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Abstract

This dissertation consists of three papers on finite sample properties of the maximum
likelihood (ML) estimator of parameters in continuous time dynamic models. In the first
chapter, we obtain analytical expressions to approximate the bias and variance of the ML
estimator in a univariate model with a known mean. We analyze two cases, when the
variable of interest is a stock and when it is a low. We also study the effect of the initial
condition by considering both a fixed and a random initial value. A Monte Carlo study

suggests that the performance of the formulae is reasonably good.

Analytical bias expressions are then used in the second chapter to compute bias
corrected estimators. This chapter also explores other methods for bias reduction that
have been employed in the literature, these being the bootstrap, jackknife, and indirect
inference. A Monte Carlo experiment shows that all approaches deliver substantial bias
reductions. We also explore the robustness of the results to model misspecifications, and

provide an empirical application to the broad effective exchange rate series for euro area.

The third chapter derives the exact discrete representation corresponding to a
cointegrated system of mixed first- and second-order stochastic differential equations
with mixed sampling and observable stochastic trends. We also provide some formulae
to implement the Gaussian estimation and conduct a Monte Carlo experiment to
examine the finite sample properties of the Gaussian estimator. = Monte Carlo
simulations suggest that the bias and variance of the estimators of the short-run,
long-run and adjustment coefficients as well as the variance of the intercepts are mainly
determined by the data span, while the bias and variance of the covariance coefficients

seem to depend on the sample size.



Introduction

The advantages of continuous time models over those formulated in discrete time have
been widely discussed in the literature (see for example, Bergstrom, 1996; Bergstrom and
Nowman, 2007). Among them, is their invariance property, which implies that a model
can be specified and analysed independently of the data observation interval to be used
for estimation. This property however, does not hold for discrete time models since a
model built on a particular data frequency, for instance monthly, will be different from one
based on another frequency, for instance quarterly. Another advantage is the possibility
of obtaining a continuous time path for each variable in the model, which can be then

used, for example, to forecast at any point in time.

These models also have the advantage of allowing for separate treatment of stock and
flow variables. It is explicitly recognised that stocks are observed at specific points of
time, while flows are measured as the accumulation of the underlying rate over a time
interval. In terms of modelling, the main difference of this last variable as compared
to instantaneously observed ones is that the temporal aggregation occurring with flows
induces serial correlation in the disturbances. Because of the distinction in the treatment
of these two kind of variables, these models do not suffer from time aggregation bias
whereas it may be a serious problem in their discrete time counterpart. Furthermore,

both type of variables can be incorporated within the model simultaneously.

Although these models may be more appropriate for describing the dynamics of
economic behaviour, they are more difficult to deal with econometrically than discrete
time models. A difficulty arises since a continuous record of the variables over time is
not available. It is, however, possible to obtain a discrete representation of the
continuous time model and to estimate the parameters from discrete data. The
approach adopted is to make a discrete approximation to the continuous model or
alternatively to derive the exact discrete analogue, and then apply standard estimation

methods on the discrete representation.

In the last decades much work has been done on estimating continuous time models
based on the exact discrete analogue. The Gaussian methods proposed by Bergstrom

(1983, 1985, 1986), which under appropriate conditions yield exact maximum likelihood



estimates, has been commonly employed. Recently, it has been found that the
maximum likelihood estimates of parameters in continuous time models may be
seriously biased in finite samples, being especially pronounced when the continuous time
process has a root near zero. Unfortunately, estimation bias may have important
implications on hypothesis testing, analysis and prediction. Understanding the bias of
parameter estimates is, therefore, of great practical importance and is the main concern

of this dissertation.

Estimation bias has been widely studied in the context of discrete time models, and has
begun to receive much attention in the continuous time framework. Some attempts along
this line of research have been undertaken by Tang and Chen (2009) and Yu (2012), who
derived analytical expressions to approximate the bias and variance of the mean reversion
estimator. These works have discussed the problem when the variables of interest are
stocks, but the finite sample behaviour of estimators in the presence of flow variables

have not received attention in the literature. This research focuses in this last case.

The main contribution of the first chapter is the derivation of explicit expressions to
approximate the bias of the maximum likelihood estimator in a univariate continuous
time model when the variable is a flow. A secondary contribution is the use of a
methodology for the derivation of these expressions, that had not been applied in the
context of continuous time models. This methodology offers some advantages in terms
of ease of implementation and produces results that are comparable to those available in
the literature. The performance of the bias expressions is examined through Monte

Carlo simulations.

Once an analytical expression has been derived, a simple bias correction can be
computed by subtracting the leading term of the expression from the parameter
estimate. This approach has the disadvantage that it is only applicable to models for
which a bias expression is available. Furthermore, bias expressions may be complex and
are often difficult to obtain, this being the case for models with correlated disturbances.

In view of these difficulties, other approaches could be preferred in practice.

The aim of the second chapter is to compare four methods of bias reduction for
stationary continuous time processes. The first one uses analytical expressions of the
type derived in the first chapter, while the other three are based on methods which do
not rely on the explicit form of an asymptotic expansion for the bias, those being the
jackknife, bootstrap and indirect inference. We consider two scenarios, the former
assumes that the model is correctly specified and the latter allows for model
misspecifications, these being heteroskedasticity, non-normality and serial correlation in
the disturbances. Special attention is given to models with correlated discrete time

disturbances. The performance of the four bias corrected estimators is study through



Monte Carlo simulations and an empirical application to the broad effective exchange

rate serie for euro area.

The finite sample properties of the maximum likelihood estimators have been studied
in the context of stationary models, but have not received much attention in the
cointegration framework. The third chapter explores the behaviour of the Gaussian
estimator of parameters in cointegrated continuous time systems with mixed stock and
flow data. Another contribution of the chapter is the derivation of the exact discrete
representation corresponding to a system of mixed first- and second-order stochastic

differential equations, which is required to implement the Gaussian estimation.



Chapter 1

Estimation bias in continuous time

models with stock and flow variables

1.1 Introduction

Estimation bias has been widely studied in the context of discrete time models, and
has begun to receive considerable attention in the continuous time framework in recent
years. It has been shown that estimators can suffer from substantial bias in finite
samples, being especially severe when the continuous time process has a root near zero
and further exacerbated when intercepts and trends are estimated. Bias may have
serious implications. Since parameter estimates serve as input for statistical inference
and model analysis, we expect to have distortions not only in hypothesis testing, but
also in confidence intervals and impulse response functions. In addition, estimation bias
may affect the accuracy of the forecasts and may have a large impact on many practical
applications. In finance, for example, it has been found that any bias in the mean
reversion estimate is transmitted to the pricing formulae for bonds, bond options, and
other derivative securities (see Phillips and Yu, 2005). Obtaining more accurate

estimators is, therefore, of great practical importance and is the main concern of this
paper.

Finite sample bias can be corrected if the bias function, which relates the bias of the
estimates to the values of the parameters, is known. Unfortunately, this function is often
unknown. In the continuous time framework, analytical expressions to approximate the
bias function have been derived for the Vasicek model (Vasicek, 1977) and the CIR model
(Cox et al., 1985). In the univariate case, Tang and Chen (2009) approximated the bias
of the mean reversion estimator when the long run mean is unknown. It was shown that

the bias in both models is of order 7!, but not of order n~!, where T is the data span



and n is the number of observations, implying that the bias will not disappear unless the
data span goes to infinity. This result suggests that the estimation bias in continuous

time models is mainly determined by the data span, but not by the sample size.

In the context of Vasicek processes with a known long run mean, Yu (2012) obtained
two analytical expressions to approximate the bias of the mean reversion estimator. The
first is analogous to that of Marriott and Pope (1954) for the discrete time model and is
equivalent to the bias formula in Tang and Chen (2009) of the Vasicek process with an
unknown mean. The second expression includes a non-linear term in the bias formula,
which was found to be particularly important when the mean reversion parameter is close
to zero. The bias has been studied in the context of continuous time Lévy processes by Bao
et al. (2015), who approximated the bias of the mean reversion estimator with known and
unknown mean, and studied the effects of non-Gaussianity on the bias. In the multivariate
case, an analytical expression was derived by Wang et al. (2011). Despite these works
having made major contributions to the understanding of the bias in continuous time

models, they have only discussed the problem when the variable of interest is a stock.

Economic models can comprise not only stocks, but also flows. Such flow variables as
GDP, consumption and exports differ from stocks in that the former are measured as an
integral over an interval of time while the latter are observed at points of time. Continuous
time models have been used in economics, where several applications have appeared
in the literature since the development of the first continuous time macroeconometric
model by Bergstrom and Wymer (1976). Although much work on estimating continuous
time models in the presence of flow data has been done, the finite sample properties of
these estimators have been entirely unexplored. In particular, what is unknown is the
magnitude of the bias arising from estimation when the variable is a flow. The main aim

of this paper is, therefore, to extend existing bias formulae for the flow case.

Approaches based on approximate moments and distributions, such as Nagar’s
approximations and Edgeworth expansions, have been commonly employed to obtain
analytical bias expressions. Several formulae for a large class of estimators are available
in the literature (see for example, Cox and Snell, 1968; Bao and Ullah, 2007). Some of
them could be applied to continuous time models with flows. Nevertheless, dealing with
flow data is a considerably more complex problem. Because of this complexity, bias
expressions may be difficult to compute explicitly or they may be analytically involved.
In this paper we employ the formula obtained by Cox and Snell (1968), which is
tractable and hence straightforward to implement. We believe that this approach may
offer some advantages compared to other methodologies. To illustrate this, we derive an
alternative expression for approximating the bias when the variable is a stock and the
mean is known. Our results are comparable to those available in the literature. In

particular, we show that our bias expressions for the stock case are analogous to those



of Bao et al. (2015) and Yu (2012) for the Vasicek process.

The plan of this paper is as follows. Section 2 presents the basics of the continuous time
model. Section 3 derives analytical expressions to approximate the bias under different
cases: stock or flow variables, fixed or random initial condition. Explicit expressions for
the asymptotic variance and the asymptotic bias that arises when the correlation of the
disturbances induced by temporal aggregation is not taken into account are derived in
Section 4 and 5, respectively. Section 6 reports some simulation results to examine the

performance of the analytical expressions and section 7 concludes.

1.2 The continuous time model

We consider the continuous time model given by
dx(t) = az(t)dt + ((dt), t >0, (1.1)

where x(t) is a scalar continuous time process, a is a scalar parameter, ((dt) is white
noise with mean zero and variance o?dt and the initial condition x(0) is defined later.! Tt
is assumed that a is negative in order for x(t) to be stationary. Note that x(¢) has a root

near zero when a is close to zero.

Since z(t) is only observed at discrete intervals of time, the parameters a and o must
be estimated from discrete data. For this purpose, it is necessary to obtain a discrete
representation of the continuous time model. Assuming equispaced discrete data observed
at (h,2h,...,nh(=T)), the exact discrete model is given by

Ty = €y p + 1, t=2,....n, (1.2)

where h is the sampling interval (i.e. the period between observations), n is the total

2 The exact discrete analogue, which

number of observations and 7' is the data span.
is obtained from the solution to the differential equation (1.1), has the property that it

satisfies data generated by the continuous time model exactly.

Observation x;, takes different forms depending on the way in which the variable is
sampled, as a stock or as a flow. When z(t) is a stock, x5, = e*"z(0) + n;,, and when z(#)

is a flow z, = a=(e" — 1)2(0) + n,. The properties of the error term 1, also depend on

!The Vasicek model with a known mean setting to zero can be seen as a special case of (1.1) with
a = —k and ((dt) = o0dB(t), where B(t) is a standard Brownian motion. The parameter k reflects
the rate of convergence towards its long term mean and is the parameter of major interest in the bias
literature.

2For example, if quarterly data are recorded in a 20 year time interval, then h = 1/4, T = 20 and
n = 80.
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the nature of the variable of interest. When z(t) is a stock variable, the error is given by

th
Nen = / ea(th_r)C(dr), t=1,...,n, (1.3)
¢

h—h

and satisfies the following properties

g
E(ng) = 0y = 5 [ = 1], (1.4)
E(T/thnth—kh) =0 for k Z 1. (15)

If x(t) is a flow variable, the observed data take the form of integrals z, = ftt:_h x(r)dr.

In this case, the error term is defined by

m=1AWf“”—nawx (L6)

a

th th—h
nm=1U“<MW”—nmm+/° (e — e =) ¢ar) |, (L)

a h—h th—2h

for t = 2,...,n, and satisfies

0,2

Em}) =F0 = 208 [3 + 2ah — 4e™ + eQ“h] , (1.8)
0.2 1 — eQah
E(n3,) =0 = = {h(em 1)+ — } L t=2,...,n, (1.9)
0_2 62ah -1 oh
E(nthnth—h) =7 = ? [T — he } , (1.10)
E(T]thnth—kh) =0 for k 2 2. (111)

We can see that the form of the exact discrete model differs depending on whether
observations are stocks or flows. The exact discrete model is an AR (1) when the variable
is observed at points of time while it is an ARMA(1,1) if the variable is measured as a
flow over an interval of time. It is important to notice that although the autoregressive
coefficient e is identical in the two cases, the error given in (1.7) differs from that
given in (1.3) in that the former is correlated. It follows from the implied conditions on

E(nnnen—n) that the error given in (1.7) is a first-order moving average.

Another important point to notice is that a < 0 implies e*” < 1 and therefore

stationarity. The discrete model has a root near unity when the parameter a is close to

zero® or when the sampling interval h tends to zero. Note that e — 1 when a — 0 or

3A root near zero in a continuous time process corresponds to a root near unity in a discrete time
process.

11



h — 0. The initial condition z(0) can be assumed to be either fixed or random. We
consider both a fixed value equal to zero and a random value obtained from a normal
distribution. It should be noted that whereas the starting value of the stock variable is

part of the sample, the starting value of the flow variable is unobservable.

After characterizing the continuous time model we turn now to the calculation of the

bias expressions.

1.3 Bias formula

We start by briefly describing the approach employed in this paper. Cox and Snell
(1968) derived a formula to approximate the bias of the maximum likelihood (ML)
estimator in models with independent but not necessarily identically distributed
samples. Cordeiro and Klein (1994) pointed out that this formula is also valid for
non-independent observations, and rewrote the bias expression given by Cox and Snell

for a single parameter estimator BS, 1<s<p,as

p p
bias, = B(Bs — B) = > k"> (kgp - %kiﬂ) 4 0(n?), (1.12)
=1

J,il=1

where K—! = {—k"} is the inverse of the Fisher Information matrix of dimension p x p
evaluated at the parameter vector 8 of dimension p x 1, ki = E(0*(/0B,08;), ki =
E(0%0]0B,08,08), kfjl) = 0k;;/0p;, for i,5,1 < p, with p being the total number of
parameters and ¢ the log-likelihood function. The result in (1.12) is valid provided that
all of the k terms are O(n) and ¢(f) is regular with respect to all derivatives up to and

including the third order.

In order to derive bias expressions of the ML estimators in continuous time models it

is convenient to write the bias in matrix notation as follows
bias = E(f — ) = K~'F vec(K™') + O(n™?), (1.13)

where F' = {FM]|...|F®} with the p x p matrix F) = {fl(]l)} and fl(]l) = k’l(jl) — 3k for
[ =1,..,p, and vec(K~!) is the vector obtained by stacking the columns of K.

We now use formula (1.13) to derive explicit bias expressions for the parameter

4

estimator a.* This approach requires specifying a distribution for the error term. We

assume that 7y, is a Gaussian process.” Let x denote the observed time series and o2V

4We only focus on the estimator @ because of the little bias that has been found in 62 (see Phillips
and Yu, 2005; Tang and Chen, 2009).
®Note that under the assumption of a Gaussian distribution ¢(dt) = o dB(t).

12



the covariance matrix of x. The log-likelihood is defined as

1 1
l(a,0?) = —gln(Qﬂ) - §ln]02V| — T‘Zx’V’lx. (1.14)

It is straightforward to show that the bias formula for a is

<k111 — 21{39) k3, + k1o (—3/€112k22 + 41{?%)]@2) + k2 k109
2 (k2, — ky1ka)?

E(a—a)=— +0(n?), (1.15)
where ]{711 = E(02€/8a2), k?lg = E(82€/8a802), kQQ = E(@QE/(E?az)Q), klll = E(83€/8a3),
ko = E(030/0a%002), kiss = E(030/0a(35%)?), kY = 0ki1/0a and k'Y = 0k1o/0a.

Formula (1.15) is equivalent to that proposed by Cordeiro and Klein (1994) for ARMA
models. The difference is that our formula requires computing the first three derivatives
of the likelihood function with respect to the parameters a and ¢? while the expression
in Cordeiro and Klein (1994) requires calculating the covariance matrix of the data, its
inverse and the first two partial derivatives of either one with respect to the parameters.
The inverse of the covariance matrix could be, however, difficult to compute for some
continuous time models such as those containing flow data. We believe that calculations
can be greatly facilitated by using the likelihood function instead of the covariance matrix
of the data. Furthermore, the likelihood function allows us to derive the bias expression

under the assumption of both a fixed and a random initial condition.

We turn now to the computation of the bias expressions assuming that both type
of variables are observed at (0, h,2h,...,nh — h), hence the sample size is n. We start
by considering the simplest case, this being when the variable is observed at points of
time. Since calculations are straightforward, but somewhat tedious, we only present the

resulting bias expressions. Details are given in the Appendix.

1.3.1 Stock variables

In order to compute a formula for the bias, it is convenient to use the predictive error
decomposition of the log-likelihood function, which for the model given in (1.2)-(1.5) for

t=1,...,n — 1 results in

n—1 2

2y _ _ 1 n—1_, 1 ah o R .
la,0%) = —§ln(27r) — Ino, — r‘?] 2 (:L’th —e xth,h) — élnax — T‘%, (1.16)
where o7 is the variance of the disturbances, 02 = —0®/2a is the variance of z and the

initial condition zo = x(0) is assumed to be zy ~ N(0,—0%/2a). Taking the initial

13



value zy as deterministic and equal to zero, the log-likelihood function can be calculated

conditioning on the first observation. In this case, the log-likelihood function becomes

n—1
-1
l(a,0?) = N In(27) — n- 5 lna 202 Z Ty — ey, h)Q. (1.17)
t=1

The bias expressions are, therefore, found by computing the first three derivatives of
the exact log-likelihood function (1.16) and the conditional log-likelihood function (1.17)
with respect to a and o2, taking expectations and then substituting these figures into
(1.15). The first result corresponding to a random initial condition and the second to a

fixed initial condition are presented in the following theorems.

Theorem 1.3.1. Under model given in (1.2)-(1.5) fort =1,...,n — 1 with a fized initial

condition xo = 0, the bias of a is given by

. 3 4 e 20k 1
E(a—a)——T—FO(T ) (118)
When a — 0 the bias reduces to
. 2 _1
E(a—a):—f+o(T ) (1.19)
and when h — 0 it becomes
. 2 _1
E(a—a) :—?+0(T ). (1.20)

Theorem 1.3.2. Under model given in (1.2)-(1.5) fort = 1,...,n — 1 with a random
Gaussian initial condition o with mean 0 and variance —o?/2a, the bias of a is given by
3+e2h  dn— 2+ (5n — 6)e™ — ne~2h

Bla—a) = ——gr—+ O o(T™). (1.21)

When a — 0 the bias reduces to

E(a—a)=0+0o(T™1), (1.22)
and when h — 0 it becomes
E(a—a)= —24—#—1—0(T4) (1.23)
T T(1—al) ' '

14



The theoretical result indicates that the estimator is downward biased. The bias can
be substantial, being especially large when the continuous time parameter a is close to
zero. For example, for the case of fixed z and 10 years of monthly data (i.e. 7' = 10 and
h = 1/12), the percentage bias is 200% when a = —0.1, while it is less than 8% when
a = —3. Note that the leading term in equations (1.18) and (1.21), which is the same
as that obtained by Yu (2012), is of order O(7T!). It suggests that the bias is mainly
determined by the data span, implying that the bias will not disappear unless the data

span goes to infinity.

There are two additional remarks worth noting. First, the bias is larger when z( is
fixed than when x( is random, which is consistent with the result in Bao et al. (2015). To
see this, we plot the bias expression for the sampling interval h = 1/12 and three values
of data span, these being T' = 5, 10,20 (see Figure 1.1). These combinations correspond
to 5, 10 and 20 years of monthly data. The discrepancy seems to reduce when we increase
n by increasing 7', implying that the influence of the initial value on the bias function
tends to be negligible as the data span goes to infinity. We note, however, that the initial
value has an important impact on the bias function when a is relatively small. As can be
seen in Theorems 1.3.1 and 1.3.2, as a goes to zero the bias converges to —2/7T when z

is fixed while the bias tends to zero when z, is random.

Second, the bias decreases when we increase n by increasing the data frequency (i.e.
when h becomes smaller). This is illustrated in Figure 1.2, where we plot the bias
expression for 7" = 10 and three values of h, these being h = 1/4,1/12,1/252. These
combinations correspond to 10 years of quarterly, monthly and daily data. Results also
indicate that the implications of high frequency data differ depending on whether the
initial condition is fixed or random. Indeed, (1.20) suggests than the bias converges to
—2/T as h goes to zero when x; is fixed, implying that the bias does not disappear
unless 7' goes to infinity. In contrast, (1.23) suggests that the bias tends to
—2/T +2/T(1 —aT) as h — 0 when z; is random, implying that the bias approaches

zero when either a — 0 or T — oo.

Third, the second term in equation (1.21) is of smaller order than 1/7 and can be
ignored when a is far away from zero. However, this second term is not negligible when a
is close to zero, in which case it becomes of order O(7~!). This observation is consistent
with the result in Yu (2012).

1.3.2 Flow variables

We now illustrate how to compute analytical bias expressions when the variable is

measured as an integral. It should be noted that calculations for this case become more

15
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complicated than those for stocks since the error term in the exact discrete model is
correlated. In spite of the additional complications, the formula by Cox and Snell (1968)
can be applied by using the ARMA representation of z;,, that is, by expressing the error
M as a first-order moving average. We present the MA representation of the disturbance

process in the following lemma.

Lemma 1.3.1. The disturbance process ny, defined in (1.7) with variance -y and

autocovariance vy, given in (1.9) and (1.10) admits the representation
th = Eth -+ 98th,h, t= 2, o n, (124)

where €y, 18 a white noise process with mean zero and variance o2 = v1/0 = v0/(1 + 6%),
0=(1—+1-4p*)/(2p), and p =71 /%.

It should be noted that the moving average coefficient 6 is a function of a, being
positive for @ < 0 and reaching its maximum value of 2 — /3 when the continuous time
process has a root near zero (see Figures 1.25 and 1.26). The ARMA representation leads

us to consider the log-likelihood function

—1 1 ~2

(a,0%) = —gln(Qﬂ) -z Ino? — 557 (xth — ey p — 9€th—h)2 — 51110926 — %7
€ t=1 s

(1.25)

where 02 is the variance of x given by®

) (1 + 2ahe™™ — €?)(1 4 62 4 20e") o
02 = —
v 2a30(1 — e2ah) ’

and T is the starting value assumed to be Ty ~ N(0,0%(1 + ah — e®")/a®). As it was
shown for the stock case, the initial condition plays an important role when a approaches
zero. To show that this situation also occurs for the flow case, in the derivation of the bias
formula it is assumed that the initial value of the flow variable is also part of the sample.
Note that we have used a different letter to distinguish Zy from xg, this last value being
unobservable when the variable is a flow. Since z is used instead of g, the equation

relating x;, to £(0) = z, is not employed. Instead of this, we use x;, = eIy + &5, + Oey.

It is important to notice that equation (1.25) is only an approximation to the exact
likelihood function. We could use the exact ¢ to derive the bias formula,” but the algebra

is more involved and the resulting bias expression is, of course, more complicated than

6Using the representation (1.2) with disturbances given in (1.6)-(1.11), the variance of z can
alternatively be expressed as 02 = (1 + ah — e®")o?/a®.

"See for example the innovation algorithm suggested by Brockwell and Davis (1991, pg. 254-256) to
obtain the exact likelihood of an ARMA model. Also, Bergstrom (1990) for the exact likelihood function
of a continuous time model with flow data.
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the one in Theorem 1.3.4. We believe that the gain in accuracy achieved by using the
exact likelihood function rather than an approximation does not justify the additional
complications involved. Moreover, as can be seen below this approximation appears to

work well.

Taking 7y as deterministic and equal to zero, the log-likelihood function can be

computed conditioning on the first observation as following

—_

-1 -1 1 «—
r In(27) — n —

ta,0?) = —
(,0%) -

2
Ino? —

a 2
(agh — € hagh_h _’Qgth—h) . (1.26)
1

(LR )

t

The bias expressions are obtained by differentiating (1.25) and (1.26) with respect to

2. The first result corresponding to a random initial value and the second to a

a and o
fixed initial value presented in the following theorems are obtained by assuming that the
derivative of § with respect to a is zero.® It should be noted that although these results
provide a good approximation for a range of parameter values that would appear to be
relevant in practice, the quality of the approximation deteriorates as a moves away from

Zero.

Theorem 1.3.3. Under model given in (1.2) and (1.24) for t = 1,...,n — 1 with a fized

wniatial condition o = 0, the bias of a is

3 4 e 20k

AN —1
E(a—a) —r T o(T™). (1.27)
When a — 0 the bias reduces to
. 2 _1
E(a —a) :—?-i—o(T ) (1.28)
and when h — 0 it becomes
. 2 _1
E(a—a) :—?-i—o(T ). (1.29)

Theorem 1.3.4. Under model given in (1.2) and (1.24) fort =1,...,n—1 with a random

Gaussian initial condition To with mean 0 and variance o*(1 + ah — e*) /a®, the bias of

8From Lemma 1.3.1 we see that 6 is a function of a, implying that df/da is non-zero. This derivative
is, however, a complex function of a and its inclusion considerably complicate calculations. Moreover, as
can be seen in the Appendix df/da is negligible. To simplify calculations the results given in Theorem
1.3.3 and 1.3.4 are obtained by assuming dfl/da = 0. Details are presented in Remarks 1 and 2.
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. 3 + 672ah 672ahC B
E(a—a)=— 57— T 37Ds +o(T™1), (1.30)

where C' and D are complicated functions of the continuous time parameter a (see the

Appendiz). When a — 0 the bias reduces to

E(a—a)=0+0o(T™1), (1.31)
and when h — 0 it becomes
Ea—a)= 24 2 4o(T (1.32)
T T(1—al) ' '

We see that (1.27) is identical to (1.18). Although the analytical bias expression for
flows is more complicated than that for stocks when the initial condition is random, the
implications seem to be similar. The leading term is the same in both expressions. Similar
to the stock case, in the near unit root situation the bias converges to zero as a — 0 and
to —2/T +2/T(1 — aT) as h — 0. Evaluating the expressions at different values of a,
T and h (see Figures 1.3 and 1.4) we see that the bias for flows is slightly smaller in
magnitude than the bias for stocks, although the small gap vanishes when the sample
size increases. These results suggest that for large samples the size of the bias does not
depend on whether observations are stocks or flows. However, it is only true when the
correlation in the discrete time disturbances induced by temporal aggregation is taken
into account. As we will show in the next section the bias can be considerably large when

correlated errors are ignored.

It should be noted that the approach of Cox and Snell (1968) is particularly convenient
for deriving the bias formula when the variable of interest is a flow since it only requires
computing the first three partial derivatives of the likelihood function with respect to
the parameters. Alternatively, we could use other formulae available in the discrete
time literature, for example that of Bao and Ullah (2007) (for its implementation in the
continuous time framework see Yu, 2012). One possible advantage of the approach of Bao
and Ullah (2007) as compared with the approach used in this paper is that the former
does not require any distributional assumption, and therefore their analytical results are
valid for both normal and non-normal samples of observations. It should be emphasized,
however, that our bias expressions are expected to be robust to non-normality (for details
see Bao et al., 2015).? Moreover, we believe that the approach of Cox and Snell (1968) is

9Bao et al. (2015) studied the bias of the estimator of the mean reversion parameter in the context of
continuous time Lévy processes, and showed that the bias expression is robust to non-normality under
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Figure 1.3: The bias of & for monthly data and a random initial condition as a function of a. The graphs correspond to
T = 5,10,20 (i.e. n = 60,120,240), respectively. The solid line is the approximate bias according to the formula (1.21)
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simpler and hence easier to implement.

1.4 Asymptotic variance

Another advantage of the Cox and Snell’s approach is that an analytical expression
for the asymptotic variance of the estimators can be obtained straightforwardly. The

following theorem presents the corresponding formula for a.

Theorem 1.4.1. Under model (1.2) with disturbances given in (1.3)-(1.5) or (1.24) for

t=1,....,n—1, the asymptotic variance of a s

1— 6—2ah

Var(a) = — Th

+o(T7H). (1.33)

This result is identical to that obtained by Tang and Chen (2009) and Yu (2012) for
the stock case. In the next section we derive the asymptotic bias that arises when the
temporal aggregation implicit in the definition of a flow variable, which induces serial
correlation in the disturbances of the exact discrete model, is not taken into account.
The finite sample bias caused by serial correlation in the errors and the finite sample

variance will be explored in section 1.6 through simulations.

1.5 Asymptotic bias

It is well known from the discrete time literature that ignoring correlated errors in
dynamic models leads to inconsistent estimates. Maeshiro (1999) provides an intuitive
explanation of this bias. He points out that since the disturbance term 7y, is correlated
with the regressor z;,_p,, part of the variation in the dependent variable x4, that is caused
by n, is credited to xy,_j, contaminating the autoregressive coefficient. The sign of this

contaminating effect is the same as that of the moving average coefficient.

Maeshiro (1999) derived the following expression for the asymptotic bias of the least
square (LS) estimator of the autoregressive coefficient ¢ = e when the disturbances
follow a MA(1) process'”

Cov(tn, Tn-n) _ (1 —¢°)0
o2 1+ 6%+ 290

plim(¢ — ¢) = (1.34)

the case of a random initial condition. They also found that although the skewness parameter matters
for the bias expression when the initial condition is fixed, the effect disappears when it is assumed to be
Zero.

