.461 -0.843  0.357  1.495
(0.057)  (0.046)  (0.336) (0.052)  (0.046) (0.176)
JPY -0.704  0.319 1.460 -0.701  0.319 1493
(0.055) (0.049)  (0.307) (0.051) (0.049) (0.171)
GBP -0.788  0.467 2.168 -0.758  0.469  1.659
(0.052) (0.041)  (0.537) (0.051) (0.043) (0.202)
EUR-pre -1.786  -0.106 2.349 -1.729  -0.098  1.653
(0.135)  (0.099)  (1.190) (0.139)  (0.102) (0.374)
JPY-pre -1.484  -0.080 2.047 -1.456  -0.090  1.629
(0.122) (0.108)  (1.011) (0.119)  (0.109) (0.370)
GBP-pre -1.629  -0.066 2.173 -1.606  -0.079  1.642
(0.131)  (0.096)  (1.175) (0.132)  (0.099) (0.378)
EUR-cl -1.169  0.206 2.838 -1.133  0.211 1.707
(0.134) (0.115)  (2.462) (0.137)  (0.122) (0.504)
JPY-cl -0.691  0.263 2.308 -0.664  0.258  1.737
(0.112) (0.113)  (1.177) (0.111)  (0.117) (0.481)
GBP-cl -1.250  0.176 7.361 -1.194  0.171 1.998
(0.125) (0.128)  (9.711) (0.142) (0.142) (0.644)
EUR-c2 -0.152  0.213 1.077 -0.194  0.223  1.393
(0.166) (0.140)  (0.487) (0.145) (0.136) (0.354)
JPY-c2 -0.220  0.243 1.611 -0.219  0.245 1.560
(0.140)  (0.117)  (0.719) (0.135)  (0.116) (0.400)
GBP-c2 -0.288  0.483 2.238 -0.264  0.483 1.712
(0.145)  (0.109)  (1.177) (0.146)  (0.111) (0.471)
EUR-post -1.013  -0.043  700.883 -0.928  -0.067  2.214
(0.072)  (0.090) (262.144) (0.089) (0.108) (0.639)
JPY-post -0.747  0.062 1.724 -0.736  0.061 1.580
(0.097) (0.107)  (0.717) (0.092) (0.108) (0.343)
GBP-post -0.925  0.078 16.537 -0.848  0.080  2.447

(0.075) (0.118)  (23.336) (0.089) (0.131) (0.723)

The parameters estimates for DNIG(1) models from MLE and h-likelihood methods are con-
sistent. The h-likelihood estimation always converges but the maximum likelihood estimation
does not converge or converges with extremely high standard error when the kurtosis are close
to zero.

fitted to the data. In our cases, the NIG-SV model is the restricted case of the DNIG(1)
model. And the DNIG(1) model is the restricted case of the DNIG(2) model. The p-
values less than 0.1 indicate that the null hypothesis are rejected at 90% confidence. It
is clear that the DNIG(2) model improves the goodness-of-fit when it is compared to the
NIG-SV model in most cases. It also improves the goodness-of-fit in many cases when
it is compared to the DNIG(1) model.
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Table 6.2: Parameter Estimates and their 95% confidence intervals for DNIG(2) models
with MLE and h-likelihood methods.

Series Maximum likelihood H-likelihood
a b1 B2 w a b1 Bo w
EUR -0.850  0.184 0.362 2.064 -0.825  0.182 0.362 1.614
(0.054) (0.051) (0.050)  (0.543) (0.053) (0.052) (0.052) (0.197)
JPY -0.713  0.213 0.255 1.553 -0.707  0.213 0.256 1.511
(0.055) (0.054) (0.055)  (0.327) (0.051) (0.054) (0.055) (0.173)
GBP -0.799  0.299 0.305 2.906 -0.754  0.301 0.302 1.761
(0.049) (0.050) (0.050) (0.822) (0.051) (0.053) (0.053) (0.223)
EUR-pre -1.627  -0.101  0.183 2.702 -1.591  -0.109  0.187 1.715
(0.166)  (0.097) (0.100)  (1.440) (0.174) (0.101) (0.104) (0.396)
JPY-pre -1.352  -0.109  0.263 2.195 -1.315  -0.105  0.268 1.641
(0.135) (0.107) (0.102)  (1.063) (0.134) (0.110) (0.105) (0.370)
GBP-pre -1.632  -0.046 -0.011 2.179 -1.606  -0.047 -0.013 1.618
(0.159) (0.097) (0.094) (1.178) (0.162)  (0.100) (0.098) (0.369)
EUR-cl -1.115  0.188 0.109 3.429 -1.069  0.192 0.105 1.695
(0.143) (0.114) (0.111)  (3.486) (0.152) (0.124) (0.121) (0.496)
JPY-cl -0.694  0.229 0.122 2.420 -0.657  0.228 0.118 1.725
(0.111) (0.119) (0.140) (1.229) (0.112) (0.124) (0.144) (0.471)
GBP-c1 -1.212  0.152 0.084 8.315 -1.157  0.142 0.069 1.965
(0.140)  (0.130) (0.134) (11.761) (0.160)  (0.145) (0.148) (0.619)
EUR-c2 -0.314  0.032 0.357 1.368 -0.320  0.033 0.358 1.460
(0.165) (0.151) (0.137)  (0.657) (0.152)  (0.150) (0.136) (0.375)
JPY-c2 -0.242  0.200 0.079 1.632 -0.233  0.202 0.080 1.537
(0.145) (0.131) (0.122) (0.730) (0.141) (0.131) (0.123) (0.390)
GBP-c2 -0.395  0.340 0.249 2.672 -0.351 0.346 0.241 1.754
(0.152) (0.126) (0.131)  (1.530) (0.156) (0.131) (0.135) (0.489)
EUR-post -1.019 -0.068 0.118 688.119 -0.937  -0.102  0.162 2.119
(0.072) (0.092) (0.098) NaN (0.090) (0.110) (0.118) (0.584)
JPY-post -0.743  0.056 0.040 1.724 -0.729  0.054 0.040 1.554
(0.097) (0.108) (0.103)  (0.722) (0.092) (0.109) (0.105) (0.334)
GBP-post -0.930  0.067 0.133 27.629 -0.847  0.070 0.104 2.377

(0.073) (0.117) (0.112) (67.153)  (0.089) (0.133) (0.129) (0.685)

The parameters estimates for DNIG(2) models from MLE and h-likelihood methods are consistent
as same as the results for DNIG(1) models. The h-likelihood is preferred because the estimation
always converses in our data set.

Table 6.3: The log-likelihood ratio statistics and the corresponding p-values of the null
model vs the alternative model. The series are modeled by NIG-SV, DNIG(1) and
DNIG(2) models.

NIG-SV vs DNIG(1)  NIG-SV vs DNIG(2)  DNIG(1) vs DNIG(2)

D p-value D p-value Dg, p-value
EUR 56.34 6.11E-14 111.45  6.29E-25 55.11 1.14E-13
JPY 4229  7.87E-11 69.06 1.01E-15 26.77 2.29E-07
GBP 117.07  2.77E-27 159.06  2.89E-35 41.98 9.20E-11
EUR-pre 1.16 0.280 12.64 0.002 11.48 0.001
JPY-pre 0.55 0.457 13.22 0.001 12.67 3.72E-04
GBP-pre 0.48 0.490 5.92 0.052 5.45 0.020
EUR-cl 3.11 0.078 4.54 0.103 1.43 0.231
JPY-cl 5.29 0.022 6.99 0.030 1.70 0.192
GBP-cl 1.81 0.179 2.52 0.284 0.71 0.400
EUR-c2 2.29 0.130 10.26 0.006 7.97 0.005
JPY-c2 445 0.035 6.42 0.040 1.97 0.160
GBP-c2 18.96  1.33E-05 23.26  8.90E-06 4.29 0.038
EUR-post  0.23 0.634 5.59 0.061 5.36 0.021
JPY-post 0.34 0.562 1.78 0.411 1.44 0.230
GBP-post  0.45 0.504 3.66 0.160 3.22 0.073

The boldfaced p-values indicate that the null hypothesis of similar likelihood are rejected at 90% confi-
dence. The test statistic D are distributed as chi-square distributions with k degree of freedom, where
k is the difference between the numbers of models’ parameters. Most cases the DNIG(2) models are
better fitted to the tested series than the NIG-SV and the DNIG(1) models. The DNIG(1) models are
better fitted to the series in the crises than the NIG-SV models. Overall, both DNIG(1) and DNIG(2)
models are better fitted to the series than the NIG-SV models.
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Figure 6.2.1: The evolution of log-likelihood ratio statistics when the NIG-SV model is
tested against the DNIG(1) model.
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The values of the statistic D are plotted at the final day of each estimation period using all available
information up to that day and reestimate every five days. The red dashed lines indicate the critical
values where the statistics are different from zero at 90% confidence. The test statistics of EUR, JPY
and GBP first cross the critical lines at 15 Aug 2008, 14 Mar 2008 and 3 Oct 2008 respectively.

It is remarkable that in the pre-crisis and the post-crisis periods, the null hypothesis
holds for the NIG-SV model against the DNIG(1) model. This indicates that the param-
eter B of the DNIG(1) model is close to zero in the regular period, but it becomes more
significative in the crises. This may be used as an indicator that a crisis is occurring
in the period of estimation. Figure 6.2.1 shows the evolution of the log-likelihood ratio
statistics when the models are estimated using all available data up to that day. The
red dashed lines indicate the critical values where the DNIG(1) model is fitted to the
data better than the NIG-SV model with 90% confidence. The test statistics of EUR, JPY
and GBP first cross the critical lines at 15 Aug 2008, 14 Mar 2008 and 3 Oct 2008 respectively.

6.2.4 Residual analysis

The empirical study of returns with high-frequency data by ( )
shows that the standardized returns (returns divided by their standard deviations) are
normally distributed. This results correspond to the first line in (2.5.9). Theoretically,
the distribution of returns standardized by their true volatility y;/o: = ¢ ~ N(0,1) are
standard normal.Thus we expect that returns standardized by proper volatility estimates
are normally distributed with zero mean and unit variance. Therefore the volatility
model is able capture the information that causes heavy-tailed distribution in the returns
into its dynamics and thus the standardized returns have no heavy tails.

