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Abstract

In this thesis we studied the estimation bias of the least squares estimate of the mean rever-
sion parameter, when the underlying dynamics is governed by fractional Brownian motions.
Fractional Brownian motion is a continuous-time model with long-range dependency fea-
tures. Least squares estimate for the mean reversion parameter under standard Brownian
motion framework has been shown to be positively biased. Using an approximate bias for-
mula, we show that the estimation bias in the fractional Brownian case behaves differently
from the standard Brownian motion case, and in fact can be negative depending on the Hurst
parameter and the true value of the mean reversion. We conclude the thesis by looking into
the implication of these results from the perspective of risk management.
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Chapter 1

Introduction

Mean reversion is a key feature in many financial assets. Interest rates and historical volatil-
ity of a stock return tend to be mean-reverting, in the sense that each of these quantities
has a tendency to revert to its unconditional mean in the long run. A mean-reverting time
series is more likely to correct any deviation from this fixed value.

The Ornstein-Uhlenbeck (OU) process is one of the processes that captures the behaviour
of mean reversion. Such a process can be represented by the following stochastic differential
equation (SDE):

dSt = k([ll — St>dt + UdBt,

where k£ > 0 is the mean reversion speed, u € R is the long term mean, o > 0 is the
instantaneous standard deviation (sometimes called volatility) and {B;}cr is the standard
Brownian motion.

Solving this SDE over the time interval [t;_1, ;] for some i € N yields the following process:

1 — 6—2kh

Si=e ™S +ul—e™ +o ok

€,

where h :=t; —t; 1!, S; := S, and ¢, ~ N(0,1) i.i.d. for each i. In this thesis we focus on

the case where the parameter p is assumed to be known. Under this circumstance we can

!By assuming that the time intervals are equally spaced.



assume for simplicity that p = 0 without loss of generality. As a result, given a time series
{S;}ien which is known to follow an Ornstein-Uhlenbeck process (and which can also be
viewed as a continuous version of an autoregressive process of order 1, i.e. AR(1) process), it
is natural to consider using the method of ordinary least square (OLS) to estimate its mean
reversion parameter yielding the following OLS estimator:

n Z1§i§n Si—15;
h 219’@ 512

It is known that for a simple linear regression model where the explanatory variable is un-

~ 1
k:=——

(1.1)

correlated with the regression error terms, the OLS estimator for this slope coefficient is
unbiased. However, in a time series {S; }icn, the covariates in the AR(1) regression are typi-
cally lagged dependent variables, and such dependence makes the OLS estimate of the mean
reversion parameter to be biased when the residuals of this regression are not independently
distributed.

Indeed, it has long been known that the OLS estimate as prescribed in (1.1) is positively
biased, i.e. the mean reversion paramter is over-estimated by the OLS method. However,
using the bias estimation formula developed in [7], it is possible to derive a bias formula
which takes into account the fact that the bias tends to 0 as the true value k tends to 0,

despite the fact that such a bias is still significant relative to the magnitude of the true value
[11].

Meanwhile, it has also long been observed that time series observed in the financial market
are not driven by a standard Brownian motion. For instance, historical data from major
equity indices such as Dow Jones Industrial Index reveal that the returns are much more
peaked and have fatter tails compared to the tails of a normal distribution (Figure 1.1).
Moreover, historical returns usually also present persistence, i.e. a large return on one trad-
ing day is often followed by large returns, and so do small returns. Such clustering of returns
cannot be explained by the standard Brownian motion model, since it assumes that returns
are independent of each other.

Similar concerns also arise when modeling volatility by standard Brownian motions. For
instance, viewing the absolute daily return as a proxy to the volatility of the underlying, we
can conclude that the volatility of commonly traded equity indices is serially correlated. The
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Figure 1.1: Histogram of Annualized Log Returns of DJI Index, 1/1/2000 - 1/1/2016, with
Overlay by Density Function of Normal Distribution.

autocorrelation does not decay quickly enough as its lag increases (Figure 1.2). This evidence
supports the argument that the volatility is not driven by standard Brownian motions ei-
ther, for if otherwise we should have observed little autocorrelations in the return time series.

There are many different models which try to capture the autocorrelation feature of the
return time series. One such attempt is fractional Brownian motion (fBm). Under the fBm
framework, the stochastic process is still driven by some normally distributed random vari-
ables, but the increments can now be correlated with each other. The degree of correlation is
governed by the so-called Hurst parameter H € (0,1), with the increments being positively
correlated when H > %, and negatively correlated when H < 1. Such process nests the

2
standard Brownian motion as a special case, when H = %

There are several common features shared by standard and fractional Brownian motions. For
instance, integrating a deterministic function with respect to fBm still leads to some nor-
mally distributed variable, and Ito isometry still holds under fBm. Nevertheless, applying
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Figure 1.2: Autocorrelation of Absolute Annualized Historical Log Returns of DJI Index,
1/1/2000 - 1/1/2016.

the usual definition of a stochastic integral?> under fBm allows for arbitrage opportunities[8],
and to remedy this, it is suggested that the integral should be defined by a so-called Wick’s
product. The development of Ito-Wick’s integrals and their applications in finance can be

found for instance in [4] and [2].

In this thesis, we will generalize the results on the bias formula as presented in [11] by
focusing on the estimation of the mean reversion parameter for the fractional Ornstein-

2In [4] and [2], such integrals are called (fractional) pathwise integrals.



Uhlenbeck (fOU) process, i.e. the mean-recersion parameter k in the following stochastic
differential equation:

dSt = k’(ﬂ — St)dt + O-dBtH,

where B} is a fBm with constant H € (1,1). The result developed in this thesis covers the
case in [11] by placing H = % To develop the corresponding bias formula for the fOU case,
we essentially need two pieces of information: (1) The bias formula for general nonlinear
estimator, and (2) the moments for integrals driven by fBm.

In Chapter 2, we will review the formulation of the so-called second-order bias formula of a
nonlinear estimator, based on the work by [7]. The derivation of this bias formula essentially
involves a Taylor series expansion up to second order of a given stochastic expression.

In Chapter 3, we will review the theoretical background of the fractional Brownian motion.
We will first briefly provide the mathematical setting for defining a fractional Brownian mo-
tion properly. Such a definition leads directly to the fact that the integral of deterministic
functions with respect to fBm is also normally distributed. This normality result is essential
to the later development of the thesis, for if otherwise the calculation of higher moments
could be quite tedious. We will also quickly review some results regarding Wick-Ito’s inte-
gration and the fBm version of Ito’s lemma.

Based on the background information in the previous chapters, we will develop a new second-
order bias formula for the fOU case in Chapter 4.



Chapter 2

Bias Term for a Nonlinear Estimator

Suppose that the parameter of interest is 8 and its estimator is given by 6 which is dependent
on the observed data. Then, to quantify how good this estimator is, we can consider an
estimator bias, defined as

B(0) := E[] — 0,

where the expectation is based on the expectation of the underlying random process. In
other words, the bias of an estimator is simply the expected error of using this estimator
to estimate the true value . An estimator is unbiased if the bias is zero.

This chapter is divided into three parts. In the first part the bias formula for a general
nonlinear estimator is briefly revisited, based on [7]. In the second part, this bias formula
is applied to the case of standard Ornstein-Uhlenbeck process, following [11], where the
mean reversion of such process is estimated by the least-square estimates based on the finite
sample generated from the stochastic process. In the last part, some properties regarding
this estimator are discussed, together with numerical simulations to illustrate the general
behaviour of the estimator bias.



2.1 Bias Formula

The class of estimators to be considered are those which are the solution to the follwing
estimating equations of the form

vnll) == 3 al0) =0, 2.)

given a finite sample of non-i.i.d. random variables Z;, - - - , Z, of size n. Here, q(0) := q(Z;;0)
is a known scalar function dependent on Z; and § € R.! Usually, it is also assumed that the
implied estimating functions will be unbiased in the sense that

E[yn(0)] =0 (2.2)

holds only when 6 is the true value 6y. Nevertheless, it should be emphasized that the con-
dition that E[¢,(6p)] = 0 does not necessarily hold for some estimators.

The class of estimators satisfied by (2.1) include maximum likelihood (ML) and ordinary
least-square (OLS) estimators. We call such estimators nonlinear in the sense that unlike
a multiple linear regression model, it is a general fitting procedure which encompasses both
linear and nonlinear relationships among the parameter(s) to be estimated and the (inde-
pendent, dependent) random variables, as long as (2.1) and some regularity conditions are
satisfied.