10The asymptotic bias was also derived by Phillips and Wickens (1978) for a more general model that
includes exogenous variables. Both MA(1) and AR(1) disturbances were considered.
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Using the alternative expression for the variance of = (i.e. 02 = (1+ah —e*)o?/a?), the

asymptotic bias can be written in terms of the continuous time parameter a as following

(e2h — 2ahe™ — 1)
2(1+ ah — eh)

plim(¢ — ¢) = (1.35)
Since @ = In(¢)/h we can use the result given in (1.35) to derive the asymptotic bias of
the estimator a. The resulting bias of the conditional maximum likelihood estimator is

presented in the following theorem.!!

Theorem 1.5.1. Under model given in (1.2) and (1.24) the asymptotic bias of the ML
estimator a (conditional on the initial condition) is
1 (eah —1)2

plim(a —a) = Eln 2eeh(—1 — ah + e*h)

(1.36)

Since 6 is positive the sign of the bias must be positive as noted by Maeshiro (1999)

for the discrete model. This condition is equivalent to

(eah _ 1)2
2eah (e — 1 — ah)

> 1. (1.37)

Simpliying (1.37) becomes e?*" — 2ahe® — 1 < 0. Note that €2*" — 2ahe®™ — 1 = 2a>;.
Since a < 0, the condition is satisfied if 7, > 0. Evaluating v, at different values of a and
h, we see that v; > 0 for a < 0 (see also Figure 1.24 which shows p = 71 /7 for quarterly,
monthly and daily data). The bias caused by the serial correlation can be much more
serious than that induced by the presence of lagged dependent variables. Note that it

does not disappear as the span goes to infinity.

1.6 Monte Carlo simulations

This section examines the performance of the analytical expressions using Monte Carlo
simulations. To generate simulated data, we first compute the discrete time disturbances
as follows

mn = oy, t=1,..n, (1.38)

"Note that the ML estimator (conditional on fixed or random initial value) is equivalent to the LS
estimator.
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when the variable is a stock and according to

Nn = M1V, (1.39)
Non = Mag¥ap, + Moy Uy, (1.40)
Neh, = MOy, + My 10p—n, t=3,...,n, (1.41)

when the variable is a flow, where 1, is a random draw from a standard normal
distribution, o, is the positive square root of the variance given in (1.4), the coefficients
ma1, M1 (6 = 3,...,n) and the positive coefficients my (t = 1,...,n) are obtained

recursively from the equations

2 _ o~
my; = Yo,
mo1 = 71/m11,
2 _ 2
Moy = Yo — My,
Mmgi—1 = ’Yl/mtfl,tfla

2 _ 2 _
My =Y — Myyq, L=3,..,n,

with o, 7o and 7 given in (1.8)-(1.10).

Assuming that the initial condition is either z(0) = 0 or z(0) ~ N(0,—0?/2a),
simulated data are then computed by using (1.2), and the corresponding equation for
observation h (i.e. z, = e®x(0) + n, for stocks and z;, = a (e — 1)x(0) + n, for
flows). We consider different values for the continuous time parameter a over the
interval [-3,0) and five combinations of sampling interval and data span, these being
(T'" = 5,h = 1/12), (T = 10,h = 1/12), (T = 20,h = 1/12), (T = 10,h = 1/4),
(T =10, h = 1/252), which correspond to 5, 10 and 20 years of monthly data, 10 years
of quarterly data, and 10 years of daily data, respectively. The experiment is replicated
10000 times for each of these combinations. The initial condition is included in the
sample for stocks but not for flows. Thus, the number of observations used for
estimation is n + 1 when z(t) is a stock and n when z(¢) is a flow. For simplicity, we
assume that the discrete time disturbance corresponding to the first observation is zero
and compute the conditional maximum likelihood estimates. For the flow case, the

log-likelihood function is calculated based on the ARMA representation.!?

In order to reduce the dimension of the optimization problem from two to only one

dimension, it is convenient to concentrate out 2. The concentrated log-likelihood

function is obtained by maximising ¢(a, c?) with respect to o2, and then substituting 52

12 Alternatively, we can obtain exact Gaussian estimates. See the iterative estimation procedure
proposed by Bergstrom (1990, pg. 113-114), which does not require expressing the disturbances as
a moving average process.
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into ¢(a,0?). Conditioning on zy, the concentrated log-likelihood function for stocks is
(ignoring a constant)
_ E - __ah 2
la) = —21n [;(xth e Ti_p) ] : (1.42)
and conditioning on x;, and ¢, = 0, the concentrated log-likelihood function for flows

becomes (ignoring a constant)

n—1

E(CL) = — In [Z(xth - eahl’th_h - 9€th_h)2] . (143)

2
t=2

For each simulation the ML estimate of a is, therefore, the value of a that maximizes
the concentrated likelihood. The actual bias is calculated by subtracting a from the
average of the estimates obtained from the 10000 simulated samples.!® Figures 1.5-1.12
plot the actual bias and the approximate bias according to the analytical bias expressions
as a function of a. When z(0) is random, the bias is approximated by using expression
(1.21) for both stocks and flows. We observe from the figures that the bias expressions

do a good job of capturing the actual bias of a.

The implications of the analytical bias expressions seem to be similar to those
suggested by the simulations. First, the bias is mainly determined by the data span.
Increasing the data frequency reduces the bias, but it does not disappear unless the
span goes to infinity. Second, the bias is larger when the initial condition is fixed than
when it is random, though the gap seems to reduce as T increases. Third, the initial
condition has an important impact on the bias function when a is relatively small.
Results indicate that as a — 0 the bias goes to zero for the case of random z, while it
does not disappear for the case of fixed xy. Fourth, the bias is smaller for flows than for
stocks, although the discrepancy appears to reduce when the span increases or the
sampling interval decreases. For example, if a = —3, T" = 10 and x, is fixed, the bias is
-0.34 for flows and -0.45 for stocks when h = 1/4 (i.e. quarterly data) while it is -0.19
for both flows and stocks when h = 1/252 (i.e. daily data). Results indicate, therefore,
that for large samples the magnitude of the bias does not depend on whether

observations are stocks or flows.

Fifth, there is a considerable discrepancy between the analytical bias function and that
obtained by simulation for the near unit root situation for the case of random xy, which is
where the bias function is highly non-linear. This result is, however, not surprising since
we have derived our bias expressions under the assumption of stationarity (i.e. a < 0).

We can see this in Figure 1.13 which shows the bias as a function of the data span for

13Since the number of simulated samples is large, the bias obtained by simulations must closely match
the true bias.

24



bias

0.0

-0.1

-0.2

-0.3

-0.4

-0.5

— - - Actual Bias
—— Formula (1.18)

-3.0 -20 -1.0

0.0

bias

0.00

-0.20 -0.15 -0.10 -0.05

-0.25

-3.0 -20 -1.0

0.0

bias

-0.10 -0.08 -0.06 -0.04 -0.02 0.00

-0.12

-3.0 -20 -10 00

Figure 1.5: The bias of & for stock and monthly frequency data with zg fixed as a function of a. The graphs correspond to
T = 5,10,20 (i.e. n = 60,120, 240), respectively. The dashed line is the actual bias and the solid line is the approximate

bias according to the formula (1.18).

bias

0.0

-0.1

-0.2

-0.3

-0.4

-0.5

- - - Actual Bias
—— Formula (1.27)

-30 -20 -1.0

0.0

bias

-0.20 -0.15 -0.10 -0.05 0.00

-0.25

-3.0 -20 -1.0

0.0

bias

-0.10 -0.08 -0.06 -0.04 -0.02 0.00

-0.12

-3.0 -20 -10 00
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monthly data and three values of a, these being -0.1, -0.5 and -1. Figure 1.13 suggests
that the gap between the actual bias and the bias expressions is larger for small values

of a and T'. The gap reduces, however, when the data span increases.

Figures 1.14-1.17 display the actual and asymptotic variance of a. There is a
considerable discrepancy between the analytical expression and that obtained by
simulations, although the gap decreases as the data span increases. We also see that the
variance is larger for stocks than for flows when 7' is small or the frequency is low. The
variance does not depend on the nature of the variable when the sample size is large.
We now explore the bias caused by ignoring the serial correlation in the disturbances.
Data are generated according to (1.2) and (1.39)-(1.41) (i.e. the variable is a flow), but
the model is estimated assuming that disturbances satisfy the properties given in (1.4)

and (1.5) (i.e. the variable is treated as a stock).

Following Maeshiro (1999) the bias is decomposed into the bias caused by the serial
correlation and the bias caused by the lagged dependent variable. The former is called by
Maeshiro (1999) the correlation effect and the latter the dynamic effect. We use the same
terminology. The dynamic effect corresponds to the bias expressions derived for the stock
case (i.e. equation (1.18)). The correlation effect is obtained by subtracting the dynamic
effect from the bias. These two effects are shown in Figures 1.18-1.21. It can be seen from

these figures that the bias can be substantial, being especially large when the parameter
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a moves away from zero. The correlation effect is positive as predicted by the theoretical
results and is much larger than the dynamic effect when a is away from zero. Since the
dynamic effect is negative, the two effects are mutually offsetting. Figures 1.18-1.21 also
suggest that the bias does not disappear as the data span goes to infinity nor as the
sampling interval tends to zero. Figures 1.22 and 1.23 show the actual correlation bias
and the asymptotic bias of the estimator a. Results reveal that there is a considerable
difference between the analytical expression and that obtained by simulations, although

the gap decreases as the data span increases.

1.7 Conclusions

The main contribution of this paper has been the derivation of explicit expressions
to approximate the bias in continuous time models for stock and flow variables. The
implications of the bias formulae are consistent with what has been found in the literature.
The bias depends mainly on the data span, implying that the bias will not disappear
unless the data span goes to infinity. Findings also suggest that the bias is larger when
the initial condition is fixed than when it is random, and smaller for flows than for stocks,
although the discrepancy decreases when the data span and the sample size increases,
respectively. A Monte Carlo study reveals that the performance of the bias formulae is
reasonably good, although there is a considerable discrepancy between the analytical bias
function and that obtained by simulation for the near unit root situation for the case of

random zy. These gaps reduce, however, when the data span increases.

The bias formulae derived in this paper have important practical applications for
statistical inference and model analysis, and its application can be expected to lead
to more accurate estimates of the parameters as compared with uncorrected estimates.
Although our analytical results have been confined to univariate first-order differential
equations, the approach used in this paper could be applied to more general models. It
would be useful, for example, to measure the magnitude of the estimation bias in higher

order differential equations or a system of equations with mixed stock and flow data.

1.8 Appendix

Proof of Theorem 1.3.1. Substituting (1.4) into (1.17) gives

_ _ 2 _ ,2ah n—1 __ ,ah 2
ta,0?) = - Limem - "1 {—0(1 ‘ )}+a2t:1(xth CTnn)” (g gy

2a (1 — e2ah)g2
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Figure 1.14: The variance of a for monthly frequency data with zo fixed as a function of a. The graphs correspond to
T = 5,10, 20 (i.e. n = 60,120, 240), respectively. The dashed lines are actual variances and the solid line is the approximate
variance according to the formula (1.33).
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Figure 1.15: The variance of a for monthly frequency data with xp random as a function of a. The graphs correspond to
T =5,10,20 (i.e. n = 60,120, 240), respectively. The dashed lines are actual variances and the solid line is the approximate
variance according to the formula (1.33).
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Figure 1.16: The variance of & for T' = 10 with x¢ fixed as a function of a. The graphs correspond to quarterly, monthly and

daily data (i.e. n = 40,120, 2520), respectively. The dashed lines are actual variances and the solid line is the approximate
variance according to the formula (1.33).
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Figure 1.17: The variance of a for T' = 10 with xp random as a function of a. The graphs correspond to quarterly,

monthly and daily data (i.e. n = 40,120, 2520), respectively. The dashed lines are actual variances and the solid line is the
approximate variance according to the formula (1.33).
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Figure 1.18: The bias of a for flow and monthly frequency data with zg fixed as a function of a. The graphs correspond to
T = 5,10,20 (i.e. n = 60,120, 240), respectively. The dashed line is the dynamic effect, the dotted line is the correlation
effect and the solid line is the total bias.
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Figure 1.19: The bias of @ for flow and monthly frequency data with zo random as a function of a. The graphs correspond
to T'=5,10,20 (i.e. n = 60,120, 240), respectively. The dashed line is the dynamic effect, the dotted line is the correlation
effect and the solid line is the total bias.
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bias

Figure 1.20: The bias of a for flow data and 7" = 10 with zo fixed as a function of a.
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monthly and daily data (i.e. n» = 40,120,2520), respectively. The dashed line is the dynamic effect, the dotted line is the

correlation effect and the solid line is the total bias.
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Figure 1.21: The bias of a for flow data and T' = 10 with xp random as a function of a. The graphs correspond to quarterly,
monthly and daily data (i.e. n = 40,120,2520), respectively. The dashed line is the dynamic effect, the dotted line is the

correlation effect and the solid line is the total bias.
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A = Bias x(0) Random -~ A
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Figure 1.22: The correlation bias of a for flow and monthly frequency data as a function of a. The graphs correspond to
T = 5,10,20 (i.e. n = 60,120,240), respectively. The dashed lines are actual correlation biases and the solid line is the
asymptotic bias according to the formula (1.36).
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Figure 1.23: The correlation bias of a for flow data and T = 10 as a function of a. The graphs correspond to quarterly,
monthly and daily data (i.e. n = 40,120, 2520), respectively. The dashed lines are actual correlation biases and the solid
line is the asymptotic bias according to the formula (1.36).
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The partial derivatives of (1.44) with respect to a and o2 are

ol (1 — e2h ¢ 2ah62ah) (n—1) 2ahe* Z?;ll (xth — e“h:pth_h) Tih—h

90 2a (1 — e2ah) (1 — e2ah) g2
n— a 2 a n— a 2
+ t:ll (xth —c hl“th—h) 2ahe*" thll (xfh —€ hxth_h) (1.45)
(1 — e2ah) g2 (1 — e2ah)? 52 ’ '
o n—1 ay ) (e — e™eins)” (1.46)

Computing the second derivatives of the function (1.44), taking expectation, and

simplifying, we have

(n—1) +e*h [—2(n — 1) + 4(n — 1)ah + 2(n — 2)a®h?]

ki = —
1 2a2 (1 — e2ah)?
- phah [(n—1) —4(n — 1)a2h + 2na2h2] ’ (1.47)
2a2 (1 _ 6Qah)

1 _ ,2ah 2 h 2ah —_ 1

ey — (1 — e + 2ahe* ™) (n )7 (1.48)

2a (1 _ €2ah) 0-2

n—1

A -~ (1.49)

(1.47)-(1.49) are obtained by taking account the fact that £ [(%h — e“hxth_h) ZBth_h] =
E[nzg-n] =0, E [Z?;ll (mth — eahxth_h) 2] =F [Z?;ll nfh] =(n—1)o? (62‘“‘ — 1) /2a,
and E [>17) 22, ,] = —(n — 2)0?/2a. Note that F (#2) = 0 since 2 = 0.

Differentiating (1.47) and (1.48) with respect to a, we obtain

Lo _ (1= 1) =@ B3(n— 1) — 2(n — Dah +4(n — Da*h® + 2(n — 2)a’h’]
B a3 (1 — e2ah)®
b [3(n — 1) — 4(n — D)ah + 4(n — 1)a2h? — 2(3n — 2)a*h?]
a3 (1 — eQah)3
M (n—1) = 2(n — 1)ah]

a3 (1 _ eZah)3 ’

+

(1.50)

(1 + e4ah _ 262ah _ 4a2h262ah) (n _ 1)

=
2a% (1 — e2ah)2 o2

(1.51)
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Computing the third derivatives of the function (1.17), taking expectation, and

simplifying, we have

(n—1)—3e*"[(n— 1)+ (3n — 4)a®h? + (n — 2)a®h?]

A
11 a3(1 — e2h)3
3eah [(n — 1) +2(n — 2)a®h? — 4(n — 1)a®h?)
a3(1 — e2ah)3
¢St [(n — 1) — 3nah® + (n + 2)ah?
_ A , (1.52)
e2h 2(n — 1) + (3n — 4)ah] — e***h [2(n — 1) — nah
ity — 2(n—1) + Jah] i 2(n—1) ]’ (1.53)
a (1l — e?eh)” g2
(1 — e®h + 2ahe® ™) (n — 1)
Kio2 = — o (1 — ) ot (1.54)
Substituting (1.47)-(1.54) into (1.15) gives
3 + e—2ah 3 + e—2ah
E(a—a)=— — O(n™?). 1.55
(a—a) == - e O (1.55)
Ignoring terms of order less than T~! gives equation (1.18).
0
Proof of Theorem 1.3.2. Substituting o and o7 into (1.16) gives
L 1 o? a 4 n—1 o?(1 — e2ah)
la,0%) = —§ln(27r) - §ln {—%] + % In [— 5
n—1 ah 2
a Zt:1 (xth — € xth—h)
+ O (1.56)
The partial derivatives of (1.56) with respect to a and o2 are
ﬁ n (1 — eQah) +2(n — 1)ahe?h m_% B 2ahe Z?;ll (:vth — e“hxth_h) Tih—h
da 2a (1 — e?eh) o2 (1 — e2ah) g2
P (v — e agn)? 2ahe2 S0 (w — ey p)” L5
* (1 — e2h) g2 (1 — e2ah)? 52 : (1.57)
o  n ard a Z?;ll (mth — eahxth_h)z
BP0 o Ayt (1.58)
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Computing the second derivatives of (1.56) and taking expectation, we have

n+ €2 [—2n + 4(n — 1)ah + 2(n — 1)a®h?

|
11 2a2 (1 — e20h)?
B elah [ — 4(n — 1)ah + 2(2n — 1)a2h2]’ (1.59)
261,2 (1 _ €2ah)

1 — 2ah +9 — 1Dah 2ah

k;12 _ n( e ) (n )a e : (160)

2(1 (1 _ eZah) 0—2

n

S (1.61)

As before we use the fact that E[npzm-p] = 0, B[S0 n2] = (n—1)02 (e*** — 1) /2a.
Note that in this case E [77 22, ,] = —(n — 1)0?/2a since E (23) = —0?/2a.

Differentiating (1.59) and (1.60) with respect to a, we obtain

L _ N e®h [3n — 2(n — 1)ah + 4(n — 1)a*h? + 2(n — 1)a®h?]
u ad (1 — e2eh)?
N e*ah [3n — 4(n — 1)ah + 4(n — 1)a*h? — 6(n — 1)a3h?] — €5 [n — 2(n — 1)ah]

a3 (1 _ €2ah)3 !

(1.62)
) n(1- ezah)z —4(n — 1)a®h2e?*h
kiy = — . VI (1.63)
202 (1 — e2h)" o
Computing the third derivatives of (1.56) and taking expectation, we have
L n —3e2 [n+ 3(n — 1)a?h* + (n — 1)a®h?]
m = ad(1 — e2ah)3
3eth [n 4+ 2(n — 1)a’h? — 4(n — 1)a3h?3)
a3(1 — e2ah)3
" —=3(n — 1)a*h* + (n — 1)a3h?’]7 (1.64)
a3(1 — e2ah)3
e?hh(n — 1) [2 4 3ah] — e*hh(n — 1) [2 — ah
i = 1) 2+ 0h] — e~ 1) [2 = ] .
a (1l — e?h)” g2
n (1 —e2*") 4+ 2(n — 1)ahe?™
k122 = — ( ) + 2 ) : (1.66)

a(l—e?h)gt
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Substituting (1.59)-(1.66) into (1.15), we obtain equation (1.21).

[l

Proof of Lemma 1.3.1. 1t follows from representation (1.24) that
E(np,) = = 0Z(1+6%), (1.67)
E(innin-—n) = = 02, (1.68)

Equation (1.67) implies 02 = ~0/(1 + 6?). Substituting into equation (1.68) we obtain
1 = Y0/(1 + 6%), which can be written as

0*p—0+p=0, (1.69)

where - p
av _ 2ahe® — 1
po T O dahe . (L.70)
Yo o 2[1 4+ ah(e?@h + 1) — e2ah]

The coefficient p is positive for a < 0 and reaches its maximum value of 0.25 when
the continuous time process has a root near zero. This last result is consistent with the
findings in Working (1960) for the first differences of averages in a discrete time random
walk. See also Figure 1.24, which shows p as a function of a'* for quartely (i.e. h=1/4),
monthly (i.e. h=1/12) and daily (i.e. h=1/12) data.

The roots of the equation (1.69) are
14+ /1 —4p?
2—p, (1.71)
P

Note that the term into the radical is positive and the roots are reciprocals of each other.
Assuming invertibility, 0 is, therefore, the smallest root (1 — /1 — 4p?)/(2p).

[
Proof of Theorem 1.3.5. Substituting o2 into (1.26) gives
-1 -1 2 1 2ah ah __ _2ah
E(a,aQ):—HQ ln(27r)—n In |-Z (1+ ;Lafe )
39yl B 2
a thl [-Tth € Tth—h Eth h:| (1.72)

(14 2aheth — e2ah) g2

HFor these graphs we use a wide range of possible values of a. The parameter a takes values from
the region of [-10, 0), [-30, 0) and [-630, 0) for quartely, monthly and daily data, respectively, which
correspond to [0.08, 1) for the autoregressive coefficient in the discrete time model.
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Figure 1.24: The parameter p for quartely, monthly and daily data as a function of a.

It should be noted that the error 4, in (1.72) depends on a, implying that dey,/da is

different from zero. To see this, let us write g4, in terms of xy, and its lagged values

en = xp — ey — Oey,
ah t—1pt—1
Eth = Ty — € [Ith_h —Ozypon + ...+ (=1)"76 3:0}

— 0 [2i—n — Ozgpop + .. + (—1)720 P2y, + (—1)710 ], t=2,..,n— 1, (1.73)
which can be written more compactly as

e = Ty — "N (LM 2y — 0 [)\t_l(Lh)xth_h + (—1)t_19t_1€0] ,t=1,...,n—1, (1.74)

where \(L") = [1 — OL" + ... + (=1)""1(0L")'"1] and \g(L") = 0. In what follows we

simply write \;(L") as \;.

Note, too, that € is a function of a, implying that df/da is non-zero. This derivative is,
however, a complex function of a and its inclusion considerably complicates calculations
as will be shown in Remark 2, where we present a new bias expression for the case of
fixed x¢. Moreover, as can be seen in Remark 1 the derivative of # with respect to a is
negligible. For these reasons, in the rest of the proof we assume that df/da = 0. Remark

2 also describes the implications of this assumption.

We now turn to the derivation of the likelihood function with respect to the parameters.
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The partial derivatives of (1.72) with respect to a and o2 are

ol (3—2ah(—2+ ah)e™ + (=3 + 2ah)e*™") (n — 1)
oa 2a (1 + 2ahe® — e2ah)
2a°0 Z?:_f (heeah)\tflxtthh — heahxthfh) [ﬂvth — ey — 95th7h]
(1 + 2ahesh — e2ah) 52
3a20 3"~} (zen — e aypp — 9€th_h)2
(1 + 2ahet — e2ah) g2
a®0(2he ™ — 2he2™ + 2ah?e) S} (zen — €
(14 2aheh — e2ah)? 52

"Ly — 9€th—h)2 (1.75)

Y

n— a 2
ol n—1_ a6 thll (xth — ey g — egth—h) ' (1.76)

Jo? 202 (1 4 2ahesh — e2ah) g4

Before computing second derivatives, we first note that the second term of 9l/da
depends on A\;_i2,_9p,, which implies that two additional terms need to be calculated to
obtain k;;. The first term is

n—1
E[Z Tyh—n(M—1Ten—2n)] = E [TanXoxp, + T3pA3Top + - - + Tnh—2n An—2Tnn—3n]

t=1

— -3 (x) _ —4)0 (z) .. -1 n749n74 (z)
(n=3)n" —(n—=4)0y" +---+(-1) Vs

— n7£z)[1 _ eeah 4ot (_1)n746n74€ah(n74)]

— 73— 40 4+ 4 (—1)" (0 — 1) e )]

@ [LE (D) (e )
= (=2 [ 1+ fean

a3 {(—1);1(9@:::)"—31

_1\n—4 eah n—3
-7 F+ ((11)+ 96531)2 : } , (1.77)

where %(x) denotes the i autocovariance of z. Notice that "2 = 0. Approximating,

equation (1.77) becomes

n—2 (@) (2)
(n—2)m M

FE _n( Az _ = — 1.78

[; Lth h( t—1Lth 2h)] 14+ Heah (1 + 960’}7‘)2’ ( )

where the first autocovariance %x) is

@ (14 2ahe™ — )0 + e*)(1 + 96“”)02' (1.79)

L 2a30(1 — e2eh)

41



The second term that we have to calculate is

—_

n—

ED (Mazmon)’] = E [(Mawn)® + As2n)? + -+ (An—a@un—sn)’]

t=1

=02 [(n=3)+(n—4)0*+---+ 67
- 27" [( 4)9 +(n—5)0% + -+ 677
+ 27“) [(n (= 6)8 4 oo G2
=D 527 5 (20770 00 4 (1)

_ 9271 6 _ 9271 6 9271 6
_ _ 2 _ 52 _ N ) P
- (TL Q)Ux |: 1 . (92 :| U:c l:(l . 92)2 (TL 3) 1 _ 92:|

209" [1+<—1)n—5(eeah)n—4] [m— 2 1 1 }

162 1 + e 1+ feah 1 — 62
29271—7%1) 1+ (_1)n—5<9—1eah)n—4 1

M [ 1+ 0 Teoh H(”_2>_1—92_(”_3)]
20(n — 4)%1) (—1)"5(heah)n—4

* 1— 62 1 + Gear ' (1.80)

Approximating, (1.80) becomes
—1Tth—2n)"| = - -
LT 1—62 (1-62)?2 (1— 92)(1 +feah) (1 - 92)(1 + feah)?
(x)
26 (1.81)

T P(1 1 fean)

Computing the second derivatives of (1.72), taking expectation, and using (1.78) and
(1.81), we obtain

[3+ 2ah(2 — ah)e™ — (3 — 2ah)e 2ah] (n—1)
202 (1 + 2aheh — e2ah)?
N h2e?h [2 — 367 — B3¢ + n(1 4 Oe)(—1 4 62)]

ki =—

1.82
(=1 + e2)(1 + feah)(—1 + 62) ) (1.82)
L _ (3420h(2— ah)e" — (3 — 2ah)e™™") (n — 1) (1.83)
12 = 2a (1 + 2aheth — 2h) g2 ’ '
n—1
b= (1.84)
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Differentiating (1.82) and (1.83) with respect to a gives

L0 _ 2hPe? M [—2 + 36 — n(6* — 1)(1 + Oe™™)? + 0(36% — 1)e™ + Gl + (67 — 1)e*]
e (=1 + e2h)2(1 + eahf)2(62 — 1)
(n—1) [9+ 6ah(8 + ah + a*h?)e™ + (=27 + 6ah + 60a’h? — 8a®h® — 4a°hP®)e**"]
* a3(1 + 2ahesh — e2ah)3
(n — 1) [4ah(24 — 9ah — 3a*h® + a®h?)e3™ + 2ah(24 — 21ah + Ta’h? — 2a°h?)e>"]
a3(1 + 2ahesh — e2ah)3
(n—1) [(27 — 12ah — 60a®h* 4 48a’h® — 16a*h* + 4a°hP)et®h — (9 — 6ah)eS"]
+ a?(1 + 2ahesh — e2ah)3 ’

(1.85)
Lo _ (0= 1) [3+2ah(6 + 2ah + a?h?)e"” — (6 — 4a*h?)e* ]
s 2a2 (1 + 2aheh — e2ah)? 52
B (n—1) [_2ah(6 — 2ah + a®h?)ed + 3e4ah} ' L5

2a2 (1 + 2aheah — e2ah)? 52

Computing the third derivatives of (1.72), taking expectation and simplifying, we have

3h%e*™ [3 + ah + 4ahe™ — (3 — ah)e®®"] [2 — 367 — §%e™ + n(1 + ) (6% — 1)]

b = a(—1+ e2)(1 + 0e*) (6% — 1)(1 + 2ahe™ — e2ah)
(n — 1)he® [9(2 + 4ah + a®h?) — 6(3 — 3ah — 10a*h? + 3a®h® + a*h*)e"]
+ a2(1 + 2ahe — c2ah)3
N (n — 1)he® [(—=36 — T2ah + 22a*h* + 4243k — 24a’h* + 4a°hP)e*"]
a?(1 + 2ahesh — e2ah)3
(n — 1)he® [6(6 — 6ah — 8a*h* + Ta*h® — a*h*)e3™™ — 2(9 — 9ah + 2ah?)eP"]
+ a2(1 + 2ahe — e2ah)3
(n — 1)he [3(6 + 12ah — 13a®h* 4 2a3h?)e’*"] (1.87)
a?(1 + 2ahesh — e2ah)3 ’ '
- (n—1) [3+ ah(6 — 8ah — a*h?)e™ — 2(3 — 3ah — 3a*h? + 4a®h® — a*h*)e*"]
a? (1 + 2aheth — e2ah)? 52
(n —1) [-3ah(2 — 4ah + a*h?)e3" + (3 — Gah + 2a*h?)e'™"]
* a2 (1 + 2aheth — ¢2ah)? 52
B h2e2ah [2 — 302 — e + n(1+ Oe™)(—1 + 92)] (1.89)
(=1 + e2en)(1 4 fea) (62 — 1)0? ’ '
ah 2ah
Fray — _(n 1) (3 + 2ah(2 — ah)e (3 — 2ah)e ) (1.89)

a (14 2ahe* — e2ah) g4
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Substituting (1.82)-(1.89) into (1.15) gives

3+ e 2ah A

E(G—a)= 5T  2TB2

+0(n™?), (1.90)

where

A=n(0"—1)[(3+ e ") (=2 + 307 — G + 360%™ + 0'**") — (0° — 1)0(e™" — 5e~*")]
o (3 + 672ah)(_2 + 392 4 63€ah)2’
B =n(0*—1)(1+ 0e™) 4+ 2 — 30* — 6.

Ignoring terms of order less than T~! gives equation (1.27).

