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Abstract: Ordinal pattern dependence is a multivariate dependence measure based on the co-
movement of two time series. In strong connection to ordinal time series analysis, the ordinal
information is taken into account to derive robust results on the dependence between the two
processes. This article deals with ordinal pattern dependence for a long-range dependent time series
including mixed cases of short- and long-range dependence. We investigate the limit distributions
for estimators of ordinal pattern dependence. In doing so, we point out the differences that arise for
the underlying time series having different dependence structures. Depending on these assumptions,
central and non-central limit theorems are proven. The limit distributions for the latter ones can be
included in the class of multivariate Rosenblatt processes. Finally, a simulation study is provided to
illustrate our theoretical findings.
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1. Introduction

The origin of the concept of ordinal patterns is in the theory of dynamical systems. The
idea is to consider the order of the values within a data vector instead of the full metrical
information. The ordinal information is encoded as a permutation (cf. Section 3). Already
in the first papers on the subject, the authors considered entropy concepts related to this
ordinal structure (cf. [1]). There is an interesting relationship between these concepts and
the well-known Komogorov-Sinai entropy (cf. [2,3]). Additionally, an ordinal version of
the Feigenbaum diagram has been dealt with e.g., in [4]. In [5], ordinal patterns were used
in order to estimate the Hurst parameter in long-range dependent time series. Furthermore,
Ref. [6] have proposed a test for independence between time series (cf. also [7]). Hence,
the concept made its way into the area of statistics. Instead of long patterns (or even letting
the pattern length tend to infinity), rather short patterns have been considered in this
new framework. Furthermore, ordinal patterns have been used in the context of ARMA
processes [8] and change-point detection within one time series [9]. In [10], ordinal patterns
were used for the first time in order to analyze the dependence between two time series.
Limit theorems for this new concept were proven in a short-range dependent framework
in [11]. Ordinal pattern dependence is a promising tool, which has already been used in
financial, biological and hydrological data sets, see in this context, also [12] for an analysis
of the co-movement of time series focusing on symbols. In particular, in the context of
hydrology, the data sets are known to be long-range dependent. Therefore, it is important
to also have limit theorems available in this framework. We close this gap in the present
article.

All of the results presented in this article have been established in the Ph.D. thesis of L.
Niifigen written under the supervision of A. Schnurr.

The article is structured as follows: in the subsequent section, we provide the reader
with the mathematical framework. The focus is on (multivariate) long-range dependence.
In Section 3, we recall the concept of ordinal pattern dependence and prove our main
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results. We present a simulation study in Section 4 and close the paper by a short outlook
in Section 5.
2. Mathematical Framework

We consider a stationary d-dimensional Gaussian time series (Y])] Z (for d € N), with:

= () g

2
such that]E(Yj(P)> = 0and E((Yj(P)> ) =1forallj € Zand p =1,...,d. Furthermore,

we require the cross-correlation function to fulfil ‘r(P'q) (k)‘ <1lforp,q=1,...,dandk > 1,

where the component-wise cross-correlation functions r(P7) (k) are given by r(P4) (k) =
E (Yj(p) Y](j_)k) foreach p,g =1,...,d and k € Z. For each random vector Yj, we denote the
covariance matrix by X4, since it is independent of j due to stationarity. Therefore, we have

Y= (r@ﬂ)(o)) .

pq=1,..d
We specify the dependence structure of (Y]-)],GZ and turn to long-range dependence:
we assume that for the cross-correlation function r(P4) (k) for each p,q = 1,...,d, it
holds that:
rP) (k) = L0 (k)k%Ha—1, )

with L, 4(k) — Lp,4 (k — co) for finite constants Ly, € [0,00) with L, , # 0, where the
matrix L = (LPrﬂl)p,q:L..., ; has full rank, is symmetric and positive definite. Furthermore,
the parameters dj,, d; € (0, %) are called long-range dependence parameters. Therefore,
(Y]-)],GZ is multivariate long-range dependent in the sense of [13], Definition 2.1.