In this section we study the volatility estimated by DNIG models and consider the
distributions of standardized returns. The h-likelihood method allows us to estimate
the volatility by (6.2.6) that involves the observed ranges and the estimates of random
effects. After we estimate the model parameters by h-likelihood for each time series, we
compute the volatility estimates and the standardized returns.
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Table 6.4: Summary statistics for returns standardized by volatilities estimated from
NIG-SV, DNIG(1) and DNIG(2) models.

NIG-SV DNIG(1) DNIG(2)
mean SD  skewness kurtosis mean SD  skewness kurtosis mean SD  skewness kurtosis
EUR  -0.01 0.95 0.04 -0.63 0.00 0.90 0.07 -0.67 0.00 0.95 0.06 -0.72
JPY -0.01  0.95 0.10 -0.63 -0.01 1.01 0.11 -0.61 -0.01 0.95 0.13 -0.66
GBP 0.01 0.95 -0.06 -0.62 0.01 0.92 -0.06 -0.43 0.02 0.95 -0.04 -0.75

Figure 6.2.2: The histograms for returns standardized by the volatility estimates from
DNIG models

(a) The distributions of returns standardized by NIG-SV volatility estimates.
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(b) The distributions of returns standardized by DNIG(1) volatility estimates.
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(c) The distributions of returns standardized by DNIG(2) volatility estimates
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The returns standardized by volatility estimates from DNIG models are very well fitted to the standard
normal distribution. This implies that the information about the returns has been captured into the

dynamics of volatility, left only the Gaussian noises in the standardized returns.

The summary statistics for standardized returns are shown in Table 6.4. The his-
togram for each time series is drawn along with the densities of the standard normal
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distribution and the fitted normal distribution.

The standardized returns are very well described by the standard normal distribution
both in the summary statistics and the histograms shows in Figure 6.2.2b and Figure
6.2.2c. The presences of skewness and kurtosis are very small in all cases, the means are
almost zero and the standard deviations are only slightly different from one. It is clear
that the standardized returns are approximately standard normal.

The heavy-tailed information of standardized returns are also captured by the CV-
plots of absolute returns explained in Chapter 2. All the empirical cv lie between the
90% confidence intervals about cv = 1 provided the number of samples are greater than
some thresholds. It follows that the heavy tails do not presence in the distributions of
the standardized returns. All these results show that our volatility models are capable
in capturing the information from the data into the dynamics of volatility and thus the
residuals are normally distributed.

6.3 Volatility Forecasting

In Chapter 4, the ARMA(1,1) process is implemented to the log-volatility estimated
from the NIG-SV model to make forecast since there is no natural dynamics in the
volatility process. In contrast, the DNIG model is constructed with the dynamic in
the log-volatility process. Hence the forecast is carried out in a more natural way than
the NIG-SV model. The DNIG model involves the range in the dynamics, thus some
properties of the range are necessary.

6.3.1 Moments of the range

The assumption of constant volatility over a single time period is useful since the asymp-
totic distribution of range is computable. ( ) provides the probability density
function of the range in form of infinite series

> k2 (kR
f(Rt|or) =8 k 1= (t>
t’ t ; o

where ¢ is the standard normal probability density function. For practical use, the
infinite summation is truncated. The cumulative distribution function of the range and

a formula for calculating moments have been later provided by ( ),
- k+1 kR k—1
F(Riloy) = Z 1)k 1k{ rfc <(+)Rt> - 2erfc< ) + erfc (()Rt>}
=1 Ut\/§ Ut\[ Ut\/i
P L (PELY (g2 _ 92012 p
BlRfln] = =T (P (22 = 227/2) C(p — 1)o?, for p= 1
where erfe(z) := 1 — erf(x), erf(z) is the ‘error function’: erf(z) := 2/y/7 [~ e et dt

and ((x) is the Riemann zeta function. Particularly, we have E|[ Rt\ot \/8/mo and
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Figure 6.2.3: CV-plots of returns standardized by volatilities estimated from DNIG
models

(a) NIG-SV models
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The CV-plots show that the cv of absolute standardized returns are below the lower limits and enter
the 90% confidence intervals about cv = 1 at curtain thresholds. This means that the tails of the

standardized returns lighter than exponential, that are not heavy tails.
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E[R?|04] = 4log(2)o?. The first four moments of log-range are given by

(2002),

Ellog(R:)|oy] = 0.43 + log(ov)
var(log(Ry)|o¢) = 0.29
skew(log(R;)|oy) = 0.17
kurt(log(R:)|o:) = 2.80.
The results are consistent with ( ) , who uses quadrature and

ordinary least squares to obtain the expectation of the log-range
Elog(Ry)|ot] = 0.4257 + log(oy).
Consequently, we also have
Ellog(R?)|oy] = 2E[log(Ry)|oy] = 0.8514 + log(a7). (6.3.1)

These properties are very useful for constructing DNIG forecasting models in the next
subsection.

6.3.2 DNIG forecasting model

The one-step forecast of the logarithm of volatility for DNIG(1) model based on the
information up to time ¢ is given by the conditional expectation

log(at, 1) = Ellog(071)1F] = a+ Blog(Rf) + Elbi1|F]
The two-step forecast involves the conditional expectation of the log-range
log(07 ) = a + BE[log(R71)|F] + Elbe12| Fil.

Since we know that Eflog(R%,)|ot4+1] = ¢+ log(c7,,), therefore we replace log(c? ;) by
the first step forecast and write E[bsy|F;] in the compact notation Ey[bsig],

log(07 ) = a + B(c +10g(07, 1) + Et[bro]

Then further forecasts can be computed recursively

log(a?, 1) = @ + Ble+1log(07 ) + Elbers).

We assume that the random effects b; are independent, then the conditional expectation
of the future random effects are identical to Ei[bi11]. If 8 < 1, the k-step forecast can
be written as

1-pF 1kt 1 gk

10g(Ut2+k|t) =1-3 at—— 3 Be + BFlog(RY) + -5

Eylbesa). (6.3.2)
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The conditional expectation of the random effect E}[b;11] can be estimated by the mean
of the random effects obtained from h-likelihood. Let the forecast horizon k in (6.3.2)
run to infinity, the long-run forecast converges to

a+ fe+ Eifbii1]
1-p '

The DNIG(2) forecasting model can be obtained in the same manner. The first and
second step forecasts are

lim log(o7, ;) =
e 0g(07 4 k)

log(07, 1) = @ + Bilog(R}) + B2 log(R7_1) + Ei[b1]
and

log(07 0,) = o+ B1E[log(R71)|F] + B2 log(RY) + Eylbeso]

= a+p (C + lOg(0152+1|t)) + B21og(RP) + Efbera)-

Then the further forecasts can be achieved recursively by

log(07, 1) = o+ b1 (C + IOg(Ut2+k71|t)> + B2 <C + log(at2+k72\t)> + Ei[byri].  (6.3.3)

This method is also applied for DNIG models with higher orders.

6.3.3 Implementation and empirical results
6.3.3.1 Implementation

In the DNIG(1) model, the forecasts for log volatility in (6.3.2) is realized by taking
the conditional expectation of the random effect as the average of past k random effect
estimates. That is

k—
. 1 k=t
Eilbir] = — Z bi—;.

=0

#

with the estimated parameters © and the random effect estimates {I;t} computed by
(6.2.5). Remark that in each recursion, we apply the same estimate E;[b;yr] to all future

forecasts log(o? | +)s -y log(o? Y ;). Then the k-step forecast for the volatility formulated
at time ¢ is
DNIG(1) R
Jesre = exp [log(af%ﬁ)} . (6.3.4)

Preliminary implementations show that the DNIG(1) forecasting model in (6.3.4) gen-
erally produce volatility forecasts substantially lower the corresponding squared returns
which are the volatility proxies as it happens in the case of NIG-SV model in Chapter
4. Hence the simple linear regression between the volatility estimates from the DNIG(1)
model and the squared returns is applied to improve the forecast performance. Suppose
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Table 6.5: Average QL loss of cumulative volatility forecasts

Average QL loss
RW  GARCH NIG-SV NIG-SV* NIG-SV' DNIG(1) DNIG(1)* DNIG(2) DNIG(2)*

Long-run average

EUR 0.127 0.120 0.639 0.259 0.307 0.609 0.184 0.628 0.177

JPY 0.300 0.247 0.546 0.236 0.310 0.603 0.200 0.670 0.197

GBP 0.157 0.157 0.671 0.324 0.363 0.671 0.225 0.662 0.214
Crisis 1 average

EUR 0.122 0.130 0.320 0.091 0.115 0.289 0.079 0.302 0.078

JPY 0.583 0.474 0.815 0.254 0.408 0.799 0.271 0.884 0.282

GBP 0.172 0.110 0.182 0.061 0.069 0.186 0.060 0.191 0.059
Crisis 2 average

EUR 0.211 0.201 1.762 0.423 0.881 1.601 0.358 1.600 0.413

JPY 0.246 0.257 0.954 0.196 0.568 1.081 0.194 1.163 0.235

GBP 0.227 0.328 2.008 0.524 1.080 1.946 0.461 1.885 0.483
Post-Crisis average

EUR 0.074 0.060 0.087 0.252 0.044 0.147 0.133 0.182 0.080

JPY 0.162 0.101 0.111 0.252 0.079 0.166 0.161 0.211 0.120

GBP 0.101 0.072 0.082 0.352 0.066 0.120 0.169 0.137 0.129

The average QL losses over different periods for all forecasting models including the models from Chapter
4. The target variable is the sum of squared return that is the proxy for cumulative volatility. The forecast
horizon is k = 22, that correspond to one-month forecast. The parameters are reestimated every five

days.

that in-sample volatility estimates {67, ..,62} obtained from DNIG(1) model by (6.2.6)
are fitted to the corresponding squared returns as

2 a2
y; = a0y, t=1,...,n,

then the DNIG(1)* forecasting model is given by

DNIG(1)* DNIG(1)
ft+k|t = aft+k|t

The DNIG(2) and DNIG(2)* are also implemented in the same manner.

6.3.3.2 Results

The QL average losses over different periods from the DNIG forecasting models including
the results from the forecasting models in Chapter 4 are shown in Table6.5. The long-
run average QL losses show that GARCH, DNIG(2)* and GARCH forecasting models
are favorites for EUR, JPY and GBP respectively. Among the DNIG models, the DNIG
models with higher orders have less average QL losses. The DNIG(2)* and NIG-SV*
are also favorites in the Crisis 1 period but in the Crisis 2 there is no clear winner. In
the Post-Crisis, the NIG-SV’ has impressive performances. It is notable that the DNIG
forecasting models are favorites for JPY in all cases.