]

Remark 1. From Lemma 1.3.1 we observe that @ is a function of a, but not of 0. Figures
1.25 and 1.26 show 6 for different values of a'® for quartely (i.e. h = 1/4) and monthly
(i.e. h =1/12) data and the first two derivatives of § with respect to a, which are given
by

o 0 dp

—=——_ 1.91
da PA /1 — 4p2 da ( )
d*0 1 dddp 0 (dp\*  46p [(dp\® &
fo_ L[ o) wn (i) o) o
da p\/1—4p? |dada  p \da 1 —4p* \da da
where
dp  (e" —1)h[1 —e™(1+ 2ah + 2a*h?) + (=1 + 2ah — 2a°h?) + €3]
da 2[1 + ah + e2ah(—1 + ah)]? ’
(1.93)
d*p h? [1+ ahe™ (3 + 2ah + a®h?) — €*"(3 + 4a’h?) — 6ahe®"(1 + a*h?)]
da® [1+ ah + e2ah(—1 + ah)]?
h? [e**"(3 + 4a®h?) + ahe®™ (3 — 2ah + a®h?) — ebh] (1.94)

[1 4 ah + e2h(—1 + ah)]®

We observe that the first two derivatives of 6 with respect to a are negligible, being
smaller for high frequency data. In fact, applying L’Hopital’s rule it can be seen that
df/da — 0 when h — 0 or a — 0 while d?0/da* — 0 when h — 0 and d*6/da* —
(3 —2v/3)h?/15 when a — 0.

15For these graphs we use a wide range of possible values of a. The parameter a takes values from the
region of [-10, 0) and [-30, 0) for quartely and monthly data, respectively, which correspond to [0.08, 1)
for the autoregressive coefficient in the discrete time model.
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Figure 1.25: The parameter 0, df/da and d26/da? for quartely data as a function of a.
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Figure 1.26: The parameter 0, df/da and d?6/da® for monthly data as a function of a.
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Remark 2: Bias expression without assuming df/da = 0. Under model given in (1.2) and
(1.24) for t = 1,...,n — 1 with a fixed initial condition Zo = 0, the bias of a is

0> — 1)E

E(a—a)= ! 7t O(n™?), (1.95)

where

E=n?[e""(6? = 1)(1 4 0e™)*(1 + 3¢*")] +n [2 — 30° — 20e*" + (6 — 96 — 6*)e**"
+260(5 — 86%)e**" — 3¢*e**"]

do
+n? {(1 + e0)%(6? — 1) (d—e“h(l — 50e 4 4e**" — 303 — 5etah)
a
2 3
+ (3—3) 2e™ (=30 + (1 4 26?)e 4 30" — 31 + (Z—z) 20(e?" — 1)
40 e h | 3ah sahy | TOA0 o 2 2ah
_ a _ 1 _ a a a - a _ 1 1 _ a
+da(e )(—e + e + fe )+dada(e )1+ 6% — ™)

and
F=nl[e*"(1+e")(0° — 1)] + " [2 — 30" — 0°e"]

2
2eah(_1 +06ah +62ah) + (%) (1 +02 o e2ah>>] )

+n
a

(1+e9)(0* —1) (—?

When a — 0 the bias reduces to

E(a—a)= —7 +o(T™1), (1.96)
and when h — 0 it becomes
. 2 1
E(a—a) = —f—i-o(T ). (1.97)

O

To save space we have ignored terms of order less than O(n) in expressions E and F.
To see the impact of dropping the additional terms, which are of order O(n") = O(1),
we plot the bias expression (1.95) and that including the additional terms (see Figure
1.27). We observe that the two expressions are almost the same. For comparison purpose
we also plot the bias expression (1.27). Figure 1.27 shows that there is a considerable
discrepancy between (1.95) and (1.27) for large values of a. This gap reduces, however,
when a becomes smaller. Indeed, (1.28) and (1.96) suggest that the bias expressions
are identical when a — 0. Similarly, (1.29) and (1.97) indicate the bias expressions are

identical when h — 0. These results suggest that although the bias expressions (1.27) and
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Figure 1.27: The bias of a for flow data and T' = 10 with a fixed initial condition as a function of a. The graphs correspond
to quartely, monthly and daily data (i.e. n = 40,120, 2520), respectively. The solid line is the approximate bias according
to the formula (1.95) and the dashed line is the bias expression that includes terms of order O(1). The dotted line is the
approximate bias according to the formula (1.27).

(1.30) provide a good approximation for a range of parameter values that would appear

to be relevant in practice, the quality of the approximation deteriorates as a increases.

[
Proof of Theorem 1.3.4. Substituting o2 and o2 into (1.25) gives
n 1 o2(1 + 2ahe™™ — e*h)(1 4 20e" + 6?)
{(a,0*) = —=In(27) — =In | —
(a,0%) 2 n(2n) i 2a36(1 — e?ah) }
N a®0(1 — e*ah)z2 n— 11 o?2(1 + 2ahe™ — ¢%h)
JE— n —_
(14 2ahe — e2ah)(1 + 20eh + 62)0? 2 2a%0
a*0 >} [ — ey, — O(zpn—p — € N_1Zin—2n, — ON—1Tn—21)] ’ (1.98)

(14 2ahetr — e2ah) g2

The rest of the proof is very similar to that of Theorem 1.3.3, but longer. To save
space we only present the equations equivalent to (1.77) and (1.80) and the corresponding

bias expression.
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n—1

E[Z Tin—n(M—1Tth—on)] = E[Tp T + TopAoxp + - -+ + Tpn—on An—2Tnn—3n)
t=1

= (=2 = (0= 3057 4+ (1),

— n,y£$)[1 _ eeah N (_1>n—30n—36ah(n—3)]

- %x) 2 — 30 + - 4+ (—=1)"3(n — 1) eI
1 -1 n—3 0 ah\n—2

:(n_l)%w{ + (=1)"7*(0e™) }

1 + fech
(@) (_1)n*3(06ah)n72
— -2
(n gl [ 1+ feoh
(@) 1+ (_1)n—3(66ah)n—2
~h [ (1 + Geah)Z ) (1.99)
Approximating, equation (1.99) becomes
— () (z)
(TL B 1)’71 71
E[; Ith—h()\t—lxth—2h)] = 1 + feah - (1 +96ah)2' (1‘100)

[y

n—

E| ()\tflmth72h)2] =F [()\1530)2 + (>\21’h)2 +oot ()\nfﬂnhf?»h)ﬂ

t=1

o2 [(n—2)+(n—3)0+---+ 67
)[ 9+(n— )03+~~+82”*7}
+277 [(n +(n—=5)8"+ -+ 6*77]
+ (=" 427 R A R O Vi A

_ 9271 4 1— 9271,—4 92n—4
_ - 2\ - |\ 2\ ) ) YR
=(n 1)%[ 1— 02 } T {(1—92)2 (n 2)1—92}

209" [1+(—1)n—4(eeah)n—3] {(n—l)— 1 1 }

1— 62 1+ feoh 14 feth 1 — 62
29271—57593) 1+ (_1)n—4<9—1eah)n—3 1
—1) — —(n—2
L { 1+ 6—leah } {(” VDoq—g — )}
20(n — 3)%96) (—1)n=4(Geh )3
) 1.101
+ 1 — 62 1 + feah (1.101)
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Approximating, (1.101) becomes

n—1

(n—1)o? o2 20(n — 1)7\* 20"

E[;(At—wth—zh)?] T 192 (1 —5692)2 - (1= 02)(1 + Beh) " (1= 02)(1 + feah)?
(z)
* (1-— 922)92,8 + feah)’ (1.102)
The bias of a is
Bla—a)= -2 L O(n™?), (1.103)

2T 2T D?

where

C =n3[(6% — 1) (™ — 1)(1 + 62 + 20e™™)2(—1 + 20 + 6* + 20° + 20%(3 + 267 + 30*)e"
+ (4 + 2167 + 20" + 565)e2h + 40(9 4 166% — 76* — 66%)e>™ 4 (5 + 9662 + 396* — 9465
— 660%)e™ 4-20(6 4 3767 — 360" — 150%™ — 6%(T + 280% 4 270" + 20%)e5" — 1663 (2
+ 01" £ 204 (=7 + 62)e®™)] + nP[1 — 667 4 20" + 465 + 90° 4 200 4- 46" — 20(5
+ 967 — 280* — 2805 — 90% 4- 30'%)e™ — (9 + 536% — 1366* — 2666° — 676° + 1016*°
+ 500")e?h — 20(17 — 416% — 3350* — 12260° + 1476% + 1150"° + 116'2)e**" 4 6(3
+ 7962 + 6800 + 7300° — 5976° — 43300 — 620'%)e' " 4 20(37 4 27767 + 3890* — 3746°
— 4250° + 410" 4- 230'2)e> 4- (21 4 35767 + 7060* — 104260° — 16236° 4 2976°
+ 3840"2 4+ 40™) 5" 4- 20(65 4 31162 + 3670* — 129465 + 630° 4 5750 + 390'2)e™h
+ 0%(311 4 17467 — 22940* — 7600° + 17950% + 298607 4 120'2)e®*" 4 26° (180 — 2856?
— 61460" 4 6800° + 2500° + 290')e%" + 20*(119 — 19467 4 1680* + 1700° + 576%)!0"
+ 860°(19 4 567 — 0* 4 1365)e! 1" 4- 120°(7 — 667 4 30*)e'? " — dn(e™ + 0)%(1 + e*"0)?
x (02 = 1)[1 —20% — 0* — 20° — O(3 + 8602 + 6*)e™ 4 (—2 — 246? + 66°)e**" — 20(9
+ 1767 — 100* — 20°)e3™" 4 (—7 — 3807 + 30* + 300°)e*™" + 0(—19 — 862 + 510* + 46%)
x e 4 20%(—4 + 196% 4 30%)e5M + 20%(5 + 67)e™] + 4(1 + 3e*M) (e + 6)*

x (1+ eah9)6(92 _ 1)2’

D = n?[(e* —1)(67 — 1)(1 + 0e™)(1 + 20e™ + 6%)%] + n[—1 + 26% + 6* + 20°

+ (0 4 86° + 30%)e™ + (3 + 1007 + 30* — 865)e?™™ 4 (90 + 40° — 196° — 207 )e3 "
— 20%(—3 + 70 + 20")e* " — 203(1 + 62)e®™ 4+ 2(0% — 1)(0 + e™)2(1 + fe )3,
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Proof of Theorem 1.4.1. Computing the inverse of the Fisher Information matrix for the

continuous time parameters a and ¢? and extracting the entry (1,1), we have

Under model given in (1.2)-(1.5) for ¢t = 1, ...,n—1 with a fixed initial condition zy = 0,
the asymptotic variance of a is
1— 672ah 2(1 o 672ah)

Var(a) = — Th T -2k (1.104)

Under model given in (1.2)-(1.5) for t = 1,...,n — 1 with a random Gaussian initial
condition zy with mean 0 and variance —o?/2a, the asymptotic variance of a is
1— e—Qah (1 _ G—Qah)[(gn _ 2)e2ah _ TL]

Var(a) = — Th " T = Dhl(n —2)c —n] - (1.105)

Under model given in (1.2) and (1.24) for t = 1,...,n — 1 with a fixed initial condition
ro = 0, the asymptotic variance of a is
1 — 672ah (1 _ eanh)[_2 + 392 + 93eah]

3) = — - . 1.1
Var(a) Th Thin(62 — 1)(e® + 1) + 2 — 362 — 63¢h] (1.106)

Under model given in (1.2) and (1.24) for t = 1,...,n — 1 with a random Gaussian
initial condition 2y = 0 with mean 0 and variance o2(1 + ah — e%") /a3, the asymptotic

variance of a is s ( ) h)( Fio)
R 1 —e = 1 —e ") (nF +
_ _ 1.1
Var(a) Th Th(n?H + nF + G) (1.107)

where

F=1-20%—0"—20°—0(1 +86% 4 30*)e™ — (3 + 106* + 30" — 80%)e*™" — H(9 + 46°
— 196* — 20%)e3h — 20%(3 — 76% — 260%)et " 4 203(1 4 6%)e>",

G = —2(0 4 eah)?*(1 + 0e™)3 (6> — 1),

H = (e®" —1)(1 4 0e™)(6% — 1)(1 + 20" + 6%)2.

Ignoring terms of order less than T~! gives equation (1.33).

]

Proof of Theorem 1.5.1. Applying natural logarithm to qg and using the preservation of
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convergence for continuous transformations (i.e. plim In(¢) = In(plim ¢)), we have

1 .
plim a = Eln (plim eah)
1 uh . —1—2ahe™ + e*h
= —In |e
h 2(1 + ah — eah)
1 — (e —1)2
-1 : 1.108
hn[Z(l—l—ah—eah) (1.108)

Subtracting @ in both sides of the equation and noting that a can be written as h~!lne®”,

we obtain (1.36).
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Chapter 2

Bias reduction methods in
continuous time models with stock

and flow variables

2.1 Introduction

It is well known that the maximum likelihood (ML) estimator in continuous time
models may be seriously biased in finite samples, being especially severe when the
continuous time process is nearly a zero root process. For example, Yu (2012) showed
that the bias of the ML estimator for the mean reversion parameter in the Vasicek
model is about 250% when the speed of mean reversion is slow and a three-year time
interval is considered, regardless of the sample frequency. The bias can be corrected if
an explicit expression for the bias function or the first terms in an asymptotic expansion
of the bias can be obtained analytically. For standard models, a bias expansion is often
available. For instance, Tang and Chen (2009) developed expansions for the bias of
parameter estimators for the Vasicek (Vasicek, 1977), CIR (Cox et al., 1985) and
general linear drift diffusion processes. They showed that the first term in the bias

expansion of the mean reversion estimator is of order 1/7T", where T is the data span.

A simple bias correction can be computed by subtracting the first order term of the
bias expansion from the parameter estimate. The approach has the advantage of removing
the first order bias without altering the variance. A drawback of this correction method
is that it is not applicable to models for which an asymptotic expansion is not available.
In many cases, even the first terms of a bias expansion are difficult to compute explicitly
as in the case of complex models containing flow variables, or the leading terms may be

analytically involved. Because of these difficulties, alternative methods, which do not
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rely on the explicit form of an asymptotic expansion, could be preferred to implement in
practice. The main purpose of this paper is, therefore, to compare some bias reduction

techniques in the context of continuous time models.

Among these bias reduction techniques is the jackknife, which combines estimates
obtained by application of a given method to the whole sample and sub-samples, in
a way that eliminates the first order bias. Omne drawback of the jackknife is that it
tends to inflate the variance of the estimator. Various studies have shown, however,
that a carefully designed method may reduce the finite sample bias without any loss
of asymptotic efficiency. For example, in the context of continuous time models, the
jackknife has been applied to maximum likelihood estimators and directly to option price
by Phillips and Yu (2005), who showed that this technique not only leads to substantial
bias reductions, but also these reductions may be accomplished without compromising
the gains by much larger variability. The main attraction of the jackknife is that it is

computationally cheap to implement.

Another resampling method commonly used for bias reduction is the bootstrap. As
opposed to the jackknife, it has been found that the bootstrap can deliver substantial bias
reductions without inflating the variance (see for example, Tang and Chen, 2009). Because
it depends on new samples drawn from the original sample, this technique can take into
account different features of the data such as dependent observations or heteroskedasticity

without making specific assumptions on the structure of the data generating process.

A third method, which can be effective for bias reduction, is indirect inference.
Similar to the bootstrap, indirect inference is computer intensive because it makes use
of Monte Carlo simulations. Its advantages not only for estimating models with
intractable likelihood functions, but also for correcting the bias have been highlighted in
the literature. For example, in the context of CIR models, it was shown by Phillips and
Yu (2009) that indirect inference estimation can be very successful in removing bias
without increasing the variance. Indirect inference uses an auxiliary model for the
estimation stage, which does not need to be correctly specified. This auxiliary model
becomes particularly convenient when the initial model is difficult to estimate as in the

case of continuous time models with correlated discrete time disturbances.

Some comparisons of these bias correction techniques for continuous time processes
have been conducted in recent years. For example, Tang and Chen (2009) found that
indirect inference and bootstrap exhibit a similar performance, although the first method
tends to have smaller variance but larger bias than the second one. These authors also
provide evidence to support the superiority of these two methods in terms of root mean
square error (RMSE) as compared to the jackknife. A Monte Carlo experiment conducted

in Phillips and Yu (2009) reveals that indirect inference is more effective on removing
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the bias than the jackknife. These bias reduction techniques have been implemented
on continuous time models in finance, with diffusion processes being the main focus.
The most important diffusion processes, which have been commonly used to describe
the dynamics of asset prices, including stock prices, interest rates and exchange rates,
allow for instantaneously observed variables and are formulated as a first order stochastic

differential equation.

Many economic variables such as GDP, consumption and exports are measured as
the accumulation of the underlying rate of flow over a given time interval. The main
difference of this type of variable as compared to instantaneously observed ones is that the
temporal aggregation occurring with flows induces serial correlation in the discrete time
disturbances. In addition, economic variables often exhibit a more complex correlation
structure, which could be more accurately described by using higher order differential
equations. Orders greater than one also induce correlation in the discrete time errors.
Contrary to diffusion processes, bias reduction methods in the presence of correlated
discrete time disturbances have not received attention in the continuous time literature.
This paper considers two cases where this situation occurs, the former is a continuous time
AR(1) with the variable of interest assumed to be a flow, and the latter is a continuous
time AR(2) with the variable assumed to be a stock.

In the last decades much work has been done on estimating continuous time models in
the presence of correlated errors (see for example, Bergstrom, 1990). Working with serially
correlated disturbances is, however, more difficult econometrically than working with
white noise disturbances. In particular, the likelihood function becomes more complex.
In this paper, we show that indirect inference is very convenient for estimating continuous
time models because it not only corrects the finite sample bias arising from estimation,
but also can be successfully used to avoid the complications of working with correlated
errors. We show that the indirect inference estimator based on the likelihood function
of an approximate model with white noise disturbances has little bias. We also show
that unlike indirect inference, the other bias reduction methods are not able to deliver
substantial bias reductions when the serial correlation in the disturbances is not taken

into account.

The paper is organised as follows. Section 2 briefly presents the continuous time model
for the univariate and multivariate cases and the bias corrected estimators computed by
using analytical bias expressions. Section 3 describes the jacknnife, indirect inference
and bootstrap methods of bias reduction, and examines the finite sample properties of
these three estimators by providing stochastic expansions. Section 4 explores the finite
sample performance of the four bias corrected estimators using a Monte Carlo experiment.
The robustness of the results to departures from normal, homoskedastic and white noise

errors are also explored. Section 5 considers an empirical application to the broad effective
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exchange rate series for euro area and Section 6 concludes.

2.2 Continuous time model

2.2.1 Univariate model
We consider the model defined by,
dx(t) = [ax(t) + bldt + ((dt), t > 0, (2.1)

where z(t) is a scalar continuous time process, x(0) is given, a is a negative scalar
parameter and ((dt) is white noise with mean zero and variance o?dt. Since z(t) is
observable only at discrete time points, the parameters of the continuous time model
must be estimated from discrete data. Assuming equispaced discrete data observed at

,2h, ...,nh),! the exact discrete time model corresponding to (2.1) is
h,2h h),! th t discrete ti del ding to (2.1) i
Ty, = € xy_p+ 4+ mp, t=2,...,1n. (2.2)

The constant ¢, the first observation z; and the discrete time disturbance n, take different
forms depending on the way in which the variable is sampled, as a stock or as a flow.
When it is a stock, so that the sequence {z, zop, ..., xon} = {x(h),z(2h),...,z(nh)} is
observed at points of time, the constant is ¢ = (1 — e®)u with u = —b/a, the first
observation is

b
x, = ex(0) — 5(1 — ™M) 4y, (2.3)

and the discrete time disturbance given by
th
Nep, = / et C(dr), t=1,...,n, (2.4)
th—h

is white noise with zero mean and variance

g a
E(np,) = o7 = 5 [e*" —1]. (2.5)

If z(t) is a flow variable, the observed data take the form of integrals z;;, = j;ilhf L 2(r)dr.

The observed vector is {xn, Ton, -, Tun} = {fohx(r)dr, f;hx(r)dr,...,f::_hx(r)dr}, the

Ih is the sampling interval and n is the total number of observations. Note that the time span of
the data is T' = nh. For example, if monthly data are recorded in a 20 year time interval, then A = 1—12,
T = 20 and n = 240.
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constant is ¢ = (1 — e*)uh and the first observation is

1 b
T = 5 |:(€ah — 1) (x(O) + a) — bh:| + N, (26)
The disturbance defined by
1 [k
n, = —/ (e“(h’r) — 1) ¢(dr), (2.7)
aJo

th th—h
mh:l{/ (e —1) ¢(dr) + / (e — ™M) (dr) |, (28)

a h—h th—2h

for t = 2,...,n, is a first-order moving average with variance

2
2\ _~ __ 4 ah 2ah
E(Wh)—’Yo—Q—a?)[B—i-Qah—éle +e ], (2.9)
0.2 1— e2ah
E(n) = = = {h(e%h +1)+— 1 , t=2,..,n, (2.10)
and first-order autocovariance
0.2 €2ah -1 h
Enin-n) =7 = ) [ Y he } : (2.11)

The exact discrete time model for this case of flow data can alternatively be expressed

as
Tth — eahxth,h +c+ &+ 05th7h7 t= 2, .., n, (212)

where 6 = (1 — /1 —4p%)/(2p), p = 71/ and ey, is a white noise process with mean

zero and variance 02 = 71 /60 = 70/(1 + 6?) (see Lemma 1.3.1).

One field where the literature on continuous time models driven by Brownian motions
and more recently by Lévy processes is well developed is finance. Much of the focus in

this area has been on the univariate stochastic differential equation
dx(t) = k(p — x(t))dt + odB(t), t > 0, (2.13)

where B(t) is a standard Brownian motion. The parameter of major interest being k,
reflects the rate of convergence towards the long run mean, p. This model proposed by

(Vasicek, 1977) for interest rates, can be seen as a special case of (2.1) with a = —k,

b= kp and ((dt) = odB(t).

From the financial literature it is well known that the estimator of the mean reversion

parameter k, as opposed to the estimators of ;i and o2, can suffer from substantial bias in
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finite samples, being especially acute when the continuous time process has a root near
zero®. Yu (2012) derived the following bias expression for the case of known long run
mean -
34+e
E(aG—a)=————=—+o(T). 2.14
(- a) =~ o(T™) (214
Tang and Chen (2009) approximated the bias when the long run mean is unknown, and
showed that the bias expression for this case becomes
B 5+ 2€7ah + 672ah

E(a—a) = 57 +o(T™1). (2.15)

These bias expressions were derived by assuming that the variable is observed at
specific points in time. This assumption is reasonable for financial variables, but not for
some economic variables such as consumption, income and exports, which are observed
as the accumulation of the underlying rate over the sampling interval. Using the general
formula obtained by Cox and Snell (1968), a bias expression for this type of variable when
the mean is known (assumed to be 0) was derived in the first chapter. It was shown that
the bias is smaller for flows than for stocks, although the leading term in both expressions

is the same.

We could apply the Cox and Snell’s formula to approximate the bias for the flow case
with unknown mean. Since calculations are more complicated due to the inclusion of
an additional parameter, the mean, and the resulting bias expression is cumbersome, we
do not derive these results in this paper. We will show through simulations that similar
to the known mean case, the bias is smaller for flows than for stocks when the mean is
unknown. The leading term is expected to be identical in both formulae, for flows and

stocks.

We can use the analytical bias expression evaluated at a to compute a bias corrected
estimator (BC). The BC estimator for the case of known mean (equal to zero) is given

by
3+ 2
-4+ — 2.16
Q@+ (2.16)

Q

and for the case of unknown mean by

2T '

a=a

(2.17)

The BC estimators can be used in both cases, when the variable of interest is a stock or

when it is a flow. Since we subtract the first order term of the bias expansion from the

2Tt implies a root near unity in the discrete time process.
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parameter estimate, the BC estimator satisfies

E(a—a)=o(T™). (2.18)

2.2.2 Multivariate model
We consider the multivariate continuous time model given by
dX(t) =[A(©)X(t) + B(©)]dt + ((dt), t > 0, (2.19)

where X (t) = (X;(t), ..., X4(t)) is a g-dimensional continuous time random process, X (0)
is given, the g X g matrix A and g x 1 vector B are known functions of an unknown p x 1
parameter vector © (p < g(g+ 1)) and ((dt) is vector white noise with covariance matrix
Y (w)dt with ¥(w) a function of an unknown ¢ x 1 parameter vector w (¢ < g(g+1)/2). It
is also assumed that all characteristic roots of the coefficient matrix A have negative real
parts to ensure stationarity and a priori restrictions on the structure of the continuous

system ensure identifiability.?
The exact discrete time model corresponding to (2.19) is given by

X, = eA®PX(0) + (eA®" — Y A™Y(©)B(O) + €. (2.20)
Xy = MOy 4+ (O —NATHO)B(O) + ey, t=2,...,1, (2.21)

where the matrix exponential is defined by e?" = "> (Ah)?/il. Under the assumption
that the vector X (t) comprises only stock variables,* the discrete time disturbance vector

€, takes the form

th
e = / AL (), (2.22)
th—h
and satisfies the following properties
h /
E(emey,) = Q= / erAverdr, (2.23)
0
E(esney,) = 0,5 # t. (2.24)

Wang et al. (2011) derived two analytical expressions to approximate the bias in linear
systems when the vector X (t) comprises stock variables. The first expression corresponds

to the estimator based on the Euler approximation and the second one to that based on

30ne complication arises when a continuous system is estimated from the exact discrete model.
This complication is the aliasing phenomenon, which in a system of differential equations leads to an
identification problem.

4We focus on stock variables, but flows or a mixture of stocks and flows may be considered.
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the trapezoidal approximation. We only consider the second bias expression to compute
the bias corrected estimator since the trapezoidal rule leads to a smaller discretization

bias. The estimation bias is given by

~

E(A—-A) = —%(1 + MUK (T 4 M)t — %L(I + e 4 o(T™h), (2.25)

where L is a ¢ x g matrix whose i element is

1 g
Lij= =D CianyriBesn s (2.26)
s=1

with A = [I, @ (I +e)7T(0) ' @ Q[I, @ (I +e*")7!]’, and e; being a column vector of
dimension g2 whose i*! element is 1 and other elements are 0. When B(©) is unknown,

K is given by

K=Q[(I—-e*) eI —eM 4 Y™ AT =) 107, (227)
AESpec(C)

where T'(0) = >°°°, e4"Qe'A™ and Spec(C) is the set of eigenvalues of e, If B(©) is

known, K becomes

K=Q|eMI—) e Y AT =AM T(0)7 (2.28)
AeSpec(C)

The BC estimator can be computed as

A=A+ (I + ™ KT + M)+ %L(I + et (2.29)

M| e

and satisfies
EA-A) = o(T‘l). (2.30)

Computing a bias corrected estimator is straightforward once an explicit expression
for the bias function or the first terms in an asymptotic expansion of the bias have
been derived. In many cases, even the first terms of a bias expansion are difficult to
compute explicitly, or they may be analytically involved. Because of these difficulties,

other approaches could be preferred to implement in practice.
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2.3 Bias reduction methods

In this section we consider three alternative approaches for bias reduction which do
not rely on the explicit form of an asymptotic expansion of the bias, these being the
jackknife, indirect inference and bootstrap methods. We start by describing the bias
correction procedures. The finite sample properties of these three alternative estimators
are then examined by providing stochastic expansions. We first assume that the estimator
is consistent. We then consider the case of inconsistent estimators and show that the
methods may fail to reduce the bias as intended. Let ® denote a d-dimensional parameter

vector, whose true value is equal to ®.

2.3.1 Jackknife

The jackknife method for reducing the bias was introduced by Quenouille (1949).
Based on Quenouille’s jackknife, Phillips and Yu (2005) proposed a bias reduction method
in the time series context. Instead of deleting observation ¢ or a block of d observations
from the full sample, which is applicable for i.i.d observations, the Phillips and Yu's
method uses non-overlapping sub-samples in order to preserve the dynamic dependence
of the data. The procedure requires dividing the sample of n observations into m non-
overlapping sub-samples of size [ such that n = ml. Using a given method, such as ML,
the parameter vector is estimated for each sub-sample and the entire sample. Let Y;
(1 =1,...,m) denote the set of m sub-samples, P, (1 =1,...,m) the set of m sub-sample
estimators and @ the estimator that uses the whole sample. The jackknife estimator is

then computed as the linear combination of the whole-sample and sub-sample estimators
) b + 1wy~ i d (2.31)
m = W W — 15 .
§ mei=

where the weights are given by

m 1
and w,, = ——.
m— 1 m— 1

w =

Alternative sampling schemes could be used to obtain the jackknife estimator (see
Chambers, 2013). The weights have to be, however, modified to take into account the
type of employed sub-samples. Weights need to be also modified when the sub-sample
lengths are not all equal. For the case of two different sets of sub-samples Y;;
(i =1,...,my) and Ya; (i = my + 1,...,m; + my), Chambers (2013) showed that the
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weights become

mln(ll — lg) — mnl1 and ml1l2
w = Wy, = )
mln(ll — lg) — mll(n — lg) mln(ll — lg) — mll(n — lg)

where [; (j = 1,2) is the length of sub-sample Y;; and m; = m — m.

The jackknife estimator defined above has the property that it eliminates the bias

term of order n!.

Since the jackknife method based on non-overlapping sub-samples
only requires estimating the model m + 1 times, it is computationally much cheaper to
implement than other bias reduction methods such as bootstrapping or indirect inference,
which usually require a large number of repetitions. One drawback of jackknife is that it
tends to inflate the variance of the estimator. In the next section it will be shown that
despite increasing the variance, the jackknife can make substantial reductions in the bias
that offset the inflated variance, leading to a decrease in the RMSE. Another limitation
of the jackknife is that it does not completely remove the first order bias when the process
has a unit root. The reason is that the limit distribution of the estimator depends on the
initial condition, implying different functional forms in different sub-samples. We expect

a similar behaviour for the nearly unit root situation.

To see if this issue occurs in a near unit root process, we simulate 240 monthly
observations from the univariate model (2.2)-(2.5) for two values of the continuous time
parameter a, these being -3 and -0.1 and corresponding to a stationary and a nearly
unit root process, respectively. The variable is assumed to be a stock and b is set to 0.
Figure 2.1 shows the distribution of the sub-sample estimates using m = 3 and 10000
replications. As opposed to the stationary case, when a = —0.1 the distribution of d,

appears to be different for one of the sub-samples.

