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Abstract

We consider the codifference and the normalized codifference function as dependence mea-
sures for stationary processes. Based on the empirical characteristic function, we propose
estimators of the codifference and the normalized codifference function. We show the consis-
tency of the proposed estimators, where the underlying model is an ARMA with symmetric
a-stable innovations, 0 < a < 2. In addition, we derive their limiting distribution. Finally,
we present a simulation study showing the dependence of the estimator on certain design
parameter.
Keywords: ARMA, Infinite Variance, Codifference, Empirical Characteristic Function

1 Introduction

In many cases, assumption of normality for the observations seems to be reasonable. On the other
hand, in the number of applications, such as, signal processing, telecommunications, finance,
physics and chemistry, the leptokurtic distribution, i.e., the distribution which is heavy-tailed and
peaked around the center, seems to be more appropriate (e.g., Rachev and Mittnik, 2000; Nikias
and Shao, 1995). An important class of distributions in this context is the stable distributions,
which is a flexible class for data modelling and contains normal distributions as its special case.
The importance of this class of distributions is strongly supported by generalized central limit
theorems, which indicate that the stable distribution is the only possible limiting distribution for
the normed sum of independent and identically distributed random variables. For information on
the stable distribution, the reader is referred to, e.g., Samorodnitsky and Taqqu (1994).

In this paper, we consider univariate strictly stationary linear processes {X|t € Z}, where Z
denotes the integers, given by

Xt = ZCjet,j (1)
7=0

where the following holds
(C1). The coefficients ¢;’s are real-valued and satisfying |c¢;| < ¢cQ ™7 for some ¢ > 0, Q > 1

(C2). ¢ isii.d. symmetric « stable (SaS) distributed, i.e., € has a characteristic function of the
form
Eexp(iser) = exp(~o° |s|°) @)

where a denotes the index of stability (0 < a < 2), and o > 0 denotes the scale parameter.
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Under conditions C1 and C2, 3272, |¢j|* < oo, and the infinite sum (1) is well defined in the sense
of a.s. convergence. Moreover, under the assumption C2, the process { X;} will be a strictly station-
ary SaS process with the same index of stability a but the scale parameter o x = O'(Z;io lej| ) e (
Samorodnitsky and Taqqu, 1994, Theorem 7.12.2). Furthermore, the ARM A(p, q) process for ar-

bitrary (p, q),

D(2)X: = O(2)e (3)
for t € Z, where the polynomials ® and © are given as
D(2) = 1= p1z— dos® — - — o,

O(z) =06y + 612+ Oo2% + -+ + 0421,

with the real coefficients ¢1, ¢2,...,¢, and 0y,...,0,, and 0y = 1, has unique stationary solution
of the form (1) which fulfils condition C1 and C2 if and only if the polynomial ®(z) has no roots in
the closed unit disk {z : |z| < 1}. The polynomials ©(z) and ®(z) are assumed have no common
roots, where z denotes backward-shift operator (here z(X;) = (X;—1)) as well as the complex
variable ( Samorodnitsky and Taqqu, 1994, Theorem 7.12.2).

Here notice that if o = 2, then €; is i.i.d. Gaussian with var(e;) = 202. When o < 2, E|e;|P = o0
for p > a and Ele:JP < oo for 0 < p < a. Thus, the second moments of €; (and X;) exist only
for a = 2, and for & < 2, one can not use the covariance function v, = E(X,,X() to describe
dependence structure of the process {X;}. Some generalizations of the autocovariance function
as dependence measures of stationary process with infinite variance have been proposed in the
literature, i.e., the autocovariation (see, e.g., Samorodnitsky and Taqqu, 1994), the codifference
function (e.g., Kokoszka and Taqqu, 1994; Samorodnitsky and Taqqu, 1994) and the dynamical
function (Janicki and Weron, 1994). In this paper, we consider the codifference function and
analyze the properties of its estimator, both by an analytical investigation and the simulation
study.

The rest of this paper is organized as follows. In section two, we present the main results of this
paper. In this section, we give the definition of the codifference and the normalized codifference
function, and also propose their estimator. Furthermore, for a class of linear processes, we show
consistency of the sample codifference function, and further establish the limiting distribution of
the proposed estimator. In section three, we present several simulation studies for the estimation
of the normalized codifference function of pure moving average processes. Last section concludes.

2 Dependence structure of linear time series model with
infinite Variance

2.1 Definition of the codifference function and its estimator

We consider the codifference function as proposed in Kokoszka and Taqqu (1994) and Yang et al.
(2001)

7(k) =7(s,—s;k) = —InEexp(is(Xi+x — Xt)) + nEexp(isXiyx) + InEexp(—isX;) (4)

where s € R and k € Z. Because the characteristic function always exists, the codifference function
requires no moment conditions for the original process { X;}. In the Gaussian case, the codifference
function is proportional to the covariance function, i.e., 7(s, —s; k) = —s2vy(k), where ~(-) denotes
the covariance function of the stationary process {X;}. Moreover, by defining the normalized

codifference function I(k) as
(k) _ —7(k)

W= == ©)

one directly obtains I(k) = p(k) in the Gaussian case, where p(k) denotes the correlation function.
Note that in general 7(—k) = 7(k)*, where 7(k)* denotes the conjugate of 7(k). For symmetric
stationary process, 7(—k) = 7(k) holds. In particular, under the assumptions C1 and C2, we obtain




that the codifference function 7(k) of the linear process (1) is of the form (see Kokoszka and Taqqu
(1994))
(k) = o®Is|™ | D (I(cjen — )™ = lejenl™ = |=¢5|™) | Lk >0 (6)

=0

Note that under conditions C1 and C2, the normalized codifference function (5) is independent
with the choice of s (i.e., for given «, it is equal to I(1,—1;k) = 7(1,—-1;k)/7(-1,1;0) for any
choice of s). For SaS process, 7(1, —1; k) is coincided with the codifference function u(k) as given
in Samorodnitsky and Taqqu (1994), eq. (4.7.1). For given strictly stationary SaS process X,
u(k) is defined as

u(k) = 2(0x,)" = (0x-x,)" (7)

where o0z and oy _z denote the scale parameters of Z and Y — Z, respectively.

Notice that if the Sa.S stationary process X; is independent, then for k # 0, u(k) = 0, and
clearly, 7(k) = 0 for all s. Conversely, if u(k) = 0,k # 0 and 0 < a < 1, then X; independent.
When 1 < a < 2, u(k) = 0 does not imply that X;;, and X; are independent (Samorodnitsky
and Taqqu, 1994).

Using Property 2.10.5 in Samorodnitsky and Taqqu (1994), we obtain that the normalized
codifference I(k) has the following property

0<Ik)<1lif0<a<l (8)
1-21<Ik)<1if1<a<?2 (9)

When o = 2, (9) is equal to —1 < p(k) < 1, where p(-) denotes the autocorrelation function.
Further theoretical properties of the codifference function were studied in Kokoszka and Taqqu
(1994), Samorodnitsky and Taqqu (1994), Nowicka (1997) and Nowicka and Weron (1997).

As the codifference function is defined via characteristic functions (¢f), it can be estimated by
empirical characteristic functions (ecf)(see, e.g., Yu, 2004, for a review on ecf). Given a sample
X1, Xo,..., Xy, an estimator for the codifference function at lag k € Z can be defined as (s € R)

7(s,—s;k) = /(N —k)/N x [—In¢(s, —s; k) + In¢(s,0; k) + In (0, —s; k)] (10)

where for u,v € R

N — k) 2SN F oxp(i(uXisx + vXy)) when k>0
dluvik) = § N R By, PliluXig X)) when k2 (1)
(N+k)=' >0 exp(i(uXi—k +vXy)) when £ <0

Accordingly, IA(s7 —s;k) = 20—k can be used as the estimator of the normalized codifference

7(s,—s;0)
I(k). Here we consider a discrete estimation procedure, i.e., we evaluate the codifference function
at r points s < --- < s, for s; € R, s; # 0,5 = 1,...,r. In what follows, we denote the vectors
s={s1,...,8:},

7(s, k) = [T(s1, =515 k), T(82, =82, k)y . . ., T (S, —Sp; k)]T

and . R . R
I(s, k) = [I(s1,—s1; k), I(s2, —52; k), ..., I(Sr, —Sr; k:)]T

Note that one can replace the factor /(N — k)/N in (10) by unity, and also the divisor (N — k)
in (11) by N without changing the asymptotic properties of the estimator, however, the choices
in (10) and (11) will give a better finite sample performance than the alternative. Note that
7(—k) = 7(k) such one can restrict the analysis to the case of k > 0. Two similar estimators for
the codifference function have recently been proposed in Yang et al. (2001) and in Hong (1999).