Figure 6.3.1 show the plots of QL loss series for JPY forecasted with GARCH, NIG-
SV*, DNIG(1)* and DNIG(2)*. The less value of the QL loss, the more the accuracy
of the forecasting model. Graphically, the DNIG(2)* has relatively low QL losses than
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Figure 6.3.1: The plots of QL loss series for JPY from GARCH and DNIG models
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The QL loss series are taken from different forecasting models with the same zy -scale. The less the QL
loss, the more the accuracy. The graphs show that the DNIG(2)* is very accurate relative to the other
models. The accuracy can be measured by the average loss over a particular period, however, this plots

show that a forecasting model can be favorite if a proper period is taken.

NIG-SV* and DNIG(1)* and it is comparable to GARCH. The forecast accuracy that
is taken from the average QL loss depends on the periods of measurement. GARCH
model exhibits extremely high losses in the crises, that the peaks of the losses from
DNIG models are considerably smaller. In the Post-Crisis, GARCH and DNIG(2)* have

almost similar losses.

6.4 Future Research

The DNIG model has great potential to develop in several ways. Here are some ideas for
future research. First, multivariate DNIG model can be obtained in the same manner of
multivariate NIG-SV model shown in Chapter 4 that the HGLM method of estimation
is readily available. The multivariate model will help us understand the co-movement of
several asset returns simultaneously. Second, other exogenous variables such as trading
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volume, open and close prices might be incorporated into the dynamics of volatility in
addition to the range. Moreover, high-frequency realized volatility is also promising,
thanks to Christian Brownlees for this suggestion. Relevant variables added into the
model might result in more accurate estimator of volatility as we have seen in Chapter
5. Finally, other GH models presented in Chapter 4 such as variance gamma model
can be estimated by HGLM method as same as NIG-SV model. Hence it is possible to
incorporate the dynamics into GH models for more general results. These ideas have not
been comprehensively investigated but they are very promising for the future research.

Summary

The new stochastic volatility model has been proposed. It is constructed by incorpo-
rating the ideas from the NIG-SV model, the standard SV model and the range-based
volatility estimators. Results in the stochastic volatility model with dynamics in log
volatility. The new proposed DNIG model can be easily extended to higher order set-
ting. It can be estimated simply by maximum likelihood or h-likelihood. Moreover, the
h-likelihood method also provides the volatility estimates. It is also remarkable from the
estimates of the parameter § that the ranges become more significative in the crises.

In most cases the DNIG(2) models fit better to the series than the NIG-SV and the
DNIG(1) models. This tells us that the AR(2) information, that has not been used by
other researchers, is relevant. The residual analysis shows that the returns standardized
by DNIG volatility estimates are approximately standard normal. That heavy-tailed
information in the returns is captured into the dynamics of volatility perfectly. The
DNIG models are also employed to forecast the volatility at one-month horizon. The
DNIG forecasting models can be implemented in a simple way and the results are better
than GARCH models in many cases.



Summary and Conclusions of the
Thesis

This thesis has presented the insight into volatility forecasting covering from the basic
ideas, required theory, simulation study, practical implementation, to the new proposed
models. We have analyzed the data with alternative tools that can make us aware of
different things that have been observed with other common methods. We aim to bring
new light, rather than replace models settled. The ideas have been developed from the
preliminary theory in Chapter 2. The properties of return have been investigated based
on existing distribution in Chapter 3. We conclude that the NIG distribution is capable
of describing the marginal distribution of return during the crisis and it can be estimated
plainly with either the method of moments or the maximum likelihood estimation. The
results in Chapter 3 show that the NIG distribution has attractive potential to model
the financial data. It grants an alternative way of modeling financial data in such a way
that GARCH does not supply (the marginal distribution).

Chapter 4 provides the pragmatic guide to volatility forecasting including all nec-
essary information. The ideas from Chapter 3 have been developed to introduce the
NIG-SV model, a stochastic volatility model proposed by ( ). We
also introduce the HGLM method for estimation that is comparable to the maximum
likelihood method but the complicated integration is avoided. The empirical results show
that the HGLM method is as accurate as the maximum likelihood method. Moreover,
the key role of the h-likelihood in the HGLM method, it provides us the estimates of
random effects that are latent in the market. We consequently apply the random effects
to estimate and forecast volatility. The new forecasting models in this chapter overcome
the standard forecasting models in some occasions.

Chapter 5 is investigated separately from previous chapters. Rather than the return,
exogenous variables such as open, close, high and low prices play the most important
role in this chapter. Several range-based volatility estimators have been introduced and
we also correct the bias generated from discretization. We test by simulations whether
these estimators are relevant in different scenarios when the theoretical conditions do not
hold perfectly. It turns out that the Garman-Klass estimator perform impressively in
many occasions. Other estimator also provides proper estimates for volatility when the
conditions are close to their theoretical settings. We conclude that the range contains
substantial information and it is relevant to incorporate into a model.

93



94 6. DYNAMIC NORMAL INVERSE GAUSSIAN MODELS

In the end, all information obtained from Chapter 2 to Chapter 5 are summarized
into the new model in Chapter 6. The DNIG model is a stochastic volatility model
that is based the NIG-SV model with the dynamics driven by the range. The DNIG
model can be easily extended to higher orders, that has never been done in the standard
SV model and it can be estimated by the HGLM method. In most cases the DNIG(2)
models fit better to the series than the NIG-SV and the DNIG(1) models. The relevant
information of AR(2) shown in this thesis has never been discovered by other researchers.
It is also remarked that the parameter 8 that is the coeflicient of the range might be an
indication of the crisis. Estimate the DNIG model with the HGLM method yields the
random effects estimates and consequently the estimates for volatility which are latent
information. It has been tested that the returns standardized by volatilities estimated
from DNIG models do not exhibit heavy tails. This result shows that DNIG models are
capable in capturing the relevant information from the returns. The DNIG model with
the HGLM method also allow us to forecast volatility with ease. The DNIG forecasting
models have been tested with the real data in comparisons with the standard models
and they perform nicely. In many cases, the results are better than GARCH(1,1). Last
but not least, the DNIG model can be developed in many ways such as multivariate
modeling, exogenous variables incorporating and generalization to GH models. The
further research is promising.



Nomenclature

F(-) survival function, reliability function

Fi information set available at time ¢
Yr autocovariance at lag 7

tn, n* central moment

Pr autocorrelation at lag 7

o? (unconditional) variance

cor(X,Y) correlation between X and Y
cov(X,Y) covariance between X and Y
kurt(-) kurtosis

skew(-) skewness

var(-) variance

{X:} stochastic process

D distribution

E[]  expectation

F cumulative distribution function

f probability density function or a function in general
F, distribution function of threshold excedances

fx density function of rancom variable X

Jiskpe volatility forecast
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G(©) gradient of log L(O)

GH (), ¢,w) zero-mean symmetric generalized hyperbolic distribution
H(O) hessian of log L(O)

I(0) information matrix of log L(©)

k forecast horizon

k sample kurtosis, forecast horizon

P(-) probability

P, price of an asset at time ¢
T} simple net return in Chapter 2, logarithm of price range in later Chapters

ik simple net return over most recent k trading period

R? coefficient of determination
s? sample variance
w sample skewness

WN(0,0%) white noise (uncorrelated random variable with zero mean and finite vari-
ance).

ARCH autoregressive conditional heteroskedastic
ARFIMA autoregressive fractionally integrated moving average

CV  residual coefficient of variation

DNIG dynamic NIG-SV

EGARCH exponetial GARCH

EWMA exponentially weighted moving average

GARCH generalized autoregressive conditional heteroskedastic
GBM geometric Brownian motion

GH  generalized hyperbolic

GIG generalized inverse Gaussian
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GMM generalized method of moments

GPD generalized Pareto distribution

HGLM hierachical generalized linear model

i.i.d. independent and identically distributed

IG inverse Gaussian

MLE maximum likelihood estimation

MMSE minimum mean square estimator

MoM method of moments

MSE mean squared error

NIG normal inverse Gaussian

NIG-SV normal inverse Gaussian stochastic volatility
pdf  probability density function

QL  quasi likelihood

QML quasi-maximum likelihood

RWH1 random walk hypothesis 1 : Gaussian random walk

RWH2 random walk hypothesis 2: uncorrelated and stationary increments

SV stochastic volatility



Index

A

APARCH, 21, 45

autocorrelation, 8, 13
sample, 13

autocovariance, 8

Autoregressive conditional heteroskedastic,
20

B

Black-Scholes formula, 5
Black-Scholes model, 24
Brownian motion, 25

C

central moment, 7
characteristic function, 26
coefficient of variation, 16
conditional density, 7
conditional expectation, 8
continuous, 7

correlation, 8

covariance, 8

cumulative distribution function, 7
CV-plot, 17

D

dependent, 8

drift, 9

dynamic NIG stochastic volatility, 78

E

efficient-market hypothesis, 5

EGARCH, 21, 45

EWMA, 24

expectation, 7

exponentially weighted moving average, 24

G
gamma
distribution, 27
GARCH, 2, 20
GBM, 25
generalized hyperbolic
distribution, 23, 27
generalized inverse Gaussian, 47
distribution, 22, 27
generalized method of moments, 22
generalized Pareto distribution, 16
geometric Brownian motion, 25
GH Lévy
process, 48
GIG, 22
GMM, 22
gradient, 55

H
heavy tails, 12
Hessian, 55
HGLM method, 49
hierarchical-likelihood, 22
hyperbolic

distribution, 27
hyperbolic Lévy

process, 49

1
independent, 8
independent and identically distributed, 9
Infinitely divisible, 26
infinitely divisible, 23, 26
information set, 8
inverse gamma
distribution, 22
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inverse Gaussian
distribution, 22, 27

J
joint density, 7
joint distribution, 7

K
kurtosis, 7

L

lag, 13

Lévy process, 26
leptokurtic, 11

M

martingale hypothesis, 11
MCMC, 22

mean, 7, 11

method of scoring, 56

minimum mean squared error, 63
mixing density, 48

mixing parameter, 48

N
negative definite, 55
Newton-Raphson algorithm, 56
NGARCH, 21, 45
NIG Lévy
process, 49
NIG-SV, 49
normal
distribution, 27
normal inverse Gaussian
distribution, 23, 27