In order to improve the performance of the jackknife in unit root models, a modified
estimator with new weights was proposed by Chambers and Kyriacou (2013). Optimal
weights that minimize the variance of this modified jackknife were suggested by Chen
and Yu (2015).

2.3.2 Indirect inference

The indirect inference method was originally proposed by Smith (1993) and generalized
independently by Gallant and Tauchen (1996) and Gourieroux et al. (1993). It is a
simulation-based method that can be used to estimate the parameters of a model. Its
advantages not only for estimating models with complex likelihood functions, but also
for correcting the bias arising from estimation, have been highlighted in the literature

(see for example, Gourieroux et al., 1993; Phillips and Yu, 2009). As pointed out by
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Figure 2.1: Distribution of the sub-sample estimates using m = 3. The solid line corresponds to the 15% sub-sample and
the dotted and dashed lines to the 2”4 and 34 sub-samples, respectively. The graph in the left corresponds to a = —0.1
and the one in the right to a = —3.

Gourieroux et al. (1993), indirect inference can be also used to remove the discretization
bias that is induced by discretizing continuous time models.” This method also has
the valuable advantage of its generality. It is applicable in a wide range of economic
and statistical models, including DSGE models, dynamic panel models, discrete choice
models and continuous time models. It can also be implemented with different estimation

methods and may inherit some of the good properties of the original estimators.

The method requires generating samples from the original model. Given a parameter
choice @, let y*(®) = {y;, ysy, -, YS, }° be the artificial data, where s = 1,...,.5, and S
being the number of simulated paths. Indirect inference uses these artificial data to
estimate an auxiliary model, which is easy to estimate but is not necessarily correctly
specified. Let {®(®)}5_, denote the estimates obtained from simulated data. The
auxiliary model is also estimated using the observed data. Let ® denote the estimates
obtained from observed data. The estimate that uses the observed data is then
compared to the average of the S estimates based on the artificial data by employing

some measure of distance, for example the absolute value of its numerical difference (i.e.

5In finance, for example, where many models involve non-linearities, some form of approximation such
as Euler scheme or trapezoidal rule is often used to obtain a discrete representation of the continuous
time model. The estimates suffer, however, from bias that is induced by the approximation.

6For calibration purposes, the number of observations in y*(®) has to be the same as that in the
observed data.
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| — %Zil ®*(®)|). Let us call it the distance estimate. The procedure is repeated for
various (say i) possible values of the parameter vector ®, leading to a set of ¢ distance
estimates. The indirect inference estimate is the minimum distance estimate (see section

2.4 for a more detailed description of the method applied to continuous time models).

More formally, the estimator is defined by”

S
. .1 .
P = in||d— - o° (D 2.32
11,8 argqr)nln S ; (@)]| . ( )
where ||.|| is some finite-dimensional distance metric. As the number of simulated paths
S tends to infinity, the II estimator becomes
&, = argmin ||® — E (@DS(QD)) ” . (2.33)
®

2.3.3 Bootstrap

The bootstrap, due to Efron (1979, 1982), is a resampling method that uses the original
sample to generate new samples, each of which is employed to calculate the statistic of
interest. Unlike jackknife, every resample has the same number of observations as the
original sample. There are different ways to obtain bootstrap samples. In the residual
bootstrap, for example, S resamples are drawn from the residuals with replacement,
which are then employed to generate bootstrap samples of the variable of interest. Given a
parameter estimate ®, let ys((i)) ={y5, Y3, -, ¥, } be the s resample, where s = 1, ..., S,
and S being the number of bootstrap simulated paths. This leads to S data sets and
hence S estimates of ®. Let {®*(®)}5_, denote the estimates obtained from the artificial
data and @ be the sample average of {®%(®)}5_,, that is,

s=1"

~ 1 R
=) (D) (2.34)
The bootstrap bias corrected estimator of ® is

dp g =20 — O (2.35)

"The number of paramaters in the auxiliary model must be at least as large as the number of
parameters in the original model. Note that we are assuming that the dimension of the auxiliary
paramenter is the same as that of the initial parameter. When the dimension of the auxiliary parameter

A - 2 .
’CID -% le <I>S(<I>)’ o where 2 is a

is larger, the indirect inference estimator becomes ®;; ¢ = argmin
®

positive definite matrix converging to a deterministic positive definite matrix 2.
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2.3.4 Stochastic expansions of the bias corrected estimators

We now present some stochastic expansions of the bias corrected estimators in

continuous time models. Let us first consider the ML estimator of ®, which is given by

A

® = argmax (D), (2.36)
®

where ((®) is the log-likelihood function. If the function ¢(®) is correctly specified, ®
is consistent. In such situations, jackknife, indirect inference and bootstrap are useful

methods for correcting the finite sample bias.

We assume that the estimator ® admits the stochastic expansion

P(U,CD()) Q(U,(I)())
T1/2 T

+o(T™), (2.37)

where P(v,®q) and Q(v, ®y) are d-dimensional random vectors, which depend on some
asymptotic random term v. Note that the stochastic expansion is given in powers of
T2 where T is the data span. The reason for expanding the estimator in powers of
T—1/2 rather than of n='/2 is that the bias in continuous time models is mainly determined

by the data span.

It is straightforward to show that the jackknife estimator satisfies the following

expansion

g = (w+wy)®o+ <% - (zzjﬁ) P(v, o) + (% + %) Q(v, Bo)+o(TY). (2.38)

Chambers (2013) shows that the jackknife estimator @, with weights

m 1
and w,, = ——
m— 1 m— 1

w =

for equal sub-sample lengths or weights equal to

mlT(ll - l2> - mTl1 mhl112

v mlT(ll — lg) — mll(T — hlg) an v mlT(ll — lg) — mll(T — hlg)

for unequal sub-sample lengths, satisfies

A

E(®;,, — ®9) =o(TH). (2.39)

To obtain the last result we have used the fact that E[P(v,®q)] = 0.> The jackknife

8Note that the first order term of the bias expressions presented in section two is of order 7! not
T~1/2. See also the results obtained by Bao and Ullah (2007) for a general class of estimators in linear
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estimator has, therefore, the property that it eliminates the bias term of order 77!,

Gouriéroux et al. (2000) show that under some regularity conditions, the indirect

inference estimator admits the following stochastic expansion®

QH

Orrs =P+ Tl/g + T T o(T71), (2.40)
where the coefficients PY and Q! are given by
| S
P = P(v,®) — S ;P(vs, dy), (2.41)
1S5 s
Q" = Q. %) ~ 5 3 Q(vs, Bo) — [ Z @) | P (2.42)

The random vectors P(v, ®y) and Q(v, ®g) are the first and second order terms of the
expansion applied to the estimator i) (i.e. that based on the observed data). The random
vectors P(vs, ®g) and Q(vs, Pg) are the corresponding first and second order terms of the
expansion applied to the estimator ®*(®) (i.e. that based on the simulated values). It
is also assumed that the random variables v and vs, s = 1,.... S are independent and
identically distributed.

For an infinite number of replications S, the terms of order 7-%/2 and T-' in the
expansion satisfy F ( lim P! > =F ( lim Q! ) = 0. The indirect inference estimator

S—o00 S—o00

has the property that it eliminates the 772 and T~' order bias terms, satisfying,
therefore,
E(®;; — @) = o(T7Y). (2.43)

For a finite number of replications S, the last result is not valid. Although E(P) = 0,

E(Q") is no longer zero. It is now given by
: or,
I
EQ") § 5 cov lE)CI) v, ), Pj(v, @0)} : (2.44)

The T—! order bias term of the indirect inference estimator ® 11,5 is smaller than that of

the estimator ® as soon as

d

% ZCOV {%(Ua (I)O)7Pj(v> (I)O):| < |E [Q(U7CI)O)]| (2.45)

and non-linear time series models.
9See also Gourieroux et al. (1993) and Smith (1993) for the proof of consistency of the indirect
inference estimator.
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(for further details see Gouriéroux et al., 2000, pg. 342).

The bootstrap estimator also satisfies the stochastic expansion

(I)BS—%JrTl/z + %B +o(T™1), (2.46)
where the coefficients P? and QP are
=
PP = P(v,®) - ¢ Zl P(vs, ®y), (2.47)

By) | P(v, D). (2.48)

S s
QB Q(U q)o—gz Us,q)o [gz_:

Given independence between the random variables v and vs, s = 1,...,.5, and the
fact that E[P(v,®0)] = 0, we obtain E(PP) = E(Q?) = 0. The bootstrap estimator

eliminates the 772 and T~" order bias terms, satisfying, therefore,

E(®pg— ®y) =o(T7H). (2.49)

The expansions indicate that the 7! order bias of the jackknife and bootstrap
estimators vanishes, while that of the indirect inference estimator only disappears for an
infinite number of simulations. Note that since S cannot be made infinite in practice,
the number of indirect inference replications has to be large to ensure accuracy in bias

corrections.

We now present the corresponding asymptotic expansions when the estimators are
inconsistent and show that the methods may fail to correct the bias in this scenario. A
typical case in which this situation can occur is when an approximate discrete model is
used for estimation. In this case the estimator is inconsistent due to the discretization
bias, although this asymptotic bias reduces as the data frequency increases. If the variable
is observed as a flow or the order of the differential equation is higher than one, there is an
additional source of asymptotic bias. The temporal aggregation occurring with flows as
well as orders greater than one induce serial correlation in the discrete time disturbances,
which is not taken into account by an approximate discrete model obtained, for example,

from the Euler scheme.

Let the ML estimator calculated on this approximate model be

A

¢ = argmax (D), (2.50)
®
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where £*(®) denotes the log-likelihood function of the approximate model. Since ¢*(®)
is misspecified, d is in general inconsistent. Suppose that the estimator d admits the

following stochastic expansion

P(U>q>0) Q(U>(I)O)

P = b(Po) + T1/2 T

+o(T™h), (2.51)

where b(®g) = @y + bias(®y), with bias(®y) being the asymptotic bias of ®.

The expansion of the jackknife estimator is now given by

. w Wy, _
CDJ7m = ('LU —+ wm)b((IDO) + (m =+ W) P('U, q)()) + ( + ﬁ) Q(U, (I)o) + O(T 1)’
(2.52)
and the bias of ® Jm by
E(®,, — ®y) = bias(®y) + o(T7Y). (2.53)

Although the jackknife estimator eliminates the T~! order bias term, it is not able to

remove the asymptotic bias. The estimator o Jm 18, therefore, inconsistent.

Gourieroux and Monfort (1997, pg. 78) show that when the first step estimator P is

inconsistent, the terms P!/ and Q' in the stochastic expansion given in (2.40) become

S
U (I)Q Z U57(I)O] 3 (254)

L [ob T 1
Q"= 5p@0]  [Qwen - 53 Qo)
L s=1
b 1 oP ,0%b;(Dy)
— P — 5, Po) P + (P” —P”) . (255
[8@’( 0)} _S;&D’(U 0) 2 9009 ), d] (2.55)

The term of order T—1/2 satisfies E(P!!) = 0, while the term of order 7! satisfies

J jzl

E(QH):_{;EI((I)O)__ —%ZCOV %@,@0),({%@0)}_ P(v,@o))

-----

(for details the interested reader is referred to Gourieroux and Monfort, 1997, pg. 79).
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Although not eliminating the 7! order bias term in its entirety, the indirect inference

estimator is able to remove the asymptotic bias. The bias of o, 1,5 1s given by

E($pr s — ) = %E(Q”) +o(TY). (2.57)

Note that the bias of the indirect inference estimator vanishes when the span goes to
infinity. As opposed to the jackknife estimator, the indirect inference estimator appears

to enjoy good properties when the ML estimator d is inconsistent.

The expansion of the bootstrap estimator becomes

. R . PB QB .
Pps = b(Pg) — [b(P) — D] + Fat ot o(T™1), (2.58)
and the bias is now given by
E(®5.5 — By) = bias(®g) — bias(®) + o(T1). (2.59)

The last expression is obtained by taking account the fact that b(®) = & 4 bias(®), with
bias(®) being the asymptotic bias of the estimator ®*(®) (i.e. that based on simulated
data). This formula indicates that the bias of the bootstrap estimator is is small when i)
is close to ¥y and smaller in magnitude than that of the jackknife estimator, when the
terms bias(®g) and bias(®) have the same sign and bias(®y) > 0.5 bias(®), in which case
the two asymptotic biases are mutually offsetting. However, since these biases do not
disappear as the data span goes to infinity, the indirect inference seems to be preferred

in general when the ML estimator is inconsistent.

The next section explores the implementation of the bias reduction methods in

continuous time models using simulations.

2.4 Monte Carlo simulations

2.4.1 Univariate model

We begin by considering the univariate continuous time model (2.1) with ((dt) =
o0dB(t) and B(t) a standard Brownian motion. Data are generated from the exact discrete
representation with h = 1/12 and T' = 20, corresponding to 20 years of monthly data.

We first generate the discrete time disturbances as

mn = oy, t=1,..,n, (2.60)
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when the variable is a stock and according to

nh = mi1dh, (2.61)
Ton = Maztap + M2V, (2.62)
e = MyOen + My 1V0—p, t=3,...,m, (2.63)

when the variable is a flow, where 1, is a random draw from a standard normal
distribution, o, is the positive square root of the variance given in (2.5), the coefficients
ma1, M1 (6 = 3,...,n) and the positive coefficients my (t = 1,...,n) are obtained

recursively from the equations

2 _ =
my; = Yo,
mo1 = 71/m11,
2 _ 2
Moy = Yo — My,
Mmgi—1 = ’Yl/mtfl,tfla

2 _ 2 _
My =Y — Myyq, L=3,..,n,

with 7o, 70 and v, given in (2.9)-(2.11). Assuming 2(0) = —b/a, simulated data are then
computed by using (2.2), and the corresponding equation for observation z;, (i.e. (2.3) for
stocks and (2.6) for flows). We consider different values of the continuous time parameter
a over the interval [—3,0), 0 = 0.1, x4 = 0.1 when the mean is unknown and p = 0 when

the mean is known.'® The experiment is replicated 10000 times.

For simplicity, we assume that the discrete time disturbance corresponding to the first
observation is zero and compute the conditional maximum likelihood estimates. For the
flow case, the log-likelihood function is calculated based on the ARMA representation
given in (2.12).1! Since we are conducting a large number of simulations it is convenient
to reduce the dimension of the optimisation problem by concentrating the likelihood
function with respect to o2. Conditioning on the first observation x;,, the concentrated

log-likelihood function for stocks is (ignoring a constant)

n

In [ (@ — e apon — (1—e™)p)?| (2.64)
t=2

n—1

(= —

and conditioning on xj; and ¢, = 0, the concentrated log-likelihood function for flows is

0Results are invariant to other choices of o and .

1 Alternatively, we can obtain exact Gaussian estimates. See the iterative estimation procedure
proposed by Bergstrom (1990, pg. 113-114), which does not require expressing the disturbances as
a moving average process.
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(ignoring a constant)

n

In (g — e wy_p — (1 — ™ ph — Oy_p)?| | (2.65)

where 0 = (1 — /1 —4p?)/(2p), p = 71/7. For each simulation, we employ maximum
likelihood (ML), jackknife (JA), indirect inference (II) and bootstrap (BOOT) to estimate
a. We use the bias of the ML estimator as the benchmark.

Four values of m = {2,3,4,8}, the number of non-overlapping sub-samples, are
employed to compute the JA estimator. We consider three values of the number of
simulated paths for indirect inference, these being S = {100, 1000,10000}. For a stock
variable and a given value of a, each indirect inference sample is computed recursively
according to

afy = ezl + (1 — e+ oqul, (2.66)
where uj, ~.i.dN(0,1) and o, is the positive square root of the variance given in (2.5).

For a flow, each sample is obtained as
xf, = el 4+ (1 —e™uh + oowsy, + ows, (2.67)

where wf, ~ 1.i.dN(0,1) and 0. = /71 /0.

The indirect inference samples are obtained by assuming o,, 0. and y known.' We
select a grid of possible values for the parameter a, these being a = 0.5 — 0.05i,7 =
0, ...,150,'3 and compute the sample average of the S estimates obtained from the artificial
data for each value of a (i.e. %Zle a*(a)). We keep the simulated disturbance paths
constant over a to allow zj, to change only because of the different values of a. The

indirect inference estimator is the value of ¢ that minimize the distance between a and
1 S
§ 2em @°(a).

The number of bootstrap repetitions S is set to 100. For stocks, each bootstrap sample

is obtained according to
why = gy + (1 — ™)+ ug, (2.68)

where v}, is a random draw with replacement from the centered residuals 7, with 7, =

2Results are robust to other choices of o, 0. and p.

13Gouriéroux et al. (2000) applied indirect inference in a discrete time AR(1) model using S = 15000
and a finer grid of possible values for the autoregressive parameter. Their results indicate that the
indirect inference estimator works as well as the median unbiased estimator of Andrews (1993). We
also consider a finer grid of possible values for a. Results do not change much with respect to the ones
presented in this paper.
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T — ey, — (1 — e 1. For flows, each bootstrap sample is computed using
wp, = g, g+ (1= ) jth + wh, + 0w, (2.69)

where wj, is a random draw with replacement from the centered residuals &, with
éth = Tth — €&h$th_h - (1 - 6&h)ﬂh - Hgth_h and 0 = (1 V4 1-— 4[)2)/(2,5) and ﬁ = ’3/1/’3/0.14

Figures 2.2 and 2.3 plot the bias and root mean square error (RMSE) of the ML
estimator in the model with known mean and the BC estimator given in (2.16) for different
values of the continuous time parameter a over the interval [—3,0). Results shown in
Figure 2.2 are obtained under the assumption that the variable is a stock while those

contained in Figure 2.3 assume that the variable is a flow.

We observe that the curvature of the bias function of the BC estimator is similar to
that of the ML estimator for the near unit root situation. The reason for this is that
the analytical bias expression is not able to reproduce the curvature of the actual bias
function. Note that when a approaches zero the bias function obtained from simulations
is highly nonlinear, while the first order term in the analytical bias expression is linear.
More importantly, we see from the figures that the BC estimator exhibits only a small
bias and has lower RMSE than the ML estimator for both stock and flow variables.

Table 2.2 in the Appendix reports the bias and RMSE of the JA estimators of a for
the values of m considered. It is clear from Table 2.2 that the bias increases with m for
the majority of parameter values while the RMSE decreases with m. As opposed to the
JA estimator based on 2 sub-samples, the RMSE of the JA estimator based on 3, 4 or
8 sub-samples is smaller than that of the original estimator. The bias and RMSE of the
IT estimator for the three values of S are reported in Table 2.3 in the Appendix. We see
that the bias reduces with S as suggested by equation (2.44). The RMSE also decreases

as S becomes larger.

Figures 2.2 and 2.3 show the bias and RMSE of the JA estimator that minimises
bias and performs better than the original estimator in terms of RMSE, this being the
one based on 3 sub-samples. We see that a;3 produces considerable bias reductions,
despite not removing completely the first order bias when a approaches zero. The bias
and RMSE of a7 10000 and ap 100 are also reported in Figures 2.2 and 2.3. Related to the
IT estimator, the graphs indicate that it performs as well as the BC estimator. A similar
picture emerges for the BOOT estimator. There are no important differences between
IT, BOOT and BC estimators in terms of bias or RMSE. We also see that BC, II and
BOOT estimators produce not only substantial bias reductions for all values of a, even
those near the unit root, but also smaller RMSEs than the ML and JA estimators (see

“Note that we have used the ARMA representation to simulate the indirect inference and bootstrap
samples. We could alternatively use the approach employed to generate the original data.
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also Table 2.4 in the Appendix, which summarises these results for some values of a).

Tables 2.5, 2.6 and 2.7 in the Appendix, and Figures 2.4 and 2.5 report the
corresponding biases and RMSEs of a in the model with unknown mean. Results for the
JA estimators are similar to those for the known mean case, reductions in the RMSE
come at the cost of increased bias. Table 2.6 indicates that the bias of the II estimator
reduces with S. From the figures we observe that the JA estimator seem to remove
more than the first order bias. The graphs also suggest that the BC, II and BOOT
estimators perform better than the JA estimator in terms of RMSE, even when larger

values of the number of sub-samples m are used (see also Tables 2.5 and 2.7).

2.4.2 Multivariate model

We now turn to the multivariate case. We consider the bivariate model with known
mean used by Wang et al. (2011)

dX (t) = AX(t)dt + SdB(t), (2.70)

where X (t) = (X1(t), X2(t))’, B(t) is the standard bivariate Brownian motion whose

components are independent and the matrices A and ¥ are given by

0 1 0
A= ™ and ¥ = o? ,
a21 A2 01

with a;; = —0.7, as; = —0.5, agy taking different values over the interval [—3,0), and

0% = 1.1 We generate data from the exact discrete model

Xh = FX(O) —I—Eh, (271)
Xth = FXth—h + €th, t = 2, ., n, (272)

where the parameter matrix F' is given by

F oA fu 0
for foo )

with fi1 = e fyy = €22" and f5; a function of the continuous time parameters. The

. . . . . . . h /
vector €, is white noise with covariance matrix Q = o2V with V = fo e e dr.

The experiment is replicated 10000 times, using X (0) = 0, h = 1/12 and 7" = 20.

The restrictions on the exact discrete representation implied by the triangular form of

I5Results are invariant to other choices of 2.
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the matrix A are taken into account for both, simulation and estimation. As for the
univariate case, the parameter vector is estimated by maximum likelihood. To reduce
the dimension of the optimisation problem we concentrate the likelihood function with
respect to X. It is straightforward to show that the concentrated conditional log-likelihood

function is (ignoring a constant)

(2.73)

We also compute the BC, JA, II, and BOOT estimators, and compare their bias
and RMSE with those of the ML estimator. To implement indirect inference in the
multivariate context we use the following algorithm. First, use ML estimates obtained
from observed data ® = (G171, G921, G92)" to generate S simulated paths for X/, s =1,..., 5.

Each path is generated recursively according to
th = e X; o+ QU (2.74)

where ~ i.i.dN(0,). The estimates {®*(®)}5_, obtained from the artificial data are

then employed to compute a new estimate of ®

S
c1><1>—<1>+A< Zcﬁ é) (2.75)

with A a given scalar between 0 and 1. Second, using P and the same
pseudo-observations for {U3 }5 | generate S new simulated paths for X3, and update

the estimate of ¢ by
M 4 (

Third, repeat step two until convergence, that is, until the change in @ with respect to

@

i (e ) (2.76)

CQ |

the estimate obtained in the previous step (i.e. @(q_l)) be sufficiently small.

This algorithm leads to a sequence of () estimates CICD(‘I) = 1,...,Q, with the last
value (@ ) being the indirect inference estimate.'® Note that 1f this sequence converges
@ is the value of @ that minimizes the objective function HQD -3 LS $s(p@)].

We use A = 1 and A = 0.2 for those cases in which the algorithm does not seem to

6 Gouriéroux et al. (2000) uses this algorithm to implement the indirect inference method in a
discrete time AR(2) model. Results obtained by the authors suggest that the indirect inference
estimator computed with this numerical algorithm performs as well as the approximately median unbiased
estimators of Rudebusch (1992) and Andrews and Chen (1994). A similar algorithm has been also used
by MacKinnon and Smith (1998) and Smith et al. (1997).
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be converging.'” The convergence criterion used is |®; — £ 377 Cﬁj(@)ﬁq)ﬂ < 0.0002 for
7 = 1,2,3. The number of simulated paths is set to S = 100. We do not consider
larger values of S because the implementation of the algorithm is highly computationally
expensive. Note that a different sequence ®(@ has to be obtained for each Monte Carlo
simulation. Moreover, the algorithm seems to work well with this chosen value of S,

although it may be desirable to employ larger values of S for empirical applications.

Alternatively, a grid search procedure could be employed to obtain the indirect
inference estimates of ® = (a1, as1, aze). The key advantage of the grid search approach
is that %Zil @s(@ is computed only once for each of the possible values of ®, and
this quantity can be then used to calculate the objective function for each Monte Carlo
simulation without any additional simulation or resampling. However, different from the
univariate case the implementation of the grid search method may be computationally
expensive in the multivariate context, since different combinations of the elements of ®
would have to be considered. For example, if 10 possible values for each parameter are
chosen, the grid search method requires evaluating the function 10000 times. The
number of evaluations increases exponentially as the grid becomes finer. This would be
8000 if 20 values of each parameter are considered and 125000 when the grid evaluates

each parameter at 50 points.

The bootstrap samples are obtained using

th = eAhthhfh + Uph, (2.77)
where U}} is a random draw with replacement from the centered residuals €. The
number of bootstrap repetitions is S = 100. Figures 2.6-2.8 plot the bias and RMSE of
the ML, BC, JA, Il and BOOT estimators of the parameter matrix A as a function of
the continuous time parameter aso using 10000 replications. The figures only show the
JA estimator based on 3 sub-samples, results for other values of m are reported in Table
2.8 in the Appendix (see also Table 2.9 which summarizes the results for the multivariate

case).

We observe that the bias of the BC estimator of aq; is positive, which is opposite to
that of the ML estimator, and larger than those of its rivals JA, II and BOOT
estimators. Nonetheless, the BC estimator exhibits the smallest RMSE. As opposed to
the JA estimator based on 2 sub-samples, all estimators have smaller RMSE than the
benchmark. The BC, II, BOOT and JA estimators of the parameters as; and ao

produce substantial bias reductions, being the first three ones which offer the best

17As pointed out by MacKinnon and Smith (1998) larger values of A lead to a faster convergence but
a lower probability that the sequence will converge. The authors recommend to start with A = 1 and
then use lower values of A for thoses cases in which the algorithm does not seem to be converging.
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performance in terms of RMSE, even when larger values of m are used to compute the
JA estimator. From Table 2.8 we also see that similar to the univariate case reductions
in the RMSE of the JA estimator come at the cost of increased bias.

Although not producing the smallest RMSE, the JA estimator is much cheaper to
implement that those based on simulations. The jackknife method requires estimating the
model m + 1 times for each Monte Carlo simulation, while bootstrap requires generating
S new pseudo-data sets and estimating the model S + 1 times. Indirect inference is
even more expensive. As pointed out by Gouriéroux et al. (2000), the bootstrap method
performs only the first step of the algorithm employed to compute the indirect inference
estimator for the choice A = 1. If the number of simulated paths are the same in both
methods, computing dW is as expensive as computing P B,s- The iterated algorithm
requires estimating the model S times again for each additional iteration, making the
procedure highly expensive. This additional computational cost is, however, offset by the
gains derived from a better evaluation of the bias used to correct the initial estimator.'®
These gains are clearly visible when the ML estimator is inconsistent as will be shown

later.

18Note that the ¢ step estimator can be written as ®(4) = (1- A)é(q_l) + A (@ — biaus)7 where bias =

ézsszl <f>s(<i>(q_1)) — @1, The q step estimator is, therefore, a combination of the previous step
estimator and the bias corrected estimator based on observed data.
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We now study the performance of the bias reduction methods under model
misspecifications. We only present results for one of the models considered in this
section, this being the univariate continuous time model with unknown mean and the

variable of interest assumed to be a flow.

2.4.3 Non-normal and heteroskedastic disturbances

So far we have assumed that the disturbances are homoskedastic and follow a normal
distribution. In this section we explore the robustness of the results to departures from
these assumptions. To investigate the effect of non-normality, we generate the discrete
time disturbances according to (2.61)-(2.63) with ¥y, ~ I'(1,1)—1. It is assumed therefore
that 1, follows a Gamma distribution with raw moments m; = 0, mo = 1, m3 = 2 and
my = 9. Note that under the assumption of Gamma discrete time disturbances ((dt) =
odL(t), where L(t) is a Lévy process. The simulated bias and RMSE reported in Figure
2.9 are smaller in magnitude than the corresponding values under normal disturbances.

Similar to the case of normal errors, BC, BOOT and II estimators dominate in terms of
RMSE.
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To investigate the effect of heteroskedasticity we consider the model
dx(t) = [ax(t) + bldt + |x(t)|“dB(t). (2.78)

The Euler scheme is used to obtain an approximate discrete model, from which data
are generated. It is desirable to use a sufficiently small step size in order to increase the
accuracy of the approximation. To do this, we partition each original interval [(j —1)h, jh]
j =1,...,n, into 100 new sampling intervals. Let § = h/100 denote the new sampling
interval. It should be noted that as the partition becomes finer, the accuracy of the
approximation increases. However, the amount of computation required is inevitably

higher as well. The simulated data from the Euler scheme are obtained as following
Tis = (CL(5 + 1)I(¢_1)5 — aud + |x(,~_1)5|a51/2vi5, (2.79)

h h 2h h h .
05 +1,..., 5 S(n -1)+1,.., 5 and vs ~ 1.i.dN(0, 1).

This simulated trajectory can be seen as a nearly exact continuous sample path of the

where 7 =1, ..

process x(t). Observations from (¢t — 1)h+ § to th, t = 1,...,n, are then used to compute

x3, as following
h/s

Ty, = Zdw(t,l)hﬂ-g, t=1,..,n. (2.80)
j=1
Note that the integral ftthh_ , T(r)dr is approximated by the sum of the observations over
the interval (t — 1)h + 0 to th.

To take into account heteroskedastic disturbances, a recursive-design wild bootstrap
estimator of the type proposed by Gongalves and Kilian (2004) is used. Each bootstrap

sample is computed recursively according to
= e,y + ¢+ wpy, + fup, (2.81)

where ws, = &0, with &y, = zy, — e xy,_j, — ¢ — Oey,_p, and vy, ~ 1.0.dN(0, 1).

Figures 2.10 and 2.11 show the bias and RMSE of the ML, BC, BOOT, II and JA
estimators of a in the univariate model with v = {1.5,1}. The second value of «, as well
as small values of a (i.e. those close to zero), generate larger departures from
homoskedasticity. As can be seen, the bias is bigger than the corresponding values
under homoskedastic errors. We observe that heteroskedasticity changes the curvature
of the bias function, which is now much more negative as a approaches zero. The BOOT
and JA estimators are more robust to heteroskedasticity than the other estimators.
Heteroskedasticity also has a big impact on RMSE, with this figure being larger in

magnitude. Although all methods still offer considerable bias reductions, the remaining
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bias is larger than when the disturbances are homoskedastic (normal or non-normal).