We first recall some definitions regarding the order of magnitude in probability sense:
Definition 2.1.1 A sequence of random variables {X,} is said to be

e at most of order n* in probability, denoted by Op(n*) if for each € > 0, there exists
some positive constant c(€) < oo and integer N(e€), such that

P(n*|X, <cle)) >1—¢,  Vn>Nle).

Tn [7], a more general setting of multi-variate random vectors is considered instead. Since this the-

sis focuses on one parameter only (namely, the mean reversion parameter), we do not adopt this general
framework.



* in probability, denoted by op(n*) if

e of order smaller than n
n*X, L 0,
or equivalently, lim,, o, P[|n™"X,| > €] =0 for all € > 0.

By definition, X,, € Op(n") is equivalent to saying that X,, is bounded in probability.
Based on [7], we state the following assumptions for the nonlinear estimator:

Assumption A
i 0°q;

0
00 (6)

qi

The s-th order derivative exists in a neighborhood of 6y and E

005

2
< 0Q.

Assumption B

-1
For some neighborhood of 6y, (%) € Op(1).

Assumption C
For some neighborhood of 6y, we have

‘ 0°q; 0°q;

898 (9> 895 (90) — M’L|9 90|7

where E|M;| < C < oo for each i.

One of the objectives of [7] is to derive a stochastic expansion of second order for
0—0=A 1+ A +op(nh),

where for each integer s, A_,/ represents terms of order Op(n~*/?), so that we have a
second-order approximation for the estimation bias:

~

E[@] — 0~ a_1/2 -+ a_y,
with a_g/ == E[A_s/g}. Hence, by “bias formula” we mean the expression a_;/s +a—;. To
derive this second-order (approximated) bias, we need the above assumptions to hold for

s > 2. The derivation is simply based on a Taylor series expansion, while taking care of the
order of magnitude for all residual terms.



Lemma 2.1.2 ([7]) Suppose that Assumptions A - C hold for some s > 1, then 0 has an
asymptotic normal distribution.

Lemma 2.1.3 ([7]) Suppose that Assumptions A - C hold for s = 2, then
é -0 = A_l/g + Op(n_l),

-1
where A_y ), = — (85?1 (90)) (o).

Proof See [7] for details. Bl

Lemma 2.1.4 ([7]) Suppose that Assumptions A - C hold for s =2, and that

. R ) )
Un(0) = ¥n(fo) + 881%1 (00)(0 — o) + %%(90)(9 — 0)% + Op(n~3/?),
then
A oY, -1 1 /0y, -1 52 ) .
0— 6y =— ( 8¢9 (90>> Uy (6o) — 3 ( aq/; (90)> G;é (60) (A_1/2)2 +Op(n¥),

Proof See [7] for details. W

Lemma 2.1.5 ([7]) Suppose Assumptions A - C hold for some s > 2, then
E[é] — 0y = a_1/2 + Q-1+ Op(n_3/2>, (23)

where a_y/2 and a_y are defined by

a _ @Zjn(eﬂ)
ST B (00)]
a4 — _1%(90) - L W;(eo)]a _ EE [¢hn (60)] (a )2
B El,(00)] 2B 0] ¢ Y

where V! and ! are usual partials with respect to 6.

Proof See [7] for details. W

Remark: As mentioned in [1], the proof of the above bias formula is valid for both i.i.d.
and non-i.i.d. sequences of random variables {Z;}! ;. Indeed, in the i.i.d. case, the bias
formula can be further simplified, as stated in Proposition 3.2 in [7].

9



2.2 Estimating the Mean Reversion Parameter for an
Ornstein-Uhlenbeck (OU) Process

In this section, we directly apply the bias formula (2.3) to derive the corresponding bias for-
mula for the mean reversion parameter for the standard Ornstein-Uhlenbeck process. This
bias formula will reveal a nonlinear relationship between the bias and the true mean rever-
sion speed. The treatment here is based on [11].

A standard Ornstein-Uhlenbeck process is governed by the following stochastic differential
equation:

where k£ > 0 is the mean reversion parameter, ¢ > 0 is the volatility and B; is the standard
Brownian motion. In reality, finite sample can be extracted from a given stochastic process.
We can denote such time series as

SOaSh“' aSn

for a sample of size n, sampled at time 0 =ty < t; < --- < t,,. For simplicity, we will assume
that the sampling times are equally spaced, i.e. t; =i-h,i =0,1,--- ,n for some fixed h > 0.
As in the setting in [11], we assume that the initial datum is also randomly driven:

2
o
So~ N — .
Note that % is the unconditional variance of Sy. We can further assume that pu = 0.2

Solving the SDE (2.4) over the interval [t;_1, ;] gives

1— 6—2kh

Si - 7khSZ',
e 1+ 0o o

€ (2.5)

where €; ~ N(0, 1).

2The assumptions of Sy to be random and p is known are the setting used in [11]. Following the same
setup allows us to directly compare the bias behavior under standard OU and fOU processes.

10



Given a finite sample {S;}" ;, the OLS estimator of k, denoted as k: is defined by
k = argmin S, —e *S, )2
gk ZZI( 1)
By simple calculus, we arrive at the following equivalent expression satisfied by this k:
Z Si—l(Si — G_EhSZ‘_l) =0. (26)
i=1

Under the standard OU process, it can be shown that the OLS estimator coincides with the
maximum likelihood (ML) estimator ks, with the latter being as

]%ML = argmax ln(pdf(SZ|S,_1)),
k
where pdf is the probability density function of S; given S; ;. From (2.5), we have

1— e—Qkh
Si|Siii ~ N (e *hs, | 02— ).
| 1 (6 1,0 2]{3

The objective of this section is to derive a bias formula of second order from (2.6). Let

S = [S07517"' 7Sn]T

U, = Ls7cys
n
v, = Lereys
n
(010---000]
101---000
|oro- 000
Cr =3
000---010
000---101
000---010]
| en O
oz, 0

11



where [y, is the n-dimensional identity matrix and 0,,x; is the n-dimensional zero (column)
vector. Then we can rewrite (2.6) as

U, — e *hy — 0.

To apply (2.3), we need to compute the expected values of some functions of the quadratic
forms U,, and V,,.

Lemma 2.2.1 ([10]) Suppose that S ~ N(0,%), and A, Ay, Ay are symmetric matrices,
then we have

E(STAS) = tr(AY)
E[(STAS)?] = (tr(AX))* + 2tr( AL AY)
E[STAl»SSTAQS] = tr(AlE) tI'(AQE) + 2121"(14121422) (29)
Remark: This lemma essentially states that expectations of quadratic forms are all
dependent up to the second moment (X). However, it is important to note that this is not

always true for random vectors with a non-normal distribution (e.g. (2.8) and (2.9) involve
co-kurtosis terms). Hence, the normality assumption is crucial for the validity of this lemma.

The proof of this lemma relies on a trick used in [10] regarding quadratic forms of normally
distributed random variables.

Lemma 2.2.2 ([10]) Let f be the pdf of a n-dimensional normally distributed random vec-
tor y:

1 1 Ty—1(,
f(y)—mexp(—§(y—u) Xy M))

Define a differential operator
0
d= Y—.
H+ o

Then for any given analytic function h : R® — R, we have

12



Remark: It should be noted that any higher orders of d should be interpreted as
recursive differential operators. For instance,

fﬂw:ﬂW@D:d(w+%%)ﬂw#(M+2%%+2(%%>)f@)

Moreover, the shorthand h(d) should be interpreted as a differential operator in the sense
that if h(y) = ), aay™ where a is an multi-index, then h(d) =) a,d®.

Proof of Lemma 2.2.2 Here, we adopt a “less operator” approach compared to the one
shown in [10]. We can start from a one-dimensional case: y,¥ € R. By definition of the
differential operator d, we can easily check that

Then by a componentwise consideration, we can deduce that (2.10) also holds for y € R"
and any multi-index m = (mq,--- ,m,). Since every real-valued analytic function h takes
the form h(y) = > °_, any™, the result follows immediately. B

Corollary 2.2.3 ([10]) For any analytic function h : R" — R and any Y ~ N(u, %), we
have

E[h(Y)] = h(d) - 1.
In particular, we have E[Y]| =d-1=p and E[YTY]|=d"d- 1 =d"p=pu"'pu+ 3.
Proof By Lemma 2.2.2, h(y)f(y) = h(d)f(y) and hence
B = [ W)y = [ sy = 1@ [ fo)dy=hd)-1.
It is also handy to have some simple results regarding differentiating quadratic forms:
Lemma 2.2.4 For a constant n X n symmetric matrix M, we have

(gﬁTmao=HM@

)
@(MTMM) =2Mp

13



a7
Proof This involves a straightforward calculus exercise once we recall 8% = [—, e —] .