The processes we want to consider have a particular structure, namely for 1 € N, we
obtain for fixed j € Z:

t
Yy = (yj(l),...,yj(i)hfl,yfz),...,Y]@H,...,Y].(”’),...,y.(d[ ) e R, 3)

The following relation holds between the extendend process (Y]h> . and the primarily
je

regarded process (Yf)jeZ‘ Forallk =1,...,dh, j € Z we have:

0 _ L5
Yj,h _Yj+(lk mod h)—-1’ )

where [x| = max{k € Z : k < x}. Note that the process (l/]h) ’ is still a centered
j€

Gaussian process since all finite-dimensional marginals of (Y])] <z, follow a normal distri-

bution. Stationarity is also preserved since for all p,g = 1,...,dh, p < gand k € Z, the

cross-correlation function (79" (k) of the process (Y]h ” is given by

j€

e s )

—E <l/f+(P mod h)—1" j+k+(q mod h)—1

AU (- p) mod 1) ®
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and the last line does not depend on j. The covariance matrix ¥4 of Yj has the follow-
ing structure:

(Zan) pa=t.d, = (r(p,q,h)(o)) pg=1,...dh, 7

qu PSW,
(Zap) pa-t.d, = (V(q'p'h) (0)) Pt dh, "
p>q o<y
Hence, we arrive at:
o= (V) (6)
! 1<p,q<d

whereslf) = B (47,0 (W0, YY) = (006 k) pa=1,a

1<ik<h

Note that Zép,q) € R and r(P9) (k) = r@P)(—k), k € Z since we are studying cross-
correlation functions.

Therefore, we finally have to show that based on the assumptions on (Y])] e the
extended process is still long-range dependent.
Hence, we have to consider the cross-correlations again:
p-1 -1
#(pah) (k) = rq f J‘H{ T J+1)(k—|— ((g—p) mod h))
=P (k + m™*)
~ ) (k) (k — oo), %

since p*,q* € {1,...,d} and m* € {0,...,h — 1}, with p* := VTAJ +1,9% = {%J +1
and m* = (g — p) mod h.

Let us remark that a; ~ by < limy_,o ‘b’—’; =1.

Therefore, we are still dealing with a multivariate long-range dependent Gaussian
process. We see in the proofs of the following limit theorems that the crucial parameters
that determine the asymptotic distribution are the long-range dependence parameters d,
p =1,...,d of the original process (Y]-)jGZ and therefore, we omit the detailed description

of the parameters d,« herein.
It is important to remark that the extended process (Y]h) . is also long-range depen-
j€

dent in the sense of [14], p. 2259, since:

i KPr(Pah) (k) i KPr(P*a%) (k)
ko LK) ke L(K)
Ay +de—1
_ llm kDLp*’q*k p + q
k—o0 L(k)
= bp*,q*/ (8)
with:
D := i 1-2d,} € (0,1 9
p*erﬂlf.,d}{ pet €(0,1) ©)

and L(k) can be chosen as any constant L, 4 that is not equal to zero, so for simplicity, we
assume without a loss of generality L1 1 # 0, and therefore, L(k) = L, 1, since the condition
in [14] only requires convergence to a finite constant b, 4+. Hence, we may apply the
results in [14] in the subsequent results.

We define the following set, which is needed in the proofs of the theorems of this section.
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Pri={pe{l,...,d}: dy>dy forallge {1,...,d}} (10)
and denote the corresponding long-range dependence parameter to each p € P* by
d* = dp, P S P*.

We briefly recall the concept of Hermite polynomials as they play a crucial role in
determining the limit distribution of functionals of multivariate Gaussian processes.

Definition 1. (Hermite polynomial, [15], Definition 3.1)
The j-th Hermite polynomial H;(x), j = 0,1,..., is defined as

Hj(x) = (—1)/ exp<xz2) ;;] exp<—x22>.

Their multivariate extension is given by the subsequent definition.

Definition 2. (Multivariate Hermite polynomial, [15], p. 122)
Let d € N. We define as d-dimensional Hermite polynomial:

Hy(x) = Hi,,.. k, (%) = Hp,,. gy (%1, %a) = HHk]- (x),

withk = (ky,...,k;) € Né\ {(0,...,0)}.

Let us remark that the case k = (0,...,0) is excluded here due to the assumption

E(f(X)) = 0.

Analogously to the univariate case, the family of multivariate Hermite polynomials

{Hkl,...,kdr ki, ..., kg € N} forms an orthogonal basis of L? (Rd, (pld) , which is defined
as

Lz(Rd,(pId) = {f ‘R 5 R, /Rdfz(xl,...,xd)<p(x1)...(p(xd)dxd...dxl < oo}.