2.4.4 Misspecified model

In this section we explore the robustness of the results to departures from white
noise disturbances. The bias caused by correlated errors can be much more serious than
that induced by the presence of lagged dependent variables because it can be
considerably large, and it does not disappear as the span goes to infinity nor as the
sampling interval tends to zero. Data are generated from the exact discrete analogue
(2.2) with Gaussian errors with variance and first-order autocovariance given by
equations (2.9)-(2.11) (i.e. the variable is a flow). The model is estimated by using the
concentrated log-likelihood function for a stock variable, that is ignoring the correlation
in the disturbances. The simulated data used to compute the indirect inference and
bootstrap estimators are generated by using equations (2.66) and (2.68), respectively.
Note that the indirect inference and bootstrap samples are obtained by assuming that
the data generating process (DGP) is a continuous time AR(1) with stock data, which
is different from the DGP used to generate the original data. Figure 2.12 shows the bias
and RMSE of the ML, BC, JA, IT and BOOT estimators of a.
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We see that the bias of the ML estimator can be substantial, being especially large
when the parameter a moves away from zero. Not surprisingly, the four bias corrected
estimators are unable to produce considerable bias reductions. The BC estimator given
in (2.17) is not designed to eliminate the bias caused by the serial correlation in the
disturbances. Similarly, the JA estimator is unable to remove the asymptotic bias as
suggested by the stochastic expansion when the original estimator is inconsistent. Related
to corrections based on indirect inference and bootstrap methods, note that the synthetic
samples do not mimic the dependence structure of the original data, and hence the
estimators a and a° enjoy different properties. In particular, a is inconsistent while a°® is
consistent. Results suggest, therefore, that both methods are dependent on the validity
of the DGP used to produce the synthetic samples, although some robustness may be

expected, as it was shown above for the case of non-normal disturbances.

We also observe that the bias of the four alternative estimators is larger than that of
the ML estimator for most of the parameter values. The reason for this is that the bias
due to correlated errors has sign opposite to that arising from estimation. The bias of
the ML estimator reported in Figure 2.12 is, therefore, the total bias caused by these two
mutually offsetting effects. Figure 2.12 also suggests that the bias caused by the serial
correlation can be more serious than that induced by the presence of a lagged dependent
variable, being the first one which dominates for most of the parameter values. We also see
that the bias and RMSE of all estimators are larger in magnitude than the corresponding
values when the model is correctly specified (compare Figures 2.5 and 2.12), although the

difference reduces as a approaches zero, leading in some cases to the opposite situation.

As suggested by the stochastic expansions, corrections based on indirect inference
and bootstrap methods should be able to produce large bias reductions when the
original estimator is inconsistent. It is clear from the results obtained in this section
that both methods fail to correct the bias because the synthetic samples do not
resemble the original data. In particular, they do not preserve the dependence structure
of the original observations. In the next section we show that both estimators are
capable of considerable bias reductions when the synthetic samples are generated from
the true DGP.

2.4.5 Bias correction for inconsistent estimators

We now assume that the DGP is known, and explore two modified versions of the bias
correction methods reviewed in the previous section, which are based on the misspecified
likelihood that ignores the serial correlation in the discrete time disturbances. There
are a number of reasons why it would be convenient to use a misspecified likelihood.

First of all, it should be noted that working with serially correlated disturbances is more
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difficult econometrically than working with white noise disturbances. The reason is that
the likelihood function becomes more complex. The approach considered in this section
offers, therefore, some benefits in terms of computational cost since the likelihood function

is not only easier to derive, but also easier to evaluate.

Second, different to the approach based on the correctly specified likelihood function,
the first modified version does not require to fully characterize the properties of the
discrete time disturbances. Note that in the case of the AR(1) model, the approach
based on the correctly specified likelihood function requires knowing the form of the
variance and first-order autocovariance of 7, while for the misspecified likelihood case
only the precise form of the variance of 7, needs to be known in order to compute an
estimate for the continuous time parameter o. The second modified version does not
require deriving the exact discrete representation, and could be applied to more general

models, for example those involving non-linearities.

We illustrate both approaches by considering two univariate continuous time models
whose discrete time representations contain a moving average component. The former
is the same model studied above, a continuous time AR(1) with unknown mean and
the variable of interest assumed to be a flow, and the latter is a continuous time AR(2)
with known mean and the variable assumed to be a stock. Note that in both models
the discrete time disturbances admit the representation 7, = €4, + fey,_p, where 0 is a

function of the continuous time autoregressive parameters.

For the AR(1) model, original data are generated as described in last section. The BC
estimator can be easily modified to reduce not only the bias arising from estimation, but
also the bias induced by the correlation in the disturbances. The asymptotic bias caused

by this second effect is presented in the following theorem.

Theorem 2.4.1. Under model xy, = ¢xip_p + ¢ + nu, where nyy, 1S a first-order moving

average, the asymptotic bias of the ML estimator a = anAﬁ/h 8

1
plim(a —a) = —In | —— + 1|, (2.82)
h eah,y[()x)
where 71 is the first-order autocovariance of ny, and %()x) 15 the variance of xy,.
A bias corrected (BC) estimator can be, therefore, computed as'®
5 2 —ah —2ah 1 2
T e i ) G S (2.83)
2T | ana @

Note that we have subtracted the asymptotic correlation bias. A more accurate estimator could
be calculated by subtracting the T—! order term of an expansion for the correlation bias as well. This
derivation is, however, more difficult to obtain, and it is not considered in this paper.
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To avoid the derivation of explicit expressions for 7, and 'y(()x), in this section we employ

the sample autocovariance of 7, and the sample variance of xyy,.

As suggested by the stochastic expansion, the JA estimator is not able to eliminate the
asymptotic bias when the estimator is inconsistent. In order to improve the corrections
offered by this method we subtract the asymptotic bias from the estimate based on the
whole sample as well as from the estimates based on the sub-samples. We then compute

the JA estimator in the usual way, that is as

. 1 &
b, = wi — ;, 2.84
J, wa + w — Za (2.84)

i=1

where the estimates that uses the whole sample and sub-samples are given by

N
i=a— | — 41 .
h e

LT
and ii; = & — 7 In [ — s 41
h e

So far we have used the exact discrete model to simulate the artificial data employed
to compute the indirect inference and bootstrap estimators. We now explore an
alternative approach based on an approximate discrete model obtained from the Euler

scheme. Simulated data are generated as follows

xis = (a0 + 1)xis_s — apd + o0 vy, (2.85)

h h 2h h h
553 +1,..., RS ,g(n -1)+1,.., s and 0 = h/20. For bootstrap
v;5 is a random draw with replacement from the standardized residuals and for indirect
inference v;s ~ i.1.dN(0,1). Observations from (¢ — 1)h + § to th, t = 1,...,n, are then

used to compute z3, as following

where ¢ = 1, ..

h/6
Ty, = Z5$(t—1)h+j5, t=1,..,n. (2.86)
j=1

The advantage of using this approach to generate the synthetic samples instead of the
one described in section 2.4.1 is that it does not require knowing the form of either 6, vy,
or v;. The IT estimator is computed by using the grid search reviewed in section 2.4.1.
As before, for the estimation stage we use the log-likelihood function for a stock variable
as the auxiliary misspecified model. The graph in the left of Figure 2.13 reports the ML
and the four bias corrected estimators. We see that the BC, JA and BOOT estimators
correct only part of the bias caused by the serial correlation. In contrast, the bias of the

ML estimator is succesfully corrected by the II estimator.
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Figure 2.13: Bias of the ML, BC, JA, II and BOOT estimators of a in a univariate model with unknown mean and flow
data when correlated errors are ignored and the DGP is assumed to be known. Data are generated using T'= 20, h = 1/12
(i.e. m =240) and p = —0.1. The estimator in the left is a = %lnqg, while the one in the right is a = %(q{) —1). The dark
solid line corresponds to the ML estimator and the solid line to the BC estimator. The dark dashed line corresponds to
the JA estimator, the dashed line to the II estimator and the dotted line to the BOOT estimator.

Until now we have used the exact discrete representation to estimate the continuous
time parameters. Although formulae for the exact discrete analogue corresponding to a
general linear system of stochastic differential equations are available in the literature
(see Bergstrom, 1990; Chambers, 1999), the precise form of the coefficient matrices and
especially the covariance matrices of the disturbances are increasingly complicated as
the continuous time model becomes more complex. An alternative estimator of the
continuous time parameters can be obtained from the Euler approximate discrete

model. The asymptotic bias of this estimator is given in Theorem 2.4.2.

Theorem 2.4.2. Under model xy, = ¢xip_p + ¢ + mu where nyy, is a first-order moving

average, the asymptotic bias of the ML estimator a = (gZ; —1)/h s

1
plim(a —a) = - % +H|, (2.87)
0

where H = e — 1 — ah.

According to Theorem 2.4.2, the asymptotic bias can be decomposed into two parts,

the correlation bias and the discretization bias, which are given by =/ h’yéx) and H/h,
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respectively. We can use this result to compute a new BC estimator

. 542 g em2h 1| 4 ok .
a=a-+ 5T — % %m)—e +1+ah|, (2.88)

and a new JA estimator, where the estimates d and d; are now given by

114 )
G=a—— [%—e“"+1+&h
h Yo

and

h| 2@

1 A .
di:di——[l—eah+1+dh
0

The graph in the right of Figure 2.13 reports the ML and the four bias corrected
estimators based on the Euler approximate discrete model. We see from this figure
that the bias of the estimators is larger than that based on the exact discrete analogue,
implying that the sign of the discretization bias is positive. As shown by Wang et al.
(2011), the signs of the discretization bias and estimation bias are opposite to each other.
Similar to the estimator based on the exact discrete model, the BC, JA and BOOT
estimators correct only part of the correlation bias. The reason is that the bias expressions
depend on a, but we are employing the estimates, which are very different from the true
value of the parameter, especially when a moves away from zero. For example, when
a = —3 the discretization bias H/h is equal to 0.35, while it is only 0.15 if a is used
instead of a. In contrast, the II estimator appears to enjoy good properties as suggested

by the stochastic expansions when the original estimator is inconsistent.

For the second case, we consider the continuous time AR(2) model with known mean
d[Dx(t)] = [a1 Dx(t) + asx(t)]dt + odB(t), t > 0, (2.89)

where D is the mean square differential operator. Bergstrom (1983) showed that the

exact discrete analogue corresponding to (2.89) is

2y = [€"112(0) + [e"Y]12D2(0) 4 1, (2.90)

Ty = <[6h,4]22 + [eh’z‘]n) Tin—p + ([em]m [e" a1 — [€"]22 [eh;‘]n) Ten—on + Ten, - (2.91)

for t = 2,...,n, where [e"];; (i,7 = 1,2) is the ij*" element of the matrix
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_ _ 2 3
hA ha 10 0 1 1(0 1 110 1
[e A]n [6 A]12 _ + ht = h2—i— - h3+...
["]a1 ["]2 01 ay ay 2 lay a 31 ay a
_ 1- 1 -
=1+ Ah + 5A2h2 + §A3h3 + ...,
and the error 7y, is a first-order moving average with variance
h _
B() = o [ e 9, (2.92)
0
ho ~ ho ~ h
B0 = o ([ 1t + (45, [ s + 4, [ e s
0 0 0
_ _ h _
= 20l [ e ale s ), (2,99
0
for t = 2,...,n, and first-order autocovariance
_ h _ _ ho

Blwaa) =o* (10 [ 1 ale s = [ [ has) . 290

0 0

Disturbances n, are generated by using the Cholesky decomposition of the covariance
matrix of B = (9, ..., Mun), that is as n = Me, where ¢ ~ N(0,I) and M is a lower
triangular real matrix with positive elements on the diagonal such that MM’ = Q, with
Q2 being the covariance matrix. It is assumed that xz(0) = Dz(0) = 0. We fix the
parameter a; = —3 and consider different values for ay over the interval [—3,0).20 We
use h = 1/12 and T = 20, corresponding to 20 years of monthly data. Similar to the
AR(1) model, the synthetic samples used to compute the IT and BOOT estimators are

generated from the approximate discrete model obtained by applying the Euler scheme?!

Tis = (a15 + 2)1’1'5_5 + (CL252 — a0 — 1)Ii5_25 + 0'(53/2Ui5, (2.95)
h h 2h h h
wherei =1, ..., 5 g+1, T g(n—l)—i—l, M and 6 = h/20, v;s is a random draw

with replacement from the standardized residuals for bootstrap and v;s ~ .i.dN(0, 1)
for indirect inference. Every (h/8)™ observation is then choosen to form the sequence
{z3,x3,,...,x5, . The II estimator is calculated by using the algorithm described in
section 2.4.2. The number of simulated paths S is set to 100.22

20Note that ay < 0 implies stationarity, the process having a root near unity when ay approaches
zero. Note too that by allowing the paramater to vary over the range [—3,0) we are considering different
scenarios, equal real roots when as = —2.25 and complex or different real roots for other values of as.

21The Euler approximate discrete model corresponding to the continuous time AR(2) model is derived
in the Appendix.

22As can be seen below the procedure with the chosen value of S seems to work well for the Monte
Carlo simulations of the continuous time AR(2) model considered here. In empirical applications it would
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Because of the difficulty of solving ([¢"?]a+[e"4]11) and ([e"]12[e"]a1 — [¢"4]aa[e"]11)
for a; and as, the asymptotic biases of a; and a, are only derived by using the approximate
discrete model obtained by the Euler scheme. The results are presented in the following

theorem.

Theorem 2.4.3. Under model x;, = ¢pr1xn_p + G2Xin_on + i where nyy, is a first-order

moving average, the asymptotic biases of the ML estimators a; = (451 —2)/h and ay =
(¢o + 1+ ayh)/h? are

(z)
PR 1 Y1 H,y
plim(a; —ay) = — [ - - + —, (2.96)
NG e Gl B
2 —Q2) = o5 . - ) :
LN T B

where H1 = [eh“i]gg—i—[ehg]ll—?—alh and H2 = [ehA]12 [ehA]Ql—[ehA]gz[ehA]n—a2h2+1—|—a1h.

The asymptotic bias can be decomposed into two parts, the correlation bias, which
is given by the first term of each expression, and the discretization bias, which is given
by the second term. Similar to the AR(1) case, the JA estimator can be computed by
subtracting the asymptotic bias from the estimate based on the whole sample as well

3 The model is estimated by using

as from the estimates based on the sub-samples.?
the concentrated log-likelihood function corresponding to a discrete time AR(2), that
is ignoring the correlation in the disturbances. Figure 2.14 shows the bias of the ML,
IT and BOOT estimators of the parameters a; and as as a function of ay based on the
exact discrete analogue, while Figure 2.15 reports the bias of the ML, II, JA and BOOT
estimators of the continuous time parameters based on the Euler approximate discrete
model. A similar pictures emerges from these graphs. The II estimator can deliver

substantial bias reductions, outperforming its rivals.

Overall, the simulation study shows that the indirect inference method could be
successfully used to avoid the complications of working with correlated errors. Instead
of maximizing the exact log-likelihood function, which is of a more complicated form,
we can maximize that corresponding to an approximate model with white noise

disturbances, that is, ignoring the serial correlation in the disturbances. The estimator

be desirable to use a large number of simulated paths to ensure a good finite sample performance of the
indirect inference estimator.

23Gince the asymptotic bias of the ML estimators has been only derived for the discrete time
representation obtained by the Euler scheme, we only compute the JA estimator based on this
approximate model.
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Figure 2.14: Bias of the ML, II and BOOT estimators of a1 and a2 in a univariate AR(2) model with stock data when
correlated errors are ignored and the DGP is assumed to be known. Data are generated using 7' = 20, h = 1/12 (i.e.
n = 240) and g = 0. The graph in the left corresponds to @i, while the one in the right to a2, based on the exact discrete
model. The dark solid line is the bias of the ML estimator. The dashed line to the II estimator and the dotted line to the
BOOT estimator.
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Figure 2.15: Bias of the ML, II, JA and BOOT estimators of a1 and a2 in a univariate AR(2) model with stock data
when correlated errors are ignored and the DGP is assumed to be known. Data are generated using T' = 20, h = 1/12
(i.e. m = 240) and p = 0. The graph in the left corresponds to a1, while the one in the right to as, based on the Euler
approximate discrete model. The dark solid line is the bias of the ML estimator. The dotted line corresponds to the JA
estimator with m = 3, the dashed line to the II estimator and the dark dashed line to the BOOT estimator.
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Figure 2.16: Bias and RMSE of the ML and II estimators of a in a univariate model with unknown mean and flow data as
a function of a. Data are generated using T' = 20, h = 1/12 (i.e. n = 240), and p = —0.1. The dark solid line corresponds
to the ML estimator, the solid line to the II estimator based on the correct likelihood function, the dashed lines to the II
estimators based on the misspecified likelihood function.

based on this misspecified log-likelihood function is inconsistent. However, the second
step of this bias reduction method, which is based on S simulated paths of the initial
model, provides a consistent estimator. The alternative bias corrected estimators also
produce some important bias reductions, but they are not as great as the ones offered

by the II estimator.

We now compare the II estimator based on the correct likelihood function to those
based on the misspecified likelihood function. We only present results for the continuous
time AR(1) model with a flow variable. Figure 2.16 shows that there are not important
differences between the estimator based on the correct likelihood function (i.e.
IICORRECT) and those based on the misspecified function (i.e. IIMEXACT and
IIMEULER) in terms of bias and RMSE.

2.5 Empirical application

The bias reduction methods are applied to the broad effective exchange rate for euro
area, obtained from the Bank for International Settlements (BIS). The effective
exchange rate, which is calculated as geometric weighted averages of bilateral exchange

rates, measures how the euro changes over time, relative to a bundle of other currencies
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(for an explanation of the methodology used to compute the index see Klau and Fung,
2006). The exchange rate is available as monthly averages and consists of 256
observations, corresponding to the period 1994:1-2015:4.24  The observed series is
averaged to form a monthly series, and hence it suffers from temporal aggregation. We

treat it as a flow variable.

We begin by considering an unrestricted discrete ARMA(1,1) model. The estimated

equation (with standard errors in parenthesis) is

T = 0.97224,_p, + 2.643 + &, + 0.3388y,_p, 62 = 1.579. (2.98)
(0.011) (1.029) (0.059)

As can be seen all coefficients are statistically significant at the 5% level. We now estimate
the discrete time analogue corresponding to a continuous time AR(1) model with flow
data, which is an ARMA(1,1) with its three parameters (autoregressive, moving average

and variance) being functions of the continuous time parameters a and 0. The estimated
25 3

equation of the continuous time model (with standard errors in parenthesis)® is
dx(t) =[—0.3162(t) 4+ 366.021]dt + 67.285 dB(t), (2.99)
(0.128) (143.928)
and the corresponding exact discrete analogue is
T = 0974z, p + 2.509 + &4, + 0.2688y,_1,, 62 = 1.587. (2.100)

We observe that there are no big differences between the parameter estimates in (2.98)
and those in (2.100), except for 6.

We also compute the bias corrected estimators considered in this paper. The first
row of Table 2.1 shows the estimates of the continuous time parameter a when the
likelihood function is correctly specified with their corresponding standard errors.
Figures in brackets are the asymptotic standard errors and figures in parenthesis are the
standard errors based on the Hessian matrix computed numerically, II and BOOT
resamples, respectively. The asymptotic standard error is the square root of the leading
term of an analytical variance expression evaluated at a (see Section 1.4, also Tang and
Chen, 2009). The number of simulated paths used is S = 100 for bootstrap and S =

10000 for indirect inference.26

24See the Appendix for some additional information about the time series under consideration.

25Standard errors are based on the Hessian matrix computed numerically. See also the Appendix for
some diagnostic tests.

26We also consider S = 1000 for indirect inference, but the results do not change much to the ones
presented in Table 2.1.
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ML BC JA II BOOT
Correctly specified likelihood

-0.316  -0.126  -0.084 -0.055 -0.086

[0.174] [0.109] [0.089] [0.072]  [0.090]

(0.128) (0.201)  (0.237)
Misspecified likelihood - Exact

-0.265 -0.147 -0.173 -0.162 -0.196

[0.159] [0.118] [0.128] [0.124]  [0.137]

(0.106) (0.172)  (0.161)
Misspecified likelihood - Euler

-0.262  -0.145 -0.183 -0.163 -0.198

[0.158] [0.117] [0.132] [0.124]  [0.137]

(0.104) (0.167)  (0.156)

Figures in brackets and parenthesis are standard errors.

Table 2.1: Parameter estimates of @ in the continuous time AR(1) model fitted to the effective exchange
rate for euro area.

We see from the table that all bias corrected estimates are smaller (in absolute
value) than the ML estimate, which is consistent with the Monte Carlo results. We also
compute the estimates of a in the discrete time AR(1) model that ignores the serial
correlation in the disturbances. As can be seen, the ML estimator is smaller (in
absolute value) than the corresponding value in the ARMA(1,1) model, this being
consistent with the results obtained in the Monte Carlo simulations. Similar to the case
of correctly specified likelihood, the bias corrected estimates are smaller in magnitude
(in absolute value) than the ML estimate. Bias corrections differ significantly between
approaches. We also observe that there is a substantial discrepancy between asymptotic
standard errors and those based on simulations (i.e. bootstrap or indirect inference
samples). In spite of these differences, all bias corrected coefficients are not statistically

significant at conventional significance levels as opposed to the original estimate.

2.6 Conclusions

This paper has conducted a comparison of some bias reduction methods in
continuous time models. All approaches deliver substantial bias reductions when the
original estimator is consistent. There are not important differences between the bias
corrected estimator based on the asymptotic expansion and those based on indirect
inference or bootstrap methods. The jackknife tends to inflate the variance of the
estimator, leading to larger values of RMSE compared to its competitors. Although not
producing the smallest RMSE, the jackknife estimator appears to be very useful in

practice since it is computationally much cheaper to implement compared to alternative
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bias reduction methods. We also explore the robustness of the results to departures

from normal, homoskedastic and white noise errors. As opposed to non-normality,
heteroskedasticity has a significant impact on all estimators, the bootstrap and

jackknife being the most robust estimators.

The bias correction based on indirect inference methods is found to work particularly
well when the original estimator is inconsistent, a case ocurring when the serial correlation
in the discrete time disturbances is ignored. The bootstrap also produces some important
bias reductions, but one iteration seems not to be enough to remove the bias caused by the
serial correlation in the disturbances. It would be revelant to explore the implementation
of the iterated bootstrap or at least the fast double bootstrap in this case, in which the
ML is inconsistent. An empirical application to the broad effective exchange rate data
for euro area indicates that there are considerable differences between the bias reduction
approaches considered in this paper, although the bias corrected estimates are smaller
(in absolute value) than the ML estimate, which is consistent with the results obtained

in the Monte Carlo simulations.

2.7 Appendix: Tables

2.7.1 Results for the univariate model with known mean
Bias RMSE

a aJ2 aJ,3 dJa aJ,8 aJ2 ag3 G4 aJs

Stock -0.1 -0.0255 -0.0315 -0.0350 -0.0443 0.2219 0.2011 0.1942 0.1887
-1 -0.0082 -0.0109 -0.0126 -0.0164 0.3974 0.3826 0.3765 0.3708

-2 -0.0065 -0.0075 -0.0081 -0.0082 0.5392  0.5271 0.5224  0.5172

-3 -0.0054 -0.0050 -0.0054 -0.0032 0.6677 0.6563 0.6525 0.6483

Flow -0.1 -0.0254 -0.0305 -0.0360 -0.0458 0.2257 0.2017 0.1948 0.1887
-1 -0.0093 -0.0110 -0.0143 -0.0208 0.3953 0.3796 0.3751 0.3690

-2 -0.0077 -0.0088 -0.0102 -0.0136 0.5348 0.5237 0.5197 0.5169

-3 -0.0072 -0.0078 -0.0083 -0.0101 0.6623 0.6531 0.6493 0.6448

Table 2.2: Bias and RMSE of the JA estimator of a in a univariate model with known mean for different values of m.

Table 2.3: Bias and RMSE of the II estimator of a in a univariate model with known mean for different values of S.

Bias RMSE
a arr,100  Gr11,1000  G11,10000 drr,100  @rri1000  411,10000
Stock -0.1 -0.0377 -0.0140 -0.0040 0.1990 0.1883 0.1836
-1 -0.0605 -0.0244 -0.0023 0.3751 0.3733 0.3708
-2 -0.0616 -0.0294 -0.0048 0.5212 0.5193 0.5168
-3 -0.0646 -0.0330 -0.0060 0.6527 0.6499 0.6478
Flow -0.1  -0.0275 -0.0197 -0.0150 0.1856 0.1826 0.1781
-1 -0.0327 -0.0232 -0.0053 0.3711 0.3710 0.3690
-2 -0.0367 -0.0283 -0.0072 0.5175 0.5167 0.5148
-3 -0.0406 -0.0318 -0.0089 0.6480 0.6468 0.6446
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Bias RMSE
a a a a3 drr,10000  @B,100 a a a3 drr,10000  @B,100
Stock  -0.1  -0.0982 0.0026 -0.0315 -0.0040 -0.0000 0.2143 0.1897 0.2011 0.1836 0.1885
-1 -0.1091 -0.0040 -0.0109 -0.0023 -0.0030 0.3875 0.3699  0.3826 0.3708 0.3720
-2 -0.1153 -0.0046 -0.0075 -0.0048 -0.0032 0.56319 0.5161 0.5271 0.5168 0.5194
-3 -0.1216  -0.0043  -0.0050 -0.0060 -0.0027 0.6627  0.6467 0.6563 0.6478 0.6509
Flow -0.1  -0.0985 0.0024 -0.0305 -0.0150 -0.0052 0.2141  0.1893  0.2017 0.1781 0.1852
-1 -0.1073 -0.0022 -0.0110 -0.0053 -0.0046 0.3845 0.3673 0.3796 0.3690 0.3708
-2 -0.1112  -0.0005 -0.0088 -0.0072 -0.0051 0.5275 0.5125 0.5237 0.5148 0.5168
-3 -0.1150 0.0022 -0.0078 -0.0089 -0.0053 0.6566 0.6418 0.6531 0.6446 0.6483

Table 2.4: Bias and RMSE of the ML, BC, JA, II and BOOT estimators of a in a univariate model with known mean.

2.7.2 Results for the univariate model with unknown mean

Bias RMSE
a Qg2 a3 G4 ags a2 a3 G4 ajs
Stock -0.1 -0.0031 -0.0013 0.0035 0.0176 0.3851 0.3321 0.3081 0.2851
-1 0.0150 0.0213 0.0297  0.0557 0.4904 0.4528 0.4411 0.4305
-2 0.0093 0.0151 0.0233  0.0548 0.6051 0.5762 0.5675 0.5605
-3 0.0076 0.0132 0.0212 0.0578 0.7229 0.6972  0.6895 0.6829
Flow -0.1  -0.0037 0.0023 0.0000 0.0061 0.3832 0.3271 0.3049 0.2789
-1 0.0146 0.0202 0.0242 0.0404 0.4812 0.4455 0.4359 0.4211
-2 0.0051 0.0122 0.0145 0.0339 0.5976 0.5692 0.5644  0.5531
-3 0.0067 0.0089 0.0138  0.0349 0.7123 0.6904 0.6842 0.6751

Table 2.5: Bias and RMSE of the JA estimator of a in a univariate model with unknown mean for different values of m.

Bias RMSE
a arr,100  @rrioo00  @1r,10000 Grri00  Grr,i000  Grr,10000
Stock -0.1 -0.0633 -0.0415 -0.0298 0.2671 0.2578 0.2517
-1 -0.0384 -0.0184 -0.0005 0.4061 0.4118 0.4114
-2 -0.0291 -0.0214 -0.0039 0.5415 0.5448 0.5437
-3 -0.0266 -0.0238 -0.0052 0.6693 0.6707 0.6696
Flow -0.1 -0.0519 -0.0387 -0.0329 0.2614 0.2535 0.2490
-1 -0.0306 -0.0150 -0.0034 0.4023 0.4055 0.4053
-2 -0.0265 -0.0184 -0.0073 0.5376 0.5394 0.5389
-3 -0.0265 -0.0209 -0.0083 0.6645 0.6656 0.6644

Table 2.6: Bias and RMSE of the II estimator of a in a univariate model with unknown mean for different values of S.

Bias RMSE
a a a a3 arr,10000  GB.100 a a a3 arr,10000  @B,100
Stock -0.1 -0.2748 -0.0715 -0.0013 -0.0298 -0.0254 0.3767 0.2652 0.3321 0.2517 0.2728
-1 -0.2333  -0.0221 0.0213 -0.0005 -0.0035 0.4702 0.4048  0.4528 0.4114 0.4107
-2 -0.2365  -0.0147 0.0151 -0.0039 -0.0024 0.5960 0.5411 0.5762 0.5437 0.5457
-3 -0.2455  -0.0116 0.0132 -0.0052 -0.0008 0.7198 0.6680 0.6972 0.6696 0.6733
Flow -0.1 -0.2718  -0.0686 0.0023 -0.0329 -0.0268 0.3721 0.2610 0.3271 0.2490 0.2683
-1 -0.2301  -0.0189 0.0202 -0.0034 -0.0053 0.4626  0.3978  0.4455 0.4053 0.4053
-2 -0.2310  -0.0093 0.0122 -0.0073 -0.0062 0.5875 0.5341 0.5692 0.5389 0.5426
-3 -0.2370  -0.0032 0.0089 -0.0083 -0.0039 0.7093 0.6599  0.6904 0.6644 0.6680

Table 2.7: Bias and RMSE of the ML, BC, JA, IT and BOOT estimators of a in a univariate model with unknown mean.
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2.7.3 Results for the multivariate model

Bias RMSE
a22 Agz2 Ajs Aja Ags Ajpo Ajs Aja Ags
ail -0.1 -0.0001 -0.0016 -0.0043 -0.0126 0.3463 0.3291 0.3236 0.3163
-1 -0.0001 -0.0016 -0.0043 -0.0126 0.3463 0.3291 0.3236  0.3163
-2 -0.0001 -0.0016  -0.0043 -0.0126 0.3463 0.3291 0.3235 0.3163
-3 -0.0001 -0.0016 -0.0043 -0.0126 0.3463 0.3291 0.3236  0.3163
a21 -0.1  -0.0195 -0.0222 -0.0254 -0.0290 0.3738 0.3570 0.3506  0.3449
-1 -0.0026  -0.0040 -0.0060 -0.0078 0.3625 0.3493 0.3432 0.3378
-2 -0.0001 -0.0006 -0.0020 -0.0017 0.3545 0.3416  0.3360 0.3300
-3 0.0006 0.0004 -0.0006 0.0008 0.3502 0.3372 0.3322 0.3261
a2o -0.1 -0.0081 -0.0072 -0.0073 -0.0047 0.2227 0.1989 0.1893 0.1784
-1 0.0019 0.0036 0.0033 0.0129 0.4179 0.3947 0.3859 0.3773
-2 0.0041 0.0061 0.0075 0.0226 0.5687 0.5481 0.5401 0.5314
-3 0.0052 0.0075 0.0106 0.0324 0.7042 0.6845 0.6768 0.6688

Table 2.8: Bias and RMSE of the JA estimators of the elements

of A in a multivariate model for different values of m.