O

opening jump, 65, 66
optimization, 53
outliers, 12

P

Poisson
distribution, 27

price, 8

log, 9
probability density function, 7
probability space, 7

Q

QML, 22

quasi likelihood, 43
quasi-maximum likelihood, 22

R
random variable, 7
random walk, 5
Gaussian, 9
random walk hypothesis, 5
range, 2
reliability function, 15
return
continuously compounded, 9
log, 9
simple gross, 8
simple net, 8
risk, 5
RiskMetrics, 24
RWH1, 9, 25
RWH2, 10

S
sample
kurtosis, 11
skewness, 11
standard deviation, 11
variance, 11
scale mixture of normal, 48
scaled-t
distribution, 27
score, bd
serially uncorrelated, 11
skewness, 7
standard deviation, 7
standard SV model, 22
stationary, 8, 13
stochastic process, 8
stochastic volatility, 2, 20, 22
stylized facts, 11
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stylized features, 11
survivor function, 15

SV, 2,22

T

tail distribution, 15

TARCH, 45

TGARCH, 21

The empirical CV of of the conditional ex-
cedance, 16

threshold excedances, 16

time series, 8

\%
variance, 7
variance gamma
distribution, 27
process, 49
variance rate, 23
volatility, 1, 18
annualized, 23
historical, 23
realized, 23
volatility clustering, 9
volatility proxy, 41

W
white noise, 58
Wiener process, 25
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Appendix A

HGLM Method for Multivariate
NIG-SV Model

For multivariate NIG-SV model given by (4.3.10), suppose that {y:};~,; where y; =
(Y1,6: Y245 -, Ya,e)" is the sample of d indices of size n. The parameter © = (¢,w) with
¢ = (¢1, 02, .., pq) can be estimated by maximizing the log likelihood

d
(60) = n {log@) ~ T Diog(am) - %Z log(6s) + w4+ T log(w) - ilogom)}

d+1
Zlog Ytz Yt+w —i—Zlog |:Kd+1 <\/wyt2 1Yt+w2>]

Alternatively, the h-likelihood is expressed as
h=">"{log f(y:|be) + log fo(b:)}
t=1

where the explicit expressions for log f(y:|b;) and log feo(b:) are

1 _ _
log f(yelb) = —5 {dlog(2m) +log|S| +dby + = yre ™ }

log fo(b) = —% {log(2r) — log(w) + 3log(br) — 2w + w(bi " + b) — 2B}

The random effects can be estimated by solving Oh/0b, = 0, that we have

. 2wy — 1
bt = log <Wt 2(d + )>

W
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where w; = 3/(d+1)2+ 4(wy}E 1y, + w?) . Consequently, the adjusted profile h-
likelihood is expressed as

d 1< 1 d+2
po(¢,w) =n {—2 log(2m) — 5 ;1083(@) — 5 log(|Q) +w+ ;r log(W)}

1 & d+1\% "
_§Zlog [wt (wt—2> —ZWt
t=1 t=1

and the second-order approximation is

S1(&w) = p(r) = 57

3w —5(d+1)?/4
W ’
Practically, ¥ = A’QA, where A is the diagonal matrix of the standard deviations \/¢; =
o; and we use the sample correlation matrix for the estimation of €2 to speed up the
algorithm.



Appendix B

Extensive Simulation Results

Table B.1 to B.8 are the results from the simulations that the price paths are simulated
by geometric Brownian motion with constant volatility. Table B.1 to B.6 show the
effect of different drifts added to the simulations. The measurements of accuracy and
efficiency are reported. B.7 and B.8 show the effect of discretization. The average
estimates and their 95% confidence intervals are reported with different numbers of
intraday movements. Table B.9 to B.16 show the corresponding results when the price
paths are simulated with the NIG-SV model. The values of mean, absolute error and
standard error are scaled by 10°, the values of MSE are scaled by 10°.
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Table B.1: The effect of drift on range-based estimators with constant volatility.

daily variance 10° x 02 =2.5 and intraday movements k = 20 daily variance 10° x ¢ =10 and intraday movements k = 20
r? P P, BL BLy, GK GK, RS RS r? P Py BL BL, GK GK; RS RSk

Panel A: =0 Panel A: p=0
Mean 250 1.8 243 133 1.65 1.62 239 159 232 Mean 9.97  7.46 9.73 530 6.61 6.49 957 641 9.32
abs.err 0.00 0.64 0.07 117 085 0.88 0.11 091 0.18 abs.err  0.03 254 027 470 339 3.51 043 3.59 0.68
stderr 036 0.15 0.19 0.10 0.13 0.10 0.15 0.12 0.17 std.err  1.39 054 071 039 048 040 058 0.49 0.64
MSE 1.26 024 034 024 023 019 023 024 028 MSE 19.81  3.82 542 3.81 365 299 3.75 3.83  4.60
QL inf 064 040 1.18 0.79 0.74 0.34 3.37 0.885 QL inf 0.63 039 117 0.79 0.73 0.33 3.88 0.872
Eff 021 1.00 0.73 1.00 1.04 130 1.06 1.03 0.89 Eff 0.21 1.00 0.72 1.00 1.04 128 1.04 1.01 0.86

Panel B: p = 0.0005 Panel B: p = 0.0005
Mean 251 187 244 133 1.66 1.62 239 160 2.32 Mean 10.04  7.48 9.75 531 6.63 649 957  6.39 9.30
abs.err 0.01 0.63 0.06 117 084 088 0.11 090 0.18 abs.err  0.04 2.52 0.25 4.69 337 351 043 3.61 0.70
std.err 035 0.14 0.18 0.10 0.13 0.11 0.16 0.13 0.18 std.err  1.45 0.58 0.76 0.41 0.52 042 0.62 0.50 0.67
MSE 1.25 024 034 024 023 019 023 024 028 MSE 20.22 387 551 383 368 299 3.76 3.82 457
QL inf 063 039 117 079 0.73 033 325 0.87 QL inf 0.63 039 117 079 0.73 0.33 8.41 0.88
Eff 0.20 1.00 0.72 1.00 1.04 129 105 1.02 0.88 Eff 0.21 1.00 0.72 1.00 1.05 1.30 1.05 1.02 0.88

Panel C: = 0.001 Panel C: = 0.001
Mean 260 190 248 135 1.68 1.63 241 159 2.32 Mean 10.01  7.45 9.72 529 6.60 6.46 9.53 6.37 9.27
abs.err 0.10 060 002 1.15 0.82 087 0.09 091 0.18 abs.err  0.01 2.55 028 471 340 3.54 047 3.63 0.73
stderr 038 0.15 0.19 0.11 0.13 0.11 0.15 0.13 0.17 std.err  1.41 0.57 0.74 041 051 042 0.62 0.51 0.68
MSE 1.36  0.25 0.37 024 024 019 024 024 029 MSE 20.32  3.89 553 3.85 3.70 3.00 3.76 3.85  4.59
QL inf 063 039 116 0.78 0.73 0.33 381 0.89 QL inf 064 040 118 080 0.75 034 6.07 0.89
Eff 020 1.00 0.70 1.04 1.06 1.34 1.06 1.05 0.90 Eff 0.21 1.00 0.72 1.00 1.04 130 1.06 1.02 0.88

Panel D: i = 0.005 Panel D: p = 0.005
Mean 501 273 357 194 242 185 286 149 234 Mean 1252 833 1087 592 7.38 6.71 10.02 6.26 9.29
abs.err 251 0.23 1.07 056 008 065 036 101 0.16 abs.err  2.52 1.67 087 4.08 262 329 0.02 3.74 0.71
std.err  0.62 0.23 0.30 0.16 020 0.12 0.19 0.13 0.17 std.err  1.73 0.65 0.85 0.46 058 043 064 051 0.68
MSE 437 051 097 029 040 0.19 037 027 0.32 MSE 30.77  4.74 7.67 392 419 3.00 425 3.96  4.72
QL inf 047 035 082 0.57 0.60 028 587 094 QL inf 0.59 0.38 1.07 0.73 0.70 0.32 5.90 0.91
Eff 0.12 1.00 053 1.76 1.28 272 141 1.90 1.66 Eff 0.16 1.00 0.63 1.20 1.12 1.58 1.13 1.21 1.04

Panel E: 4 = 0.01 Panel E: = 0.01
Mean 1247 531 693 3.78 471 255 426 124 241 Mean 20.14 1096 1430 7.79 9.72 742 1145 595 9.34
abs.err 997 281 443 128 221 005 176 126 0.09 abs.err  10.14  0.96 430 221 028 258 145 4.05 0.66
stderr  1.09 039 051 028 034 016 027 014 0.20 std.err  2.44 0.87 1.14 0.62 0.77 045 0.70 0.51 0.68
MSE 21.15 221 4.38 0.88 1.60 025 099 035 0.39 MSE 71.09 826 1575 4.61 6.42 3.02 5.86 437 512
QL inf 037 043 038 036 034 025 7.05 0.83 QL inf 047 034 081 0.57 0.60 0.28 13.61 0.95
Eff 0.10 1.00 0.50 253 1.38 9.16 225 6.42 596 Eff 0.12 1.00 0.53 177 1.28 275 143 1.90 1.67
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Table B.3: The effect of drift on range-based estimators with constant volatility.