Proof of Lemma 2.2.1 By Lemmas 2.2.3 and 2.2.4, we have
. . o\" 9 o\"
E[S AS}:d Ad-1=p+X— | Alp+E— ) 1=(p+25) Au
ou ou o

9\7
= uTAp + (3_M> STAu = " Ap + tr(STA)
= p" Ap + tr(AY),

where the last equality holds because ¥ is symmetric and it is always true that tr(AB) =
tr(BA) whenever both matrix products are well-defined. Next, we have

E[STA1557 A,8] = (d" A1d)(d" Asd) - 1 = (d" Ard) (p" Ao + tr(A:X))
= (dVAyd) (u" Agp) 4 tr(AsX) (dF Ard) - 1
SdTA d)(u TAQMZ—F tr(AeX) (u” Ay + tr(A X))

0
Expry = d" A <u + Eﬁ_u) (n" Agpr) = d" Ay (up” Agp + S(2A51))
a T

a T
= (" Aup) (" Agpe) + 20" Ay D Agp + (@) (A pp" Agp + 254 2 Ao p)

-~

Expro

Note that since u’ Ayp is a scalar, we have LA, up? Aoy = pr AypX A, Now, apply the
product rule of differentiation,

o\ o\
Expry = (u” Ayp) (@) (XAu) + (8_,“) (1" Agpt) (S A1) + 2tr(X A X Ay)

= (IUTAQ[L) tr(EAl) + (QAQIU)T(EAl/L) + 2tr(2A12A2)
E[STA1SSTAyS] = (0" Avp) (" Aop) + 20" AiS Asp + (" Asp) tr(SA;)
+ (24x0) T (B A ) + 2tr(SA X Ag) + tr( A2 (uh Ayp + tr (A D).

14



Finally, substituting p = 0 will give (2.7) and (2.9). (2.8) is then a special case of (2.9) with
Ai=A4=A1

Remark: Since the differential operator d involves a partial derivative with respect to u,
we cannot directly substitute . = 0 before any differentiation takes place.

With Lemma 2.2.1 in hand we can reduce the computations of E[U,], E[V,], E[U?] and
E[V?] to some manipulations of traces. Computing these traces requires some algebraic
identities:

Lemma 2.2.5 For any ¢ € R, we have

Sn— iy = S0

— 42 — 42)2
I~ (1-9)
2n¢2 2¢%(1 — ¢™")
Z¢2\a B"”*?Z i)¢* =n 2 2\2
2 e o e
n - . 27’L¢2 2¢2<1 _ (bZn)
¢|a B+1|+|a—B-1| _ 7’L§b2 +2 ¢21 — 7’L¢2
> > e
Proof Deriving the first equation is a standard exercise for an arithmetico-geometric

series. The remaining two equations can be obtained by counting the number of ¢* for each
integer 7. B

Lemma 2.2.6 ([11]) Denote ¢ = e * and ¥ = [capli<ap<n+i- Then we have

0.2
Cap = E[Sa—l : SB—I] = ﬁéla_m

2

BU.) = 570
2
[Vn] = ;_/{5
4 1+4¢2_¢4 4¢2 1_¢2n
U = 5 [+ S
ot [ 2144 AgA(1— ¢
BV = 1 {1 W) (P } ’

where Sy, U, and V,, are defined at the beginning of this section, preceding Lemma 2.2.1.

15



Proof We first compute the covariance terms for S;,i = 0,1,--- ,n. By Ito’s isometry,
we have

t; t; min(ti,tj)
E[S;S;| =F [ae_kti/ e"dB, - Ue_ktj/ etsst] = 026_1“(“”3')/ e ds
— 0_2€k|ti—tj| — 0_2¢|i—j|'

2k 2k

We then compute the following traces (note that due to symmetry c,s = cgo. Also, we adopt
the shorthand notation that cos = ca0 = 0):

n+1 n+1 n+1 n+1
1
r(CECIE) =Y > (C15)as(Ch3)pa = 1 D) (a1 + atr1) (Co-1.0 + Cor1a)
a=1 g=1 a=1 =1
1 n n n+1 n+1 n+l n
=1 Cat1,6Ca,p+1 T Z Z Ca-1,6Ca,p-1 1 Z Z Ca—1,6Ca,B+1
a=1 g=1 a=2 =2 a=2 =1
n n+l
+ Z Z Coz—i—l,ﬁcoz,ﬁ—l]
a=1 =2
1 n
1 Z [Ca+1,8Ca,8+1 F Ca,+1Ca+1,8 F Ca,8Ca+1,6+1 T Cat1,8+1Ca,8]
a,f=1
_14 i (glr-BHlHas1l g2l
2 4k?
a,B=1
Lot [ 1-¢'449?  46*(1 - o)
2 4k? 1 — ¢? (1 — ¢?)?

The last equality is due to Lemma 2.2.5. In a similar fashion, we can obtain

o2

0.2

tI'(CQE) ="n- %

2 2 2 2 2 1— 2n
(B8 = (n b Tﬁ(bz ) <b(1(_ (;;2 >> |

Afterwards, a direct application of Lemma 2.2.1 yield E[U,,], E[V,], E[U?] and E[V?]. R

16



Theorem 2.2.7 ([11]) The second order bias for the OLS estimator of the mean reversion
parameter is given by

2(1 _ 672nkh)

E(k) - k ~ —(3 + €2kh) - Tn(l . 6_2kh)7

(2.11)
where T'=n - h.

Proof This involves a direct application of Lemma 2.1.5 with ¢, (k) = U, — e *"V,,. It

turns out that in this case Efla_1/5] = 0 and Ela_] = (3—@)2 %’W See [11] for details.
|

2.3 Properties of Bias of Mean Reversion Parameter

and Simulations

Based on the bias formula (2.11), we can deduce the following properties regarding the OLS
estimator of the mean reversion parameter:

Corollary 2.3.1 The estimation bias for parameter k is always positive.

~

Corollary 2.3.2 The OLS estimator is T-consistent, i.e. as T — oo, E[k] —k — 0.

Corollary 2.3.3 ([11]) As k — 0, The bias for the OLS estimator tends to 0.

_ ,—2nkh

Proof By L’Hospital’s rule, we have lim ¢

k—0 m = 1 and hence llcli%E[afl] =0

Corollary 2.3.3 is crucial in the sense that it was thought that the bias would be linear with
the true value k, and is non-zero even when k is small, prior to the results by [11].

Corollary 2.3.4 ([11]) The estimation bias for h does not vanish by increasing the sam-

pling frequency. In particular, when T is kept fized, we have

1 1— —2Tk
[2 1o

dm Bl =k =7 Tk

B
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Proof Rewrite the bias formula in terms of 7" and n:

A 1 2T 2(1 — e‘sz)
E - = — n _—
K]~ k= 5 (3 +e ) i

2kT

Then, by L’Hospital rule, n(1 —e~"n ) = —2kT. The rest of the proof is straightforward. B

To understand the actual bias as well as to compare this actual bias against the theoretical
bias derived in previous sections, we adopt a simulation approach as described in [11]. We
first fix a time horizon T and a time interval h > 0. This fixes the number of time steps n
if we take n = [T'/h], for example. Then, 10000 simulation paths {S;}i—o... » are generated
based on the discrete formula (2.5). For each of these paths, the mean reversion parameter
estimate & is computed using (2.6). Finally, the expected value of the estimate is obtained
by averaging these estimates over all paths. This process is repeated for a range of values of

ke (0,3].

Several plots of these empirical and theoretical biases are shown in Figures 2.1-2.3. The time
horizon is fixed at T' = 3,5 or 10 years in each of the figures, with h = 1/252,1/52 and 1/12
corresponding to daily, weekly and monthly sampling. The estimation bias is shown to be
always positive and nonlinear, with diminishing bias as k decreases to 0. In particular, the
relative error (E []AC] — k)/k is significant even when k is small. These results confirm that
an adjustment based on bias formula such as (2.11) becomes necessary in order to obtain a

correct estimate of the mean reversion parameter for the standard OU process.
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Figure 2.2: Empirical and Theoretical Bias for k, with T'=5 and h = 1/52.
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Chapter 3

A Fractional Brownian Motion

In this thesis, we focus on the estimation bias of the mean reversion parameter. In last
chapter, we have reviewed the bias formula when the underlying dynamic is the standard
OU process. From now on, we consider the estimation bias under the fractional Ornstein-
Uhlenbeck (fOU) process, i.e. estimating the parameter k in the following stochastic differ-
ential equation:

dSt = k(,u — St)dt + O'dBfI,

where S; = S(t) is the underlying asset (such as interest rate, volatility, etc.), and Bff with
H € (0,1) represents the fractional Brownian motion (fBm) with Hurst parameter H at time
t. This is a Gaussian process satisfying

E(BM") =0 (3.1)
1
E[BI'B] = S{It]" + [s|"" —|s = ¢}, Vs,teR. (3.2)

The above covariance requirement is equivalent to the fact the random increments are serially
correlated unless H = 1/2:

Lemma 3.0.1 Given 0 < s1 <t < s9 < to, the covariance of fBm increments is given by

1
E ((Bt}f — Bg) . (Bg — Bg)) = {’tl — 52‘2H + ’tg — 51‘2H — ‘tl — t2’2H — ’81 — SQ’QH}.

T2
(3.3)

In particular, when H = 1/2, the fBm increments are uncorrelated, which reduces to the
standard Brownian framework.
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Proof Straightforward computation.