Bias RMSE
a2 A A Ays Arri00 AB,100 A A Ass  Arri00  AB,100
ail -0.1 -0.0986 0.0655 -0.0016 0.0044 0.0048 0.3329 0.3115 0.3291 0.3179 0.3183
-1 -0.0986 0.0412 -0.0016 0.0044 0.0048 0.3329 0.3104 0.3291 0.3179 0.3183
-2 -0.0986 0.0290 -0.0016 0.0044 0.0048 0.3329 0.3110 0.3291 0.3179 0.3183
-3 -0.0986 0.0224 -0.0016 0.0044 0.0048 0.3329 0.3119 0.3291 0.3179 0.3183
az1 -0.1 -0.0506 -0.0055 -0.0222 -0.0112 -0.0068 0.3493 0.3296 0.3570 0.3302 0.3303
-1 -0.0470 -0.0033 -0.0040 -0.0032 -0.0037 0.3523  0.3277  0.3493 0.3298 0.3306
-2 -0.0359 -0.0022 -0.0006 -0.0015 -0.0015 0.3431 0.3230 0.3416 0.3246 0.3253
-3 -0.0293  -0.0021 0.0004 -0.0009  -0.0006 0.3374 0.3206 0.3372 0.3219 0.3224
ass -0.1 -0.0983 -0.0155 -0.0072 -0.0104 -0.0000 0.2081 0.1783  0.1989 0.1685 0.1724
-1 -0.1631 -0.0136 0.0036 -0.0073  -0.0053 0.4127 0.3701 0.3947 0.3716 0.3721
-2 -0.1915 -0.0128 0.0061 -0.0052  -0.0046 0.5678 0.5266  0.5481 0.5283 0.5279
-3 -0.2114  -0.0152 0.0075 -0.0046  -0.0040 0.7063 0.6660 0.6845 0.6669 0.6662

Table 2.9: Bias and RMSE of the ML, BC, JA, IT and BOOT estimators of the elements of A in a multivariate model.

2.8 Appendix: Proofs

Proof of Theorem 2.4.1. Maeshiro (1999) showed that the asymptotic correlation effect

of the estimator of the parameter ¢ in the model xy, = ¢ + dxy_n + My is given by the

term cov(nn, Tip—p)/var(xy,—p), where cov(.) and var(.) denote covariance and variance,

respectively. Applying the plim operator to a = ln(ngS) /h and using the preservation of

convergence for continuous transformations (i.e. plim In(¢) = In(plim ¢)), we have

1
plim a Eln

1

Eln

Eln

_plim qg
moRE
RG]
E) + e (2.101)
RG]
0
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Proof of Theorem 2.4.2. The coefficient ¢ can be written as ¢ = e = 1 + ah + H.
Applying the plim operator to @ = (¢ — 1)/h and then substituting ¢ by 1+ ah + H gives

plim a =

S= -

SRS

_ ) A} 1
__plmgzﬁ .
L Yo
T H| +a (2.102)
L Yo

0

Deriving the Euler approximate discrete model. The continuous time AR(2) model given

in (2.89) can be written in state space form as

dy(t) = Ay(t)dt + odW (), (2.103)
where
y() = [53(;2)] A= LZ all] W) = dBO(t) ‘

Applying the Euler scheme to (2.103), we obtain
yin = (Ah + L)y, + oh'?w},,
where

x(th) . 0

v [m(m)] P L(th)] !
and w(th) ~ i...dN(0, 1). From the first equation of the system we obtain
Da(th — h) % (w(th) — z(th — b)) (2.104)
Da(th — 2h) = % (w(th — h) — 2(th — 2h)] . (2.105)
Lagging the second equation of the system gives
Dx(th — h) = ashaz(th — 2h) + (a1h + 1) Da(th — 2h) 4+ oh'?w(th — h). (2.106)
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Substituting (2.104) and (2.105) into (2.106) we obtain

z(th) = (arh + 2)z(th — h) + (agh® — aih — 1)z (th — 2h) 4+ oh®?w(th — h). (2.107)

O

Proof of Theorem 2.4.3. The model x4, = @124+ Go4p_on + 1 can be written in state

space form as

Y = Uytn—n + mgp, (2.108)

where

Yen = T M= o1 P2 77* _ Nth
th Lo ) 1 0 ) th 0 :

The asymptotic correlation effect of the estimator of II is given by

(@) ()]t

. _ T Of (%’
cov (s Y Var(yen—n)] ' = | (@ (2.109)

0 O | 7

() (@)
1 _
= — — [7”0 e ] (2.110)
(o )2=Mm")2 | 0 0

The coefficients ¢, and ¢, can be written as ¢; = [em]gg + [em]ll =2+ a h+ Hy and
Oy = [ehA]lg[ehA]gl — [ehA]gg [ehA]u = ash® — 1 — a1h + H,. Applying the plim operator
to a; = (¢ — 2)/h and to ay = (2 + 1 + a1h)/h?, using the results given in (2.110) and
substituting ¢; by 2 + a1h + H; and ¢ by ash? — 1 — a;h + Hy, we obtain

.. Tr.. - 2
plim a; = 7 _phmgzﬁl] ~
i (z)
1 Y17
— T T + (bl —2
h L) = ()2
i (z)
1 1%
= 7 - - ‘|—H1 + aq (2111)
bl (6™)? = ()2
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S 1
plimg, + hplimdl] o
(@)

—— NN el b+ 1+ hplim&1]
(0 )= (1)
i (z)
| H.
—( (x);;%( (@)2 + as + Ephm(al —ap) + h_;
L o - M
[ 717(33) - %V(z)
( (x;))Q ( (3:1))2 +H, + Hy| +aq (2.112)
L (Y0 — N
O
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2.9 Appendix: Additional information for the

empirical application

Exchange rate
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Figure 2.17: Graph, ACF and PACF of the effective exchange rate for euro area.

Normality ARCH effects Serial correlation
JB Ay  Aw  Ag LMy LMay LMo
p-value 0.000 0.258 0.144 0.202 0.874 0.973 0.868

JB is the Jarque-Bera test, A(i) is the " order ARCH test, LM(i) denotes the i order Breusch-Godfrey LM test.

Table 2.10: Diagnostic tests for residuals. We assume that the conditional mean of the time series is described by a
continuous time AR(1) model.
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Figure 2.18: ACF of residuals and squared residuals. We assume that the conditional mean of the time series is described
by a continuous time AR(1) model.
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Chapter 3

Cointegrated continuous time

models with mixed sample data

3.1 Introduction

Continuous time models have been commonly used to describe the dynamics of
economic behaviour. Although information is collected at certain frequencies such as
quarters, months or years, the movements in the variables do not necessarily coincide
with the observational interval, this being the case of macroeconomic information,
which is collected at low frequencies (usually quarterly or annually). Continuous time
modelling may, therefore, provide a more realistic approximation to the actual dynamics
of the economy, which involve a large number of economic agents making decisions at

different points of time.

The advantages of this type of models over those formulated in discrete time have
been widely discussed in the literature (see for example, Bergstrom, 1996; Bergstrom and
Nowman, 2007). Among them is the separate treatment of stock and flow variables. It
is explicitly recognised that stocks are observed at specific points of time, while flows are
measured as the accumulation of the underlying rate over a time interval. Because of
the distinction in the treatment of these two type of variables, these models do not suffer
from time aggregation bias whereas it may be a serious problem in their discrete time

counterpart.

Continuous time models also have the advantage of allowing for a mixture of both
stock and flow variables. Mixed sampling often arises in econometric modelling. A
typical money demand model, for example, comprises variables that are measured
instantaneously such as prices and exchange rates, and variables that are observed as

integrals such as income. Another example is the Fisher effect, this hypothesis being
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tested by using interest rates (stocks), and expected or actual inflation rate (a flow).

Different approaches have been considered to estimate parameters of continuous time
systems with mixed sample data. Among them are Kalman filtering techniques based
on state space representations (see Harvey and Stock, 1985, 1988; Zadrozny, 1988), and
methods based on spectral representations (see Phillips, 1991a; Robinson, 1993).
Another important contribution to estimation methodology is the exact Gaussian
estimation method proposed by Bergstrom (1983, 1985, 1986), who pointed out the
benefits of this last approach in terms of computational efficiency of estimators. The
Gaussian method requires, however, the derivation of the exact discrete analogue that is

induced by the continuous system.

In the last decades much work has been done on estimating continuous time models
based on the exact discrete analogue. In the context of non-stationary continuous
systems, Bergstrom (1997) developed an algorithm for the Gaussian estimation of a
mixed first- and second-order stochastic differential equation system with mixed
sampling and unobservable stochastic trends, which allows for the possibility of
cointegration. However, the exact discrete analogue obtained by the author exhibits
some excess differencing since it is written entirely in terms of first differences instead of
lagged levels along with lagged differences as it is specified in cointegrated systems
formulated directly in discrete time. As noted by Bergstrom (1997, 2009), the Gaussian
likelihood remains invariant under differencing, but the discrete time representation is
not adequate to investigate the sampling properties of the estimates due to the presence
of unit roots in the moving average part of the discrete model. A more precise

specification of the discrete analogue is, therefore, required.

Chambers (2009) proposed an alternative approach to derive the exact discrete
analogue, which is based on the idea of replacing unobservable components with their
observable counterpart, whose difference is then assigned to the disturbance term (see
also Phillips, 1991a, who first proposed this idea). The model considered by the author
is a triangular system of first-order stochastic differential equations with mixed sampling
and observable stochastic trends. The resulting discrete analogue retains the triangular

form of the continuous time system, and does not suffer from the excess differencing.

Many economic variables often exhibit a complex correlation structure, which requires
the use of higher order differential equations. It is, therefore, relevant to extend the
methods used by Chambers (2009) to more complex continuous time models, and this is
the main purpose of this paper. We consider a system of mixed first- and second-order
stochastic differential equations with mixed sampling and observable stochastic trends,
and derive the corresponding exact discrete representation. Some formulae to implement

the Gaussian estimation are also provided.
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It is well known that parameter estimators in continuous time diffusion processes can
suffer from substantial bias in finite samples (see for example Tang and Chen, 2009; Wang
et al., 2011). The estimation bias has been widely studied in the context of stationary
models, but has not received much attention in the cointegration framework. Another
aim of this paper is to explore the finite sample properties of the Gaussian estimator
of parameters in cointegrated continuous time systems with mixed sampling. For this
purpose, we conduct a Monte Carlo experiment using two bivariate models, a system
of first-order stochastic differential equations and a system of first- and second-order

stochastic differential equations.

The remainder of this paper is organised as follows. Section 2 briefly describes the first-
order model. In Section 3 the mixed-order system is formulated and the exact discrete
representation is derived. Section 4 describes the computation of the Gaussian likelihood.
Section 5 reports some simulations results to examine the finite sample properties of the

Gaussian estimator and Section 6 concludes.

3.2 First-order model

We consider a p-dimensional continuous time random process y(7) that is partitioned
into two subvectors y;(7) and y2(7) of dimensions p; x 1 and py X 1, respectively, where
p1 + p2 = p. It is assumed that the vector y(7) is I(1), that is non-stationary with zero
root, but that there exist an p; X p matrix B’ whose rows are linearly independent such
that B'y(7) is stationary. It is also assumed that y(7) satisfies the stochastic differential

equation system
dy(t) = [a + b + AB" y(7)|dr + u(7)dr, T > 0, (3.1)

where u(7) is a p x 1 vector of white noise with covariance matrix 3dr, a and b are
p X 1 vectors of constants, and A = (C”,0,,xp,)" and B’ = (I,,—1I) are coefficient
matrices. The matrix C, known as the matrix of adjustment coefficients, describes the
responsiveness of the system variables to deviations from equilibrium, represented by
y1(7) — Hya(7). All eigenvalues of C' are assumed to have negative real parts to ensure
that y,(7) is I(1) and cointegrated.! The matrix B is called a cointegration matrix or
cointegration vectors. Cointegration is characterized by the singularity of AB’, where
A and B are p X p; matrices, both of rank p;. Note that the first p; components of B
have been normalized to the identity matrix to ensure the uniqueness of the cointegration

matrix.

'Note that if some eigenvalues have non-negative real parts y;(7) may be I(g), with ¢ > 1, or y;(7)
may be I(1) but not cointegrated.

104



Equation (3.1) can be also written as following

dy, (1) = [a1 + by + C (31 (1) — Hya(7))] d7 + uy(7)dr, T >0, (3.2)
dys(7T) = [ag + ba7| dT + us(T)dr, T > 0. (3.3)

in which the vectors a, b and u(7) have been partitioned conformably with y; and ys.
From the last representation it is clear that the stationary increments in y;(7) depend
on the deviations from the equilibrium relation. The second equation specifies the p

common stochastic trends.

The system (3.2)-(3.3) can be seen as a special case of the Phillips’ triangular

representation? augmented with deterministic components

Yo (1) = 1 + by + Tya(7) + 11(7), 7 > 0, (3.4)
Dyo(7) = ag + boT + uy(7), T > 0, (3.5)

where D is the mean square differential operator and v, is a stationary process satisfying
dvy (1) = [Cvi(7) 4 Ous(7)]dT + 11 (T)drT. (3.6)

It is straightforward to show that the deterministic components of (3.2) are related to
those of (3.4) by a; = —Cla; + by + Mas and b, = —Cby + Ibs. Similarly, the error terms
of both systems are related as follows: uy(7) = (6 4+ I)ug(7) + 1 (7).

System (3.1) was considered by Chambers (2009) for the general case in which each
of the vectors y;(7) (i = 1,2) comprises p; stock variables observed at the points of time
0,h,2h,...,nh, where h is the sampling interval (i.e. the period between observations)
and n is the total number of observations, and p/ flow variables observed as integrals
over the intervals [0, h], [h, 2h], ..., [(n — 1)h, nh|, where p —i—pf—c = p;. It was shown by the

author that the exact discrete analogue corresponding to (3.1) is given by?

yn — y(0) = ®19B'y(0) + Br + &, (3.7)
Ayop, = Doy B'yp + P B'y(0) + Son + Ean, (3.8)
Ay, = PoB'yin—n + CrAYwm—n + Bin + &, t=3,...,m, (3.9)

where the first two equations corresponding to periods h and 2h, respectively, relate
the first two observations (i.e. y, and ys;,) to the initial state value y(0), with A =
1 — L", L being the lag operator such that L™y, = ym_p, and t being the time index

2The triangular representation of a cointegrated system was first proposed by Phillips (1991b) for
discrete time models and Phillips (1991a) for continuous time models.

3System (3.7)-(3.9) differs from that given by Chambers (2009) in that the sampling interval A is
normalised to unity in the original paper.
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of the observations. The matrices ®’s and the vector f;, are complicated functions of
the parameters of the continuous time system, and the disturbance vector &, is a MA(1)

process (see Appendix for the definition of these terms).

The exact discrete model is a reduced rank VARMA(2,1) system when y;(7) includes
both stocks and flows, and a reduced rank VARMA(1,1) when y;(7) includes one type of
variable only, that is either p; stocks or p; flows. It was also shown by Chambers (2009)
that the last p, elements of the matrices ®’s are zeros, implying a triangular structure in

the exact discrete model.

3.3 Mixed-order model

3.3.1 The continuous time model and its solution
The disturbances of (3.2) are now assumed to satisfy
duy (1) = [Vquy (1) + Yous(7)|dT 4+ 1y (7)dT, —00 < T < 00, (3.10)

where Wy and W, are coefficient matrices, and 7, (7) is a white noise process. It is also
assumed that all characteristic roots of the coefficient matrix ¥, have negative real parts
in order for the process u;(7) to be stationary. Substituting (3.10) into (3.2), we obtain a
system comprising a mixture of first- and second-order differential equations with white

noise disturbances, which is given by

d[Dyy(7)] = |1 + 17+ UDyi (1) + C (y1(7) — Hyg(T))] dr +ny(t)dr, >0 (3.11)
dys(T) = [ag + be7| dT + us(T)dr, T > 0. (3.12)

The parameters of the system (3.2)-(3.3) with disturbances given in (3.10) are related
to those of (3.11)-(3.12) as follows: C=-0,C,0=0C+7,, = by — Viay — Ilay,
71 = —Wyby — IIby, and ny(7) = (Vo — M)us(7) + n1(7). It should be noted that only in
certain regions of the parameter space there is one to one correspondence between the two
parameter sets.* To avoid possible identification problems, we shall concentrate on the
parameters of the system (3.11)-(3.12) rather than on the original parameter vector. Let
O = (01, 0,) denote the vector of parameters, where ©1 = (y1, v, ¥, C, 1), pu = (1}, ab)’,
v = (7], b5) and ©y contains the elements of the covariance matrix of the disturbance

vector n(7) = (ny (1), uz(7)")".

_4For example, the vector (C = —1,¥ = —2)) corresponds to (C' = —1,
(C = —=2,T = —3)) corresponds to both (C'= -2, ¥ = —1) and (C = —1,
parameters of the first system are not identified from the second system.

1). However, the vector

U=
U = —2). In this last case the
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In this section we shall deal with the problem of estimating © from a sample of
discrete observations generated by the system (3.11)-(3.12). The approach adopted here
is to derive the exact discrete analogue, which holds exactly for data generated by the
continuous time system, and apply the Gaussian methods proposed by Bergstrom (1983,
1985, 1986) on the discrete representation. In order to derive the exact discrete analogue

it is convenient to write (3.11)-(3.12) as a first-order system
dz(r) = [p* +~*7 + Az(1)] dr + n*(7)dr, (3.13)

where the (p + p1) x 1 vector z(7) is defined by z(7) = [y1(7), y2(7)’, Dys (7)), and

0 0 I, 0 0 0
A =10 0 0 ) M* =\l a |, 7* = b2 ) n*<7—> = Ug(T)
C -Cln v 11 o n1(7)

From the first-order system representation it is easy to see that cointegration is
characterized by the singularity of the matrix A. We know that subject to the boundary
conditions x(0) = (y1(0)’, y2(0)", Dy1(0)")’, equation (3.13) has a solution given by

z(1) = e™z(0) +/ e(T_S)A(,u* + 7% s)ds + / e(T_S)An*(s)ds, T >0, (3.14)
0 0

where, for any square matrix A, e = >7°  A?/i! defines the matrix exponential.

We turn now to the assumptions about the observability of the continuous time pro-
cesses y1(7) and yo(7). It is assumed that yo(7) includes p§ stock variables and pg flow
variables, where p5 + pg = po. We also assume that y;(7) includes one type of variable
only, that is, either p; stocks or p; flows. The case considered here is less general than
that considered in Chambers (2009) since the vector y;(7) is not allowed to include both
stocks and flows. The extension of our results to allow for that general case would require

additional complications and will not be dealt with in this paper.®

We assume that the stocks are observed at the points of time 0, h,2h,...,nh, and
the flows as integrals over the intervals [0, k], [h, 2R], ..., [(n — 1)h,nh]. Without loss of

generality, let the elements of the vector y»(7) be ordered as following

_ (%)
s (y§ <T>> |

°It should be noted that the method used by Chambers (2009) to eliminate the unobservable
components associated with the variable y; can not be straightforwardly implemented in our context.
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and the observations of this vector as

Y3tk ya(th)
Y2.th = g = 1 th )
vin) 5 [ sy
th—h

for t = 1,...,n, with ¢ being the time index of the observations, and where the
superscripts s and f denote the stock and flow components, respectively. The
observable vector for yi(7) is y1 = y;(th) if yi(7) is composed entirely of stocks and
Yign = h™! ftt}flh yl (r)dr if it is composed entirely of flows. Note that the flow variables
have been normalised by dividing by h. As noted by Chambers (2011) this
normalisation is required in nonstationary/cointegrated systems to ensure the

stationarity of all terms in the discrete time representation.

Our interest is to estimate the parameters of the continuous time model from the
observable vectors vy 4, and ya4,. It should be noticed that whereas the vectors of the
initial values of the stock variables y;(0) and y5(0) are part of the sample, the vectors
of the initial values of the flow variables g/ (0) and yJ(0) and those of the mean square
derivatives of y; (i.e. Dy;(0) ) are unobservable. Thus, in addition to the continuous time
parameters we could estimate the part of x(0) that is unobservable by using, for example,

the iterative estimation procedure proposed by Bergstrom (1990, pg. 113-114).

The derivation of the exact discrete analogue with mixed sampling requires solving

out the unobservable vectors ws 4, defined by
1 th
ws - ys(r)dr
Wa th, = ( ?’th) = h/thh 27) 5
Wt va (th)

fort=1,...,n.

Next section provides some preliminary results that will be then used to derive the

exact discrete model with mixed data.

3.3.2 The exact discrete model for common data sampling

To derive the exact discrete model satisfied by mixed data we shall make use of two
sets of equations. The former is the exact discrete representation that would result if the

sample was comprised entirely of stocks, and the latter is the exact discrete model if the

6However, as pointed out by Bergstrom (1990) there is no way of obtaining a consistent estimate
of z(0). Furthermore, the contribution of the initial condition to the likelihood function tends to be
negligible as the sample size increases, implying that for large samples there is little to be gained from
estimating x(0).
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sample consisted entirely of flows. Before presenting the exact discrete models, we shall

make the following assumption.
Assumption 1. The p; X p; sub-matrix [eh;‘]lg is non-singular.”

Agbeyegbe (1984) showed that the exact discrete model for the case of stock variables

1s
y(th) = Fiy(th — h) + Fyy(th — 2h) + Ky + Oy, t =2, .., 1, (3.15)

where F} and F; are p X p matrices given by

P = Fii Fiao  Fy= Fy11 oo ’
Fio1 Fiao Fy 01 Fo99

F1,22 = Ipzu
Foa1 = [€"1s[e" 51 — ["1sle" a3 ("5 1€,
Faaz = = ([ ualeJar + [ uale aale" 15 (£, — ")) ) T,

and ky, and Yy, are p x 1 vectors given by

th B B th—h _
Kin = S1 / eh=A(1* 4 4 s)ds + 52/ W=h=s)A (1" 4 4*s)ds,
th—h th—2h
[tk ) _ pth—h )
Dy, = Sl/ =940 *(5)ds + 52/ eth=h=5)Ap*(5)ds,
th—h th—2h

with [¢"],; denoting the entry (¢,7) of the matrix exponential ¢"# (see the Appendix)

) " [ ["]1s ("1 (Lp, — [T [
M= [y [y [ [ =] 0 Ip, 0 :
[ehA]gl [ehA]32 [ehA];gg [ehA}gl o [ehA]gll—[ [ehA]gg

and ) ) ) )
~ I, 0 0 = —[e"]1sle 55"y 0 [eh s
Sl = y SQ - .
0 I, 0 0 0 0

Note that the matrices F and F3 have been partitioned conformably with the elements

"This sub-matrix is the entry (1,3) of the matrix exponential ¢"# defined below.
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hA

of y(7) (i.e. y1(7) and yo(7)), and the matrix ¢"* conformably with the elements of z(7)

(i.e. y1(7), y2(7) and Dy, (7)). Equation (3.15) differs from that given by Agbeyegbe

(1984) in that the matrix A is non-singular in his paper.®
Subtracting y(th — h) on both sides of equation (3.15) and adding the term (Fy —
F5)y(th — h) to the right-hand side of (3.15) yields

We can alternatively write (3.16) as
Ay(th) = GQB'y(th — h) — FyAy(th — h) + kg, + Oy, t=2,...,1m, (3.17)

where G = (Ip,, Opyxp,)' and Q = ([e"]1a[e"ag[e"]55 = I,) (I, = ["4]10) + [€" 15[ .
Note that since B'y(th — h) is stationary, Ay(th) is stationary too. Note, too, that the

coefficient matrix on y(th — h) is of reduced rank.

The model given in (3.17) holds for periods 2h, ...,nh. To complete the exact discrete
representation for the case of stock variables, we must derive a supplementary equation
relating the first observation y(h) to the initial state vector x(0) = (y(0)’, Dy;(0)")’. This
equation, which is obtained from the system of difference equations implied by (3.14), is

given by (see the Appendix for details)
y(h) = y(0) = GRB'y(0) + GRyDyy (0) + o, + U, (3.18)

where Ry = [¢"Y)11 — I,,,, Ry = [¢"Y]13, and the vectors &, and U, are
~ h -
Fop = S1 / eI (" 4+ 47 s)ds,
0
~ ~ h e
Uy, = Sl/ eh=)4p*(s)ds.
0

We turn now to the derivation of the exact discrete model assuming that all variables

are flows. Integrating (3.17) over (th — h,th) and defining y(th) = h™! t’;lh_h y(r)dr yields

AG(th) = GQB'y(th — h) — FyAG(th — h) + tsn + Sony t = 3, ., (3.19)

8See Assumption 2 in Agbeyegbe (1984) which implies that A is non-singular. We have also change
the order of the elements of y(th), that being y(th) = (y2(th)’,y1(th)’)" in the original paper. The
elements of the matrix exponential have been replaced by those defined before.
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where

Lth =

{5‘ / / (=94 (1" 4 5 s)dsdr—|—52/ / (r=h=9)A(1* + s)dsdr},
—nJdr—h h 2h
[ / / (r=s) dsd?“+52/ / (”hs)An*(s)dsdr] .
—h Jr—h —hJr

The following two supplementary equations relating the first two observations (i.e.

S— S

Sth =

y(h) and g(2h)) to the initial state vector z(0) complete the exact discrete representation

for the case of flow variables (see the Appendix for details)

§(h) — y(0) = GU, B'y(0) + GUs Dy (0) + i, + S, (3.20)
Ag(2h) = GRlB/gUl) + GR2U3B/y<0) + GR2U4Dy1 (0) —f‘ ZQh + €2h7 (321)
where U; = A [)'([e — L)dr, Uy = 7' e izdr, Us = h™' [Med)idr,

_1 rh . N
U=h"[le rd) 33dr, and the vectors iy, Sh, lop and Gy are

1T~ h pr B
i = ’ Sl/ / e + 7*3)d$d7‘} ,
L Jo Jo
1 M h T B
Ch = 7 51/ / e 94An* (s)dsdr| |
1 - 2h
Lo = 7 / / (=A% 4 s)dsdr+53/ / (=A% 4 s)dsdr},
1 2h
Sn =7 / / (r=s) dsdr+83/ / (r=s)Ap*( dsdr},

with foh [e74];;dr being the entry (i, j) of the matrix foh eAdr, and Sy given by

53: 0 0 [ehA]lg ‘
0 0 0

We shall now use equations (3.17)-(3.21) to derive the exact discrete model satisfied by
mixed data.

3.3.3 The exact discrete time model for mixed data sampling

The exact discrete representation corresponding to the continuous time system (3.11)-
(3.12) with mixed sampling can be obtained by combining the observable stock and flow
components of equations (3.17)-(3.21). It should be noted, however, that the equation
determining y;(7) contains some unobservable variables, which must be eliminated and

replaced with their observable counterpart. The exact discrete model is presented in
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Theorems 3.3.1 and 3.3.2, in which the unobservable components are eliminated by using

the results contained in Lemma 1 in Chambers (2009) (see the Appendix for more details).

Theorem 3.3.1. Let y(7) be generated by the system (3.11)- (3.12) and the elements of

y1(7) be stock variables. Then, under Assumption 1, the observable vector yu, satisfies

yn — y(0) = GR1B'y(0) + GR2Dy1(0) + ap, + &, (3.22)
Ayop, = GQB'yy, — FyAyp + qop + Eon, (3.23)
Ay, = GQB'yin—n — FoAyin—p + cun + &y t =3, ...,1, (3.24)
where
ap = Nikp, + Natp, & = NiOy + NoG,
aop = Nikop + Nalop, + N3k, — Naip, Eon = NiOop, 4+ Nolop + N3y, — Ns&i,

aw, = N1k + Notyy, + Nadyp—p + Nabin—on,  En = N1V + NoGn + Naeg—p + Nacir—on,

with ¢un—p, = [(3p — £7h) + 3y(th = h)| h, epp = —h " tt:_h(th — h — s)n(s)ds, and
the selection matrices N; (j = 1,2,3,4) given by

L, 0 0 0
Ny=|0 Iy 0|, No= 10 :
0 0 0 0 0 I,
0 0 —QI;—Ff, 0 0 Ff,
N;=10 0 0 , Nuy=|[0 0 0
0 0 0 0 0 0

Theorem 3.3.2. Let y(7) be generated by the system (3.11)- (3.12) and the elements of

y1(7) be flow variables. Then, under Assumption 1, the observable vector yy, satisfies

yn — y(0) = GUB'y(0) + GUsDy1(0) + ay, + &, (3.25)
Aysp = GR1B'y;, + GRyUsB'y(0) + RoUsDy1 (0) + v, + Eon,s (3.26)
Ay, = GQB/yth—h — F5Ayip—p +oun + &, t=3,...,n, (3-27)
where
ap = NiRp, + Naiy, & = N0y + NoG,
on = Nikon + Noiop — Naip + Niin, Eon = N1Uap, + Nolop, — NyOp, 4+ N3G,

aw, = N1k, + Notgy + N3dun—p + Naten—on,  En = N1V + Noen, + Naewn—n + Na€i—on,
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with ¢u—n = [(1 — £7h) + 37(th — h)] h, €th—h = —h1 tthh_h(th — h — s)n(s)ds, and
the selection matrices N; (j = 1,2,3,4) and N3 given by

0 0 0 I, 0 0 0 — RyII* 0
Ni=|0 Ig0|, Na=[0 0 0], Ns=]|0o 0 0f,
0 0 0 0 0 I, 0 0 0
0 QII* + F51, 0 0 —F5py 0
Ny= |0 0 0], Ma=]0 0 0
0 0 0 0 0 0

Note that the matrices N; (j =1,2,3,4) and N3 have been partitioned in accordance
with the elements of yy, (i.e. y14n, Y5, ny’th). We turn now to the characterization of

the properties of &,.