The parameter ¢, denotes the density of the d-dimensional standard normal dis-
tribution, which is already divided into the product of the univariate densities ¢ in the
formula above.

We denote the Hermite coefficients by

C(f, X, k) = C(f, 1a k) := (f, He) = E(f(X)Hk (X))

The Hermite rank m(f, I;) of f with respect to the distribution N'(0, ;) is defined as
the largest integer m, such that:

d o
E(f(X)HHk]. (x@)) — 0forall0 < ky +...kg < m.
i=1

Having these preparatory results in mind, we derive the multivariate Hermite expan-
sion given by

d
- =  y SUEETT (x0), 1)

kyttkg=m(f1q) fatekat j=1
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We focus on the limit theorems for functionals with Hermite rank 2. First, we introduce
the matrix-valued Rosenblatt process. This plays a crucial role in the asymptotics of
functionals with Hermite rank 2 applied to multivariate long-range dependent Gaussian
processes. We begin with the definition of a multivariate Hermitian-Gaussian random
measure B(dA) with independent entries given by

B(dr) = (BU(dA),..., B9 (), (12)

where B(P)(dA) is a univariate Hermitian-Gaussian random measure as defined in [16],
Definition B.1.3. The multivariate Hermitian-Gaussian random measure B(dA) satisfies:

and:

]E(1§<P> (dA;)B@ (d/\z)) =0, |M|#ML pa=1,...4,

where B(dA)* = (B(l)(d)\),. : .,B(d)(dA)) denotes the Hermitian transpose of B(dA).
Thus, following [14], Theorem 6, we can state the spectral representation of the matrix-
valued Rosenblatt process Z, (t), t € [0,1] as

ot = (290),,

where each entry of the matrix is given by

, Texp(it(A1+Ay)) — 14 <
R e e e A CILLICS)

The double prime in fu/{z excludes the diagonals |A;| =
For details on multiple Wiener-It6 integrals, as can be seen in [17].

The following results were taken from [18], Section 3.2. The corresponding proofs
were outsourced to the Appendix A.

Theorem 1. Let (Y, ) be a stationary Gaussian process as defined in (1) that fulfils (2) for
dy € (4,2) p=1...,d. Forh € Nuwefix:

(v (1) (d) (d)
Yy = (Y/. o Y Y

t
) c R
with Yy, ~ N(0,%;) and =, as described in (6). Let f R — R be a function with Hermite

rank 2 such that the set of discontinuity points Dy is a Null set with respect to the dh-dimensional
Lebesgue measure. Furthermore, we assume f fulfills [E ( f? (Y]h>) < oco. Then:

(r(x,

[\1:

1
n=24(Cy)

I
—

j

lU

ZG; &Pz 2d*+1/2(1) (13)
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where:

: o [T exp(i(A+Az)) —1 T .
2080121 = Kpg(@) [} SEEEETEI 2000 B () B (ko).

The matrix K(d*) is a normalizing constant, as can be seen in [18], Corollary 3.6. Moreover,
Br (dA) is a multivariate Hermitian-Gaussian random measure with E(B (dA)BL(dA)*) = LdA
and L as defined in (2). Furthermore, Cy := m is a normalizing constant and:

where ocl%’q) = iy (p-1)hkt (g1 foreachp,q € P*and ik =1,... hand:

, T
(“z,k)1gi,kgdh = Zd,hcz‘d,h

where C denotes the matrix of second order Hermite coefficients, given by

C = (ciheipean = E(Yin(F (V) — E(F(Y))Y)-

It is possible to soften the assumptions in Theorem 1 to allow for mixed cases of short-
and long-range dependence.

Corollary 1. Instead of demanding in the assumptions of Theorem 1 that (2) holds for (Y]-)].eZ with

the addition that forall p = 1,...,d we have d,, € (%, %) , we may use the following condition.
We assume that:

rP4) (k) = k=1L, (k) (k — oo)

with Ly (k) as given in (2), but we do no longer assume d,, € (411' %) forallp =1,...,d but soften

the assumption to d* € (%, %) and ford, #d*,p=1,...,dweallow for d, € (—o0,0) U (0, ﬂ
Then, the statement of Theorem 1 remains valid.