In later discussion, we will focus on uniform time steps {t; =i-h|i =0,--- ,n} (where h >0
is fixed) and hence it is convenient to rewrite (3.3) into the following form:

h2H
v(n) == E((Bfj, - B(}li—&-l)h) : (B{Zm)h - B{i+n+1)h)) = T‘“” + 1 + |n — 122 - 2|n|*}.

(3.4)

Note that the above covariance expression is independent of k.

The general behaviour of the fBm process is somehow different from their standard Brownian
motion counterpart. Figure 3.1 shows some simulated mean-reverting paths under different
values of H. First, a sequence of i.i.d. normally distributed random numbers are generated
to produce the sample path for the case H = 0.5. These random numbers are then adjusted
based on a Cholesky decomposition to produce sample paths for H = 0.3 and H = 0.7. It
is obvious from Figure 3.1 that the higher the value of H, the smoother the sample path is.
The increased smoothness is due to a higher level of persistence in the time series, as the
time series at different time spots are more positively correlated when H increases.

In what follows, we will only consider the case where H > % In such a case, it is known
that the fBm exhibits long-range dependency:

Lemma 3.0.2 A fractional Brownian motion with H > 1/2 exhibits long range dependence,
i.e. the autovariance function v(n) satisfies the following asymptotic relation:

lim v(n)

n—oo N~

=1,

for some constants ¢ and o € (0,1). In addition, the autocovariance decays slowly asn — oo
and

Z v(n) = oo.

Proof Using L’Hopital’s rule, the following equality holds:

lim (n+1)272 4 (n — 1)2H+2 — gp2t+2 lim (2H +2)(2H+1)  ~y(n)
n—00 n2H Comoeo 2H(2H —1)  BEp2H-2
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Figure 3.1: Simulation of Fractional Ornstein-Uhlenbeck process with y = 0,7 = 5,k =
1,0 =0.1 and H = 0.3 (Top), 0.5 (Middle) and 0.7 (Bottom).

Thus, we can take ¢ = % . (2?]1522)% and a = 2 — 2H, the latter of which lies within
(0,1) when H € (3,1). Using a comparison test, it is easy to conclude that the infinite sum

> ~v(n) diverges since > n~® for a € (0,1) does. W
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3.1 A Theoretical Setup

In this section, we briefly summarize the setup for the fractional Brownian process. The de-
velopment is mainly based on the materials in [2] and [4], with some sporadic ideas borrowed
from harmonic analysis (see [6]).
Given a fixed H € (3, 1), define

d(s,t) = H2H — 1)|s —t|*" 72, Vs, t € R. (3.5)

A measurable function f : R — R is said to be in L3(R) if

|f|i = /R/Rf(s)f(t)gb(s,t)dsdt < 00. (3.6)

We can equip this space with an inner product: for all f,g € Li(R),

(f.9)o = / / F(5)g(t) (s, t)dsdt. (3.7)

Now, we want to construct a Gaussian process satisfying (3.1) and (3.2). This in turns
requires us to define properly the probability measure p, so that the expectations in (3.1)-
(3.2) make sense. To achieve this purpose we need Bochner-Minlos theorem. Before we state
the theorem, it is worthwhile to note a number of facts regarding a class of functions:

Definition 3.1.1 A Schwarz space S(R) is the space of all rapidly decreasing smooth func-
tions on R. More precisely,

S(R) := {f ‘R = R|f € C’OO(R),|1|im lz" f®)(2)] = 0,Yn, k = 0,1,2,---}.
xr|—o0

Moreover, we can define a family of semi-norms | - |, over S(R):

| flnk = (/R |x”f(k)(:v)\2d:c)2 .

This Schwarz space has the following nice property:

Theorem 3.1.2 (S(R),| - |.x) s a nuclear space, i.e. a topological vector space V whose
topology is defined by a family of Hilbert semi-norms {|-|a }tacr, such that for any Hilbert semi-
norm p we can find a larger Hilbert semi-norm q such that the inclusion map tq, : Vo =V,
is Hilbert-Schmidt, where V,, stands for the completion of V' using | - |a.
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To avoid going astray, we refer to [6] for the proof of the above theorem. At this moment,
however, it should be emphasized that the Schwarz space being a nuclear space ensures that
the probability measure to be constructed is countably additive [6]. We can now state the
Bochner-Minlos theorem below:

Theorem 3.1.3 Given a nuclear space S, any continuous positive definite linear functional
A on S satisfying A(0) = 1 is the Fourier transform of a countably additive positive normal-
ized measure p on the dual space 8" of S, i.e.

A(f) = / (), fEs,

where (F, f) is the natural pairing of S and S’.

We are now ready to apply Bochner-Minlos theorem to construct our desired probability
measure. Take § = S(R). Its dual Q := S(R)’ is the space of tempered distribution w on R.
Consider a linear functional

My = (<3101) . v e S

Then it is straightforward to observe that A(0) = 1, and A is continuous and positive definite.
Hence, by Bochner-Minlos theorem, there exists a probability measure fi4 on €2 such that

[ ndnsto) e (<3101) . wr e S (39

Now, by replacing all f in (3.8) by ¢- f where ¢t € R is a dummy variable, and by considering
the resulting Taylor series expansion of (3.8), we can obtain

Byl )] =0 (3.9)
By () = 112, (3.10)

where it is emphasized that the expectation is taken with respect to pg. This allows us to
define

By (t) = Bu(t,w) = (. Xp.(")) (3.11)
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as an element of L*(u,) 'for each t € R where x4 : R — {0,1} for a given set A stands for
the usual indicator function such that
1 0<s<t
X04(8) =< =1 t<s<0exceptt=s=0

0 otherwise.

Now, the picture becomes clearer if we substitute (3.11) into (3.8):

- 1 1
/ e’BH(t)dqu(w) = exp (—§|X[o,t](')|3§> = EeXp (—§|t|2H) ) (3.12)
Q

where the second equality can be computed directly based on the definition of |- |4 and xjo4.
Observe that LHS of (3.12) is the characteristic function of By (t). This means that By (t)
by construction is a Gaussian process (with mean = 0 and variance = [t|*) for each ¢ € R.
By a polarization argument, we can also obtain

B [Ba(s)Bu(t)] = 5 {Bu, [(Buls) + Bu()? ~ Bials) - B(t)] }
= % { By [ X0, + X100)* = (- X10.9)* = (5 x0.0)°]

1
= 5 {Ix0.9 + X415 — x5 — IXpal3 )
= (X[O,s], X[o,t])<z>

1
= LSl P~ s - 27

where the second last equality is due to the definition of norms induced by the inner product
(If @ = (f, f)s) and the last equality relies on straightforward computation of (X{o.s, X[0,4)e
based on the definition of x| for different values of s and ¢. In other words, the require-
ment for being qualified as a fractional Brownian motion (equations (3.1)-(3.2)) is fulfilled

Note that, however, By(t) constructed so far is not continuous in t. We can apply the
classical Kolmogorov argument to modify it to a continuous process:

Tt should be reminded that L?(ugs) is L? space with respect to 4, which is different from Li(R).
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Theorem 3.1.4 (Kolmogorov Continuity Theorem) Let (B,|| - ||) be a Banach space
equipped with norm || - ||, and (z;,t € R) be a stochastic process such that x; € B. Suppose
that there exist positive p,d, C', such that

E ||z — x4|P] < Ot — s|', Vs,t € R,

then there is a continuous modification (&;,t € R) of (x4, t € R) which is locally Hélder
continuous with exponent a € (0,6/p), i.e.

sup
s#t,s,t€[a,b] |t - S|

where the supremum is taken over all compact subintervals [a,b] C R.