3.3.4 Properties of the discrete time disturbances

For estimation purposes it is necessary to derive the precise form of the autocovariances
of the discrete time disturbances. To do this, it is convenient to first reduce the double

integrals appearing in the vectors ¢,, Gon, sin (t = 3, ...,m) to single integrals as follows”

/Oh /O er=)An* (s)dsdr = /0 " Oh — s (s)ds. (3.28)
/t:ih /_h e =An* (s)dsdr = /t thih[@(h) — O(th — h — s)|n*(s)ds

h—2h
th

+/ O(th — s)n*(s)ds, t=2,...,n, (3.29)
th—h

th  pr—h _ th—2h
/ / eh=An* (§)dsdr = / [O(h) — O(th — 2h — s)|n*(s)ds

th—h Jr—2h th—3h

th—h
+ / O(th — h — s)n*(s)ds, t=3,...,n,  (3.30)
¢

where ©(z2) = Y72 /T AT /(5 4+ 1)L,

Now, let Gin = (¢l 4> Co.omr G Chun)” (E = 1,...,n) be an 4(p + p1) x 1 vector, whose

9These expressions are obtained by using the results of Bergstrom (1997), McCrorie (2000) and Lemma
1 in Chambers (1999). See also Appendix A.2 in McCrorie and Chambers (2006).
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elements are given by

th
= [ (= s (s)ds, (s) = e

h—h

1 th th
Cotn = E/ O(th — s)n*(s)ds, O(s) = / F(r —th+ s)dr,
t t

h—h

Gh = %/t =(th — s)n*(s)ds, Z(s) =0O(h) — O(s),

h—h

1 th
Capn = —7 / (th —h — s)n*(s)ds.
h Jin-n

It can be shown that the vectors determining the discrete time disturbances can be

written in terms of (;;, as following

Uy = §1C1,h7
Vi, = Slgl,th + g2<1,th—h7 t=2,..,n,
Sh = 51(2,1“

Son = S1Caon + S1Csn + S3Can,

Sn = S1Coun + S1Cann + SoConn + Salsn_on, t =3, ...

€Eth — S4C4,th7 t= 1, L, n,

G (00 )
0 I, 0

where the selection matrix 54 is

It follows from the above equations that the discrete time disturbance vectors &, ..., &

have the moving average representation

&n = BoCp,
Eon = BoCon + BiG,
&th = BoGen, + BiGen—n + BaGen—on, t =3,...,1n,

where

(3.37)
(3.38)
(3.39)

By — (N1§1 N,Sy 0 o) B, = <N1§2 NSy NS, N354) . By = (0 0 oS, N4S4).

The matrix By takes different forms depending on the nature of the variable y;. When
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it is composed of stock variables, By is
B, = (N1§2 + N351 N253 - N3§1 Ny, 0) )
and when g, is composed of flow variables, the matrix becomes
B1 = (N1§2 - N3§1 N2§3 + N3§1 N2§1 0) .
From the moving average representation, the autocovariances of the discrete time

disturbances &, follow immediately. Theorem 3.3.3 provides the results

Theorem 3.3.3. The discrete time disturbance vectors &y, ..., nn satisfy the following

properties
( 5 ) Q11 = BOQ§B(/)>
E(&antyy) = Qa2 = BoS2c By + Bi)c By,
E(&n&,) = Qo = BoQUB) + B1QB| + BoQ)c By, t =3,...,n
E(&n&)) = Qo1 = B1Qg36,
B(&ny,) = Qa2 = B0 By + BoQe By,
(gthgth p) =0 = BlﬂgB(/) + BngBi, t=4,...n
E(&n&in_on) = Qo = BB, t=3,...,n
E(&n&in_jn) =0, j > 2,
where Q¢ = E((n(ly) is
" $)X*(h — s)ds

W2 [ (s)2F (s)ds hk )X O(s)ds @KF( ﬂ)dshk
fo @( )S*O(s )ds Jre(

1 hfoh@(s)E* F(s)ds Y*E(s
W2 | bl E(s)2F (s)ds fo 2(s)2*0(s) ds fo E(s)2*E(s)ds  [IE(s)2*(h — s)ds
b fy (h =) F(s)ds [} (h—)5"O(s)ds ['(h—s)2E(s)ds  (h3/3)%

and ¥* = E[n*()n*(7)] is
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3.3.5 Computation

As can be seen from Theorems 3.3.1 and 3.3.2, the deterministic terms «y, depend on
#u, and ty,, which involve integrals of the exponential of the matrix hA. The covariance
matrix {2 also involves integrals of e, Some formulae to compute these terms are given

in Theorem 3.3.4, which requires the following assumption.

Assumption 2. The 2p; X 2p; matrix V' defined in Theorem 3.3.4 is non-singular.

Theorem 3.3.4. Under Assumption 2, the wvectors Kp, Kin, th, tan and Ly, have the

following representations

fn, = S$10(h)p* — S13(R)y* 4+ S109(h)y*h, (3.40)
fon = (S1 4+ S2)O(h) i — (S1 + So)I(R)y* + S10(h)y*th + S20(R)y*(th — h),  (3.41)
i = %S’ff(h)u* + 5 [T(h) — %N(h)] v, (3.42)

Toh = {Sl@(h) + %S’gT(h)] o+ E&@(h)h — 513(h) + S5 (h) — %&N(h) v, (3.43)

= (51 + SOt — (51 + ) {J(h) n %@(h)h} V + S0 th

+ S,0(h)y*(th — h), (3.44)
where

1 _
@(h) == JO + th + JgthAIQ, T(h) == Joh —+ §J1h2 + JQVA/%

L y 1 1 )
i) = §J1h2 + LV V1A, N(h) = §J0h2 + §J1h3 + JoV1 A,
with the matrices J; (i =0,1,2), V, V, Vi, Ay and A} being

Jo - —A1V72Al2, Jl = Ipt+p; — AlvilAIQ, J2 - A1V72,
V=AA, V=V ~1,), Vi=Vh" V),

Iy 0 0 0 I
Ar=10 0], A, =|= - ey
0 C —CIIl U

The integrals determining (¢ are given by

h
/ F($)SF (s)ds = IS Jlh+ LS AV V! I+ BLVVAS* T + LVVV' I, (3.45)
0
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h
_ 1 _
/ O(s)S"F (s)'ds = JoS* Jih + JyZ* AsV'V' Ty 4 SIS b 4+ LS A VIV,
0
+ LVASS T + L,V V' ), (3.46)

h 1 _ 1 1
/0 O(s)X*0(s)'ds = JoX* Jyh + 5Joz*J{h? + JoX* AV T + §J12*J3h2 + ngZ*J{h?’

+ IS AV Ty A TV AL TS A T VIALSH T+ Jo Vo J), (3.47)
h h
/ E(s)X*F (s)'ds = ©(h)X*O(h)" — / O(s)X*F (s)'ds, (3.48)
Oh Oh
/ Z(s)X*0(s)'ds = O(h)X*T(h) — / O(s)X*0(s)'ds, (3.49)
0 0
h h
2(s)S*E(s) ds = O(h)S*O(h)h — T(h)S*O(h) — / =(s)X*0(s)ds, (3.50)
0 0
h
1 _
/ (h—s)XF (s)'ds = —EZ*J{hQ — XAV V! Ty + R O(h), (3.51)
0
h 1 1 _
/0 (h — 8)X*0(s)'ds = —éZ*J()hQ - §E*J{h3 — S AV Ty + hEFY (R, (3.52)
h 1 h
/ (h— )5 (s ds = — 5O ()R — / (h— $)5*0(s)ds + " O(h), (3.53)
0 0

where Vy = foh eV ALY Age™ dr

This last term can be calculated as V, = ZQQZH, where Zsy and Z5 are elements of

the matrix exponential

= ZH Zlg —Vh AéE*AQh
Z = _ = exp .
0 Zxp 0 V'h

(see Jewitt and McCrorie, 2005).

Once the exact discrete analogue has been derived, standard estimation methods can
be applied to obtain estimates of the continuous time parameters. Next section
describes the Gaussian methods proposed by Bergstrom (1983, 1985, 1986), which have

been commonly employed for this purpose.

3.4 Estimation

Assuming that the continuous time disturbance vector (i.e. wu(7) in the first-order
system and n(7) in the mixed-order system) is multivariate Gaussian, which implies a

discrete time disturbance vector being Gaussian too, exact maximum likelihood estimates
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can be obtained by minimizing

n

InL = (w},@m + 2n[Myl) | (3.54)

t=1

where InL denotes minus twice the logarithm of the likelihood function (ignoring the
constant term), @y, ..., @y, are functions of the observations and the parameters, which

can be computed recursively as follows

@, = M'&, (3.55)
Won = My (éon — Moywmy), (3.56)
Wiy = Mgl(&h — My y@ih—p — Myy—ow—on), t =3,...,n, (3.57)

and the coefficient matrices Myy, Moy, Moy, Mys—o, My and My (t = 3,...,n) are

obtained recursively from the equations

My Mjy = Qu, (3.58)
My = Qo [M7,] 7 (3.59)
MQQMéQ = 922 - MQlMéla ( )
May = Qo[ M7, (3.61)
My = [Qs0 — Mz My, [My,] Y, (3.62)
Mz Mgy = Qo — Msi Myy — Mzo My, (3.63)
M9 =€ [Mt/_gyt_g]_l, t=4,..,n, ( )
Mgy =[S — Mt,t—2MtI—1,t—2][Mt/—l,t—l]_lv t=4,..,n, ( )
MMy = Qo — Myy oM, 5 — My s My, £ =4, ..n. (3.66)

It should be noted that the coefficient matrices M;; o, Mi;—1 and M are
time-dependent, although they converge to constant matrices as ¢ goes to infinity (See
Bergstrom, 1990, Ch.7). Also, M;;_» =0 (t = 3,...,n) in the first-order system since &,
is a MA(1) process.

3.5 Monte Carlo simulations

This section explores the finite sample properties of the Gaussian estimator using
Monte Carlo simulations. We consider two bivariate continuous time models, these being
a first-order system and a mixed-order system. In both cases, it is assumed that the first

variable of interest is a stock, while the second one is a flow, which is motivated by the
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theory of the Fisher effect.!® Let y(7) = (y*(7),y/ (7)) and b(7) = (b°(7), b’ (7)), where
v/ (1) (j = s, f) is a scalar continuous time process, (1) (j = s, f) is a scalar Brownian
motion process, and the superscripts s and f denote a stock or a flow, respectively. The
covariance matrix of the increment of the Brownian motion db(7) = [db*(7), db’ (7)), is

Yidt, where ¥ is a 2 X 2 symmetric positive definite matrix, taken to be

o Oss O\ [ 1 oy

Osf Off Osf Off
To ensure that ¥ is positive definite during the estimation step, we use a Cholesky
decomposition such that ¥ = PP’, where P is a lower triangular matrix, and estimate

the elements of P instead of the elements of 3. Estimates of the original parameters can

be recovered by using the following equations, which relate the elements of both matrices:

Oss :P%p Osf = P11P21, and o :Pgl +P32-

In order to assess the effects of increasing the data frequency and the data span on the
sampling properties of the Gaussian estimator, we consider five combinations of T" and h,
these being (T'=30,h = 1/4), (T'=40,h = 1/4), (T =50,h =1/4), (T =50,h = 1/12),
and (T" = 50,h = 1/52), which correspond to 30, 40 and 50 years of quarterly data,
50 years of monthly data, and 50 years of weekly data, respectively. The experiment is
replicated 10000 times.

3.5.1 First-order system
The first model considered is given by

dy® (1) = [a® + C(y* (1) — Iy (7))]dr + db*(7), T > 0, (3.67)
dy’ (1) = a’dr + db’ (), 7> 0. (3.68)

Data are generated from the exact discrete representation, which is

yn — y(0) = GIB'y(0) + By + &, (3.69)
Ayth = GJB/ythfh + B + ftha = 27 N (370)

10This theory introduced by Fisher (1930) postulates that the nominal interest rate is equal to the sum
of the real interest rate and the expected rate of inflation. Fisher (1930) claimed a one-to-one relationship
between the nominal interest rate (a stock variable) and the expected rate of inflation (a flow variable).
The relationship has been often examined empirically by testing a long-run unitary coefficient on the
expected inflation rate.
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where J = " — 1, and the vectors 3, and 3 are

1
Bh = S1Hpa + S5 (5]2 + HQB,) ah,
1
B = Hya + §S5ah,

with @ = (a®,a’)’, Hy and Hy defined in the Appendix, and the selection matrices S;

(7 =1,2,5) being
10 0 0 0 —JII
Sl = ) 52 = ) 85 = .
0 0 0 1 0 0

The disturbance vector &, is given by

&n = S1nn + S20n, (3.71)
Eon = S1Man + Ssnp + Savap, — S50, (3.72)
éth == Sl'r]th + SQUth + S5€th—h7 t= 3, ey Ny (373)

and satisfies the following properties

h
E (&) :an/ Jo(8)XJo(s) ds,
0 h
E(&nén) =Qo=/ Jo(s)EJo(s)’ds+/ Ji(8)SJy(s)ds, t=2,....n,
0 0

h
E(&n&pp) = = / Ji1(8)EJo(s) ds, t =2,....,n,
0
E(&hﬂh—jh> =0,7>1,
where foh Ji(s)XJk(s)'ds (see the Appendix for the definition of this term, and also for the

definition of ny,, Up, v, and €4_p) is a function of the matrices Jy, (1 = 0,1;k =0, 1,2)

given in the following table

k
7 0 1 2
0 Sl(Ip — GB/) %SQ S1G
1 So + S5 —%[52 + 55} 0

Table 3.1: Definition of the J;; matrices in a bivariate system.

To generate artificial data, we first compute the discrete time disturbance vector &,
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as follows

& = Myion,
&n = Myom + Myy—10th—n, t=2,...,n,

where o, = (gfh,gfh)’ , Q{h (j = s,f) are random draws from a standard normal
distribution, and the coefficient matrices My, M;;—1 and My (t = 2,...,n) are obtained

recursively from the equations!!

MHM{I =y,
M = Ql[Mt/_l,t_ﬂ_l, t=2,...n,
MttMt/t = QO - Mt,tflMtCt_la t= 2, o, n.

Assuming that the initial state vector is y(0) = 0, we then compute simulated data
for the vector y by using equations (3.69)-(3.70). The following values for the parameters
are employed: a® = o/ =0, C = {-0.3,-0.5,-1,-2}, 1 = 1, 0y = 0 and o = 1.
We only consider small values of the adjustment parameter C' because of the empirical
evidence suggesting a slow reaction of the system variables to long-run disequilibrium
(see for example, Rogoff, 1996; Johansen and Juselius, 1990). The initial value of the
flow variable ¢/ (0) is unobservable and must be estimated in addition to the continuous
time parameters. For simplicity, we assume that & = 0 and compute the conditional
maximum likelihood estimates, thus avoiding the computation of §2;; and the estimation
of y/(0).'? Table 3.2 reports the bias and variance of the parameter estimates in the

continuous time system with unknown mean.

We observe that the bias of C' is negative and more pronounced as C' moves to zero.
For example, for 30 years of quarterly data the percentage bias is 7% when C = —2,
while it is 13%, 28%, and more than 50% when the adjustment coefficient is -1, -0.5
and -0.3, respectively. Increasing the sample size reduces the bias and variance of O,
these reductions being much larger when the span increases than when the sampling
interval decreases. We also see from the table that the long-run equilibrium coefficient
is downward biased, its bias and variance depend on the size of C, these being smaller
as C' moves away from zero. Increasing the span reduces the bias and variance of f[, but
increasing the sampling frequency does not produce substantial changes in the figures.
The variance of II decreases faster than the variance of the other coefficients when the

data span increases.

"Note that these are the same equations given in (3.58)-(3.66) with M, ,_» = 0.

12 Alternatively, we could obtain exact Gaussian estimates (see the iterative estimation procedure
proposed by Bergstrom (1990, pg. 113-114). The conditional maximum likelihood estimator should yield
a good approximation to the exact Gaussian estimator when the sample is large.

121



Quarterly Monthly Weekly

True value T=30 T=40 T=50 T=50 T=50
Bias
C -0.3 -0.1532  -0.1065 -0.0797 -0.0782 -0.0753
11 1 -0.0624 -0.0429 -0.0317 -0.0319 -0.0310
Oss 1 0.0163 0.0110 0.0083 0.0023 0.0006
Ot 0 -0.0189 -0.0148 -0.0119 -0.0043 -0.0014
oF 1 -0.0017 -0.0012 -0.0004 0.0001 0.0006
a® 0 0.0040 0.0066 0.0038 0.0014 0.0006
af 0 -0.0035 -0.0035 -0.0023 -0.0031 -0.0025
C -0.5 -0.1393  -0.0987 -0.0745 -0.0719 -0.0686
11 1 -0.0297 -0.0192 -0.0139 -0.0142 -0.0135
Oss 1 0.0148 0.0101 0.0077 0.0020 0.0005
Ot 0 -0.0198 -0.0154 -0.0121 -0.0044 -0.0014
oF 1 -0.0017 -0.0012 -0.0005 0.0001 0.0006
a® 0 0.0032 0.0065 0.0033 0.0019 0.0001
af 0 -0.0033 -0.0034 -0.0023 -0.0031 -0.0025
C -1 -0.1326  -0.0958 -0.0732 -0.0677 -0.0629
11 1 -0.0093 -0.0058 -0.0042 -0.0044 -0.0040
Oss 1 0.0143 0.0101 0.0079 0.0019 0.0005
Ot 0 -0.0206 -0.0158 -0.0124 -0.0045 -0.0014
o 1 -0.0016  -0.0012 -0.0005 0.0001 0.0006
a® 0 0.0032 0.0061 0.0031 0.0026 -0.0003
af 0 -0.0030 -0.0031 -0.0020 -0.0030 -0.0025
C -2 -0.1415 -0.1036  -0.0800 -0.0671 -0.0603
II 1 -0.0025 -0.0017 -0.0013 -0.0014 -0.0012
Oss 1 0.0162 0.0118 0.0094 0.0020 0.0005
Ot 0 -0.0211 -0.0161 -0.0126 -0.0045 -0.0014
o 1 -0.0014 -0.0012 -0.0006 0.0000 0.0005
a® 0 0.0037 0.0065 0.0032 0.0032 -0.0003
af 0 -0.0022 -0.0025 -0.0015 -0.0029 -0.0025
Variance

C -0.3 0.0378 0.0216 0.0142 0.0132 0.0125
11 1 0.1575 0.0905 0.0545 0.0549 0.0547
Oss 1 0.0195 0.0141 0.0113 0.0035 0.0008
Osf 0 0.0144 0.0105 0.0085 0.0027 0.0006
o 1 0.0174 0.0129 0.0104 0.0034 0.0008
a® 0 0.2090 0.1406 0.0969 0.0955 0.0949
af 0 0.0334 0.0247 0.0197 0.0203 0.0200
C -0.5 0.0438 0.0270 0.0189 0.0168 0.0157
11 1 0.0567 0.0315 0.0194 0.0193 0.0194
Oss 1 0.0199 0.0144 0.0115 0.0035 0.0008
Osf 0 0.0146 0.0107 0.0086 0.0028 0.0006
o 1 0.0174 0.0128 0.0104 0.0034 0.0008
a® 0 0.1684 0.1164 0.0824 0.0809 0.0813
af 0 0.0334 0.0246 0.0197 0.0203 0.0200
C -1 0.0697 0.0464 0.0341 0.0279 0.0252
II 1 0.0138 0.0077 0.0047 0.0046 0.0047
Oss 1 0.0211 0.0153 0.0122 0.0036 0.0008
Osf 0 0.0154 0.0112 0.0091 0.0028 0.0006
o 1 0.0174 0.0128 0.0104 0.0034 0.0008
a® 0 0.1387 0.0997 0.0717 0.0703 0.0712
af 0 0.0334 0.0246 0.0197 0.0203 0.0200
C -2 0.1509 0.1048 0.0799 0.0544 0.0457
II 1 0.0034 0.0019 0.0012 0.0011 0.0011
Oss 1 0.0243 0.0176 0.0140 0.0038 0.0008
Osf 0 0.0171 0.0125 0.0101 0.0029 0.0006
o 1 0.0174 0.0128 0.0103 0.0033 0.0008
a® 0 0.1285 0.0918 0.0672 0.0655 0.0664
af 0 0.0334 0.0245 0.0197 0.0203 0.0200

Table 3.2: Bias and variance of parameter estimates in system (3.67)-(3.68) with unknown
mean.

The magnitude of C' has a smaller effect or no effect on the bias and variance of the
other parameter estimates. Estimation of the covariance parameters enjoys small bias

and variance, both statistics decreasing as the sample size becomes larger, although not
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Quarterly Monthly Weekly

True value T=30 T=40 T=50 T=50 T=50
Bias
C -0.3 -0.0909 -0.0634 -0.0490 -0.0484 -0.0463
11 1 -0.0152  -0.0114 -0.0092 -0.0097 -0.0107
Oss 1 0.0132 0.0091 0.0070 0.0019 0.0005
Ot 0 -0.0124  -0.0096 -0.0078 -0.0030 -0.0010
og 1 0.0067 0.0051 0.0045 0.0019 0.0009
C -0.5 -0.0857 -0.0605 -0.0469 -0.0456 -0.0430
II 1 -0.0076  -0.0048 -0.0038 -0.0042 -0.0047
Oss 1 0.0125 0.0087 0.0068 0.0018 0.0005
Osf 0 -0.0131 -0.0100 -0.0080 -0.0031 -0.0011
of 1 0.0067 0.0050 0.0045 0.0018 0.0009
C -1 -0.0839 -0.0604 -0.0468 -0.0439 -0.0400
11 1 -0.0020 -0.0011 -0.0010 -0.0013 -0.0014
Oss 1 0.0126 0.0090 0.0071 0.0018 0.0004
Ogf 0 -0.0137 -0.0104 -0.0082 -0.0032 -0.0011
og 1 0.0068 0.0050 0.0044 0.0018 0.0009
C -2 -0.0904 -0.0666 -0.0517 -0.0437 -0.0386
11 1 -0.0002 -0.0002 -0.0003 -0.0004 -0.0005
OTss 1 0.0144 0.0106 0.0085 0.0019 0.0004
Osf 0 -0.0141 -0.0108 -0.0085 -0.0032 -0.0011
o 1 0.0070 0.0049 0.0044 0.0017 0.0009
Variance

C -0.3 0.0278 0.0165 0.0117 0.0110 0.0103
11 1 0.0935 0.0477 0.0282 0.0294 0.0293
Oss 1 0.0190 0.0138 0.0111 0.0034 0.0008
Osf 0 0.0143 0.0104 0.0084 0.0027 0.0006
of 1 0.0175 0.0130 0.0105 0.0034 0.0008
C -0.5 0.0356 0.0226 0.0166 0.0150 0.0139
11 1 0.0305 0.0161 0.0097 0.0100 0.0100
Oss 1 0.0194 0.0141 0.0114 0.0035 0.0008
Ot 0 0.0146 0.0106 0.0086 0.0028 0.0006
of 1 0.0175 0.0130 0.0105 0.0034 0.0008
C -1 0.0621 0.0421 0.0319 0.0265 0.0238
11 1 0.0070 0.0039 0.0024 0.0023 0.0024
Oss 1 0.0207 0.0150 0.0121 0.0036 0.0008
Ot 0 0.0153 0.0112 0.0091 0.0028 0.0006
o 1 0.0176 0.0129 0.0105 0.0034 0.0008
C -2 0.1420 0.0993 0.0771 0.0531 0.0444
11 1 0.0017 0.0010 0.0006 0.0006 0.0006
Oss 1 0.0238 0.0173 0.0139 0.0038 0.0008
Ot 0 0.0170 0.0125 0.0101 0.0029 0.0006
o 1 0.0175 0.0129 0.0104 0.0034 0.0008

Table 3.3: Bias and variance of parameter estimates in system (3.67)-(3.68) with known mean.

uniformly for the the bias of oy which increases for weekly data. Results indicate that
increasing the span reduces the variance of the intercepts, but does not produce a clear
effect on the bias of these coefficients. The bias of a® also reduces as the sampling interval

goes to zero.

Table 3.3 reports the bias and variance of the parameter estimates for the first-order
system with known mean. A similar picture emerges from these results. Comparing
Tables 3.2 and 3.3, we also observe that the bias of C' and II increases considerably
when intercepts are estimated. So far we have only considered cases when the Brownian
motions driving y*(7) and y/(7) have equal variances (i.e. the ratio og /o = 1) and are
uncorrelated (i.e. o4 = 0). Tables 3.4 and 3.5 report the corresponding results for three
values of oy = {0.5,1,2} and o = {—0.5,0,0.5}, respectively. For both cases we only

consider the system with unknown mean and one value for the adjustment coefficient,
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Quarterly Monthly Weekly

True value T=30 T=40 T=50 T=50 T=50
Bias
C -1 -0.1732  -0.1260 -0.0967 -0.0885 -0.0825
11 1 -0.0116  -0.0075 -0.0054 -0.0057 -0.0052
Oss 1 0.0230 0.0166 0.0129 0.0035 0.0008
Ot 0 -0.0134 -0.0104 -0.0082 -0.0030 -0.0009
o 0.5 -0.0009 -0.0006 -0.0002 0.0001 0.0003
a’ 0 0.0026 0.0060 0.0031 0.0029 -0.0003
af 0 -0.0023 -0.0023 -0.0015 -0.0022 -0.0018
C -1 -0.1326  -0.0958 -0.0732 -0.0677 -0.0629
11 1 -0.0093 -0.0058 -0.0042 -0.0044 -0.0040
Oss 1 0.0143 0.0101 0.0079 0.0019 0.0005
Ot 0 -0.0206 -0.0158 -0.0124 -0.0045 -0.0014
oF 1 -0.0016  -0.0012 -0.0005 0.0001 0.0006
a® 0 0.0032 0.0061 0.0031 0.0026 -0.0003
af 0 -0.0030 -0.0031 -0.0020 -0.0030 -0.0025
C -1 -0.0901 -0.0648 -0.0493 -0.0460 -0.0426
11 1 -0.0065 -0.0040 -0.0029 -0.0031 -0.0028
Oss 1 0.0051 0.0034 0.0027 0.0003 0.0001
Ot 0 -0.0279 -0.0213 -0.0166 -0.0061 -0.0019
o 2 -0.0030 -0.0025 -0.0011 0.0002 0.0011
a® 0 0.0035 0.0063 0.0031 0.0025 -0.0002
af 0 -0.0037 -0.0041 -0.0026 -0.0042 -0.0035
Variance

C -1 0.0941 0.0629 0.0461 0.0371 0.0336
II 1 0.0261 0.0147 0.0091 0.0090 0.0091
Oss 1 0.0223 0.0161 0.0128 0.0036 0.0008
Osf 0 0.0075 0.0055 0.0044 0.0014 0.0003
og 0.5 0.0043 0.0032 0.0026 0.0008 0.0002
a® 0 0.1466 0.1052 0.0747 0.0725 0.0733
af 0 0.0167 0.0123 0.0098 0.0102 0.0100
C -1 0.0697 0.0464 0.0341 0.0279 0.0252
11 1 0.0138 0.0077 0.0047 0.0046 0.0047
Oss 1 0.0211 0.0153 0.0122 0.0036 0.0008
Ogf 0 0.0154 0.0112 0.0091 0.0028 0.0006
o 1 0.0174 0.0128 0.0104 0.0034 0.0008
a® 0 0.1387 0.0997 0.0717 0.0703 0.0712
af 0 0.0334 0.0246 0.0197 0.0203 0.0200
C -1 0.0459 0.0303 0.0225 0.0186 0.0169
11 1 0.0074 0.0041 0.0025 0.0024 0.0024
Oss 1 0.0198 0.0144 0.0116 0.0035 0.0008
Osf 0 0.0319 0.0232 0.0188 0.0057 0.0013
o 2 0.0696 0.0513 0.0415 0.0134 0.0031
a® 0 0.1312 0.0940 0.0686 0.0680 0.0691
af 0 0.0668 0.0491 0.0394 0.0406 0.0400

Table 3.4: Bias and variance of parameter estimates in system (3.67)-(3.68) with unknown mean
for different values of oyr.

this being C' = —1.