However, with a mild technical assumption on the covariances of the one-dimensional
marginal Gaussian processes that is often fulfilled in applications, there is another way
of normalizing the partial sum on the right-hand side in Theorem 1, this time explicitly
for the case #P* = 2 and h € N, such that the limit can be expressed in terms of two
standard Rosenblatt random variables. This yields the possibility of further studying the
dependence structure between these two random variables. In the following theorem, we
assume #P* = d = 2 for the reader’s convenience.

Theorem 2. Under the same assumptions as in Theorem 1 with #P* = d = 2 and d* € (%, %)
2,

and the additional condition that V) (1) = r22/(1), for | = 0,...,h — 1, and L1 + Lyo #
Lip+ Ly, it holds that:

e () — B ()

—_

~

Lpp—Lr1—L L
D, (&(1,1) _5((1,2)) 22— Lo - 12+ L1 Zs g1 n(D)

_ _ Lop+Lp1+Lip+ Ly
+ (a(l'l) + a(1'2)) 5 §,§*+1/2(1)
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with Cy = 2FEFT) being the same normalizing factor as in Theorem 1, (&;k)1<;rcqy =

ShCE nand C = (Cik)y < peqn = E(erh( f(Yyy) — Ef(YLh))Yltrh). Note that Z3 ;. .1 »(1)
and Z3%. 1 ,,(1) are both standard Rosenblatt random variables whose covariance is given by

(Lya — L1g)?
(Lijg + Lop)* = (L1 + Loy)?

Coo(Z3,4011/2(1), Z33112(1)) = (14)

3. Ordinal Pattern Dependence

Ordinal pattern dependence is a multivariate dependence measure that compares
the co-movement of two time series based on the ordinal information. First introduced
in [10] to analyze financial time series, a mathematical framework including structural
breaks and limit theorems for functionals of absolutely regular processes has been built
in [11]. In [19], the authors have used the so-called symbolic correlation integral in order
to detect the dependence between the components of a multivariate time series. Their
considerations focusing on testing independence between two time series are also based on
ordinal patterns. They provide limit theorems in the i.i.d.-case and otherwise use bootstrap
methods. In contrast, in the mathematical model in the present article, we focus on
asymptotic distributions of an estimator of ordinal pattern dependence having a bivariate
Gaussian time series in the background but allowing for several dependence structures
to arise. As it will turn out in the following, this yields central but also non-central limit
theorems.

We start with the definition of an ordinal pattern and the basic mathematical frame-
work that we need to build up the ordinal model.

Let S, denote the set of permutations in {0,...,h}, h € Ny that we express as (h + 1)-
dimensional tuples, assuring that each tuple contains each of the numbers above exactly
once. In mathematical terms, this yields:

= {7‘( €N 0<m <h and m; # my, wheneveri £k, ik = O,...,h},

as can be seen in [11], Section 2.1.

The number of permutations in Sy, is given by #S;, = (h + 1)!. In order to get a better
intuitive understanding of the concept of ordinal patterns, we have a closer look at the
following example, before turning to the formal definition.

Example 1. Figure 1 provides an illustrative understanding of the extraction of an ordinal pattern
from a data set. The data points of interest are colored in red and we consider a pattern of length
h = 3, which means that we have to take n = 4 data points into consideration. We fix the points in
time tg, t1, tp and ts and extract the data points from the time series. Then, we search for the point
in time which exhibits the largest value in the resulting data and write down the corresponding
time index. In this example, it was given by t = t1. We order the data points by writing the time
position of the largest value as the first entry, the time position of the second largest as the second
entry, etc. Hence, the absolute values are ordered from largest to smallest and the ordinal pattern
(1,0,3,2) € S3 is obtained for the considered data points.

v s

Xt
T

t

Figure 1. Example of the extraction of an ordinal pattern of a given data set.
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Formally, the aforementioned procedure can be defined as follows, as can be seen
in [11], Section 2.1.

Definition 3. As the ordinal pattern of a vector x = (xg, ..., x;,) € R'1, we define the unique
permutation T = (7y,...,7T,) € Sy:

H(x> = H(XO,. ..,Xh) - (7T0,...,7Th),
such that:

xn02-~-2xnh,

with ;1 < 7 if Xg, | = Xz, i=1,...,h

The last condition assures the uniqueness of 7 if there are ties in the data sets. In
particular, this condition is necessary if real-world data are to be considered.