daily variance 10° x 02 = 2.5 and intraday movements k = 40

daily variance 10° x o = 10 and intraday movements k = 40

r? P P, BL BL, GK GK; RS RSk r? P Py BL BL, GK GK; RS RSk
Panel A: p =0 Panel A: p=0
Mean 250 2.03 244 144 1.68 185 240 1.84 2.37 Mean 9.94 8.09 9.72 575 6.70 7.38 9.59 7.34 9.45
abs.err 0.00 047 0.06 1.06 0.82 0.65 0.10 0.66 0.13 abs.err  0.06 1.91 0.28 425 330 262 0.41 2.66 0.55
std.err  0.3¢4 0.14 0.17 0.10 0.12 0.11 0.14 0.13 0.16 std.err  1.41 0.57 069 041 048 043 0.56 0.52 0.63
MSE 1.24 023 031 022 021 0.17 0.21 0.21 0.26 MSE 19.83  3.76 490 3.52 341 269 3.37 3.48 4.18
QL inf 046 033 088 0.66 048 027 284 0.886 QL inf 0.46 0.33 0.88 0.66 0.48 0.27 26.77 0.893
Eff 0.20 1.00 0.78 1.06 1.09 1.41 1.14 1.11 0.94 Eff 0.20 1.00 0.78 1.06 1.09 1.40 1.13 1.10 0.93
Panel B: p = 0.0005 Panel B: p = 0.0005
Mean 2.52 203 244 144 1.68 1.84 240 1.83 2.36 Mean 10.05  8.14 9.78 578 6.74 7.40 9.62 7.36 9.48
abs.err 0.02 047 0.06 1.06 0.82 0.66 0.10 0.67 0.14 abs.err  0.05 1.86 0.22 422 326 260 0.38 2.64 0.52
std.err 036 0.15 0.18 0.11 0.12 0.11 0.14 0.13 0.16 std.err  1.41 0.57 069 041 047 044 057 0.53 0.65
MSE 1.27 024 031 022 021 0.17 0.21 0.22 0.26 MSE 20.50  3.80 499 352 343 267 3.36 3.47 4.17
QL inf 046 033 089 0.66 048 028 2.35 0.89 QL inf 0.46 0.33 0.88 0.66 0.48 0.28 2.53 0.89
Eff 0.20 1.00 0.78 1.07 1.10 1.42 1.15 1.12 0.95 Eff 0.20 1.00 0.78 1.07 1.10 1.43 1.15 1.12 0.95
Panel C: = 0.001 Panel C: = 0.001
Mean 259 206 247 146 1.70 185 241 1.83 2.36 Mean 10.08  8.15 9.79 579 6.75 7.40 9.62 7.35 9.47
abs.err  0.09 044 003 1.04 080 065 009 067 0.14 abs.err  0.08 1.85 0.21 421 325 260 0.38 2.65 0.53
std.err 037 0.15 0.18 0.11 0.13 0.11 0.14 0.13 0.16 std.err  1.44 0.59 0.70 042 049 045 0.58  0.52 0.64
MSE 1.34 024 0.32 022 022 017 0.21 0.22 0.26 MSE 20.63 3.84 5.05 3.54 346 269 3.39 3.44 4.14
QL inf 045 032 087 0.65 048 027 3.45 0.91 QL inf 0.46 0.33 0.88 0.66 0.48 0.27 2.77 0.88
Eff 0.19 1.00 0.77 1.09 1.11 146 1.17 1.14 0.98 Eff 0.20 1.00 0.77 1.08 1.10 1.44 1.15 1.13 0.96
Panel D: ¢ = 0.005 Panel D: ¢ = 0.005
Mean 5.00 290 349 206 240 210 280 1.74 2.35 Mean 12,52 9.00 10.81 6.40 745 7.64 10.01 7.25 9.45
abs.err 250 040 099 044 0.10 040 030 0.76 0.15 abs.err  2.52 1.00 081 3.60 255 236 0.01 2.75 0.55
stderr  0.63 024 0.29 0.17 020 0.13 0.18 0.14 0.17 std.err  1.76 0.67 081 048 0.56 046 0.60 0.54 0.66
MSE 434 054 085 028 036 018 0.31 0.24 0.29 MSE 31.13  4.87 6.94 371 392 275 3.77 3.60 4.32
QL inf 037 030 063 049 040 0.24 11.26 1.10 QL inf 0.43 032 081 0.61 0.46 0.27 3.78 0.96
Eff 0.13 1.00 0.63 188 1.49 294 1.75 2.24 1.91 Eff 0.16 1.00 0.71 1.30 123 1.77 131 1.38 1.17
Panel E: ¢ = 0.01 Panel E: ;1 = 0.01
Mean 12,55 5.55 6.66 3.94 459 284 4.01 1.54 2.34 Mean 19.89 11.61 13.94 825 9.61 841 11.25 7.02 9.45
abs.err 10.05 3.05 4.16 1.44 209 0.34 151 0.96 0.16 abs.err  9.89 1.61 394 175 039 159 1.25 2.98 0.55
std.err 1.07 039 046 027 032 017 0.24 0.15 0.19 std.err  2.46 0.95 1.14 0.68 0.79 0.56 0.75 0.57 0.72
MSE 2147 240 386 095 145 029 0.78 0.30 0.35 MSE  69.63 869 13.71 4.56 5.79 296 504 3.90 4.68
QL inf 035 039 033 032 025 0.22 8.28 1.20 QL inf 0.37 030 0.63 0.49 040 0.24 12.26 1.08
Eff 0.11 1.00 0.62 254 1.66 849 3.11 8.03 7.11 Eff 0.13 1.00 0.63 1.88 149 294 1.75 2.26 1.92
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Table B.5: The effect of drift on range-based estimators with constant volatility.

daily variance 10° x 0% = 2.5 and intraday movements k = 100

daily variance 10° x ¢ = 10 and intraday movements k = 100

r? P P, BL BL, GK GK, RS RS r? P Py BL BL, GK GK, RS RS
Panel A: p=0 Panel A: p=0
Mean 251 219 246 156 1.71 207 243 207 241 Mean 10.01 875 9.80 6.22 6.84 826 9.69 824 9.62
abserr 001 031 0.04 094 079 043 0.07 043 0.09 abs.err  0.01 125 020 378 316 1.74 031 176 0.38
std.err 035 0.15 0.17 0.11 0.12 0.11 0.13 0.13 0.15 std.err  1.41 0.59 0.67 042 046 047 0.55 0.54 0.62
MSE 1.26 024 029 020 020 0.16 0.19 020 0.24 MSE 19.91 3.77 4.53 3.25 321 253 3.06 326 3.81
QL inf 035 028 0.69 057 0.32 023 148 0.865 QL inf 0.35 0.28 0.69 0.57 032 023 193 0.876
Eff 0.20 1.00 0.84 1.16 1.17 1.51 1.25 1.19 1.03 Eff 0.20 1.00 0.84 1.15 1.16 1.50 1.25 1.18 1.02
Panel B: u = 0.0005 Panel B: p = 0.0005
Mean 251 219 245 156 1.71 207 242 206 240 Mean 10.07 8.78 9.83 6.24 6.86 828 9.71 825 9.63
abs.err  0.01 0.31 0.05 094 079 043 0.08 044 0.10 abs.err  0.07 1.22 0.17 3.76 3.14 1.72 0.29 1.75  0.37
std.err 0.35 0.15 0.17 0.11 0.12 0.12 0.14 0.14 0.16 std.err 1.42 0.58 0.65 041 045 045 053 054 0.61
MSE 1.28 024 029 020 020 016 019 020 0.24 MSE 20.07 3.79 457 326 321 256 311 329 3.85
QL inf 035 028 0.69 057 032 023 136 091 QL inf 035 0.28 0.69 0.57 033 023 165 0.90
Eff 0.20 1.00 084 115 1.17 1.52 126 1.21 1.05 Eff 0.20 1.00 0.84 1.15 117 1.49 1.24 1.18 1.02
Panel C: = 0.001 Panel C: p = 0.001
Mean 2.63 224 250 1.59 1.75 208 245 206 241 Mean 10.10 879 9.84 6.24 686 828 971 824 9.62
abserr 0.13 026 0.00 091 0.75 042 0.056 044 0.09 abs.err  0.10 1.21 0.16 3.76 314 172 029 1.76 0.38
std.err 038 0.16 0.18 0.11 0.12 0.12 0.14 0.14 0.16 std.err 149  0.61 0.68 0.43 047 047 054 055 0.62
MSE 1.38  0.25 031 0.21 0.21 0.16 020 0.21 0.24 MSE 2045 3.82 461 327 3.23 253 3.08 3.26 3.80
QL inf 034 028 0.68 056 032 023 152 0.88 QL inf 0.35 0.28 0.69 0.57 032 023 145 0.89
Eff 0.19 1.00 0.83 1.20 1.20 1.58 1.30 1.25 1.08 Eff 0.20 1.00 0.84 1.16 1.17 1.52 1.26 1.20 1.04
Panel D: o = 0.005 Panel D: = 0.005
Mean 498 3.08 345 219 241 235 280 201 240 Mean 1253 9.65 10.81 6.86 7.54 854 10.07 8.17 9.60
abs.err 248 0.58 095 031 0.09 0.15 030 049 0.10 abs.err 253 035 081 314 246 146 0.07 1.83 0.40
stderr  0.64 0.24 027 017 019 0.14 016 0.14 0.16 std.err  1.79  0.71 0.79 0.50 0.55 047 0.56 0.53 0.60
MSE 436 059 078 029 034 019 028 023 027 MSE 31.03 497 629 349 3.63 263 336 3.32 3.87
QL inf 0.30 0.27 051 043 028 021 192 1.21 QL inf 0.33 0.28 064 0.53 0.31 0.22 1.34  0.93
Eff 0.14 1.00 075 2,01 1.72 3.06 210 263 227 Eff 0.17 1.00 0.80 1.40 1.35 1.90 1.49 1.53 1.32
Panel E: = 0.01 Panel E: 4 = 0.01
Mean 1247 574 643 4.08 449 3.14 3.87 1.85 237 Mean 20.02 1235 13.83 878 9.65 9.39 11.20 8.01 9.58
abserr 997 324 393 158 199 064 137 065 0.13 abs.err 10.02 235 3.83 1.22 035 061 120 1.99 042
std.err  1.05 039 043 027 030 0.18 022 015 0.18 std.err 241 0.91 1.02 0.65 071 053 063 0.56 0.63
MSE 21.20 2,56 343 1.01 131 035 0.66 027 0.32 MSE 69.82 9.34 1248 4.59 537 3.06 447 3.61 4.23
QL inf 034 037 030 030 020 019 589 1.65 QL inf 0.30 0.27 050 042 028 021 211 1.25
Eff 0.12 1.00 0.74 254 195 7.38 393 9.56 830 Eff 0.14 1.00 0.75 2.02 1.73 3.08 2.11 2.64 229
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Table B.7: The average variance estimates

with 95% confidence interval.