From Table 3.4 we observe that the bias and variance of C' , II and 0 and the variance

of a* decrease as the ratio o /oy increases,'

as opposed to the bias and variance of 7,
o and al, which increase when the ratio og/0ss becomes larger. There is a tendency for
the bias of a°® to increase for quarterly data, and to decrease for higher frequency data.
Table 3.5 suggests that the covariance parameter affects the bias and variance of some
parameter estimates, although not in the same way. For example, the bias and variance
of the adjustment coefficient are larger when o4 goes from -0.5 to 0.5, while those of the

long-run coefficient are higher when o, = 0. The effect of increasing the sample size is

13The result for the bias of the long-run coefficient is consistent with the findings in Gonzalo (1994)
for discrete time cointegrated models.
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Quarterly Monthly Weekly

True value T=30 T=40 T=50 T=50 T=50
Bias
C -1 -0.0703  -0.0509 -0.0381 -0.0350 -0.0329
II 1 -0.0065 -0.0045 -0.0030 -0.0032 -0.0033
Oss 1 0.0125 0.0089 0.0068 0.0017 0.0004
Ot -0.5 -0.0192 -0.0143 -0.0113 -0.0039 -0.0013
of 1 -0.0006 -0.0003  0.0002 0.0005 0.0008
a’ 0 0.0013 0.0049 0.0028 0.0026 0.0014
af 0 -0.0045 -0.0043 -0.0030 -0.0034 -0.0023
C -1 -0.1326  -0.0958 -0.0732 -0.0677 -0.0629
11 1 -0.0093 -0.0058 -0.0042 -0.0044 -0.0040
Oss 1 0.0143 0.0101 0.0079 0.0019 0.0005
Ot 0 -0.0206 -0.0158 -0.0124 -0.0045 -0.0014
oF 1 -0.0016  -0.0012 -0.0005 0.0001 0.0006
a® 0 0.0032 0.0061 0.0031 0.0026 -0.0003
af 0 -0.0030 -0.0031 -0.0020 -0.0030 -0.0025
C -1 -0.2049 -0.1486 -0.1151 -0.1002 -0.0923
11 1 -0.0071  -0.0046 -0.0033 -0.0031 -0.0023
Oss 1 0.0133 0.0093 0.0074 0.0015 0.0004
Ot 0.5 -0.0187 -0.0145 -0.0111 -0.0040 -0.0011
o 1 -0.0019 -0.0015 -0.0007 -0.0003 0.0002
a® 0 0.0066 0.0066 0.0026 0.0018 0.0020
af 0 -0.0008 -0.0013 -0.0005 -0.0019 -0.0020
Variance

C -1 0.0333 0.0227 0.0165 0.0137 0.0127
II 1 0.0119 0.0064 0.0038 0.0037 0.0037
Oss 1 0.0209 0.0152 0.0123 0.0036 0.0008
Ot -0.5 0.0149 0.0109 0.0089 0.0028 0.0006
o 1 0.0170 0.0127 0.0104 0.0034 0.0008
a® 0 0.1036 0.0770 0.0567 0.0543 0.0552
af 0 0.0333 0.0249 0.0197 0.0202 0.0198
C -1 0.0697 0.0464 0.0341 0.0279 0.0252
11 1 0.0138 0.0077 0.0047 0.0046 0.0047
Oss 1 0.0211 0.0153 0.0122 0.0036 0.0008
Ogf 0 0.0154 0.0112 0.0091 0.0028 0.0006
o 1 0.0174 0.0128 0.0104 0.0034 0.0008
a® 0 0.1387 0.0997 0.0717 0.0703 0.0712
af 0 0.0334 0.0246 0.0197 0.0203 0.0200
C -1 0.1225 0.0785 0.0584 0.0443 0.0388
11 1 0.0102 0.0055 0.0034 0.0032 0.0033
Oss 1 0.0197 0.0142 0.0113 0.0035 0.0008
Osf 0.5 0.0158 0.0115 0.0093 0.0028 0.0006
o 1 0.0172 0.0128 0.0102 0.0033 0.0008
a® 0 0.1307 0.0850 0.0629 0.0593 0.0606
af 0 0.0334 0.0245 0.0197 0.0200 0.0204

Table 3.5: Bias and variance of parameter estimates in system (3.67)-(3.68) with unknown mean
for different values of ;.

similar to that found for the case of uncorrelated errors with equal variances.

According to the Monte Carlo study, it seems that the bias and the variance of C
and II as well as the variance of the intercepts are mainly determined by the data span,
which is consistent with the results in Tang and Chen (2009) for stationary continuous
time models. In contrast, the bias and variance of ;; appear to depend on the sample
size, implying that these parameters will be estimated very accurately in both cases when
the span gets larger or when the sampling interval gets smaller. This last result is also

consistent with the Tang and Chen’s findings for stationary continuous time models.
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3.5.2 Mixed-order system
The second model considered is

d[Dy*(7)] = |u* + VDy* (1) + é(yS(T) —TIy/ (7)) | dr + db*(7), T >0, (3.74)
dy (1) = a’dr + dv/ (1), 7 > 0. (3.75)

Similar to the first-order system, we simulate data from the exact discrete representation,

which is given by

yn — y(0) = GR;B'y(0) + GR:Dy*(0) + a, + &, (3.76)
Ayan, = GQB'yy, — Fo Ay, + aop, + Sons (3.77)
Ayth = GQB/yth—h - F2Ayth—h +ta+&p, t=3,..,n, (3-78)

where R = [ehA]n -1, Ry = [ehA]lza’ Q= ([ehg]:&s - 1)(1 - [ehA]ll) + [€M]13[6M]31, the

matrix F5 1s

F, = G(Fz,n F2,12)7
F2,11 = [GhA]13[€hA]31 - [ehA]33 [ehA]n,

Faio = — ([ehAhS[@M]M + " as(1 - [th]11)> 11,
and the vectors a’s are
an = N1.S10(h)p* + %Ngng(h)u*,
o = (81 + 500" + N3, l@(h) - %T(h)] o,
0 = (51 + 5)0(h) + 5(Ny + Nojuh

with the matrices S; (j = 1,2) and N; (j = 1,2, 3,4) being

gl _ 1 0 0 ’ 52 _ —[ehA]gg 0 [ehA]13 ’
0 1 0 0 0 0
1 0 0 0 0 —QII - F 0 F:
NIZ 3 N2: 9 N3: Q 21 ) N4: 242 .
0 1 0 1 0 0 0 0

The disturbance vector &y, is a vector MA(2) process with autocovariances given in
Theorem 3.3.3.
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We simulate the discrete time disturbances as follows

§h = Mii0n,
§on = Ma209p, + Moy 0n,
§eh = Myomn + Myy—10th—n + Myy—20tm—2n, t=3,...,n,

where o5, = (05, 0)), ¢, (j = s,f) are random draws from a standard normal
distribution, and the coefficient matrices My, Moy, Mgy, Mo, My and My
(t = 3,...,n) are obtained recursively from equations (3.58)-(3.66). We then compute
simulated data for y by using (3.76)-(3.78), assuming that the initial state vector is
z(0) = (y(0), Dy*(0)) = 0. Three combinations of ¥ and C' are considered, these being
(T =—15,C=—05), (¥ = -2,C = —1) and (¥ = —3,C = —2). In all three cases we
use pf = al =0, 0y = oy = 1, and o = 0. For estimation it is assumed that y*(0) is
observable and equal to zero. We also assume that &, = 0, thus avoiding the
computation of 41, 21, Ry and R,, and the estimation of y{(O) and Dy*(0). Table 3.6

reports the conditional maximum likelihood estimates.

Results are similar to those obtained for the first-order system. First, the biases of
the short-run, long-run and adjustment coefficients are negative and more pronounced as
¥ and C' get smaller (in absolute value). Second, estimation of the long-run equilibrium
coefficient and covariance parameters enjoys small bias and variance. Third, it appears
that the bias and variance of the estimators of ¥, C' and II as well as the variance of the
intercepts are mainly determined by the data span. Fourth, the bias and variance of the

covariance coefficients seem to depend on the sample size.

3.6 Conclusions

This paper has derived the exact discrete representation corresponding to a mixed-
order system of stochastic differential equations with a mixture of stock and flow variables.
We have also studied the finite sample properties of the Gaussian estimator using a Monte
Carlo experiment. Simulations based on a first-order system reveals that the magnitude
of the bias of C' and II depends on the size of the adjustment coefficient, the covariance

and the ratio of the variances of the two Brownian motions.

Results for both a first-order system and a mixed-order system are consistent with
what has been found for stationary continuous time models. The bias and variance of the
estimators of the short-run, long-run and adjustment coefficients as well as the variance of
the intercepts are mainly determined by the data span, while the bias and variance of the

covariance coefficients depend on the sample size. Estimation of the long-run coefficient
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and covariance parameters enjoys smaller bias and variance than the other parameters.
It appears that despite Il being estimated very precisely, there may be some bias in finite
samples, this being especially the case when the model includes an intercept and the

reaction of the system variables to deviations from equilibrium is slow (i.e. C' is close to

zZ€ero).
Quarterly Monthly Weekly
True value T=30 T=40 T=50 T=50 T=50
Bias
v -1.5 -0.1789  -0.1308 -0.1026 -0.0981 -0.0939
C -0.5 -0.1565 -0.1100 -0.0830 -0.0813 -0.0779
11 1 -0.0167 -0.0131 -0.0109 -0.0114 -0.0100
Oss 1 0.0084 0.0061 0.0050 0.0008 0.0002
Osf 0 -0.0143 -0.0114 -0.0091 -0.0033 -0.0009
o 1 -0.0102 -0.0075 -0.0055 -0.0015 0.0002
ws 0 0.0048 0.0060 0.0030 0.0020 0.0004
af 0 -0.0034 -0.0036 -0.0024 -0.0031 -0.0025
v -2 -0.1795 -0.1305 -0.1031 -0.0949 -0.0903
C -1 -0.1516  -0.1092  -0.0841 -0.0794 -0.0745
11 1 -0.0056  -0.0039 -0.0034 -0.0034 -0.0027
Oss 1 0.0098 0.0068 0.0056 0.0008 0.0002
Ot 0 -0.0159 -0.0124 -0.0099 -0.0035 -0.0010
o 1 -0.0101  -0.0075 -0.0055 -0.0015 0.0002
ne 0 0.0042 0.0064 0.0029 0.0023 -0.0003
af 0 -0.0032 -0.0034 -0.0022 -0.0031 -0.0027
v -3 -0.1893 -0.1370 -0.1085 -0.0923 -0.0878
C -2 -0.1648 -0.1202  -0.0942 -0.0814 -0.0747
11 1 -0.0015 -0.0011 -0.0011 -0.0011 -0.0007
Oss 1 0.0121 0.0083 0.0069 0.0006 0.0002
Osf 0 -0.0182 -0.0140 -0.0112 -0.0037 -0.0010
o 1 -0.0100 -0.0075 -0.0056 -0.0015 0.0001
us 0 0.0038 0.0072 0.0033 0.0026 -0.0003
af 0 -0.0028 -0.0030 -0.0019 -0.0030 -0.0024
Variance
v -1.5 0.1780 0.1220 0.0909 0.0690 0.0622
C -0.5 0.0507 0.0294 0.0199 0.0185 0.0175
11 1 0.0850 0.0423 0.0239 0.0229 0.0240
Oss 1 0.0260 0.0190 0.0149 0.0038 0.0008
Osf 0 0.0091 0.0068 0.0054 0.0017 0.0004
o 1 0.0171 0.0127 0.0103 0.0034 0.0008
ws 0 0.1830 0.1263 0.0878 0.0871 0.0881
af 0 0.0334 0.0247 0.0197 0.0203 0.0200
v -2 0.2150 0.1485 0.1132 0.0811 0.0709
C -1 0.0730 0.0474 0.0345 0.0291 0.0268
11 1 0.0185 0.0097 0.0057 0.0055 0.0057
Oss 1 0.0279 0.0203 0.0160 0.0039 0.0008
Ot 0 0.0096 0.0071 0.0056 0.0017 0.0004
o 1 0.0171 0.0127 0.0103 0.0034 0.0008
us 0 0.1482 0.1051 0.0758 0.0748 0.0763
af 0 0.0334 0.0246 0.0197 0.0203 0.0200
v -3 0.3214 0.2239 0.1744 0.1098 0.0904
C -2 0.1485 0.1023 0.0784 0.0546 0.0467
11 1 0.0045 0.0023 0.0014 0.0013 0.0014
Oss 1 0.0326 0.0235 0.0186 0.0041 0.0008
Ot 0 0.0108 0.0079 0.0063 0.0018 0.0004
o 1 0.0171 0.0127 0.0103 0.0033 0.0008
ne 0 0.1329 0.0944 0.0694 0.0688 0.0704
af 0 0.0334 0.0246 0.0197 0.0203 0.0200

Table 3.6: Bias and variance of the parameter estimates in system (3.74)-(3.75).
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3.7 Appendix

The matrices ®’s and the vectors Sy, (t = 1,...,n) are given by

Js J Jsp(Jf — Ky)
K J Js Ks - JS
P9 = Of , o = Of , By = | ( 0 ) ;
0
P, Py P P 0 P50
by = , Fo= , P11 = ; ;
’ <0> ’ <o Pl oo "ApPo
Cih f,zh f,th
i f f .
Bn = sl’h , Bon = Sl’% , B = sl’t ,
Con Co.9n Coth
i f f
2,h 2,2h 2,th

where

and the remaining terms are defined in Table 3.7.

The disturbance vectors &, are

& = Senp + S70p,
Eon = SeMNan + SN + S7U2p, — SsUp,
Eth = SiMen + Sovgn, + Sseq, + Saeip—p + Ss€ph—n, t=3,...,n,

where 1, = t';h_h eth=9)AB"y(5)ds, ey, = fth gu(r)dr, ey = + tt:_h[h — (th — s)]u(s)ds,
Vg, = % tthh_h :_h er=)AB Yy (s)dsdr, Ty = Efo fo er=9)AB"y(s)dsdr, and the selection

14The matrices and vectors are partitioned conformably with 1, y2, as well as with the stock and flow

components. Their elements are ordered according to the vector of observations y;5,, which takes the
form
YT th t}gﬁs (th)
Yon = y{,th _ & Sl (r)dr
Ys 1 yQ(th)
yg,th f h—h y2
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Submatrices

[]* []¥ [1* L7

Py Jss + Jo T2 Jsf '3 0 Jg — JisC Cyr
P JyT 0 JCth ! 0

M — JosIlop + Joplly Jpsllgs + Jg 1l —

L1 Jgt (Cre (Jos + Ing) + CypJs) O

Ty —Jg'

rs |5t (Crde +Cy (Jg +1,7)) = TiCy |

Ly [CRBL+CyBy| R

Subvectors
[ [
B1,2n Clop — Mgy (C;h - J}gh) + Jof (C{,h - 'J}{h) 1/’{,% — Mys (ﬁgh - Cg,h) + Jfs (ﬁfh - Cih)
Bin € gn+ Jsfgtfh - Pﬁqsnsf(bg,thfh + P(ffoS(bS,th—h w{,th - P{Shith—h + POﬁHfS(bg,th—h
Gth — Ty (h{th —cln+ Fwth,) —Iihi enen
hign  [ar+by (th— 30)]h
b2,th [(%az - ébzh) + %bzth] h
Matrices

G (U Opr)’

Hy ((I,+GKB')h

H,  G(Kh2-11)

Hy, G (Ksh™2-11,)

Hy G(C'Kih=3—LC™ ' —1i1,)

Hi G(C'Kh™3—C2Kh2-11,)

K, C7lehCh—C2J

K, C72]-C!

Vectors

¢ Hoa— (31, + H1B') bh? + Hobth

Yo Hoa— (5(I, + h™'Ho) + H1B') bh? + Hobth

G (AL, + HoB') ah + (LI, + (Hy — Hy)B') bh>

Table 3.7: Definition of additional matrices and vectors.
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matrices S; (j =1, ...,8) are

Iy —JyJz' 0 0 Jo ' Ty

0 0 0 0 0 I; 0 0
S| = , Sy = ] ’

0 0 Ly 0 0 0 0 0

0 0 0 0 0 0 0 I,

D2

0 JyJg' 0 0 ~JyT; 0 0 0

0 0 0 0 -PF 0 0 0
S?): 9 S4: ! Y

0 0 0 0 0 0 0 0

0 0 0 0 0O 0 0 0

0 0 Py — Pylly I: 0 0 0
o _ |0 0 R0 o 0 0 o
o o o o |” ™ o o0 1, ol

0 0 0 0 0 0 0 0

00 0 0 0 Jy 0 — My

0 I; 0 0 —J 0 My 0

00 0 0 00 0 0

0 0 0 I, 00 0 0

P2

The disturbance &, is a vector MA(1) satisfying the following properties

h
E(&;) = Qu = / Jo(5)2J5(s) ds,
0 )
E(&anéy) = Q2o —/ J2(3)2J2(3)/d3+/ J5(s)EJ3(s) ds,
" n
E(&n&en) = o = / Jo(s)2Jo(s)'ds + / Ji(s)S A (sYds, t =3, ....n,
0 0
h
E(&né),) = Qa1 = / J3(s)LJo(s) ds,
o
E(&néyy) = Qo = / J1(s)EJx(s) ds,
0

h
E(&néipp) = = / Ji(8)XJo(s)'ds, t =4,...,n,
0

E(&m&ipjn) =0, j>1,
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where

h 1 1
/ JZ(S>2Jk(S)/dS = Jz()EJ,/{Oh + §J102J]/€1h2 + JZ()EB(K/ + Ip1> I/<2h + §J112J]/€0h2
0

1
+ gjﬂzJ,glh?’ + JuXBK | Jiy + Jio(K + 1)) B'S J;0h

+ JiQKlB/ZJJi;l + Ji2K3J;;2,

K3 = foh e*“ B'Y. Be*“"ds and the matrices Ji (i = 0,1,2,3;k = 0,1,2) are defined in the
following table.

k
i 0 1 2
0 Si1(I, — GB') — +$,GC~1B’ + S; +85(I, — GB') $1G + +9,GC~1
1 Sy(I, — GB') + +5,GC "B + S5+ S4  —35(I, — GB') — +5; —15,GC1
2 Se(I, — GB') — +$;GC~'B’ +8:(I, — GB') S6G + +S,GC*
3 —Jsih+ £5;GC "B + £+ S3GCTIB" —%(S7+ Ss)(I, — GB')  SsG — 3 (S7+ S3)GC ™1

Table 3.8: Definition of the J;; matrices.

The term K3 can be obtained from the matrix exponential

— —Ch B'YBh Mll M12
M = exp = - )
0 C'h 0 Mo

as K3 = Mb, M, (see Jewitt and McCrorie, 2005).

3.8 Appendix: Proofs

The matriz exponential. The matrix A can be decomposed into a product of two matrices

as follows
A=A A, (3.79)

where A; and A/, are matrices of dimension (p+ p;) X 2p; and 2p; X (p+ p1 ), respectively,

0 0 0 I
0 , A/2: ~ ~ p1 )
c -Cciu v

I

p1

given by

(e} ,S'N

Ay =

)

It can be shown that A7 = A;VIi~'A, (j =1,...,00), where V = A, A, which enables

the matrix exponential e to be written as
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i (hV
ehA = Ipipy + A1V Z T)A/ (380)
7j=1

Adding the term A;V 1A, — A;V 1A} to the right-hand side of (3.80) yields

o

Z [ — I 2p1

7=0

= dp+py +A1VA/27 (381)

hA _

’
e — 4pt+p1 + Al AZ?

where V = V=1(e"V — I,,)).

Partitioning V, pre-multiplying by A, post-multiplying by A5, and adding the identity

matrix I,4,,, we obtain

=1 0 I, 0 :
[ehA]:n - [BhA]an [ehA]33
where
hA

[l
Derivation of equations (3.18). From (3.14) we obtain
_ th _ th -
z(th) = e"x(th — h) + / =D 4 7 s)ds + / eh=94n*(s)ds. (3.82)
th—h th—h

Setting ¢ = 1 in (3.82), subtracting =(0) on both sides of the equation and pre-multiplying
by S; gives equation (3.18). O

Derivation of equations (3.20) and (3.21). Integrating equation (3.14) over the interval
(0, h) gives

h
/ x(r)dr:/ e dra(0 / / =94 (1* + +*s dsdr+/ / (r=s) s)dsdr.
0 0

(3.83)
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Equation (3.20) is obtained by subtracting hz(0) on both sides of (3.83), and then pre-
multiplying by h~1S;.

Integrating (3.82) from h to 2h, subtracting fo r)dr on both sides of the equation
and pre-multiplying by 1S yields

Aj(2h) = G {([ehA]l — L,)B'y(h) + =[e"]13 / Dy, (r dr}

2h 2h
+ 51/ / (=94 (1 4 y*s)dsdr + — 51/ / (r=s) s)dsdr. (3.84)

Note that (3.84) contains the unobservable foh Dy, (r)dr, which can be eliminated by
using the last p; equations of the system (3.83). To extract the last p; components from
foh z(r)dr, we pre-multiply (3.83) by S = (0,0, I,,,), which results in

/Oh Dy, (r)dr = /h[er’z‘]gldrB’y(()) + /Oh[GTA]BSdTDyl(O)

+S// (r=s)A u—l—'ys)dsdr+5// (r=9An*(s)dsdr.  (3.85)

Substituting (3.85) into (3.84) gives equation (3.21).
[
Proof of Theorem (3.3.1) . In order to derive the exact discrete model with mixed data

it is convenient to partition equations (3.17)-(3.21) conformably with y;, y5 and yg as

following.

Equation (3.17) (Discrete model if the sample was comprised entirely of stocks, ¢ =

sy 1)

Ayim = Q [yl,th—h - Hsyg,th—h - wag,thfh — B 1Ay h-n — F28,12Ay§,th—h

- F£12Aw£th_h + Kien + V1 (3.86)
Ay in = Ko T Vo (3.87)
Awl =KL+ 0]y, (3.89)

Equation (3.18) (Discrete model if the sample was comprised entirely of stocks, ¢ = 1)

y1n — y1(0) = RiB'y(0) + RyDyy (0) + fyp + D1 (3.89)
s — y3(0) = &5, + U5, (3.90)
—yJ(0) = &}, + 9}, (3.91)
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Equation (3.19) (Discrete model if the sample was comprised entirely of flows, ¢t =

3,...,n)

_ s,..8 f s s
Awighp = Q |wigh—n — 11 Wy th—n — nyQ,thfh] — By nnAwy gpp, — F2,12Aw2,th—h

- F{mAy{th_h + L+ Sith (3.92)
Aws g, = t34n + So.n (3.93)
A?J2f7th = Lg,th + §2f,th (3.94)

Equation (3.20) (Discrete model if the sample was comprised entirely of flows, ¢t = 1)

’th — U (0) = UIB'y(O) + UgDyl(O) -+ ZLh + él,h (395)
whp, — Y5(0) =5, + S5 (3.96)
yg,h - yg(O) = Z;h + g,h (3.97)

Equation (3.21) (Discrete model if the sample was comprised entirely of flows, t = 2)

Awlygh = Rl th — HS’LU;h — nyg,h + RQUgB/y(O) + R2U4Dy1 (O) -+ 2172}1

+ <1,2n (3.98)
Aw; o, = 15 95 + S 0p, (3.99)
Ayg,Qh = Zg,Qh + 6{% (3.100)

Equation (3.22) is obtained by combining the observable stock components of (3.18)
(i.e. equations (3.89) and (3.90)) and the observable flow components of (3.20) (i.e.
equation (3.97)). To derive equation (3.23) we use (3.86), (3.87) and (3.100), after setting
t = 2 in the first two equations. Note that (3.86) contains the unobservable component
wg,h, and its first difference Awg,h, which must be eliminated and replaced with the
observables yih and Ayih, respectively. The unobservable flows can be eliminated by

taking the difference of (3.91) and (3.97), which gives
Awl, = Ayl =Ry, — 15, + 0%, — e (3.101)

It follows from the above equations that Awj, — Ay}, = w], —yJ,. Substituting the

last expressions into (3.86) results in

Ayion = QB'yn — ForAyp + k1o, — (QI + sz,lz)(’%g,h — Zg,h)
+J10n — (QI + F2]i12)(1§£,h - fih)y (3.102)
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where Iy = (Foa1, F5 1o, FQ{H). Equation (3.23) is obtained by combining (3.102), (3.87)
and (3.100).

To derive equation (3.24) we use (3.86), (3.87) and (3.94). As before, the
unobservable components contained in (3.86) (i.e. withfh and Awg’thfh) must be
eliminated and replaced with observable terms (i.e. y{th_h and Ayg,th_h). To do this, we

use the result given in Lemma 1 in Chambers (2009)

Ya(th) — Ga(th) = boun + €2n, t=1,...,T, (3.103)
where
=h L 1bh +1b th (3.104)
¢2,th = 2a2 6 2 5 2 ) .
1 th
€2.th = —/ [h — (th — s)|ua(s)ds. (3.105)
h Jinn

Applying the difference operator to (3.103), we have
AyQ(th) - Ag2<th> = A¢2,th —+ AEQ,th, t= 2, ceey T (3106)
Partitioning (3.103) into stocks and flows yields

ys,th - w;,th = ¢§,th + Eg,th (3.107)
S =t e (3.108)
Watn — Y211 2,th T €2 th- .

Similarly, partitioning (3.106) into stocks and flows gives

Aysan — Awsy, = APy, + Aeiyy, (3.109)
Awg,th - Ayg,th = Aﬁbg,th + Aeg,th‘ (3.110)

The variable Ay 4, is expressed in terms of observables by using (3.108) and (3.110)

o f f . .
to eliminate wy ,, ;, and Aws,, 4, which gives

Ayuh = QB/?Jh - leAyh + K1h — (QHf + F§12)¢§,th_h + F2f,12¢£,th_2h
+ V1 — (QI + F2{12)€£,th7h + F{12€£,th72h' (3.111)

Equation (3.24) is obtained by combining (3.111), (3.87) and (3.94).

]

Proof of Theorem (3.3.2) . The proof is very similar to that of Theorem (3.3.1) with the
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difference that the first element of equations (3.17)-(3.21) (i.e. the equation corresponding

to y;) are now given by

_ 5,8 f S S
Awygp =Q [wl,th—h =I5 s — wa2,th7h] — Py nnAwy gpp, — F2,12Ay2,th—h

— Ff A oy + K + O (3.112)
wi = y1(0) = RiB'y(0) + RyDyr(0) + Fup + U (3.113)
Ayim = Q [yl,th—h - st;,th—h - nyg,th—h] — By 11AY1 th—n — F2$,12Aw;,th—h
- FQf,nAyithfh + t1n + S1tn (3.114)
yi.n — y1(0) = U1 B'y(0) + Uy Dy1(0) + 1.4 + Sin (3.115)
Ayion = Ry |:y1,h — IPws, — ny;h} + RoUsB'y(0) + RoUy Dy (0) + T1.91 + Si2n
(3.116)

To derive equations (3.25)-(3.27) we use (3.114)-(3.116) as well as the observable
vectors corresponding to s, and follow the steps described in the proof of Theorem

(3.3.1) to eliminate the unobservables w3 ,;, ;, and Aws; ;.

]

Proof of Theorem (3.5.8) . The autocovariance matrices of &, are computed from the
moving average representation given in (3.37)-(3.39), noting that (;, is a vector white
noise process with covariance matrix {2¢; this last matrix being obtained by considering

the covariances between the elements of (y,. As an illustration, the entry (1,1) of € is
th th !
Buncta) =B | [ Fan—swes] | [ Fan- o]
’ th—h th—h

th
_ / F(th — s)S* F(th — s)'ds,
th—h

= /h F(s)X*F(s)ds. (3.117)
0

Proof of Theorem (3.3.4) . First note that using the alternative expression for the matrix

sA

exponential, we can write F (s) = e* as

F(s)=J,+ VeV A, (3.118)
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from which the following expressions are obtained

O(s) = / F(r)dr = Jo+ Jis + Joe?V Al (3.119)
0
1 _
O(r)dr = Jys + §J132 + SV A, (3.120)
® 1

1 _
rO(r)dr = = Jys* + = Jys° + J,V1 AL, (3.122)

J
s 1 B
I(s) = / rF (r)dr = §J152 + LV AL, (3.121)
0
[ rewr =g+ 4

with V and V; being
B h
V= / eVdr = Ve — I,), (3.123)
0
— h —
Vi= / re"Vdr =V (he"V — V). (3.124)
0

Now, to derive (3.40) and (3.41) we use a change of variable in the integration, which

results in
Kp = Sl/ F(r)[p" +~"(h—r)ldr, (3.125)
o _rh
Kin = S1 /0 F(r)[pw" +~"(th —r)]dr + SQ/O F(r)[p" +~"(th—h—nr)]dr. (3.126)

Evaluating the integrals gives the expressions for £, and Ky, in the Theorem.

The equation for ¢, is obtained by integrating x;, again from th — h to th, after

dividing by h and evaluating the integrals.

To obtain (3.43), first note that 7y, can be written as

lop, = % {51 : O(2h — s)(u* +~*s)ds + S, /0 [©(h) —O(h —s)|(u" 4+ ~"s)ds

h
+§3/0 O(h —s)(pu* + "y*s)ds} ’

h h
- % {gl/o O(s)(i* + v*(2h — 5))ds + §1/0 [©(h) — O(s)] (1" +~*(h — 5))ds
+§3/0 O(s)(u* +~"(h — s))ds} , (3.127)

where the first line follows from an interchange of the orders of integration and the last line
from a change of variable in the integration. Evaluating the integrals gives the expression

for 79, in the Theorem.
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Similarly, equation (3.42) is obtained from

1~

h
ih = Esl/o O(s)[u" + " (h — s)]ds. (3.128)

The integrals determining (- are obtained by using the expressions given in (3.118)-
(3.122) and noting that =Z(s) = ©(h) — O(s). For example,

h h
/ F(r)S*F(r)dr = / [y + JoVeY AL Iy + VeV Al dr
0 0
h
_ / (RS T 4+ 15 eV V'
0

+ L VeVALSH T+ J VeV ALY AgetV V! TG | drr
= WIS T 4 I AVIV Ty + JLVVALS T, + LV VRV T, (3.129)
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Conclusions

In the first chapter, we obtain analytical expressions to approximate the bias of the
maximum likelihood estimator in a univariate model with a known mean. Explicit
expressions for the asymptotic variance and the asymptotic bias that arises when the
correlation of the disturbances induced by temporal aggregation is not taken into
account are also provided. A Monte Carlo study suggests that the performance of the
formulae is reasonably good. Findings also suggest that the bias is larger when the

initial condition is fixed than when it is random and smaller for flows than for stocks.

The second chapter provides a comparison of four bias corrected estimators. A
Monte Carlo experiment shows that all approaches deliver substantial bias reductions
when the original estimator is consistent. Results are robust to non-normality. In
contrast, heteroskedasticity has a significant impact on all estimators. The indirect
inference method of bias reduction is found to work particularly well when the original
estimator is inconsistent, a case occurring when the serial correlation in the discrete

time disturbances is ignored.

The third chapter has derived the exact discrete representation corresponding to a
mixed-order system of stochastic differential equations with a mixture of stock and flow
variables. This chapter also explores the finite sample behaviour of the Gaussian estimator
in cointegrated continuous time systems. Results are consistent with what has been found
for stationary continuous time models. In particular, the Monte Carlo simulations suggest
that the bias and variance of the estimators of the short-run, long-run and adjustment
coefficients, as well as the variance of the intercepts are mainly determined by the data
span, while the bias and variance of the covariance coefficients seem to depend on the
sample size. This finding explains why estimation of the covariance parameters enjoys

smaller bias and variance than the other parameters.

The approach used to derive bias expressions as well as the bias reduction methods
employed in this dissertation are expected to work well under much more general models,
for example higher order differential equations with mixed stock and flow data. Their

implementation in empirical applications provides an exciting agenda for future research.
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