2.2 The asymptotic properties of the estimator

The asymptotic properties of the codifference estimator are summarized in the following theorems.

Theorem 2.1 Let X;,t € Z be the stationary linear process (1) satisfying conditions C1 and
C2. Fors e R,s; #0,i=1,...,r, its codifference estimator 7(s, k) and the sample normalized
codifference I(s k) are (weakly) conszstent estimators for 7(s, k), k € {0,1,2,...} and I(s, k) =
I(k), respectively.

The proof is given in Appendix A.

The asymptotic distribution of the sample codifference function (and the sample normalized
codifference function) of the linear process (1) can be derived using the central limit theorem for
empirical characteristic function ( Hesse, 1990, Theorem 1 and Remark 2.6.). For convenience, we
split 7 into its real and imaginary parts. We write

Re’f_(sa k) = [Re 7A—(Sla —S1; k)vRe'f_(SQ; —52; k)a ce 7Re7ﬁ(5ra —Sr; k)]T

and
Im 7(s, k) = [Im7(s1, —s1; k), Im 7(s9, —s2; k), ..., Im 7(sy, —sp: k)] ©

Here, Re(z) and Im(z), z € C denote the real and imaginary parts of z. As 7(s, —s,0) by definition
is a real function, we therefore obtain

Re%(sla—Slék’)/%(sl,—sl;o) Imf(SL—Sl’ /%(317 —51;0)

A Re7(s2, —s2;k)/7(s2, —52;0) - Im 7(s2, —s2; )/%(52, 52;0)
Rel(s, k) = . ; ImI(s, k) =

Re7(sr, —8r; k) /7(8r, —5r; 0) Im 7(8p, —Sp; k:)/i'(s,«7 —87;0)

(12)
In the following theorem, a result regarding the asymptotic distribution of the sample normal-
ized codifference is given. The proof is given in Appendix B.

Theorem 2.2 Let X;,t € Z be the stationary linear process (1), satisfying conditions C1 and C2.
Then for h € {1,2,...},

(i) ) (ien ) Conon) )]

([0 () )

The matriz variance-covariance W is given in (43).
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Applying this theorem, we obtain the following corollary. The proof is given in Appendix C.

Corollary 2.3 Let Xy, t € Z be an i.i.d. sequence satisfying the condition C2. Then for k €

1,2,...},

Rel(s, k) is AN(0, N"'W,) (14)
and X
Im I(s, k) is AN(0, N"'W3) (15)
where the (i,7)-th elements of matric W1 and W2 are,
N fi] hz] .
Wl(la.j)__ and WQ(Z j) 727]_15"'7T (16)
Gij Gij



with
[e3 Lo Ll R Lo [e3 s Ll R Ess
fij = e (sl Hlsg1 " —lsi—s] >{%eo (Isil*+1s51% —Isi—s;] ),1}

4 oo™ (sl +si "= lsis1) {%eo“usmﬂsg-|a7\s1-+sg-|“> _ 1} +1

hyj = 7" sl "Hls; 17 —lsi=a51%) {%ea“usnws]-\@f\sl-fsm) _ 1}

4 oo (Isil*s; 17 = sis;1) {1 _ %eaausi\aﬂsj|“—|si+sj|“>}

and
gij = 407" 55" |55

3 Simulation evidence

In this section, we present a simulation study for investigating the small sample properties of the
sample normalized codifference function.

3.1 Practical considerations

Before we proceed, we make a remark about the sample and the population codifference function.
From (6) and the fact that all ¢;’s are real, we have that the codifference function of the models
we consider here is a real-valued function but the estimator (10) is complex. Therefore, one
possibility is to use only the real part of the estimator. Because in practice we are working with a
finite sample, the imaginary part of the estimator is still present, but will vanish asymptotically.

In what follows, we are only working with the estimator of normalized codifference (k). Hence,
we note that unlike the true normalized codifference (5), from (10) and Corollary 2.3, one can
see that the sample normalized codifference function and its limiting variance depend on s =
{s1,...,8-}. Apparently f() is defined for all s > 0, and from Theorem 2.1, we know that it
is a consistent estimator. However, in a finite sample, the convergence of the estimator to the
population values depends on the choice of s. Therefore, for estimation, s is a design parameter
which has to be chosen appropriately. In other words, I (+) should be calculated from those values
of s which gives the most accurate estimates of the true function I(-).

To be more precise, in practice the number of grid points  and more importantly, the location
of s1,...,8y, have to be chosen. As the normalized codifference function is defined based on the
ecf, we can apply here the known results for ecf. For a fixed r, Koutrouvelis (1980) and Kogon and
Williams (1998) showed that for calculating ecf, the location of the grid points si, ..., s,, should
be chosen close, but not equal to zero. It has been shown in this case, the ecf will most accurately
estimate the characteristic function. This particular choice of grid points seems to be reasonable
for calculating I (+), as for instance, can be shown in Figure 1. To determine the location of s;’s,
we suggest to plot Re f(k) within the interval 0.01 < s < 2, for some values of lag &k > 0. These
graphs will show the interval of s around zero which has relatively small bias, as the best location
for evaluating the estimator. The best choice for the interval of s clearly depends on the data
itself and in general also on the lag k. However, we suggest to use s, = 0.01 as the left bound of
the interval, where the best choice for the right bound can be determined from the graphs, i.e.,
as the threshold of s = s, where the graphs Re I (k), for some lag k, are still relatively flat. The
individual choices for s;’s can be chosen in one of two ways:

1. If we wish to use equal spacing of s;’s, we can set s = {s1 = 0.01,0.01 4 i2=3= s },7 =
1,...,7 — 2. To obtain r, we can minimize the determinant of covariance matrix in (13).

Unfortunately, the covariance matrix in (13) depends on the unknown parameters ¢;’s, o, o
and the distance between s;’s. One possibility is to replace (13) with its consistent estimate,
however here we consider a different approach for choosing the s;’s, i.e., with the help of



the trajectories of the estimator, for instance, as given in Figure 1. Figure 1 indicates that
these trajectories will depend on the sample size N and, more strongly, on . From our
numerical studies, we observe that for given «, the behavior of these trajectories is typical
for arbitrary lag k. For a =2, I (k) is relatively smooth, where for a < 2, I (k) has an erratic
behavior, and this behavior will be stronger when « is goes farther away from 2. This result
suggests that when o = 2, there is no benefit by choosing the s;’s very close to each other,
and conversely for o < 2. This conjecture can be checked in i.i.d. case using the determinant
of the covariance matrix (14). Here, we propose to use s;’s with distance d = 0.01 for o < 1,
001 <d<005forl <a<15,005<d<01forl15<a<?2andd=0.1or larger for
a = 2. Especially in i.i.d. case we can show that these choices are sufficient, in the sense that
for given «, choosing a smaller distance between grid points will not significantly decrease
the determinant of the covariance matrix (14). Notice that in practice it is not necessary to
know «. As the erratic behavior of the estimator is typical for given «, we can observe this
property using the plot of Re I (k) within an interval near zero, for some values of lag k > 0.

2. If equal spacing is not considered, when r has been fixed, the choice of s;’s can be chosen
using the determinant of covariance matrix in (13). However, here we can use a similar
consideration as above, i.e., we choose the s;’s sufficiently close, depending on the erratic
behavior of the estimates Re I(-).