daily variance 10° x o2 = 2.5

2

daily variance 10° x o2 = 10

2

k T3 P Pr BL BLy GK GKy RS RSk k T3 P Py BL BLx GK GKg RS RSk
Panel A: p=0 Panel A: p=0
20 2.50 1.86 2.43 1.33 1.65 1.62 2.39 1.59 2.32 20 9.97 7.46 9.73 5.30 6.61 6.49 9.57 6.41 9.32
(0.70)  (0.29) (0.37) (0.20) (0.25) (0.21) (0.30) (0.24) (0.33) (2.73) (1.06) (1.39) (0.76) (0.94) (0.78) (1.14) (0.95) (1.26)
40 2.50 2.03 2.44 1.44 1.68 1.85 2.40 1.84 2.37 40 9.94 8.09 9.72 5.75 6.70 7.38 9.59 7.34 9.45
(0.66) (0.27) (0.33) (0.19) (0.23) (0.21) (0.27) (0.25) (0.31) (2.77)  (1.13) (1.35) (0.80) (0.93) (0.85) (1.10) (1.01) (1.23)
100 2.51 2.19 2.46 1.56 1.71 2.07 2.43 2.07 2.41 100 10.01 8.75 9.80 6.22 6.84 8.26 9.69 8.24 9.62
(0.69) (0.29) (0.33) (0.21) (0.23) (0.22) (0.26) (0.26) (0.29) (2.77) (1.17) (1.31) (0.83) (0.91) (0.92) (1.08) (1.06) (1.21)
Panel B: p = 0.0005 Panel B: = 0.0005
20 2.51 1.87 2.44 1.33 1.66 1.62 2.39 1.60 2.32 20 10.04 7.48 9.75 5.31 6.63 6.49 9.57 6.39 9.30
(0.69) (0.28) (0.36) (0.20) (0.25) (0.21) (0.31) (0.26) (0.34) (2.83) (1.14) (1.49) (0.81) (1.01) (0.83) (1.22) (0.98) (1.32)
40 2.52 2.03 2.44 1.44 1.68 1.84 2.40 1.83 2.36 40 10.05 8.14 9.78 5.78 6.74 7.40 9.62 7.36 9.48
(0.70)  (0.29) (0.35) (0.21) (0.24) (0.22) (0.28) (0.25) (0.30) (2.77) (1.12) (1.35) (0.80) (0.93) (0.87) (1.12) (1.04) (1.26)
100 2.51 2.19 2.45 1.56 1.71 2.07 2.42 2.06 2.40 100 10.07 8.78 9.83 6.24 6.86 8.28 9.71 8.25 9.63
(0.69) (0.29) (0.33) (0.21) (0.23) (0.24) (0.28) (0.28) (0.31) (2.79) (1.14) (1.27) (0.81) (0.89) (0.89) (1.04) (1.06) (1.19)
Panel C: = 0.001 Panel C: p = 0.001
20 2.60 1.90 2.48 1.35 1.68 1.63 2.41 1.59 2.32 20 10.01 7.45 9.72 5.29 6.60 6.46 9.53 6.37 9.27
(0.75)  (0.29) (0.38) (0.21) (0.26) (0.21) (0.30) (0.25) (0.33) (2.77)  (1.12) (1.46) (0.79) (0.99) (0.83) (1.22) (0.99) (1.34)
40 2.59 2.06 2.47 1.46 1.70 1.85 2.41 1.83 2.36 40 10.08 8.15 9.79 5.79 6.75 7.40 9.62 7.35 9.47
(0.73)  (0.30) (0.36) (0.21) (0.25) (0.22) (0.28) (0.25) (0.31) (2.82) (1.15) (1.38) (0.82) (0.95) (0.87) (1.13) (1.02) (1.25)
100 2.63 2.24 2.50 1.59 1.75 2.08 2.45 2.06 2.41 100 10.10 8.79 9.84 6.24 6.86 8.28 9.71 8.24 9.62
(0.74) (0.31) (0.34) (0.22) (0.24) (0.24) (0.28) (0.27) (0.31) (2.91) (1.19) (1.33) (0.85) (0.93) (0.91) (1.07) (1.08) (1.21)
Panel D: p = 0.005 Panel D: = 0.005
20 5.01 2.73 3.57 1.94 2.42 1.85 2.86 1.49 2.34 20 12.52 8.33 10.87 5.92 7.38 6.71 10.02 6.26 9.29
(1.22) (0.45) (0.59) (0.32) (0.40) (0.24) (0.37) (0.25) (0.34) (3.38) (1.28) (1.67) (0.91) (1.13) (0.84) (1.25) (1.00) (1.34)
40 5.00 2.90 3.49 2.06 2.40 2.10 2.80 1.74 2.35 40 12.52 9.00 10.81 6.40 7.45 7.64 10.01 7.25 9.45
(1.23)  (0.47) (0.56) (0.33) (0.39) (0.26) (0.35) (0.27) (0.34) (3.44) (1.32) (1.59) (0.94) (1.09) (0.89) (1.17) (1.06) (1.29)
100 4.98 3.08 3.45 2.19 2.41 2.35 2.80 2.01 2.40 100 12.53 9.65 10.81 6.86 7.54 8.54 10.07  8.17 9.60
(1.25) (0.47) (0.53) (0.33) (0.37) (0.27) (0.32) (0.28) (0.32) (3.52) (1.38) (1.55) (0.98) (1.08) (0.93) (1.09) (1.04) (1.18)
Panel E: © = 0.01 Panel E: = 0.01
20 12.47 5.31 6.93 3.78 4.71 2.55 4.26 1.24 2.41 20 20.14 1096  14.30 7.79 9.72 7.42 11.45 5.95 9.34
(2.14) (0.76) (0.99) (0.54) (0.67) (0.31) (0.52) (0.27) (0.38) (4.78) (1.71) (2.23) (1.21) (1.51) (0.88) (1.37) (0.99) (1.33)
40 12.55 5.55 6.66 3.94 4.59 2.84 4.01 1.54 2.34 40 19.89  11.61  13.94 8.25 9.61 8.41 11.25 7.02 9.45
(2.10) (0.75) (0.91) (0.54) (0.62) (0.33) (0.46) (0.29) (0.37) (4.83) (1.87) (2.24) (1.33) (1.54) (1.09) (1.46) (1.12) (1.40)
100 12.47 5.74 6.43 4.08 4.49 14 3.87 1.85 2.37 100 20.02 1235 13.83 8.78 9.65 9.39 11.20 8.01 9.58
(2.05) (0.76) (0.85) (0.54) (0.59) (0.35) (0.43) (0.30) (0.35) (4.72)  (1.78) (1.99) (1.27) (1.39) (1.03) (1.24) (1.09) (1.24)
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Table B.9: The effect of drift on range-based estimators with stochastic volatility.

kurtosis = 1 and intraday movements k= 20

kurtosis = 3 and intraday movements k= 20

r? P Py BL BL, GK GK, RS RSy r? P Py BL BL, GK GKi RS RS
Panel A: p=0 Panel A: p=0
Mean 947 6.13 8.00 436 543 484 726 4.51 6.72 Mean 9.50  5.51 718 391 488 396 6.05 344 527
abserr  0.06 3.40 1.53 517 4.10 4.69 227 502 281 abs.err  0.02  4.01 233 560 4.63 555 346 6.07 4.24
stderr  1.67 0.72 094 051 0.64 049 073 053 0.73 std.err 221 0.93 121 066 082 055 085 0.51 0.74
MSE 85.61 552 693 5.68 541 491 470 589  4.60 MSE 85.61 9.88 11.75 10.08 9.73 9.58 848 11.39 4.60
QL inf 121 079 207 147 148 0.73 747 1.629 QL inf 1.86 126 3.04 222 232 121 1392 2475
Eff 0.10 1.00 0.84 097 1.01 1.13 120 0.95 1.27 Eff 0.18 1.00 090 097 1.00 1.05 1.18 0.89 2.25
Panel B: p = 0.0005 Panel B: u = 0.0005
Mean 951 6.13 800 436 544 483 725 449  6.70 Mean 9.59  5.55 724 394 492 399 6.08 345 5.29
abserr  0.03 335 148 5.12 4.05 4.65 223 499 278 abs.err  0.05  4.00 231 5.60 4.63 556 346 6.10 4.26
std.err  1.70  0.73 095 052 064 049 0.74 053 0.73 std.err 212 0.90 1.18 064 080 055 084 053 0.76
MSE 85.61 555 7.01 5.68 543 4.88 4.65 590 4.60 MSE 85.61 9.96 11.83 10.16 9.80 9.60 846 11.43 4.60
QL inf 119 078 204 145 145 071 9.42 1.58 QL inf 1.85 1.25 3.01 220 229 120 1317 244
Eff 0.10 1.00 0.83 097 1.01 114 1.21 0.95 1.27 Eff 0.18 1.00 0.90 0.97 1.01 1.06 1.19 0.89 2.27
Panel C: = 0.001 Panel C: p = 0.001
Mean 9.59 6.18 8.06 4.39 547 486 729 4.51 6.73 Mean 9.46  5.48 714 389 485 394 6.01 341 5.23
abserr  0.06 3.36 148 515 4.06 4.68 224 502 280 abs.err  0.06 4.05 238 563 4.67 559 351 6.11 4.30
std.err 1.80 0.75 098 0.53 0.67 050 0.75 0.53 0.73 stderr 2,14 0.90 1.18 0.64 080 055 085 054 0.78
MSE 85.61 558 7.05 570 545 490 470 590 @ 4.60 MSE 85.61 9.43 11.07 9.74 934 9.28 812 11.06 4.60
QL inf 1.21 079 207 147 147 0.72 6.89 1.62 QL inf 1.84 1.24  3.00 219 229 120 11.99 248
Eff 0.10 1.00 0.83 097 1.02 1.15 121 0.96 1.28 Eff 0.17 1.00 091 0.96 1.00 1.04 118 0.87 216
Panel D: p = 0.005 Panel D: p = 0.005
Mean 12.02 7.03 9.17 499 6.23 510 7.76 447  6.79 Mean 12.07  6.44 840 457 570 426 6.60 3.44 5.39
abserr 251 248 0.34 452 3.28 441 1.75 504 272 abs.err 248  3.16 1.19 5.02 3.89 533 299 6.15 4.20
stderr 198 0.79 1.03 056 0.70 048 0.73 0.51 0.70 stderr 236 0.95 123 067 084 054 084 054 0.76
MSE 85.61 6.20 879 5.67 577 4.81 4838 6.14 4.60 MSE 85.61 10.15 13.08 9.73 971 9.11 822 11.27 4.60
QL inf 1.02 0.67 1.73 1.23 1.31 0.63 8.04 1.65 QL inf 1.38 0.95 2.26 1.64 1.93 0.97 18.03 2.62
Eft 0.11 100 0.74 1.08 1.06 1.30 129 1.02 1.41 Eff 0.18 1.00 0.83 1.04 1.03 114 126 091 2.33
Panel E: 4 = 0.01 Panel E: ¢ = 0.01
Mean 19.53 9.64 12,57 6.85 854 582 9.19 427 691 Mean 1952 9.13  11.92 6.49 809 512 821 347 577
abs.err 10.02 0.14 3.07 265 096 3.68 031 523 259 abs.err 1952 9.13  11.92 649 809 5.12 821 347 5.77
stderr 263 098 128 070 0.87 053 0.82 059 0.79 std.err  2.95 1.15 1.50  0.82 1.02  0.63 099 064 0.90
MSE 85.61 8.66 14.96 5.86 7.19 450 555 6.70  4.60 MSE 85.61 11.80 17.98 9.49 1048 844 830 11.62 4.60
QL inf 065 048 1.07 0.77 098 046 1717 1.71 QL inf 0.75  0.59 1.17 087 121 0.58 19.16 2.33
Eff 0.16 1.00 0.59 146 119 196 158 1.31 1.98 Eff 0.21 1.00  0.68 1.25 1.12 147 147  1.05 2.69
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Table B.11: The effect of drift on range-based estimators with stochastic volatility.