In Figure 2, all ordinal patterns of length & = 2 are shown. As already mentioned in
the introduction, from the practical point of view, a highly desirable property of ordinal
patterns is that they are not affected by monotone transformations, as can be seen in [5],
p- 1783.

AV

2,1,0 0,1,2 0,21 2,0,1
Figure 2. Ordinal patterns for h = 2.

Mathematically, this means that if f : R — R is strictly monotone, then:

(xo, ..., xp) = T(f(x0), - -, f(xR))- (15)

In particular, this includes linear transformations f(x) = ax + b, witha € R* and
beR.

Following [11], Section 1, the minimal requirement of the data sets we use for ordinal
analysis in the time series context, i.e., for ordinal pattern probabilities as well as for
ordinal pattern dependence later on, is ordinal pattern stationarity (of order h). This property
implies that the probability of observing a certain ordinal pattern of length / remains
the same when shifting the moving window of length / through the entire time series
and is not depending on the specific points in time. In the course of this work, the time
series, in which the ordinal patterns occur, always have either stationary increments or are
even stationary themselves. Note that both properties imply ordinal pattern stationarity.
The reason why requiring stationary increments is a sufficient condition is given in the
following explanation.

One fundamental property of ordinal patterns is that they are uniquely determined
by the increments of the considered time series. As one can imagine in Example 1, the
knowledge of the increments between the data points is sufficient to obtain the correspond-
ing ordinal pattern. In mathematical terms, we can define another mapping IT, which
assigns the corresponding ordinal pattern to each vector of increments, as can be seen in [5],
p.- 1783.

Definition 4. We define fory = (y1,...,y;) € R" the mapping T1: R" — S):

(y1,..yn) =100y, 1 + Y2, 1+ -+ ),
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such that for y; = x; — x;_1,i=1,..., h, we obtain:

ﬁ(yll""yh) = H(0/y1/y1 +y2/~-.,y] +... +yh)
= H(O,xl — X0, X2 — XQ,---,Xp —Xo)
= T1(xg, x1,%2, ..., Xp).

We define the two mappings, following [5], p. 1784:

S: Sh — Sh,(ﬂo,...,n’h) — (7‘[;1,...,71'0),
T Sh — Sh,<7'[0,...,7'(h) — (h—n’(),...,h— 7Th).
An illustrative understanding of these mappings is given as follows. The mapping

S(7), which is the spatial reversion of the pattern 71, is the reflection of 7 on a horizontal
line, while 7 (77), the time reversal of 7, is its reflection on a vertical line, as one can observe

in Figure 3.
(1,3,2,0) (2,0,1,3)
(0,2,3,1) ToS(m)=(3,1,0,2)

Figure 3. Space and time reversion of the pattern 7 = (1,3,2,0).

Based on the spatial reversion, we define a possibility to divide Sj, into two disjoint sets.

Definition 5. We define S;, as a subset of Sy, with the property that for each 7@ € Sy, either 7t or
S(7t) are contained in the set, but not both of them.

Note that this definition does not yield the uniqueness of S;.

Example 2. We consider the case h = 2 again and we want to divide S, into a possible choice of S3
and the corresponding spatial reversal. We choose S5 = {(2,1,0),(2,0,1),(1,2,0)}, and therefore,
S\ S; ={(0,1,2),(1,0,2),(0,2,1)}. Remark that S5 = {(0,1,2),(2,0,1),(1,2,0)} isalsoa
possible choice. The only condition that has to be satisfied is that if one permutation is chosen for S5,
then its spatial reverse must not be an element of this set.

We stick to the formal definition of ordinal pattern dependence, as it is proposed
in [11], Section 2.1. The considered moving window consists of # + 1 data points, and
hence, h increments. We define:

Pi= Py xo = P(H(xé”,...,x,sl)) = H(X(()Z),. X,?))) (16)

and:

= ¥ p(n(x{,. x) = m)p(n(x?, . xP) = 7).