The last thing to consider is the number of points r. For r > 1, the final estimate f(k) can
be defined as the weighted average of the estimates at the grid points si,..., s, i.e., we define
I(k) = >y wil (35, —s5; k) with >i_w; = 1. For instance, we can use a simple average with
w; = 1/r or a negative exponentially weighted average with w; = exp(—s?)/ > i1 exp(—s3). In
i.i.d. case, we obtain that by averaging the estimates at different points, the asymptotic variance
of the estimator will be smaller or equal to the variance of the estimator obtained at single point,
which can be seen directly from Figure 2. Figure 2 shows that for a = 2, there is no difference in
terms of the asymptotic variance between estimating I (+) either at a single point or at more points,
whereas for a < 2, the difference is significant, especially when « is small. Furthermore, Figure
2 also shows that the smaller « is, the smaller the covariance between the grid points. For the
finite sample case, this fact agrees with the typical erratic behavior of the plot Re I (+) of some non
i.i.d. samples, for instance, as shown in Figure 1. Based on these results and from our numerical
studies, in the finite sample case, we suggest the choice of the number of grid points r as follows.
For o = 2 (i.e., for smooth graphs of Re f(k), k > 0), we observe that » = 1 is sufficient, whereas
for @ < 2 (i.e., for erratic graphs of Re f(k), k > 0), at least two points should be chosen, and
more points are required when « is farther away from 2 (i.e., for more erratic graphs of Re I (k),
k > 0). It is important to note that from our simulation experience, the accuracy of the estimator
is more sensitive to the location of grid points than to the number of points 7.

In the following subsection, we will investigate the choice of grids points through monte carlo
simulations.

3.2 Simulation results

To investigate the proposed choice of s and also the finite sample behavior of the estimator, we run
several monte-carlo simulations using R/GNU-S version 1.7.0 (R Development Core Team, 2004)
(available on the Web at http://www.r-project.org), where we use function rstable in the exten-
sion package stable (available on the Web at http://alpha.luc.ac.be/~jlindsey/rcode.html),
to generate the unit symmetric « stable innovations (based on method presented in Chambers et
al., 1976) and function arima.sim in the package stats to generate X; = €; + c1€1—1 + Ca€t—2
processes where (c1,co) are

I.(2,1.111) II.(—1,0.5) III.(0.55,0.05) IV.(—0.4,0.7) (17)

and from now on we refer to these as experiment I - experiment IV, respectively.
In Gaussian framework, models in experiments I, IT and III were examined in Bhansali (1983).
The roots of the polynomial 1 + ¢z + c222 = 0 are as follows. In experiment I, the roots are



—0.940.37, close to the invertibility region. In experiment II and IV, the roots are 0.5 4 0.5¢, and
—0.2857 4 0.247i, so the absolute values of the roots are 0.71, and 0.378, respectively. In these
experiments, the models have similar roots properties which are neither too close to 1 nor to 0.
In experiment III, the roots are real-valued, equal to —0.435 and —0.115, one close to 0.5 and the
other close to 0.

For o = 2, the true values of the normalized codifference (equal to the correlation function) at
lag &k, (I(1),1(2)) = (p(1),p(2)) in experiment I-IV are:

(I).(0.677,0.178), (II).(—0.667,0.222), (III).(0.443,0.038), (IV).(—0.412,0.424)

In experiment I and II, the values of I(k) are closer to 1 at lag 1 and not too close to 0 at lag 2
while for experiment III, at lag 1 close to 0.5 but almost 0 at lag 2. For the last experiment, at
lag 1 it is negative but it is positive at lag 2, with absolute values near 0.5.

In order to see the performance of the estimator, we simulate the time series in experiment
I - IV for several values of o with ¢ = 1 and two sample sizes, the the “small” one is N = 100
and the “large” one is N = 1000. All experiments are replicated 7" = 1000 times. The estimates
of the normalized codifference are calculated for lags 1 till lag 10. Figure 1 suggests that in the
interval 0.01 < s < 0.5, Re I (+) is relatively less biased, although the best interval of s depends
on the index a. For checking the best location of s and also the choice of grid points, we choose
several different sets of s; = {s1,...,8-},4 = 1,2,...,28. Here we consider the equidistant and
non equidistant grid points. The complete listing of the choices is as follows : s; = {0.01},
so = {0.1}, s3 = {0.2}, s4 = {0.3}, s5 = {0.5}, s¢ = {1}, sy = {0.01,0.1}, sg = {0.01,0.2}, sg =
{0.01,0.5}, s10 = {0.01, 1}, s11 = {0.1,0.2}, s12 = {0.1,0.5}, s13 = {0.1,1}, s34 = {0.5,1}, s15 =
{0.01,0.1,0.2}, s16 = {0.01,0.1,0.5}, sy7 = {0.01,0.1,1}, s15 = {0.1,0.2,0.3}, s19 = {0.1,0.3,0.5},
so0 = {0.01,0.5,1}, sp; = {0.1,0.5,1}, sop = {0.1,0.2,0.3,0.4,0.5}, so5 = {0.1,0.2,...,1},
sos = {0.01,0.06,0.11,0.16,0.21}, sp5 = {0.01,0.02,...,0.2}, sog = {0.01,0.02,...,0.1}, so7 =
{0.11,0.12,...,0.2} and sos = {0.5,0.55, ..., 1}. For each choice of s; in run h, the final estimates
are calculated as the weighted value of estimates among the choices of grid points s;;,7 = 1,...,7;,
denoted by Re f()m = Z;":l w;; Re f(sij, —Sij,)h, Where Re f(sij, —Sij,)n denotes the real part
of the estimates of the normalized codifference in run h at certain lags, calculated at s;;,j =
1,...,7;. Here we consider two methods for weighting the estimates, first we use a simple average
of the estimates and the second, we use a negative exponential weighted average. To save the
space, we only present the result of experiment 1, which is summarized in table 1, but the results
in the other experiments are equivalent. In the table, we also record the best choices of s, which
are defined as the values of grid points which minimize the sum of mean absolute deviation (MAD)
of estimates at lag 1 and lag 2, among all considered choices of grid points above. Here, MAD at
lag k and for grid s; is defined as M AD;;, = %Zle |ReI(k)in — I(k)|, k = 1,2. For the sake of
comparison, when a = 2 we also record the estimates of sample (central) ACF.

From the result of simulation, as expected, we observe that the estimation accuracy will be
improved when the sample size is increased. Furthermore, throughout the simulation studies, the
results indicate that the accuracy of the estimates of the normalized codifference function depends
on the choice of grid points s, where the optimal choices of grids depend on the index a and the
sample size N. When a = 2, surprisingly that under suitable choices of grid points, we find in
some cases, the sample normalized codifference can provide a better estimate (in terms of total
MAD for the first two lags) to the true values (of the normalized codifference, which is equal to
ACF) than the estimates given by the sample ACF. When a < 2, it seems that there is a great
benefit by evaluating Re I (1) at several points of s, that is 7 > 1, where under the appropriate
choice of grid points s, the performance of the weighting methods (the simple average and the
exponential weight) are approximately the same. For MA(2) models, in all cases we consider here,
we also find that the estimation accuracies are significantly better if we choose the grids point
s < 0.5 than s > 0.5. In general, there is a benefit in terms of the estimation accuracy to include
a point close to zero. We further observe that when a < 1.5, the choice of equidistant grids with
a distance between 0.01 and 0.05 seems to be adequate. For a > 1.5, a distance 0.1 seems to be
adequate, because a smaller grid distance does not really improve the accuracy of the estimates.



As a general conclusion, from this simulation studies, we may conclude that the optimal choice of
grid points s will follow the lines of our proposed choice of grid points s as in Section 3.1.