Proof See for example, [9]. B

Theorem 3.1.5 There exists a continuous modification BY for By (t) such that BE is Gaus-

sian and (3.1)-(3.2) hold, i.e. B is a fractional Brownian motion.

Proof Essentially we only need to check if the Kolmogorov criterion is satisfied. Indeed,
since (3.1)-(3.2) hold for By (t), a direct computation shows that

E,, [(Bu(s) — Bu(t))*] =|s —t|*"".

With H € (%, 1), we can take p =2,C' =1 and 0 = 2H — 1(> 0) to satisfy the criterion. B

We are at the stage of defining the integrals with respect to a fBm:

Definition 3.1.6 Given a non-random function f € Li(R), we can define the integral
Jo F(0)dBI by passing the limit to the integrals [, fo(t)dB}, with f,(t) — f(t) being a
sequence of functions constructed from the following step functions:

fn(t) = Z agn)X[ti,tHl)(t)a

)

and setting
[ fattaplt =32 (B, - Bl
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/ f(t)dBE := lim fn(t)dBtH .
n—oo
In this sense, the dual pairing is the integral of such an f:

(,f) = /R f(t)dBY.

3.2 Integrals with respect to the fBm Process

Here we present some preliminary facts about fR (t)dBf, where f is non-random, which
are useful for a later discussion about the solutions for a fOU process.

Lemma 3.2.1 (Ito’s Isometry) Given deterministic f € L3(R), we have

(f f(t)dBfI)z

Proof This is a result that can be obtained immediately from the definition of the

= |f1-

EM¢

probability measure 4, i.e. (3.10) after passing the limit to a sequence of simple functions
fo—f. 1

Lemma 3.2.2 Given f,g € Li(]R) the covariance of integrals [, f( (t)dBE and Jz9(t) t)dBH
s given by

B, | [ swast - [ gwant| = [[ reawots st = g 313

Proof Since the LHS of (3.13) is simply £, [(w, f)-(w, g)], the result follows immediately

by a polarization argument again:
1
Eﬂqb[(wa f) ’ ((“U?g)] = §E#¢[((w7 f + 9)2 - (w7 f)2 - (w>g>2]

1
=3 [1f+ 95 = 1f15 = lalz] = (f.9)s.
|

Recall that Ito’s integrals with deterministic integrands under a standard Brownian motion
are still normally distributed. Usually this is proved by checking if the characteristic functions
of the integrals match with that of a normal distribution with a zero mean. The same logic
can apply to the integrals under the fBm process:
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Lemma 3.2.3 Given a deterministic function f € Li(R), the Ito’s integral [g f(t)dB{
with respect to a fBm process, as defined in Definition 3.1.6, is normally distributed with
zero mean and variance |f|3.

Proof Since (3.8) holds for (w, f) = fR (t)dBf (by passing the limit for a sequence of
functions f,, — f), we can conclude that the characteristic function of fR (t)dBE is simply
exp(—3|f]3), the latter of which corresponds to the characteristic function of N(0,|f]7). |

The normality feature saves us a lot of work for the bias estimation calculation, for if oth-
erwise we would need to calculate higher order multi-variate moments including co-kurtosis
terms.

3.3 A Brief Note on Ito-Wick Calculus

The mathematical treatment becomes delicate when it comes to integrating a stochastic
function with respect to a general fBm. Under a standard Brownian motion, an Ito integral,
say [ F(t)dBy, can be defined using the following Riemann sum:

Z F(t;) - (B(tis1) — B(t:))

and such definition will lead to the properties such as

E U F(t)dBt] = 0.

However, it is known that under a general fBm, the expected value E [ [ F(t)dB{'] is usually
NOT equal to zero if we simply copy the definition of the standard Brownian motion based
on some Riemann sums. Moreover, it is proved in [2] that such a definition is equivalent to
the Stratonovich integrals® for a large class of functions F.

To ensure that the zero expectation property is still preserved for stochastic integrals under
fBm, [2] introduces the so-called Wick-Ito integrals whose definition is based on Riemann
sums of some Wick’s products.

2This is a stochastic integral defined using the following Riemann sum: 3, w (B(ti+1)—B(t;)).
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Consider a probability space (2, F, PH) for a fixed Hurst parameter H € (1/2,1). We can
define the space of random variables F': {2 — R by

LP = LP(Q, F,PH) = {F: Q = R|(E|F]")'? < 00}

for each fixed p > 1. Define the exponential functions ¢ : Lé — LY(Q, F, P) by

e(f) = exp{/o fidBF — %/0 /0 fsftqb(s,t)dsdt}

for any f € L3. It can be proved that (see [2]) the linear span &£ of these exponentials is
a dense set of LP(Q, F, P) for each p > 1. This fact is crucial for the development of the
Wick-Ito integrals.

After that, [2] borrows the idea of Malliavin derivative to define the ¢-derivative as follows:

Definition 3.3.1 ([2]) 1. For any g € L2, define ®g by
(Pg)(t) == / o(t, u)gydu.
0
2. The ¢-derivative of F' € LP(Q), F, P) in the direction of ®g is defined as

Doy F(w) = lim% {F (w 46 /0 h /0 " o, v)g(v)dvdu) - f(@}

0—0

if such a limit exists in LP(), F, P). Furthermore, if there is a process fs such that
Dy F :/ fsgsds a.s.,Vg € L2,
0

then F is said to be ¢-differentiable, D*F is said to exist and fs is denoted by D?F,

1.€.
Dy, F(w) = / D?F(w)gsds.
0

Here comes the definition of Wick product ¢. First, we define Wick product for two arbitrary
exponentials:

e(f)oelg) =e(f+g). (3.14)
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Since exponentials span the linear space £, (3.14) can be easily extended to the definition of

F oG forany F,G € £.

In general, fooo gsdBH does not belong to £. As a result, further extension to (3.14) is
required in order to define Wick products on general integrals of the form fooo g,dBH for
ge L3

Lemma 3.3.2 ([2]) If f,g € L?, then
P [ Bl =dp) [ 9B - D) (315)
0 0
Proof The lemma follows by differentiating e(f) ¢ €(dg) = e(f + dg) with respect to §

and evaluating the equality at 0 = 0. Notice that by the definition of ¢-derivative, we have
Dagge(f DS ST o(s,t) fogudsdt.

Theorem 3.3.3 (Proposition 3.4 in [2]) Ifg € L2, and suppose F, Dy, F € L*(Q, F, P),
then

F<>/ g dBH = F/ 9sdBY — Dg,F. (3.16)
0 0

Proof Extend the result in Theorem 3.3.2 to any F' € &, then the extension to F' €
L*(Q, F, P) follows by a continuity argument. B

An extension of Ito’s isometry can be obtained for F' ¢ fooo gs,dBH:

Theorem 3.3.4 ([2]) Assume that g € L} and F € €. Then

00 2
E (F <>/ gsdBf> = E [(DogF)* + F?|g|Z] - (3.17)
0

Proof As before, we can derive the equality for the case when F' = €(f), then extend to
Fe&g N

We can now give the definition of fOT F,0B in the Wick-Ito’s sense:

31



Definition 3.3.5 ([2]) Let F' € L*(Q,F, P) and consider an arbitrary partition w of [0, T]
with 0 <ty <ty <---<t,=T. Define the Riemann sum

S _ZFt t+1_BtIi{)'

Denote |r| = max;(tip1 — t;) and FJ := Fy, for t € [t;,ti11). Suppose that as |7| — 0, we
have E|F™ — F|3 — 0 and

tit1 2
Z E [/ |D¢F,, — Dst|ds} -0  inl?
then the Riemann sum has a limit in L*(Q2, F, P) and is denoted as fOT F,0B i.e.

/FcSBH hmZF“ (B — B
0

7r|—)0

Denote L(0,T) as the set of stochastic processes F on [0,T] such that fOT F,6BE is well-
defined.

The Wick-Ito integral as defined above preserves several nice properties in the standard
Brownian motion:

E VOT FS(SBE] =0 (3.18)

T 2 T 2
E[/ FséBf] =F (/ DfFSds) +|F|3
0 0

By (3.19), if F is deterministic or F satisfies D?Fyds = 0 for s € [0,T], then

T 2
E [/ FS(SBf] = |F[3,
0

which resembles the Ito’s isometry in standard Ito’s integral.

(3.19)

The relation between Wick-Ito and Stratonovich integrals is given by Theorem 3.9 in [2],

retrieved here:
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Theorem 3.3.6 If '€ £(0,T), then

T T T
/ F.dBY = / F. 6B + / D?F.ds  a.s.
0 0 0

where fOT F.dBY denotes the Stratonovich integral.