TESy,
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Then, we define ordinal pattern dependence OPD as

OPD := OPDyq) y) = H. (17)

The parameter g represents the hypothetical case of independence between the two
time series. In this case, p and g would obtain equal values and therefore, OPD would
equal zero. Regarding the other extreme, the case in which both processes coincide or
one is a strictly monotone increasing transform of the other one, we obtain the value 1.
However, in the following, we assume p € (0,1) and g € (0,1).

Note that the definition of ordinal pattern dependence in (17) only measures posi-
tive dependence. This is no restriction in practice, because negative dependence can be
investigated in an analogous way, by considering OPDy1) _ (- If one is interested in both

’

types of dependence simultaneously, in [11], the authors propose to use (O PDy) x@) ) N

(OPDX<1> _x(2) ) i To keep the notation simple, we focus on OPD as it is defined in (17).
We compare whether the ordinal patterns in (X]m) . coincide with the ones in
j€

(X](z)) -z Recall that it is an essential property of ordinal patterns that they are uniquely
j€

determined by the increment process. Therefore, we have to consider the increment

processes (Yf)jeZ = ((Yj(l), Yj(2)>)jez as defined in (1) for d = 2, where Y].(p) = ](p) —

X](f )1, p = 1,2. Hence, we can also express p and g (and consequently OPD) as a probability
that only depends on the increments of the considered vectors of the time series. Recall the

definition of (YJh) . ford = 2, given by
j€

Y:

_ (v (1) ) @ \!
],h_(y. LY Y@,y 71),

i ety
such that Y;, ~ N (0,2,,) with X, as given in (6).

In the course of this article, we focus on the estimation of p. For a detailed investigation
of the limit theorems for estimators of OPD, we refer to [18]. We define the estimator of
p, the probability of coincident patterns in both time series in a moving window of fixed

length, by
A 1 n—h—1
P=mh & Mn( ) n (xR a2}
1 n=h
e R I E I
where:

H(Yl,...,Yh) : :H(O,Yl,Y1+Y2,...,Y1—|—...+Yh)
— T1(0, X1 — Xo, .., X — Xo)
— T1(Xo, X1, - -, Xp)-

Figure 4 illustrates the way ordinal pattern dependence is estimated by p,. The
patterns of interest that are compared in each moving window are colored in red.
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X0
-

AN RN

L P» Pz f fa P» Pz P f

to b b e 7T hea

AN ARENRLR

f u la o Pz N fa o Po Pz P fa R A N

x@

Figure 4. Illustration of estimation of ordinal pattern dependence.

Having emphasized the crucial importance of the increments, we define the following
conditions on the increment process (Y]-)].E 5 let (Yj)]’EZ be a bivariate, stationary Gaussian

process with Y ~N(01),p=12

(L)  We assume that (Y ) fulfills (2) with d* in ( 13 7) We allow for min{d,d;} to

be in the range (—oc0,0) U (0, ﬂ .

(S) We assume dq,dy € (—o0,0) U (0, }1) such that the cross-correlation function of
(Yf)jez fulfills for p,g = 1,2:

P (k) = k=1L, (k) (k — o)
with Ly (k) = Lp,4and Ly, € R holds.

Furthermore, in both cases, it holds that ‘r(P'q)(k)‘ <1lforp,q=12andk > 1to
exclude ties.

We begin with the investigation of the asymptotics of p;. First, we calculate the Her-
mite rank of p;, since the Hermite rank determines for which ranges of 4* the estimator p,
is still long-range dependent. Depending on this range, different limit theorems may hold.

Lemma 1. The Hermite rank o =1 _ with respect to X
I I ) = { ( J+)1f ,Y]( )1> II(Y](+)1' 'Y](+)h>} P 2
is equal to 2.

Proof. Following [20], Lemma 5.4 it is sufficient to show the following two properties:
(1) T’I’l(f, ZZ,h) >2,
(i) m(f, ) < 2.