4 Conclusion

In this paper, we propose estimators of the codifference and the normalized codifference function,
where for the linear processes with geometrically bounded coefficients and Sa.S innovations, we
established the asymptotic properties of the proposed estimators. Notice that unlike the ACF
estimator, we obtain that there is no discontinuity in either the normalization or the limiting
distribution of the proposed estimators when oo — 2. Moreover, we note that unlike the sample
ACF which has an unfamiliar limiting distribution when o < 2 and relatively difficult to obtain the
quantiles of the limit distribution, estimators of the codifference and the normalized codifference
will be asymptotically normally distributed at the same rate as the sample ACF in the classical
case although the asymptotic variance is different. We also present a simulation study to observe
the small sample properties of the normalized codifference estimator.

In the practical situation, to obtain the estimates of the normalized codifference with a good
accuracy for the real data, first we suggest to plot Re f(k) within the interval s € [0.01,2], for
some values of lag k > 0. These graphs will show two important things. First, they suggest the
interval of s near zero which has a small bias (i.e., the interval 0.01 < s < s, sp denotes the
threshold point of s where the graphs Re I (k), for some k, are still relatively flat), as the best
location for evaluating I (). Secondly, it reveals the erratic behavior of the estimates. When the
graphs are smooth, the choice of one point s = 0.01 is sufficient for estimating Re I (k). If the
graphs are erratic, at least two points are required and more points are better for more erratic
graphs. If the equidistant points sq,..., s, are considered, when the graphs are highly erratic, we
can use a small distance between points, e.g., 0.01, where for less erratic graphs, we can use a
bigger distance, such as 0.05 or 0.1. If the non equidistant points are used, we should include one
point close to zero in the choice of s;’s and the chosen points are sufficiently close to each other.
Finally, we define the final estimate as the weighted average of the estimates at s1, ..., s,.

Notice that in this paper we have considered a method for calculating the codifference and
the normalized codifference “directly” from the data. As an obvious alternative, once one knows
the estimated parameters and the orders of the estimated models, one may directly estimate the
codifference and the normalized codifference using equation (6). The methods for estimating the
parameters of stable ARMA models have been reviewed in, e.g., Embrechts et al. (1997), Chapter
7. Notice that for small order MA and AR processes, the tail index « can be well estimated using
a quantile based estimator (i.e McCulloch’s method), see, e.g., Adler et al. (1998) for simulation
evidences. In our opinion, for inference purpose, the “direct” estimation method is more preferable
than estimating the codifference function via estimated parameters.

Acknowledgement We wish to thank to D. Bauer for various discussions and helpful sugges-
tions. The financial support for D. Rosadi from the Ministry of Science and Technology of Austria
via OAD TSA Project is gratefully acknowledged.

APPENDIX

A Proof of Theorem 2.1

Before we give the lemmas which are necessary for the consistency proof of the codifference es-
timator, a related result from Kokoszka and Taqqu (1994) will be presented, which shows the
codifference function in ARMA case is bounded by an exponentially decaying function just like
the covariance function in the classical case. Kokoszka and Taqqu (1994) consider more general



definition of the codifference function (for 6,62 € R)
TG (01,02;k) = —InE exp(i(61 Xitr + 02X:)) + InEexp(i61 Xi4k) + InE exp(i62X}) (18)
but contain (4) as the special case (61 = s,02 = —s).

Theorem A.1 (Kokoszka and Taqqu (1994), Theorem 2.1.) If the coefficients c;’s of the
linear process (1), satisfying conditions C1 and {e;} satisfying C2 then (01,02 € R)

limsup Q* |7¢ (k)| < 2(1 — Q%)Y 16,|* for0 <a <1 (19)
k—o00
and iy
limsup Q¥ [t (k)] < a [ Y [e;|” (1—Q™) 61 |62]""" forl<a<2  (20)
k—oo X
7=0

To show consistency of the codifference estimator, the following two lemmas are necessary.

Lemma A.2 Let X;,t € Z be the stationary linear process (1), satisfying conditions C1 and C2,
and let ®(s) = Eexp(isX:) denote its first order characteristic function. For k € {0,1,2...} and
seER,s#0

N—k
In¢(s, k) =In ((N —k) Y exp(z‘th)>
t=1
is a consistent estimator of In ®(s).

Proof.Let y; = exp(isX;). Apparently, the magnitude of y; is equal to one, and therefore it is a
second order stationary process. For the notation simplicity, instead of working with ¢(s, k), we
first show consistency of ¢*(s, k) = N~! Zivzl exp(isX:). Here, ¢*(s, k) is an unbiased estimator
for ®(s) = E(y:). To show the weak consistency of this estimator, we show that y; is a mean
ergodic process. A sufficient condition for y; to be mean ergodic, i.e., ¢*(s, k) — E(y;) in the mean
square sense, is that its covariance function tends to zero as time lags tends to co (e.g., Theorem
7.1.1. in Brockwell and Davis, 1987). The covariance function of y; at lag k can be expressed as

E(exp(is(Xir — Xt)))
exp(isXiyr))E(exp(—isXy))

oth) = oo (7 “1) =) (k) < 1) (21

From Theorem A.1, we see that ¢(k) — 0 when k& — oo exponentially fast. As mean square

convergence entails convergence in probability, ¢* (s, k) EN ®(s). Moreover, under assumptions C1
and C2, we have ®(s) = exp(— Y ;0 [sc;|"), a real-valued function. Therefore we can conclude
Re ¢*(s,k) £ Re ®(s) = ®(s) and Im ¢*(s, k) L Im &(s) = 0.

By taking the principal value of In(:) function in the complex domain, we can see that In(-)
is a continuous and well-defined function on C minus the negative real line. Because |cj| < cQ ™7
for some ¢ > 0, @ > 1, we conclude Re ®(s) always strictly greater than 0, which implies with
the probability converging to 0, Re ¢*(s, k) will be less than or equal to 0. Therefore, without
loss of generality, we can restrict the definition of the real and imaginary parts of In¢*(s, k)
only on the right half plane where Re ¢*(s, k) > 0, and equal to 0 on the other case. From this
consideration, we obtain Reln ¢*(s, k) = 1 In((Re ¢* (s, k))? + (Im ¢* (s, k))?) and ImIn ¢* (s, k) =

arctan(w). From the continuity of the logarithm function in the considered domain, we
Re ¢*(s,k)

can deduce that Reln¢*(s,k) & Reln®(s) = In®(s) and ImIn¢*(s, k) = arge*(s, k) 2 0,
when N — oo. In other words, we obtain In¢*(s, k) £ In®(s). To complete our proof, it
is sufficient to show ¢*(s,k) — &(s, k) 2, 0. By assumption of the model, Re ®(s) > 0, thus
ERe¢*(s,k) — Red(s, k)| < 252 and E[Im¢*(s, k) — Im (s, k)| < 2+2+, and therefore we

N—k N—k°
can conclude ¢*(s, k) — ¢(s, k) = 0,(1). m



Lemma A.3 Let X;,t € Z be the stationary linear process (1), satisfying conditions C1 and C2,
and fork € {0,1,2,...} ands € R, s £ 0, let D(s, —s; k) = Eexp(is(Xirr—X+)) be its second-order
characteristic function evaluated at (s,—s). Then as N — oo

In ¢(s, —s; k) 2 D(s,—s;k)
where (s, —s; k) is as given in (11).
Proof.For the proof, we can proceed in a similar way as the previous lemma. For simplicity, instead
of working with ¢(s, —s; k), we first show the consistency of ¢* (s, —s; k) = N1 Zivzl expis(Xipr—
Xt). A sufficient condition for y; to be autocovariance ergodic (Proakis and Manolakis, 1996,
p.A10), i.e., ¢*(s,—s, k) — P(s,—s; k), in the mean square sense is that
Eexp(is(X; — Xetx — Xegn + Xenir)) — |B(s, —s; k)]

as n — oo where the index n denotes the lag of covariance among the sample autocovariance
function. Hence, we have

Eexp(is(Xt — Xepr — Xtn + Xetntr))
Eexp(is((X¢ — Xitk) — (Xegn — Xegnsn)))