Note that when F' is deterministic, then the two types of integrals coincide. In next chapter,
we will solely deal with integrals of deterministic functions, and hence we will not distinguish
these two types of integrals unless ambiguity arises.

Finally, we state without proof the Ito’s lemma for a general fBm:

Theorem 3.3.7 ([2]) Suppose that F,,,u € [0,T] is a stochastic process in L(0,T) satisfying
the following reqularity conditions:

e There exists « > 1 — H and 6 > 0, such that for all u,v such that |u — v| <9,

E|F, — F,|* < Clu —v]*.

. lim  E|D¢(F, - F,)|* =0.
0<u,v<t,|lu—v|—0
Also suppose that E[sup,ejo 71 |Gs|] < 00 and denote n; = §—|—f0t Gudu—i—f(f F,0BH with ¢ € R

and g—ﬁ(s,ns)Fs € L(0,T). Then for all t € [0,T],

_ of "of
) = 10,9+ [ Fsmpis+ [ Zhomicas
taf tan
/OE(S,T]S)FS(SBE—F/O —aIQ(s,nS)FsD‘fnsds a.s. (3.20)

The proof of Ito’s lemma can be found in [2]. Here, we consider only an application to
this lemma to a particular function: f(¢,7;) := e*n,, k € R, which is relevant to the next

0 0?
Chapter. Since a keFin,, 8_f = ef* and 8_J2C = 0, a direct application to the Ito’s lemma
x x

gives

t t t
ft,m) =mno +/ ke*n,ds +/ e Gds + / M ESBY +0.
0 0 0
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In particular, if F} is a deterministic function, then fot eksFSc;Bf = fot ekSFSdBf and hence

t t t
flt,m) =mno +/ keFsn.ds + / " Gyds + / " F,dBH.
0 0 0

It is in this sense that we can, with some abuse of notation, write the above equality in
differential form:

df (t,m;) = keF'ndt 4 e (Gudt + F,dB) = nkerdt + ™ dn,
= nud(e®) + e,

which retrieves the usual product rule. It should be reminded that such a formulation holds
only for some specific cases, such as when F; (i.e. the coefficient of the volatility term in 7;)
is deterministic.
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Chapter 4

Bias Estimation for a Fractional
Ornstein-Uhlenbeck Process

In this chapter, we derive the second order bias for the OLS estimate of the mean reversion
parameter for the fractional Brownian process with % < H < 1. It turns out that most part
of the work rests on computation of covariance of fractional Ito’s integrals.

This chapter is divided into several sections. First, the covariance matrix involved in the
bias calculation will be derived. Then, the theoretical bias formula is compared against the
actual bias obtained from Monte-Carlo simulation. Afterwards, some observations, as well
as the implications from the perspective of risk modeling, related to the estimate of mean
reversion parameter for a fOU process are given.

4.1 Introduction

Recall the stochastic differential equation for a fractional Ornstein-Uhlenbeck process:
dSy = k(p — S,)dt + odBY . (4.1)

As mentioned in Chapter 3, the solution to the above SDE can be obtained in a similar
(formally speaking) as in the standard OU process. First, Ito’s product rule states that
d(e*S;) = e*dS; + ke* Sydt and hence we can multiply the integrating factor e* to (4.1) to
get

dS; + kS,dt = kudt + ocd B}

35



= d (ektSt) = kueMdt + oe*dBf .

In practice data are collected at discrete time steps. As a result, we can assume that these
data are recorded in evenly spaced time intervals, i.e. S; := S(t;),i = 0,1,--- ,n, with
t; = i-h where h > 0 is fixed. Integrating the above SDE over [t;_1,t;] gives

t;
i, —ekfti-1g, = p (ekti — ektH) + U/ eksdBf
ti—1

ti
or Si=e S 1 +u(l —e ™)+ aekh/ e*dBX. (4.2)
ti—1
Without loss of generality, we can from now on assume that ; = 0 and consider the following
solution to (4.1):

t;
Si = eikhSZ;l + aekh/ €ksdBf. (43)
ti—1

It should be emphasized that the error terms

t;
€ ::/ e*aB?
ti—1

are in general serially correlated for H # % However, as mentioned in Chapter 3, they are
still normally distributed. As a result, even in this generalized situation of fOU process,
we are still free from the concern of computing co-kurtosis terms. In particular, by Lemma
2.2.1, the quadratic terms involved in the computation of the (second order) bias formula
depends only on the covariance matrix. This reduces our calculation to the computations of
the covariance of S; and S;, where ¢,7 =1,--- ,n.

4.2 Computation of the Covariance Terms

If we compute the covariance terms directly from (4.3), we can only arrive at an iterative
expression defining these covariances because under the general fBm framework, .S;_; is cor-
related with the error term ¢;. Correlation occurs because S;_; also contains other error
terms (which are ¢;_;, and other €’s implicitly implied in the recursive formula (4.3)) and as
mentioned above, all of these error terms are correlated with ¢;.
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Hence, unlike the treatment in [11], it is more convenient to express S;, by integrating (4.1)

ti t;
/ d(e*S,) = o / e*dBH

ih
S; = aekih/ e**dBH. (4.4)

— 00

over [—oo,t;], i.e

It suffices to compute

ih jh
o —kih ks jpH . —kjh kt 7 H
Cij = By, {ae / e”dB; - oe / e"dbB, ]
—00 —0o0

or equivalently, the following expression

@ B
I(a,8) = E,, [/ "By / e’“dBtH}, a,B > 0.

By Lemma 3.2.2, I(a, ) in turn reduces to

/ / Rt0) g (u, v)dodu = H(2H — 1) / / Rut0) g, — |22 dudu.

Simplifying «(a =[] P ekuto) |y — o |2H=2dydu is straightforward but tedious. First,
due to symmetry we can assume « 2 ﬁ (> 0) without loss of generality. Then, apply the

following change of variables:
S=u-+v
t=u—v
so that dudv = %dsdt and ¢ becomes
1 1
a,f) = —// eS|t 2 dsdt = ~ // ekst2H2d8dt+// eFs |t 2dsdt |
2/Ja 2 Ay ~

where A:= A, UA_ and A,, A_ are 2-dimensional regions defined as in Figure 4.1.

Lemma 4.2.1 For any fired k > 0, H € (5,1) and o > > 0, we have

1
29

00 a—p
// kstZH—stdt 1 l62ka / e—kttQH—ldt . eZkﬁ / ektt2H—1dt:|
2H —1 a—p 0
k:s 2H-2 2kﬂ —kt 2H—1
|t] dsdt = S 1 e "'t dt.
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Figure 4.1: Region of integration, with A, in pale green and A_ in bright green.

Proof The basic idea is to simplify the innermost integral with respect to s, followed by
an integration by part so as to raise the power of t from 2H — 2 to 2H — 1:

o) 2a—t a—p3 25+t
// e tPH2qsdt = / / P P2 dsdt +/ / Pt =2 dsdt
Ay a—f J—oco 0 — 00

[e%S) a—0
_ 1 |:/ t2H—2ek(2a—t)dt + / t2H—2€k(2B+t)dt:|
k a—f 0
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1 X ka—t) gg2H-1 /a_ﬁ k(28+t) 7/ 2H—1
= VAt d(t
kR 1) [/B SR A

1 = &
k(2H — 1) asp /M ‘

a—pf a—f
0

|:€k(20¢—t)t2H—1

+6k(2ﬂ+t)t2H—1

0

1 2k > —kt 2H—1 2k /‘OLﬁ k —
= a t dt _ 8 ttQH 1dt
5H — 1 |:€ \/OC\_B e e ; e

0 2B+t
// Mo |t 2 dsdt :/ / Mot 2 dsdt
A_ —o0 J —o0
1 0

0

—00 %)

Now to eliminate the absolute sign in the above integral, we introduce a dummy variable
T = —t so that |[t| = —t = 7 and

1 [° 1 [
// 6k8|t|2H_2dsdt = E/ ek(%_T)T2H—2(_dT) = E/ BT 20 =2
_ 00 0

1 oo k(28—7) 7/ 2H—1
= — T d
K(2H — 1) /0 ‘ (=)

1 k(26—7) 2H—1| /Oo k(28— _
- = T k (26—71).2H ld
k(QH—Dl T . + ; e T T
P /OO —kr_2H—1
= e T dr.
2H -1 J,

It should be noted that in the valuation of upper and lower limits it is necessary to employ
the fact that e~! decays at a much faster rate than the rate at which t>~! increases. H

Remark: By raising the power of ¢ from 2H — 2 to 2H — 1 by integration by part, it
helps avoid the 0 - co indeterminate form when we consider the behaviour of the covariance
terms I(a, 8) when H — %Jr, and provide some numerical stability when we develop numer-
ical schemes based on the above expressions.!