Note that the conclusion is not trivial, because m(f,%, ) # m(f,I;) in general,
as can be seen in [15], Lemma 3.7. Lemma 5.4 in [20] can be applied due to the following
reasoning. Ordinal patterns are not affected by scaling, therefore, the technical condition
that Zi ;11 — I, is positive semidefinite is fulfilled in our case. We can scale the standard
deviation of the random vector Y;; by any positive real number ¢ > 0 since for all j € Z

we have:
{ﬁ(Yf“%---/YfiLfl) =10y, )}

(Ao ) =)
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To show property (i), we need to consider a multivariate random vector:
1 1) (2 2)\!
Y= (0o,

with covariance matrix X, ;. We fix i = 1,...,2h. We divide the set S, into disjoint sets,
namely into S}, as defined in Definition 5 and the complimentary set S, \ S;. Note that:

holds. This implies:

(i) — (i)
E(’Gi1{ﬁ(y1<1>,...,yh<1>)_ﬁ(y1<2>,...,y,gz>)—n}> =k (YJ,Z1{ﬁ(y1<1>,...,y,51>)_n(y;2>,...,y,gz>)—s<n>})

for 7t € S;,. Hence, we arrive at:

B(x§£00) = B (Y1000, )} )

= (i)
B ngh g (Yj'zh 1{121(1/](1),...,1/,51)) _ﬁ(yl(z),._‘/y]?))_n})
= (i)

h

fori=1,...,2h.
Consequently, m(f, %) > 2.
In order to prove (ii), we consider:

t
= (u,ouu?, )

to be a random vector with independent A (0, 1) distributed entries. Fori =1,...,h and
k=h+1,...,2h such that k — h = i, we obtain:

E (Ul(l;)z Ul(f(h)f(ULh)) =E (ui(l) ulgz—)hl{ﬁ(ufl),...,u“)):ﬁ(u(z),.‘.,u@)) })

since E <ui(1)1{fl(ul(l),‘..,u,il>)—ﬂ}> # 0 for all 7 € S;,. This was shown in the proof of
Lemma 3.4 in [20].
Allin all, we derive m(f, Zz,h) = 2 and hence, have proven the lemma. O

The case m(f,%, ) = 2 exhibits the property that the standard range of the long-range
dependence parameter d* € (O, %) has to be divided into two different sets. If d* € (%, %) ,

the transformed process f (Y]h) - is still long-range dependent, as can be seen in [16],
j€
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Table 5.1. If d* € (O, %) , the transformed process is short-range dependent, which means

by definition that the autocorrelations of the transformed process are summable, as can be
seen in [13], Remark 2.3. Therefore, we have two different asymptotic distributions that
have to be considered for the estimator p, of coincident patterns.

3.1. Limit Theorem for the Estimator of p in Case of Long-Range Dependence
First, we restrict ourselves to the case that at least one of the two parameters di and d;
isin (%, %) . This assures d* € (%, %) . We explicitly include mixing cases where the process
corresponding to min{dj, d} is allowed to be long-range as well as short-range dependent.
Note that this setting includes the pure long-range dependence case, which means

that for p = 1,2, we have d,, € (}1, %), or even di = dy = d*. However, in general, the
assumptions are lower, such that we only require d), € (%, %) for either p = 1or p = 2 and

the other parameter is also allowed to be in (—o0,0) or (O, %) .

We can, therefore, apply the results of Corollary 1 and obtain the following asymptotic
distribution for p,:

Theorem 3. Under the assumption in (L), we obtain:

Ry 1, D ~ ,
W) (P —p) D Zp aPZD (1) (18)
pqEP*

2,d*+1/2
constant. We have:

with 2.7 (1) as given in Theorem 1 for p,q € P* and Cy := m being a normalizing

h
~(pg) . (p4) (pg) _
alpa) .— ) a P, where a i = ai (p 1)k (g-1)0
ik=1

foreachp,g € Prandik =1,..., hand (&;x);<; peqn = Z;;CZ;;, where the variable:

— (¢ — _ t
C=(Cik)i<ikcon =E (Yl,h <1{ﬁ<yl(1>,__.,y}51>):ﬂ(yfz)”__%ia)} P) Yl,h)
denotes the matrix of second order Hermite coefficients.

Proof. The proof of this theorem is an immediate application of the Corollary 1 and
Lemma 1. Note that for p, it holds that it is square integrable with respect to Y; , and that
the set of discontinuity points is a Null set with respect to the 2h-dimensional Lebesgue
measure. This is shown in [18], Equation (4.5). O

Following Theorem 2, we are also able to express the limit distribution above in terms
of two standard Rosenblatt random variables by modifying the weighting factors in the
limit distribution. Note that this requires slightly stronger assumptions as in Theorem 1.