=|®(s,—s;k 2 - - = |P(s,—s; k Zexp(—C
[ =5 I 35X — Xena) B oxp(is(Xarmek — Xegm)) 0 SR exp(=Cr)
where
Cn = — lnEexp(is((Xt — Xt+k) — (Xt+n — Xt+n+k))) (22)
+ InEexp(is(X: — Xttk)) + nEexp(is(Xegntk — Xtgn)) (23)

Applying the similar technique as obtaining (6), one can write C,, as

[ o0
Cr = 0™ | Y 15(¢j = Cjk = Cin + Cantw)|* = [8(Ciamin — cipn)| = Is(ej — ¢j4n)|®
7=0
[ o0
=0 Is(kj = Kjun) ™ — | = skjqnl|® — |sk;|*
=0

where k; = ¢; — ¢j1x. This expression is the codifference function ¢ (n) for coefficients k;’s and
parameters 0; = —s, 6o = s. Because |c;| < cQ7 for some ¢ > 0, Q > 1, then |k;| < c;Q 77
for some ¢; = 2¢ > 0, @ > 1. Therefore, by (20) and (19), we can conclude that exp(—C,,)
will converge to 1 exponentially fast. In other words, E exp(is(X; — Xtyrr — Xewn + Xttntk)) —
|D(s, —s; k:)|2 for n — oo, and we obtain the mean square convergence of ¢*(s, —s; k) to ®(s, —s; k)
and therefore ¢*(s, —s; k) LN ®(s,—s; k). For the rest of the proof, we can proceed similarly to the
proof of previous lemma, as we have ®(s, —s; k) = exp(foo‘(Z;:é |sci|® = 32720 [s(cjan — ¢5)[))
also a real-valued function, strictly greater than 0. m

Proof of Theorem 2.1. As for finite kK and N — co we obtain /1 — k/N — 1, then using the
results in lemma A.2 and lemma A.3, we have as N — oo, fori=1,...,7

P(si, —s:k) B —In®(s;, —si; k) + InB(s;) + In®(—s;) = 7(s4, —54: k) (24)
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B The limit distribution of the sample codifference function

In this part, we will derive the asymptotic distribution of the sample codifference function of linear
processes. The proof will be given as a series of propositions, where the main results are presented
in Theorem B.4 and also the proof of Theorem 2.2 at the end of this part. The proof will follow
closely an approach for obtaining the limiting distribution of the sample ACF in the classical case,
e.g., Theorem 7.2.1 in Brockwell and Davis (1987).

For notational simplicity, instead of working with 7(s;, —s;;k), ¢ = 1,...,r, in the following
first we will consider the similar estimator 7*(s;, —s;; k),

T (85, —8i3 k) = —Ind*(s;, —si; k) + In ¢ (54,0, k) + In g™ (0, —s45 k) (25)

where ¢*(u,v; k) = N1 Zivzl exp(i(uXiyr+vXt)), u,v € R. The required result will be presented
in Theorem B.4.

Proposition B.1 Let X;,t € Z be the stationary linear process (1), satisfying conditions C1 and
C2. Then if p > 0 and ¢ > 0,

) Re7*(s,p) Re7*(s,q) TP a\T
ngnooNcov (( m#(s.p) )"\ Tm#*(s.q) = AL5 VLo

where the matrices \, L5 k = p,q and V,, are given in (27), (34) and (36) below. Here cov(X,Y)
denotes the covariance between X and Y .

Proof.To obtain a complete variance-covariance structure of the estimator, we consider the fol-
lowing representation of 7*(s, k)

Re7*(s1,—s1,k)
Re 7*(s2, —82,k)

( Re;i(s’k) > _ Re%*(s,j,—sr,k) _ A< ; > (26)

Imf'*(sl, —S1, k?)
Im 7* (82, —S92, k?)

Im 7* (s, — 8y, k)

where
(L e\ 0
= (Mo ) @)
AM=(11 -1)
and
Reln Y ImIn Y}
Reln Yy ImIn Y
Y - . ) - .
Reln Yrk Imln Yrk
Here I, denotes the matrix identity of size r, where we denote
¢*(07_S’i;k) ¢1(517k)
}fik = (b*(S“O,k’) = ¢2(Sl7k)
* (i, —si; k) P3(si, k)

and the logarithm function is defined componentwise, i.e., we have

Reln ¢1(Sz‘, k)
RelnY* = | Relnga(s;, k)
Reln ¢s(s;, k)

11



and similarly for the imaginary part. Let us denote

E(f)l(si, k) (I)l(si, k‘)
EY;-k = E(f)g(si, k) = (I)Q (Si, k‘)
E¢3(si, k) O3 (ss, k)

Notice that ®(u,v; k) = E(exp(i(uXiyrr + vXt))), u,v € R. Using mean value theorem, we can
expand the codifference function into

Re7*(s,k) | _ k| Tkok

where . ) . .

LE — ReLy zk _ ReZy \ _ [ Repy —Reyy

! ImLf ) &N Im Z%, Img%, — Reyk;

with

Reln EY} ReY}F ReEYF
RelnEYF ReYyF ReEY¥
ReL! = . ? ,Regplf\,: ,2 ,Rewf\,: . g
RelnEYF ReY} ReEY

and similarly for the imaginary parts, and where and L} = (Jf])z j=1,...,6 denotes Jacobian of (26),
which is evaluated at ¢ ( ||c — wﬁvH < ||<p’f\, — ¢7v||) From the assumption C2, we obtain

k—1 [eS)
Oy(si, k) = B(si, —si k) = exp(— Y _ 0 |sic;|* =Y o™ [si(cjpn — ¢;)|%) (29)
7=0 7=0
and <I>1(si, k/’) = (I)Q(Si, k’), i.e.,
D(s;,0;k) = (0, —s4; k) = exp(— Z o® [sici|”) (30)
3=0

From identities (29)-(30) and further applying the assumption C1, we obtain that the elements
of Revk, are always strictly greater than 0. Therefore, with a probability convergent to 0, the
elements of Re % will be less than or equal to 0. Hence, without changing the limiting distribution

. - . . Y
of the estimator, we can restrict the definition of the real and the imaginary components of < e >

in (26) only in the right half plane where the elements of Re(p%) > 0, and equal to 0 in the other
case. Thus, we can conclude that the Jacobian matrix L% is well defined here. By Theorem 2.1,
L% will converge in probability to L%, where

Ly = VLY

Here Vg denotes the Jacobian of g. From (29), (30), we have the following identities

Re ®(s;, —si; k) = Ecos(s;(Xiyr — Xt)) = ®(84, —5i, k) (31)
Re ®(s;,0; k) = Ecos(si Xitrx) = ®(s4,0,k) (32)
Re ®(0, —si; k) = Ecos(—s;X¢) = ©(0, —s4, k) (33)

and Im @(s;, —s;; k) = Esin(s;(Xi4x—Xt)) = 0, Im ®(s;,0; k) = Esin(s; X¢yr) = 0and Im ®(0, —s;; k) =
Esin(—s;X:) = 0. Using these identities, after some algebra we directly obtain

Id* o
Lg = ( 0 I,«dk ) (34)
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where (d*)T = [d},dk, ..., d¥], and the elements of d¥,i = 1,...r are

d®(1,1) = (Re ®(0, —si; k)) "

(3

d5(2,2) = (Re ®(s;, 0; k)~

K2

d¥(3,3) = (Re ®(s;, —s;5 k) )

K2

and equal to 0, otherwise. The asymptotic variance-covariance matrix is obtained from (28) as

lim N cov << Re7"(s, =5 p) ) , < Re7"(s, —s;q) >> = ALV, LINT (35)

N—oo Im7*(s, —s;p) Im7*(s,—s;q)
where

VIR VI cov(ReZ%;,Re Z%;) cov(ReZk,,ImZ%))
= P 2l — i N> N N> N
Vi < ng% VZI:Z > ]\}gnooN < cov(ImZY;,Re Z%,) cov(Im Z%,, Im Z%)) ) (36)