kurtosis = 1 and intraday movements k= 40 kurtosis = 3 and intraday movements k= 40

r? P Py BL BL, GK GK, RS RS: r? P Py BL BL, GK GK; RS RS:
Panel A: p =0 Panel A: p =0
Mean 9.80  6.63 796 4.71 549 541 712 509 6.66 Mean 9.71 5.85 7.02 416 484 436 581 3.85 5.12
abs.err  0.03  3.13 1.80 5.05 4.28 436 2.64 4.67 3.10 abs.err  0.06  3.92 2.75 5.61 493 541 396 592 4.65
stderr  1.64 072 086 0.51 0.59 0.51 0.67 0.55 0.68 std.err 210 0.92 1.10 065 076 0.58 0.78 0.56 0.72
MSE 85.61 5.68 6.64 570 550 4.74 449 572 4.60 MSE 85.61 9.70 10.76 9.90  9.57 9.21 827 10.95 4.60
QL inf 099 073 1.72 135 1.12 0.68 6.19 1.76 QL inf 1.59 1.21 2.62 210 186 1.19 10.21 2.78
Eft 0.10 1.00 088 099 1.02 121 1.28 1.01 1.30 Eff 0.17 1.00 093 097 1.00 1.08 1.19 091 223
Panel B: p = 0.0005 Panel B: p = 0.0005
Mean 9.72  6.58 790 4.68 545 537 7.07 506 6.61 Mean 9.80 587 7.05 417 486 435 579 382 5.09
abs.err  0.02  3.16 1.83 5.06 4.29 437 267 4.68 3.12 abs.err  0.10  3.84 2.66 5.54 485 536 391 589 4.62
std.err  1.71 0.75 090 0.54 062 0.53 070 0.56 0.70 std.err 220 0.94 1.13 067 078 059 079 0.58 0.74
MSE 85.61 5.62 6.52 569 547 4.73 444 573 4.60 MSE 85.61 10.05 11.17 10.19 9.88 9.43 844 11.19 4.60
QL inf 099 073 1.72 135 111 0.67 6.76 1.73 QL inf 1.57 1.19 2.60 2.08 1.85 1.18 11.53 2.77
Eff 0.10 1.00 0.89 098 1.01 1.19 127 099 1.28 Eff 0.18 1.00 094 0.97 1.00 1.09 1.20 0.92 2.30
Panel C: p = 0.001 Panel C: = 0.001
Mean 993 6.68 803 4.75 553 543 715 510 6.68 Mean 9.82 5.89 707 418 488 437 583 385 5.13
abs.err  0.16  3.08 1.74  5.02 423 434 262 4.67 3.09 abs.err 0.12  3.81 2.63 5.52 483 533 3.87 585 4.57
stderr 177 075 090 0.53 0.62 0.50 0.66 0.53 0.66 stderr 222 0.95 1.14 067 078 058 078 0.57 0.73
MSE 85.61 575 6.74 573 553 4.76 452 580 4.60 MSE 85.61 9.81 10.83 10.08 9.73 9.35 833 11.15 4.60
QL inf 097 072 1.70 133 111 0.67 6.67 1.80 QL inf 1.56 1.18 2.58 2.06 1.84 1.17 1345 2.77
Eff 0.10 1.00 0.88 099 1.03 1.22 1.28 1.01 1.31 Eff 0.18 1.00 0.94 0.96 1.00 1.07  1.19 0.89 2.23
Panel D: 1 = 0.005 Panel D: = 0.005
Mean 1224 748 899 532 6.20 565 7.51 5.03 6.66 Mean 1222 6.77 813 4381 5.61 4.67 6.28 3.87 5.21
abs.err 249 226 0.76 443 355 410 224 471 3.08 abs.err 247  2.98 1.62 494 415 509 348 588 4.54
stdeerr 193 079 095 056 0.66 0.52 0.69 0.56 0.70 std.err  2.38  0.97 1.17 069 080 057 077 056 0.71
MSE 85.61  6.25 7.85 5.66 5.66 4.67 4.57 597 4.60 MSE 85.61 10.63 1241 10.18 10.06 9.28 840 11.36 4.60
QL inf 0.82 0.62 144 1.12 1.01 0.60 20.29 2.05 QL inf 1.20 0.92 1.99 1.59 1.59 0.98 14.67 3.43
Eff 0.11 1.00 082 1.09 1.09 135 1.38 1.06 1.42 Eff 0.19 1.00 0.89 1.03 1.04 1.17 127 096 243
Panel E: = 0.01 Panel E: = 0.01
Mean 19.84 10.19 12.23 7.24 843 6.46 879 493 6.76 Mean 19.96 9.59 11.52 6.81 794 558 7.70 391 5.46
abs.err  10.07  0.42 253 133 331 097 484 3.00 abs.err  10.18  0.18 1.74 2.96 1.84 419 208 586 4.31
std.err  2.77 1.06 1.27 075 088 0.59 0.79 062 0.77 std.err  2.95 1.16 139 082 096 064 087 0.64 0.80
MSE 85.61 9.03 13.16 595 6.79 440 491 6.53 4.60 MSE 85.61 12.44 16.51 9.80 10.42 8.46 8.01 11.65 4.60
QL inf 0.56 045 092 073 0.77 045 1515 243 QL inf 0.69  0.58 1.07 0.87 1.04 0.62 69.03 3.74
Eft 0.16 1.00 070 149 1.31 2.09 1.8 141 2.07 Eff 0.22 1.00 0.77 1.27 118 156 1.61 1.11 2.84
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Table B.13: The effect of drift on range-based estimators with stochastic volatility.

kurtosis = 1 and intraday movements k= 100

kurtosis = 3 and intraday movements k= 100

r? P Py BL BL, GK GK, RS RS: r? P Py BL BL, GK GK; RS RS:
Panel A: p =0 Panel A: p =0
Mean 9.96 6.99 7.83 497 546 585 6.92 5.54  6.52 Mean 9.88 6.10 6.83 4.33 476 4.64 5.53 4.13 491
abs.err  0.06 2.91 2.07 493 444 4.05 298 4.36  3.37 abs.err  0.03 3.74 3.01 5.51 5.08 520 4.31 5.71  4.93
std.err 1.68 0.75 0.84 0.3 0.58 0.53 0.63 0.55 0.64 std.err 2.26 0.98 1.10 0.70 0.77 0.61 0.74 0.59  0.68
MSE 85.61 5.68 6.20 5.68 552 4.63 441 556 4.60 MSE 85.61 10.13 10.73 10.23 10.00 9.26 8.54 11.00 4.60
QL inf 0.85 0.70 151 129 091 0.66 5.81  2.02 QL inf 1.41 1.18 2.35 2.04 159 120 11.96 3.36
Eft 0.10 1.00 093 099 1.02 1.24 130 1.04 1.30 Eff 0.18 1.00 0.97 0.98 1.00 1.12  1.20 0.95 231
Panel B: p = 0.0005 Panel B: p = 0.0005
Mean 9.83 6.91 7.74 491 540 579 6.84 5.49  6.46 Mean 9.99 6.14 6.87 4.36 4.79 4.65 5.54 4.12 4.90
abs.err 007 299 216 499 450 4.11 3.05 441 343 abs.err  0.09  3.77  3.03 5.54 511 526 436 579 5.00
std.err 1.68  0.73  0.82 0.52 057 0.53 0.63 0.58 0.67 std.err 224 0.96 1.07 068 075 059 071 056 0.65
MSE 85.61 5.63 6.14 562 547 457 436 551 4.60 MSE 85.61 10.20 10.82 10.27 10.04 9.34 8.63 11.06 4.60
QL inf 0.85 070 150 1.29 091 0.67 6.40 2.05 QL inf 1.40 1.18 2.34 2.04 159 1.20 7596 3.32
Eff 0.10 1.00 093 099 1.02 125 1.30 1.04 1.29 Eff 0.18 1.00 0.96 0.98 1.00 1.12 1.20 094 233
Panel C: p = 0.001 Panel C: = 0.001
Mean 995 697 781 495 545 582 6.89 552 6.50 Mean 10.05 6.16 690 438 4.81 4.66 556 4.13 491
abs.err  0.01 2.97 213 499 449 412 3.05 4.42  3.44 abs.err  0.15 3.74 3.00 5.52 5.08 524 4.34 5.77  4.98
stderr 175  0.78 0.88 0.56 0.61 0.56 0.67 0.60 0.69 std.err 228  0.97 1.09 069 076 060 073 0.59 0.69
MSE 85.61 5.81 6.36 5.73 558 4.64 4.44 5.58  4.60 MSE 85.61 9.81 10.39  9.97 9.73 9.21 850 11.09 4.60
QL inf 0.85 070 150 1.28 0.91 0.66 6.95 2.03 QL inf 1.39 1.17 2.32 2.02 158 1.19 20.68 3.45
Eff 0.10 1.00 0.93 1.00 1.02 1.26 1.32 1.06 1.33 Eff 0.18 1.00 0.97 0.97 0.99 1.09 1.17 0.91 2.25
Panel D: 1 = 0.005 Panel D: = 0.005
Mean 1239 785 880 558 6.14 6.10 7.26 550 6.52 Mean 1249 7.07 792 5.02 5.52 498 597 4.18 5.00
abs.err  2.49 2.05 111 432 3.77 3.80 2.65 4.40  3.38 abs.err  2.53 2.88 2.03 4.93 4.43 497 398 5.78  4.95
std.err 1.93 0.80 090 0.57 0.63 054 0.64 0.58  0.67 std.err 2.59 1.08 1.21 0.77 085 0.65 0.78 0.63 0.73
MSE 85.61  6.35 7.27 567 5.64 4.58 4.46 5.83  4.60 MSE 85.61 10.59 11.61 10.00 9.90 9.00 836 11.11 4.60
QL inf 0.73 0.61 1.28 1.10 0.84 0.61 7.89 2.64 QL inf 1.08 0.91 1.80 1.56 1.37  1.02 29.84 4.92
Eff 0.11 1.00 0.89 1.11 111 141 1.44 1.11 1.46 Eff 0.19 1.00 0.93 1.04 1.05 120 1.29 097 241
Panel E: = 0.01 Panel E: = 0.01
Mean 19.99 10.58 11.84 7.52 826 6.94 8.38 5.43  6.56 Mean 19.86 9.78 1095 6.95 7.64 588 T7.15 4.26  5.18
abs.err  10.09  0.67 1.94 239 164 296 1.53 448  3.35 abs.err  9.96 0.13 1.04 2.96 227  4.02 276 5.65 4.72
std.err 2.62 1.00 1.12  0.71 0.78 0.58 0.70 0.64 0.73 std.err 2.85 1.12 1.25 0.80 0.88 0.66 0.79 0.70  0.80
MSE 85.61 9.47 1191 6.13 6.61 4.44 4.67 6.40  4.60 MSE 85.61 12.53 14.70 9.98 10.25 8.54 8.08 11.61 4.60
QL inf 0.50 044 0.83 0.71 0.64 045 1523 3.77 QL inf 0.64  0.57 1.00 0.88 092 0.67 4851 6.73
Eft 0.17 1.00 0.80 1.53 142 219 2.07 1.52  2.16 Eff 0.23 1.00 0.86 1.26 122 1.55 1.62 1.12 285
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Table B.15: The average variance estimates