Tt should be reminded that if integration by part is not done here, it is incorrect to directly substitute
H= % to obtain the covariance terms under the standard Brownian motion case; indeed by so doing we will

erroneously get 0 for all covariance terms because they have a 2H — 1 factor, which is zero when H = 1/2.

39



From the above lemma, it becomes clear that the covariance terms are related to incomplete
gamma functions:

Definition 4.2.2 Given any fized s,z € R, the upper and lower incomplete gamma functions
are defined as

v(s, x) :/ t~tetdt,
0
F(s,x):/ t e tdt.

In particular, we always have (s, z) + I'(s,x) = I'(s), where T'(s)(= I'(s,0)) is the gamma
function.

Lemma 4.2.3 Fork >0, H € (3,1), z € R, we have

o 1
/ e MePH gt — —_T'(2H, ka)

f2H
* 1
/0 ekttQH_ldt = W’Y(QH, —k’{L’)

Proof Straightforward exercise. ll

Theorem 4.2.4 Fora > >0,

I0,5) = g | T @H ko= ) + 2 (1o - TERZEE=0))]

Moreover, we have E,,[S, - Sg] = 0% M [(a, B), leading to

E,, [Sa - S5] = 2[_2(27; {ek(a—ﬁ)F(QH’ k(a —B)) + P Cat) (F(QH) . 7(2[:[,(:/15)(20]5{_ B)))}
(4.5)

When a = 3, the variance term is given by

HoT(2H)

Ellqb[Sch] = k’zH

(4.6)

The reason why this is incorrect is because, one of the integrals, namely foa_ﬁ t2H =2k (264 gt will blow up

when H — %+, leading to a 0 - co indeterminate form when it is multiplied by the 2H — 1 factor.
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Thus, the correlation term is given by
By [Sa - Sl

NCREEE

= 2F(12H) {emamr(zH, k(a — B)) + e~F@=H) <F(2H) _ V(ZH,(:/’;)(;&L]— [J’)))] .

corr(Sy, Sp) =

Remark:

1. By exchanging a and 3, (4.5) implies that the covariance terms is always a function of
lao — B|. We can write

Eﬂtb[sa'sﬁ] :C<|Oé—ﬁ’), va75207
where C(|a — f3]) is the RHS of (4.5), with a — 3 replaced by |a — f3].

2. As a check, it is worthwhile to consider the case when H — %Jr. Since by definition
I(l,z) =e® and y(1,2) =1 — e~ *, (4.5) and (4.6) will be reduced to

_ Jk(a—p 2
E[Sa - S5 = L |eha=Pg—ka=p) | o—hla—p) (1 _ 16—())] _ O —k(a—p)
“ -1

E[S?] — —
which matches with the facts regarding the standard Ornstein-Uhlenbeck process.

3. From (4.5) and (4.6), when k& — 0T, all variance and covariance terms will tend to
infinity because of the presence of k2# in the denominator of the equations (while the
numerator is still bounded).

4. Using L’Hospital’rule, both e*®=AT'(2H, k(oo — 3)) and G*k(a*m% will ap-
proach (k(a— 8))*~! as k — oo and a > 3. Hence, E[S, - S5] — 2Hk§§, e Fa=AT(2H),
i.e. exponentially decaying when k& — oco. In other words, from the perspective of the

covariance of Sy, the behaviour of fOU process will look more “alike” to that of the
standard OU process when k is large.

5. As to the computational aspect, many programming languages have library support to
compute the incomplete gamma functions numerically. For instance, MATLAB has a
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gammainc () function callto calculate the “normalized” incomplete gamma functions,

1.e.

(s, )
S

=D(s,2)/T(s)
(s, x) :=(s,x

(s,2)/T(s)

The C++ Boost package also includes a gamma.hpp to calculate these special func-

tions.

6. Recall that we have defined

ih

. ik
Cij = Ep, [Sin - Sjn] = E,, [Ue’“h/ eksdBf ) Uek]h/

—0o0 —0o0

eMaBl }

By (4.5), we have ¢; ; = C'(h|i — j|), where

Cla) - Ho

= Sy {e’“‘F(QH, kx) +e ™ (F(QH) — M)} : (4.7)

(1"

4.3 Expectation of Stochastic Quadratic Forms

From Chapter 2, we know that in order to arrive at the estimation bias formula for the mean
reverting parameter of the fOu process, we need to compute E(U,,), E(V;,), E(U?) and E(V;?)
where

1 < 1 <
Un - E ;Si_lsi, Vn - ﬁ ;SZQ_l

Using (4.5) and (4.6), the following results are immediate:

Theorem 4.3.1 Define C(z) as in (4.7), then

n

n =1
l & Ho’TI'(2H
By, [Va] = n ci—1,i1 = C(0) (: %) :
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The above theorem immediately implies that for general H # %,
E[U,] — e ™™EV,] #0,

since C'(h)/C(0) # e *". In other words, E[a_%] is never zero for a general fOU process.
Nevertheless, for k ~ 0, we can still have the following asymptotic result:

Lemma 4.3.2 When k — 0, we have

EU,] _C(h) 1] 4 —kh n(2H, —kh) —kh
= == I, (2H l— ————— .
BV, C0) 2 "', (2H, kh) + e 1) —e
for H > %
Proof The result is immediate when we go back to the definition of the incomplete

gamma functions. First,

e"T(2H, kh) = ™" /

tQHfleftdt — ekh/ (y T kh)QHflefyfkhde
kh 0

by a change of variable y :=t — kh. As a result,

[e.e]

e*'T(2H, kh) = / (y + kh)* e Vdy ~ / y?H e vdy = T'(2H),
0
as kh — 0. Thus, e*"T",(2H, kh) — 1

For ~,,(2H, —kh), observe that

V(2H, —kh) fo_khtﬂ{ileitdt I oom
A v A

by a change of variable 7 := —t. Now, when k ~ 0, 72#~1e™ ~ ¢” for all 7 € [0, kh] and
H > %, hence

2H kh kh
7 — / eTdr = ekt

0(0) —3 [1 +e M 1—-("-1))) = =
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Computation of the quadratic forms F(U?) and E(V,?) is more involved but still straight-
forward. We start with the characteristic function of fBm integrals with deterministic inte-
grands, as discussed in Chapter 3:

E,, [ez‘fR F(s)dBSH} — o 3IFl (4.8)

Theorem 4.3.3 For any deterministic f,qg,p,q € Lé(R), we have

2. By, [(Jo F6)BI) (fo 9(5)dBI)’] = |£Blol% +2(f. 9)2
3. Ep, [Jo f()dBE [, g(s)dBE [, p(s)dBE [, q(s)dBE] = (f,9)(p: 0)o + (9:0)6(f: )o +
)

Proof

1. Substitute F(s) = tf(s) for some fixed ¢ € R in (3.12). Then the #*-term of the Taylor
series expansion of both sides of (4.8) gives 5; F [(fR f(s)dBf)ﬂ =3 (—%|f\é)2, hence
the results.

2. Based on the result in the 1st bullet, for any fixed ¢ € R, we have

([ tg(s))dBf)4

Considering the t>-terms of both sides of the equation will give the results.

E =3|f + tgl3.

3. The 2nd bullet implies that

< Ju+ sg)dB)2 ( [+ tq>d8)2

for any fixed s,t € R, and subscripts/superscripts/arguments are omitted whenever

E = |f +sg]*lp+ta|* + 2(f + sg,p + tq)*,

understood without causing any confusion. Then comparison of the st-terms of both
sides will give the results. Notice that by definition and linearity (f + sg,p + tq)? =

((f:p) +5(g,p) +t(f,q) +st(g,q)> W
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Remark: The above theorem essentially states that due to the Gaussian nature of {Bm,
any higher order moments can always be expressed in terms of the second order moment. If
this Gaussian nature was not present (e.g. in CEV process), the above computation of the
quadratic forms would become much more tedious.