The matrix V,, can be obtained by applying Theorem 1 and Remark 2.6. in Hesse (1990). Its
elements can be derived in a similar way as obtaining variance-covariance matrix in Theorem 1 of
Hesse (1990). This is possible, because it can be shown that all elements of V,,, (in the form of sum
of the absolute components) are finite. Therefore, one can apply the property of the sample mean
of ergodic processes (e.g., Theorem 7.1.1. in Brockwell and Davis, 1987). Notice that here in par-
ticular, we obtain all elements of V,, with respect to cov(Re Z%,,Im Z%;) and cov(Im Z%;, Re Z%)
are zeros. The elements of V,, with respect to cov(Re ZY;,Re Z%) and cov(Im Z%;,Im Z%,) can
be shown to be finite using identities (29)-(30) and applying a similar approach as obtaining eq.
(21) and (23), and further applying Theorem A.1, or sometimes, eq.(2.7) in Kokoszka and Taqqu
(1994) together with the similar steps as the proof of Theorem A.1. However, we omit details. m

Proposition B.2 Let X;,t € Z be the moving average process of order m, X; = Z;'n:o Ci€t—j,
satisfying conditions C1 and C2. Then for h € {1,2,...}, s€ R,s #0

(B2 (e )] v ((50) (50 ) )

where M is the covariance matriz
_ p g \T
M = [ALV,,LiX ]p,q:o,,‘,,h
and the matrices \, L&, k = p,q and V,q are as given in Proposition B.1 above.

Proof.To show this relation, define vectors {Y;} by

Y! =(Z4,Zes1, - Zegn)

where
X}
X3
Zivr = :
Xy
where for j=1,...,r

exp(—is;Xy)
X? = exp(is; Xi1k)
exp(is; (Xesr — X))
By definition, {Z; 1} is m+k-dependent sequence and therefore {Y;} is m+h-dependent sequence.
Next define
¢ = (Ens oy Eern)

13



where

by = Re(n N N 7))
! Im(In N~' 305, Ziyy)

and )
Re(ln N1 zgzl X7)
—1 J
ey L Re(InN—1'3>7,0 XI)
Re(In N thl Ziyj) = E
Re(In N~1S°N | X7))
where [l =1,...,7

N Re(ln Nt Zévzl exp(—is; X¢))
Re(InN ! Ztﬂ X)) = Re(In Nt Zi\; exp(is; Xi4j))
Re(In N=1S°N exp(is(Xiyj — X1)))

(similarly for the imaginary part. Note that the summation and the principal value of In(-) are
defined componentwise), then we have

A RemOn B ) e - () - (o))

where A is as given in (27). We therefore need to show that when N — oo

aT (A&, Epnr - o)) is AN (;F(( Reg(m )( Reg(h) ))T,N—laTMa> (37)

for all vectors a = (ag,...,an)” € R"*! such that a’Ma > 0. For any such a, the sequence
{aT(X¢T)T} is (m + h)-dependent and since by Proposition B.1

Jim N var(al (A&, &gt Ean])T) =a’Ma > 0
where M is the covariance matrix

M = ALV, LX)

and the vectors A\, L, L, matrix V,, are as given in Proposition B.1 above. We can conclude
that {aT(A\(F)T'} satisfies the conditions of central limit theorem for m-dependent processes (e.g
Brockwell and Davis, 1987, Theorem 6.4.2), and therefore by this theorem, for N — oo, we obtain
the required result (37). The relation Im7(s,j) = 0,5 =0,1,...,h can be obtained directly from
identities (29)-(30). m

Proposition B.3 Proposition B.2 remains true for X, t € Z being a stationary linear process
(1), satisfying conditions C1 and C2.

Proof.For the proof, we will apply the result of Proposition B.2 to the truncated sequence X;,,, =
Z;'n:o cjeq—; and then derive the result for X; by letting m — oo. For 0 < p < h, we define

7 (s,—s;p) = —Ing; (s, —s;p) +1nel (s,0;p) +1In e, (0, —s; p) (38)
where ¢7, (u,v;p) = N~! Zivzl exp(i(uX(¢t1pym + vX¢m)). Then by Proposition B.2
N1/2 [( Re 7} (s,0) — Re T (s, 0) ) L ( Re 7} (s,h) —ReTm (s, h) )} ~y,

Im7%,(s,0) — Im 7, (s, 0) Im 7% (s, h) — Im 7, (s, h)

14



where Y, ~ N (0, M,,). Here M, is the covariance matrix
M. — cov(Re 7% (s,p),Re7r (s,q)) cov(Re? (
™\ cov(Im 7 (s, p), Re 7 (s,q)) cov(Im7y (s, p), Im 7,

= PLEm) VR Lg(m)AT]

where X is defined as (27) and the Jacobian matrix L5 (m) and matrix V7 are defined for Xy, as
n (34) and (36), respectively. Now, as m — oo,

M,, - M
where M is defined like M,,, by replacing X;,, by X;. Hence
Y., = Y where Y ~ N(0, M)

The proof now can be completed by applying Proposition 6.3.9. in Brockwell and Davis (1987)
provided we can show that

lim limsup P(N'/2 [Re 7, (s, p) — Re 7 (s, p) — Re7*(s,p) + Re7(s, p)| > €) =0 (39)

m—o0 N—oo
forp=0,1,...,h (and similarly for the imaginary part). The probability in (39) is bounded by

¢ 2N var(Re 7 (s,p) — Re7*(s,p))
=2 [N var(Re 7}, (s,p)) + N var(Re7*(s,p)) — 2Ncov(Re 7, (s, p), Re 7* (s, p))]

From the calculation of Proposition B.1 and further noting that Theorem 1 and Remark 2.6. in
Hesse (1990) can be applied for the finite moving average process by setting some of the coefficients
¢;’s to be zero, we obtain

lim lim N var(Re7,,(s,p)) = Nlim N var(Re7*(s,p)) = mEf

m—o0oN —o00 pp

where mﬁ]P‘ denotes the covariance between the real elements in (p, ¢)- block of covariance matrix
M. Moreover, using the same steps to that given in the proof of Proposition B.1, it can be shown
that

A~k . RR
W}gnooNhﬂrnm]\fcov(Re7' (s,p),Re7"(s,p) = m,,

Thus
lim limsup e 2N var(Re 7} (s,p) — Re7*(s,p)) = 0

Mm=00 N_ o0

Similar results can be obtained for the imaginary part. This established (39). =

Theorem B.4 Let X, t € 7 be the stationary linear process (1), satisfying conditions C1 and
C2. Then for he {1,2,...}, se R, s#0

Re7(s,0) Re7(s, h) _ 7(s,0) 7(s, h) 1
[(Im%(s,O))""’(Im%(s,h) is AN 0 0 N M
where M is as given in Proposition B.2 above.

Proof.To show the convergence of the estimator Re7(s,j) and Im7(s,j) to the same limit as
Re7*(s,j) and Im 7*(s, j), respectively, with 0 < j < h, it suffices to show that as N — oo

Re ¢*(sk, —sk;7) Re ¢(sk, —Sk; J)
NY2 LN, Re ¢*(sx,0; ) - X2 Re ¢(sx,0; ) = 0p(1)
RG(ZS*(O,*S]C;]‘) RGQS(O,*S]C;]‘)
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(and simﬂarly for the imaginary part), where ¢ (u, v; j) = -1 Zt L exp(i(uXiq;+vXe)), o(u,v; j)=
(N —j)~ Zt L exp(i(uXitj +vXy)) and Ag = [ -1 1 } The required result then follows
from Slutzky’s theorem (e.g., Theorem 5.1.1. in Lehmann, 1999).