with 95% confidence interval.

expected variance = 10, kurtosis = 1

expected variance = 10, kurtosis = 3

k r? P Pr BL BLy GK GKy RS RSk k r? P Py BL BLx GK GKg RS RSk
Panel A: p=0 Panel A: p=0
20 9.47 6.13 8.00 4.36 5.43 4.84 7.26 4.51 6.72 20 9.50 5.51 7.18 3.91 4.88 3.96 6.05 3.44 5.27
(3.27)  (1.40) (1.83) (1.00) (1.25) (0.96) (1.44) (1.03) (1.43) (4.32)  (1.82) (2.38) (1.30) (1.62) (1.07) (1.67) (1.00) (1.45)
40 9.80 6.63 7.96 4.71 5.49 5.41 7.12 5.09 6.66 40 9.71 5.85 7.02 4.16 4.84 4.36 5.81 3.85 5.12
(3.22) (1.40) (1.69) (1.00) (1.16) (0.99) (1.31) (1.07) (1.34) (4.11)  (1.80) (2.16) (1.28) (1.49) (1.14) (1.63) (1.10) (1.41)
100 9.96 6.99 7.83 4.97 5.46 5.85 6.92 5.54 6.52 100 9.88 6.10 6.83 4.33 4.76 4.64 5.53 4.13 491
(3.29) (1.46) (1.64) (1.04) (1.14) (1.03) (1.23) (1.08) (1.25) (4.43)  (1.93) (2.16) (1.37) (1.50) (1.20) (1.44) (1.15) (1.34)
Panel B: p = 0.0005 Panel B: = 0.0005
20 9.51 6.13 8.00 4.36 5.44 4.83 7.25 4.49 6.70 20 9.59 5.55 7.24 3.94 4.92 3.99 6.08 3.45 5.29
(3.33)  (1.42) (1.86) (1.01) (1.26) (0.97) (1.45) (1.03) (1.44) (4.15)  (1.77) (2.30) (1.25) (1.56) (1.07) (1.65) (1.04) (1.49)
40 9.72 6.58 7.90 4.68 5.45 5.37 7.07 5.06 6.61 40 9.80 5.87 7.05 417 4.86 4.35 5.79 3.82 5.09
(3.35) (1.48) (1.77) (1.05) (1.22) (1.03) (1.37) (1.09) (1.37) (4.31)  (1.85) (2.22) (1.31) (1.53) (1.15) (1.55) (1.13) (1.44)
100 9.83 6.91 7.74 4.91 5.40 5.79 6.84 5.49 6.46 100 9.99 6.14 6.87 4.36 4.79 4.65 5.54 4.12 4.90
(3.30) (1.44) (1.61) (1.02) (1.12) (1.04) (1.23) (1.14) (1.31) (4.39) (1.87) (2.10) (1.33) (1.46) (1.15) (1.38) (1.10) (1.28)
Panel C: = 0.001 Panel C: p = 0.001
20 9.59 6.18 8.06 4.39 5.47 4.86 7.29 4.51 6.73 20 9.46 5.48 7.14 3.89 4.85 3.94 6.01 3.41 5.23
(3.52) (1.47) (1.92) (1.05) (1.31) (0.97) (1.47) (1.03) (1.44) (4.19) (1.77) (2.31) (1.26) (1.57) (1.08) (1.67) (1.07) (1.52)
40 9.93 6.68 8.03 4.75 5.53 5.43 7.15 5.10 6.68 40 9.82 5.89 7.07 4.18 4.88 4.37 5.83 3.85 5.13
(3.47)  (1.47) (1.76) (1.04) (1.21) (0.98) (1.30) (1.03) (1.29) (4.35)  (1.85) (2.23) (1.32) (1.54) (1.14) (1.54) (1.12) (1.42)
100 9.95 6.97 7.81 4.95 5.45 5.82 6.89 5.52 6.50 100 10.05 6.16 6.90 4.38 4.81 4.66 5.56 4.13 4.91
(3.44) (1.53) (1.72) (1.09) (1.20) (1.10) (1.30) (1.18) (1.35) (4.46) (1.91) (2.13) (1.35) (1.49) (1.19) (1.42) (1.16) (1.35)
Panel D: p = 0.005 Panel D: = 0.005
20 12.02 7.03 9.17 4.99 6.23 5.10 7.76 4.47 6.79 20 12.07 6.44 8.40 4.57 5.70 4.26 6.60 3.44 5.39
(3.87) (1.54) (2.01) (1.10) (1.37) (0.94) (1.43) (1.00) (1.38) (4.63) (1.85) (2.42) (1.32) (1.64) (1.06) (1.64) (1.06) (1.49)
40 12.24 7.48 8.99 5.32 6.20 5.65 7.51 5.03 6.66 40 12.22 6.77 8.13 4.81 5.61 4.67 6.28 3.87 5.21
(3.78) (1.55) (1.87) (1.10) (1.29) (1.02) (1.35) (1.10) (1.37) (4.67)  (1.90) (2.29) (1.35) (1.58) (1.12) (1.51) (1.10) (1.39)
100 12.39 7.85 8.80 5.58 6.14 6.10 7.26 5.50 6.52 100 12.49 7.07 7.92 5.02 5.52 4.98 5.97 4.18 5.00
(3.78) (1.57) (1.76) (1.11) (1.23) (1.05) (1.25) (1.15) (1.31) (5.08) (2.12) (2.38) (1.51) (1.66) (1.28) (1.54) (1.24) (1.44)
Panel E: © = 0.01 Panel E: = 0.01
20 19.53 9.64 12.57 6.85 8.54 5.82 9.19 4.27 6.91 20 19.52 9.13 11.92 6.49 8.09 5.12 8.21 3.47 5.77
(5.15) (1.92) (2.50) (1.36) (1.70) (1.05) (1.62) (1.15) (1.56) (5.78) (2.26) (2.95) (1.60) (2.00) (1.24) (1.94) (1.25) (1.76)
40 19.84 10.19  12.23 7.24 8.43 6.46 8.79 4.93 6.76 40 19.96 9.59 11.52 6.81 7.94 5.58 7.70 3.91 5.46
(5.43) (2.07) (2.49) (1.47) (1.72) (1.15) (1.55) (1.21) (1.51) (5.78) (2.26) (2.72) (1.61) (1.87) (1.25) (1.70) (1.25) (1.57)
100 19.99  10.58 11.84 7.52 8.26 6.94 8.38 5.43 6.56 100 19.86 9.78 10.95 6.95 7.64 5.88 7.15 4.26 5.18
(5.14)  (1.96) (2.19) (1.39) (1.53) (1.14) (1.37) (1.25) (1.43) (5.59) (2.20) (2.46) (1.56) (1.72) (1.30) (1.55) (1.37) (1.57)
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Appendix C

The BHHH algorithm for DNIG
model

The BHHH algorithm is one of the most widely used methods for maximizing the log-
likelihood function in financial econometrics. The BHHH requires only the gradient of
the log-likelihood function and therefore the implementation is relatively simple.

The log-likelihood function at the ¢** observation is

li(a, B,w) = log(f(yelFi1; 0, B,w))

wexp(w) K Ly?

— | K
T\ YE + drw o

1
= log(w) +w — log(m) — 5 log (yf + wexp(a + Blog(d;_,))

+log | K3 wyi + w?
exp (a + Blog(d?_,))

Thus, the gradient at the " observation is the vector Gy = (9l;/da, 0l /03,0l /Ow)’.

= log + w?

Given z; = \/exp(aJr;fitg( ) + w? and w > 0 the entries of the gradient are
t 1

oly _ 1 wexp (a + Blog(R? )) N (1 K, (zt)) 0z
O Qyt + wexp (a+510g( D) z  Ki(z)) O«
ol _ _lwlog(R 1) €xp (a—i—ﬁlog R + (1 Ko (z ) 0z
op 2 y2+wexp (a+ﬁlog (R? ) z Ki(z)) 08
a1 1o 1 exp(a+ Blog(R? <1 Ko(z ) 0z
ow  w Q?Jt + wexp (a+ﬁlog z  Ki(z)) 0w
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where
9z 1 wy;
da 2z \ exp (a+ Blog(R?)))
0z 1 wyi log(RY_,)
B 22 \ exp (o + Blog(R?,))

02 1 yi
oz _ L 2
Ow 22 <exp (o + Blog(R?,)) i

The gradient G is therefore the summation of Gy, that is G = >, | G;. The infor-
mation matrix I = [I; ;] equals the outer product of gradient B = [B; ;] that is estimated
by

R R 1 aly Ol
Lij=Bij=— iy
7 7 n P 00); 8@]'

Employing the BHHH algorithm, the estimated parameter are updated by

~

Oy = Op—1) + Byl )Gy
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