Theorem 4.3.4 Define C(x) as in (4.7), then

E[UZ = C(h)? + % (nC’(O)2 FnO(0) +2 (0= i) [C(( + DO = Dh) + C(mﬂ)

n

E[V?] = C(0)* + f

ol
—//
S
Q
=
e
+
[\]
£}
|
=
Q
=

[N}
~

Proof We first calculate E[V,?]. Based on the 2nd bullet of Theorem 4.3.3, we have
1 - i
2 2
ElV,]= EE (; Si—l)

= % i E[S?,5% ] = % S B[S E[S] 4] +2E[Si1 - Sl

,j=1 i,j=1
1 « ) 1 « ) o
= [Cictim1¢j—1j-1 + QCFLjfl] = Z [C(0)% +2C(hli — j|)?]
iy=1 ij=1
2 o
=C(0)* +— > C(hli - j|)*.
ij=1
By counting the number of (i,7), such that |i — j| = 0,1,2,3,---, the last summation is

equal to n - C(0)? + 2(n — 1)C(h)* 4+ 2(n — 2)C(2h)* + - - + 2C((n — 1)h)?, and hence the
result.

Now we apply the 3rd bullet to compute E[U2]:

2
1 - 1 <&
i=1 ij=1
1 n
2 Z [Cii1Cjj—1 + Cim1,iCij—1 + CijCi1j—1]
ij=1
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n

=5 > [C)* + C(hli = j = 1NC(hli = j + 1) + C(hli = jl)*]

= O + 5[ 2 Ol =~ O~ + 1)+ 3 i — 51)?]

i,j=1 hj=1
. A\

J/

VvV VvV
denoted as Fxpry denoted as Fxpra

From above, we know that Expry = nC(0)2 + 237" (n — i)C(ih)? while a similar counting
argument for Expry will give Bxpry = nC(1)2 4+ 231 (n — i)C((i — DA)C((i + 1)h). W

Now, based on a similar calculation as described in Chapter 2, we can present the bias
formula for the fractional Ornstein-Uhlenbeck process:

Theorem 4.3.5 Given a time series {S;}o<i<n (equally spaced by h > 0) whose dynamics
is governed by a fractional Ornstein-Uhlenbeck process dS; = —kS;dt + odB} (k > 0), the
second-order bias formula of using OLS estimate for k is given by

Bias(k) = E[k] — k ~ a_1j2 +a_q,

where a_1/5 and a_y are defined by

E[U,] — e k" E[V,]

N T TA
_ BlUR) - PMEVE]
T Tohe (B2 Y

with the expectations E[U,), E[V,], E[U?], E[V?] being calculated using Theorem 4.5.1 and
4.3.4.

4.4 Monte Carlo Simulation

To confirm our theoretical results, we compare the bias formula as described in Theorem
4.3.5 against the empirical bias we would get from the OLS estimate from some simulated
fOU paths. In particular, our work here is an extension of [11], and includes it as a special
case (by setting Hurst parameter to be H = %)
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We adopt the same simulation scheme as described in [11]. In particular, for each fixed
H € (%, 1) and true mean reversion parameter £ > 0, we simulate 10000 paths based on
the solutions as shown in (4.4) for the fractional Ornstein-Uhlenbeck process, and compute
for each path the difference between the OLS estimate and k. The (empirical) estimation
bias is then obtained by averaging these differences over each path. This bias is also com-

pared against the “theoretical” bias calculated by using the formulas shown in Theorem 4.3.5.

The comparison is shown graphically in Figures 4.2-4.5. In each of these figures the horizon-
tal axis is the true mean reversion parameter k while the vertical axis is the estimation bias.
The empirical biases obtained by Monte-Carlo simulation are shown in red circles while the
theoretical biases are shown in blue lines. In each of the four figures a confidence interval of
2 standard deviation is indicated with green dash lines for each fixed k that are tested.

05 i

Figure 4.2: Theoretical and Empirical Bias when T'= 3,h = 1/252, H = 0.51.

Several observations can be drawn by comparing the biases shown in these figures against
those in the standard OU case, i.e. Figure 2.1-2.3.
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Figure 4.3: Theoretical and Empirical Bias when 7' = 10,h = 1/252, H = 0.51.

When H approaches %, e.g. when H = 0.51 as in Figure 4.2, the behavior of the bias is
similar to that in the case of standard OU process, i.e. the bias approaches 0 when k ap-
proaches 0, and is positively biased for most values of k. However, when bias tends to be
positively sloped in the standard OU case, the bias under the fOU process can be decreasing

with increasing k, for k larger than 1.

When H is further away from %, the bias can decrease into negative values as k increases
(Figures 4.4 and 4.5). This is contrary to the case of the standard OU process where the
bias is always positive. The bias when H = 0.6 as shown in Figure 4.5 tends to be more
negative compared to the corresponding case in Figure 4.4, when H = 0.53. Indeed, similar
simulations also point to the fact the higher the value of H, the more negative the estimation
bias can be.

The negative biasedness of the OLS estimate can be explained by taking a closer look at the
stochastic differential equation governing the fOU process. In particular, as H increases, the
stochastic process will become more persistent, i.e. a shock at time ¢ will have an impact for
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Figure 4.4: Theoretical and Empirical Bias when 7" = 10,h = 1/252, H = 0.53.

a longer range of future time. As a result, given the same shock at that initial time, a fOU
with H > % will tend to propagate this shock for a longer time than a usual OU process
does, and heuristically speaking this implies that more time is required in order to revert to
the long term mean, and hence, the mean reversion speed will appear to be smaller if we
look at the fOU process through the lens as if it were still standard OU. Recall that the OLS
estimate is usually positively biased in the standard OU case. The negative biasedness for
some of the fOU examples we present here means that the “drag” due to the persistence of
the fractional noise can sometime be so large that it outweighs the intrinsic over-estimation
of the OLS estimator.

The negative biasedness of the OLS estimate under a fOU process raises some concern from
the perspective of risk management. Suppose that we have different bias curves for various
Hurst parameters H, such as those in Figure 4.6 showing how the estimated mean reversion
changes with the actual mean reversion. Suppose also that there exists a time series of fi-
nancial data which is known to follow a fOU process with H = 0.6 and the mean reversion is
calibrated to be 1.5 using OLS on 3-year data. Then, according to the bias relation in Figure
4.6, its true mean reversion should be approximately 2. However, if initially we did not know
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0.5

Figure 4.5: Theoretical and Empirical Bias when 7' = 10,h = 1/252, H = 0.6.

that the data are driven by fOU but instead assume the bias formula under the standard OU
framework, then we would reach a conclusion that the true mean reversion should be around
1, a 50% reduction from the true value of k. In this sense, the OLS estimate without any
bias adjustment appears to be a better estimate compared to the adjusted value assuming a
standard OU process.

In reality, risk models tend not to capture persistence to avoid unnecessary computation
effort. Instead, risk factors are assumed to follow standard Brownian processes. The above
discussion reveals that under such a simplification the speed of a mean-reverting factor will
be greatly under-estimated. In other words, while historical data tend to support that many
time series have small mean reversion, it might be the case that these mean reversion speeds
are small just because we apply the wrong model.

Moreover, since the calibration of the mean reversion parameter by OLS is sensitive to the
persistence (or equivalently, the auto-correlation) of the time series in question, it is advisable
to investigate the persistence property of the time series to be calibrated before applying

50



any bias formula.
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Figure 4.6: Plot of Estimated versus Actual Mean Reversion under Different Hurst Param-
eters.
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Chapter 5

Conclusion

In this thesis, we have extended the previous work of [11] to investigate the behaviour of
the bias when applying the OLS to estimate the mean reversion parameter under the frac-
tional Brownian motion framework. The fractional Brownian motion model is chosen as an
example to study the effect of persistence in the time series on the bias of the estimate of
the mean reversion parameter.

It turns out that unlike the situation where the stochastic process is driven by standard
Brownian noises, the OLS estimate for the mean reversion parameter can be negatively bi-
ased when the Hurst parameter H and/or the true mean reversion parameter is high. The
autocorrelation present in the time series drags the underlying from reverting to its long term
mean, and hence if we measure the mean reversion as if there were no persistence behaviour,
the mean reversion speed would be under-estimated.

This result highlights an important model risk when one tries to calibrate mean reversion by
the usual OLS method. Very often the model developer applies the OLS estimate without
taking the persistence of the time series to be calibrated into consideration. The resulting
estimate will almost certainly rendered to be biased. If one further naively applies the bias
formula developed in [11] to this time series, the “adjusted” estimate can under-estimate the
true mean reversion parameter considerably.

One may argue that one can resort to a generalized least square approach, which transformw
the original question into bias estimation of the standard Ornstein-Uhlenbeck process. How-
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ever, to achieve this, one still needs the information regarding the persistence of the time
series in question, as we need the covariance matrix of the error terms in order to transform
these error terms into approximately uncorrelated ones. One can define some estimates for
the covariance matrix (a natural candidate is the empirical covariance matrix based on the
available historical data), but how the estimation bias on the covariance matrix impacts the
final bias of estimating mean reversion will require a further study in the future.
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