Simple algebra gives, for 0 < j < h,

Re ¢*(sk, —sk:7) Re ¢(sk, —s1; )
N'?E|Ay | Re¢*(sk,0;5) | —Aa| Red(sk,0;4)
Re ¢*(0, —Sk;j) Re ¢(0, —sk; J)
N ‘
(NJ 5~ Zt 1 cos(zsk(Xtﬂ X)) — ﬁ Doten g1 co8(i8(Xeyy — Xi))
N )
= NY2E |\, (NJ 5 N Zt 1 cos(isp Xiqj) — ﬁ D t=N—jr1 C08(iskXey;)

N .
(NJ e Zt L cos(—ispXy)) — ﬁ DoteN g1 Cos(—iskXy)

< GV — )2 ()2

The required result is obtained from 3j(N — j)~'/2 — 0 and N/(N —j) — 1 as N — oo. Using
the same arguments, similar results can be obtained for the imaginary part. The conclusion of the
theorem then follows from Proposition B.3 above. m

Proof of Theorem 2.2. Let g(-) be the function from R?"*("+1) to R2"*" defined by
#(s,0) Re (s, 1) Re#(s,h) \"
& 0 "\ Im#(s,1) )7\ Im#(s, h)

(it ) (ot ) Gt

where for 0 < j < h and 7(0) # 0, we have Re I(s;, —s;;j) = % and Tm I (s;, —s;j) =

for : = 1,...,r. By applying delta method and Theorem B.4 above, we can show

(i) )-Ctien ) Conon) )]

is asymptotically normal distributed with mean

{5 (5) (5
() (8) (0]

and variance N"'DMDT. Here the matrix M is as given in Proposition B.2 and D is the Jacobian
matrix of g(-). To obtain the elements of matrix D, we proceed as follows. First, note that the
codifference function at lag 0 is a real-valued function. Therefore, for 0 < j < h, and 7(0) # 0,

we obtain Re I(j) = RE(TO()]) =I(j) and ImI(j) = Im(TO()) = 0. It is straightforward to obtain the

Im 7(s4,—539)
7(si,—si;0) 7’

that

Jacobian matrix D as

D11 Dio 0 .. 0
Dy 0 Das 0
D=| . . o . (40)
Dni 0 0 Dp(nt1)
where "
_| D O
Du=| ot o (41)



and

Dll 07“
Dl . _ l(l+1) (42)
() [ 0 Dl1(1l+1)
for [ =1, ..h, where
1 —1(1) —I(1) -1 1"
Dii =1, , ey
7—(81,751;0) T(52;752;0) T(SrafsT;O)

and

Dby =1 ! : 1 '
WD T (51, —5150) " 7(s2, —52;0) " (85, =53 0)

Here I, denotes the matrix identity of size . Let’s denote wjj;, for ¢,j = 1,...,h, the (7, j)-th
block element of DMD? and mij;, for 4,5 =0,1,..., h, the (4, j)-th block element of M. We find
that

i — [ cov(ReI:(s,i),Re]i(s,j)) cov(Re]i(s,i),Im]f(s,j)) ]
" cov(Im I(s,i),ReI(s, 7)) cov(ImI(s,i),ImI(s,j))

= DiamooDj1 + Diir1ymioDj1 + Divmo; D1y + Digirrymig D)

11, RR 11 11 RR 11 11, RR 11 11 RR 11
_ Diymoo Djy + Dy ypymig D1 + Digmas Dy + Dygypymiy Dy 0,
0, Dj1ymij Dy
JG+1)
(43)
Here mﬁR and mfjl denote the partitions of m;; which correspond to the real and the imaginary

components, respectively. m

C Proof of Corollary 2.3

Proof of Corollary 2.3. As MA(0) is a special case of the linear process (1), by applying
Theorem 2.2, one can conclude the asymptotic normality of

(e ) (et ) (g

for h € {1,2,...}. The true codifference function of i.i.d. process X; is

T

7(s,—s;k) = —InEexp(is(Xiyr — Xt)) + mE exp(isXix) + InEexp(—isXy)

f —20%|s|" fork=0
B 0 for k>0

which enables us to conclude that the real and the imaginary parts of I(k) = 0 whenever k > 0.
From (43), we obtain that wgy, &k > 0 is reduced to

Wik = D1y Mik Di(r41) (44)

where matrix Dy, 441y is as given in (42), with

DU 1 1 1 T
D T [ 220950 —20sa] " 2095, |
and where
_ k kT
mpr = ALy Vi Lg A (45)

17



with ) is as given as (27), and the elements of the matrix L5 and the covariance matrix Vy, will
be given below. Let us denote

Vi (i, j) = [cov(Re ¢p(si, k), Re ¢y (55, k)))]p.g=1,2.3
and
Véi(%]) = [cov(Im ¢p(5iak);1m ¢q(5ja k)))]pyq:172,3

as the (4, 7)-th block elements of VEF and VI respectively. Using identities (31)-(33) (and the
identities for imaginary part afterwards) in p.12, we can obtain their components as follows

cov(Re(¢1(si,p)), Re(é1(s4,q))) = cov(cos(—s;X¢), cos(—s;X+))
%{efaa\sﬂrs‘jla + e*ffa\sifsjla} — oo (Uil +s51%)

cov(Re(¢1(si,p)), Re(¢2(s5,9))) = cov(Re(d2(si,p)), Re(d1(s;,9))) = cov(Re(¢1(si, p)), Re(d1(s), q)))
cov(Re(¢2(si,p)), Re(¢2(s5,q))) = cov(Re(1(si, p)), Re(d1(s5,9)))

COV(RG(¢1 (51‘727)), Re(¢3(5j7 q)))
= cov(cos(—s;X¢), cos(s;(Xiyq — Xt))) + cov(cos(—s; Xitq), cos(5;(Xitq — Xt)))
= 7" Usil®Hlsi=s51%) 4 o= (sj|"Hlsi+s;|*) _ 9= (Isi|+[2s;]%)

COV(RG(¢3(Si7p))a R€(¢1 (Sja q)))
= cov(cos(—s;X¢),cos(s;(Xiyp — Xt))) + cov(cos(—s; Xitp), cos(8i(Xitp — Xt)))
oo sl Hsims17) | gm0 (il Hlsits51®) _ gg—0(Iss|+12si]%)

COV(Re((bQ(Siap))vRe(¢3(5j7 Q)))
= cov(cos(5i Xi4q), c08(s;(Xirq — Xi))) + cov(cos(siXiyp), cos(8; (Xegptqg — Xitp)))
= =0 Usil®Hlsi=sil*) L g=0([si|"+lsits;1%) _ 9p—0(Isil*+255]%)

cov(Re(ds(si, k)), Re(¢a(s;, k)))
= cov(cos(s; Xi1x),cos(si(Xitx — Xt))) + cov(cos(s; Xiyk), cos(s;(Xitor — Xitr)))

_ oo (il Hlsi—si1%) . o=0® (Isil®Hlsits|%) _ gp—o®(Is;|*+12s:]%)

cov(Re(¢s(si, p)), Re(ds(s;,q)))
= cov(cos(si(X1p — Xt)), c08(5;(Xetq — X4))) + cov(cos(si(Xeqprq — Xitq)), cos(s;(Xirq — Xi)))
+ cov(cos(si (Xi4p — X)), €08(85 (Xt +p+g — Xe4p))) + e
where
0 ifp=gq
Che = cov(cos(si(Xitq = Xigq-p)),cos(s;(Xepq — X¢))) ifg>p
cov(cos(si(Xetp — X)), cos(8(Xeyp — Xigp—g))) ifp>g

yielding for p = ¢

cov(Re(gs (51, 7)), Re(@s(s;, ) = 3e27"Iowrl"  Lem207oimsl® _ gemo™ Glsal*+i20s1%)
4 e Usil™Hlss [T Hlsi—s51%) 4 o=0 (Iss]“+s; " +lsits;]%)
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and for p # ¢

cov(Re(s(si,)), Re(ds(s,q))) = 2¢77 il s+ meil®)
90 sl s | Hsikss 1) _ oo™ (2lsil+128517)

cov(Im(ei(si,p)),Im(¢1(s5,q))) = cov(sin(—s;X¢),sin(—s; X)) = %{e—aa\s,,—sm — e 7 Ity

cov(Im(1(si,p)), Im(g2(s;,q))) = cov(Im(d2(si,p)), Im(¢1(sj,q))) = —cov(Im(p1(s:,p)), Im(p1(s;,q)))
cov(Im(g2(si, p)), Im(e2(s;, q))) = cov(Im(¢i(s;,p)), Im(¢1 (s, q)))

cov(Im(¢s(si, p)), Im(¢s(s;,q)))
= cov(sin(s;(Xe1p — Xy)), sin(s;(Xeyq — X)) + cov(sin(si (Xeqprq — Xitq)), sin(s; (Xeq — Xi)))
+ cov(sin(s; (Xi4prq — Xetp)), sin(s;(Xerp — X)) + cpy,
where
0 ifp=gq
Chm = 4 cov(sin(si(Xepg — Xigp)),sin(s;(Xepq — Xp))) ifg>p
cov(sin(s;(Xipp — X¢)),sin(s;(Xeyp — Xep—g))) ifp>gq
yielding for p = q
cov(Im(¢s(ss, k)), Im(¢3(s;, k)))
e L B e B

and cov(Im(¢s(s;, k), Im(p3(s;, k))) = 0 for p # g. The other elements are all zeros. The elements
of Lk are as given in (34), where the elements of d¥,i = 1,...7 are

d"(1,1) = (Re ®(0, —s;; k)) ' = 7" 15il°
d®(2,2) = (Re ®(s;, 0; k)~ = e Isil”
d®(3,3) = (Re B(s;, —si; k)L = 27" 15il%)
As from (45) we obtain
milt = cov(Re#(s, k), Re# (s, k) = (I, © M)d*Vi{d" (I, @ XT)

and
mil = cov(Im7(s, k), Im 7(s, k)) = (I, @ A1 )d*"VERd* (I, @ AT)

then the (i,j)-th element of m&F and ml! is obtained from

migi (i:3) = My Vi (5, 5)dj AT
and

mick (i, 7) = M Vi (i, ) dj AL
which therefore after a simple algebra, we obtain

RR/: \ _ o%(|si|“+]|s;i|¥—]|si—s;|% 1 _o0%(|si|“+|s;i|¥—]|si—s;]¢
mEBR (i, ) = e (sil"+lss1° | J'){ae (Isil*+ls51 = J\Ll}

4 oo Usil s sis51%) {%eaa(\sm\a+\s,~\a—\s7,+s,~|“> _ 1} +1

II /- - _ @ »7[‘1_;,_».&_ ,i_,,Ut 1 @ 5 Q_;,_».Q_ »7’_~,Q
mll (i, ) = e (sl +ls5]"=lsi=s;| >{§ea (Isi]*+ls5]% —si=s;] >_1}
4 e Uil 55| = si+s5]%) {1 _ %eoa<|si|“+|sj|“—|si+sjm}

The required result follows directly from (44). m
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Table 1: The true values I(-) and the estimates 1(-)

[ N | a | Method | s | 1) [Ave I() | MADy | 120 [ Ave. I(2) | MAD
100 | 2 Avg. {o-01y 0.66180 | 0.04600 0.14647 | 0.10186
Exp. {0.01,0.1,1} 0.67722 | 0.63195 | 0.05732 | 0.17821 | 0.19387 | 0.09025

ACF - 0.65848 | 0.04644 0.14500 | 0.10115

18 | Ave {0.01,0.2} 0.64700 | 0.64938 | 0.04415 | 0.19237 | 0.15860 | 0.09297
Exp. {0.01,0.1,1} 0.62509 | 0.04760 0.20409 | 0.08011

15| Ave {0.01,0.1,0.2} 0.59903 | 0.60826 | 0.04839 | 0.21343 | 0.17158 | 0.07927
Exp. {0.01,0.1,1} 0.59728 | 0.04888 0.21062 | 0.06729

1.3 | Ave. | {0.01,0.06,...,0.21} | 0.56554 | 0.57235 | 0.05032 | 0.22665 | 0.19017 | 0.06974
Exp. {0.01,0.1,1} 0.57364 | 0.05548 0.22380 | 0.06105

1 Avg. | {0.01,0.02,...,0.2} | 0.51350 | 0.50708 | 0.04745 | 0.24325 | 0.21576 | 0.06049
Exp {0.01,0.02,...,0.2} 0.50717 | 0.04739 0.21577 | 0.06036

08 | Avg. | {0.01,0.02,...,0.1} | 0.47792 | 0.47274 | 0.04357 | 0.25014 | 0.22644 | 0.05599
Exp. | {0.01,0.02,...,0.1} 0.47276 | 0.04355 0.22643 | 0.05597

05| Avg. | {0.01,0.02,...,0.1} | 042379 | 0.40713 | 0.04463 | 0.24809 | 0.22776 | 0.06033
Exp. | {0.01,0.02,...,0.1} 0.40715 | 0.04459 0.22776 | 0.06028

1000 | 2 Avg. {o-01} 0.67577 | 0.01335 0.17495 | 0.03096
Exp. {0.01} 0.67722 | 0.67577 | 0.01335 | 0.17821 | 0.17495 | 0.03096

ACF - 0.67544 | 0.01336 0.17477 | 0.03094

1.8 | Ave. | {0.01,0.06,...,0.21} | 0.64700 | 0.65059 | 0.01645 | 0.19237 | 0.18859 | 0.02708
Exp. | {0.01,0.06,...,0.21} 0.65067 | 0.01649 0.18854 | 0.02708

15| Ave. | {0.01,0.02,...,0.2} | 059903 | 0.60204 | 0.01815 | 0.21343 | 0.20879 | 0.02155
Exp. | {0.01,0.02,...,0.2} 0.60209 | 0.01822 0.20878 | 0.02154

I3 | Ave. | {0.01,0.02,...,0.2} | 056554 | 0.56751 | 0.01640 | 0.22665 | 0.22312 | 0.01996
Exp {0.01,0.02,...,0.2} 0.56754 | 0.01644 0.22310 | 0.01992

1 Avg. | {0.01,0.02,...,0.1} | 0.51350 | 0.51396 | 0.01521 | 0.24325 | 0.24105 | 0.01577
Exp. | {0.01,0.02,...,0.1} 0.51396 | 0.01521 0.24105 | 0.01576

08 | Avg. | {0.01,0.02,...,0.1} | 0.47792 | 0.47742 | 0.01383 | 0.25014 | 0.24811 | 0.01511
Exp. {0.01,0.02,...,0.1} 0.47742 0.01382 0.24811 0.01510

05 | Avg. | {0.01,0.02,...,0.1} | 0.42379 | 0.42239 | 0.01296 | 0.24809 | 0.24548 | 0.01852
Exp. {0.01,0.02,...,0.1} 0.42239 0.01295 0.24548 0.01851

The true values I(-) and the estimates I(-) from the experiment I, that is MA(2) process with ¢y = 1,
c1 = 2 and ¢ = 1.111 for T' = 1000 replication, and for some sample size N. The € is SaS process
with some o and o = 1. Here, Avg.I(i) = + Z?:l Rel(i);, and MAD; = %Zle |Rel(3); — I(9)],
i = 1,2, where ReI(7); denotes the estimates at lag ¢ in run j . The weighting methods here denote by

the simple average (method Avg.) and the negative exponential weighted average (method Exp.). Further

explanation about the table is given in Section 3.2
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Figure 1: Plots of Re I(1)
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Plots of Re I(1) for several simulation runs where (1a — 1b).a = 2, (2a — 2b).ac = 1.5, (3a — 3b).ac = 1 and
(4a —4b).a = 0.5 and 0 = 1, s € [0.01, 1.55]. Data are generated from experiment I that is MA(2) process
with ¢o =1, ¢1 = 2 and ¢c2 = 1.111. The straight lirdd denote the true values of I(1).
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