Theorem 4. Let (L) hold with dy = dy. Additionally, we assume that r(l'l)(l) = r(z'z)(l),for
1=0,...,h—1,and L11 + Lo # L1 + Lp 1. Then, we obtain:

o 1, D /. . Lypo—I1r71—L1p+ L
pl-2d (C) "2 (pu—p) > (a(1,1)_“(1,2)) 2,2 2,12 1,2 1’1Z§,d*+1/2(1)

_ _ Lop+Lp1+Lip+Lig
" (a(l,l) + a(1,2)> : (1),




Entropy 2021, 23, 670

14 of 37

with Cy and &\PA) as given in Theorem 3. Note that Z2 d*+1/2( ) and Z3%. 1 5(1) are both
standard Rosenblatt random variables, whose covariance is given by

(Lya — L1g)?
(Lig + Lap)® = (L1g + Loy )

Coo(Z3,4011/2(1), Z33112(1)) = (19)

Remark 1. Following [18], Corollary 3.14, if additionally r'V) (k) = r22) (k) and r(12) (k) =
1@V (k) is fulfilled for all k € 7, then the two limit random variables following a standard
Rosenblatt distribution in Theorem 4 are independent. Note that due to the considerations in [21],
Equation (10), we know that the distribution of the sum of two independent standard Rosenblatt
random variables is not standard Rosenblatt. However, this yields a computational benefit, as it
is possible to efficiently simulate the standard Rosenblatt distribution, for details, as can be seen
in [21].

We turn to an example that deals with the asymptotic variance of the estimator of p in
Theorem 3 in the case hh = 1.

Example 3. We focus on the case h = 1 and consider the underlying process (lel)].ez =

(Yj(l), Yj(z)) 7 It is possible to determine the asymptotic variance depending on the correla-
j€

tion r(12)(0) between these two increment variables.
We start with the calculation of the second order Hermite coefficients in the case T = (1,0).

This corresponds to the event {Yj(l) >0, Yj(2) > O}, which yields:

and:

2 1 2
szz — E((Y]( )Y]( )>1{Yj(1)>olyj(2)>0}>.

Due to r(12)(0) = r(21)(0), we have (Yj(l),Y].(z)) (Y(Z) Y(l)) and therefore, c{; 2= cgzz
We identify the second order Hermite coefficients as the ones already calculated in [20], Example 3.13,
although we are considering two consecutive increments of a univariate Gaussian process there.
However, since the corresponding values are only determined by the correlation between the Gaussian
variables, we can simply replace the autocorrelation at lag 1 by the cross-correlation at lag 0. Hence,
we obtain:

2 = 9?(0)r12) (0)y/1 — (r(12)(0))?,

7 = ¢*(0)y/1- (r12(0))*,

Recall that the inverse ¥, 11 = (i) =12 of the correlation matrix of ( D Y( )) is given by

s 1 1 —r(12)(0)
217 (r02)(0))2 \—r12(0) 1)

By using the formula for &P1) obtained in [18], Equation (4.23), we derive:
~(11
ngrZ) = "‘11 = (811 +812)511 +2¢1, 1812612,

(1,2
ng) —“12 = (811+812)C12 +2811812011
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Plugging the second order Hermite coefficients and the entries of the inverse of the covariance
matrix depending on r(2)(0) into the formulas, we arrive at:

200 —¢*(0)r2(0)
T2 T
(1- (920))

1/2

and:

(1 B (1’(1'2) (0))2>1/2.

Therefore, in the case h = 1, we obtain the following factors in the limit variance in Theorem 3:

A1) — z(22) — —2¢2(0)r12)(0)
2\ 1/2
(1 — (r12)(0)) )
2
212 — z@21) = 2¢°(0)

1/2°

(1- (020

Remark 2. It is not possible to analytically determine the limit variance for h = 2, as this includes
orthant probabilities of a four-dimensional Gaussian distribution. Following [22], no closed formulas
are available for these probabilities. However, there are fast algorithms at hand that calculate the limit
variance efficiently. It is possible to take advantage of the symmetry properties of the multivariate
Gaussian distribution to keep the computational cost of these algorithms low. For detail, as can be
seen in [18], Section 4.3.1.

3.2. Limit Theorem for the Estimator of p in Case of Short-Range Dependence
In this section, we focus on the case of d* € (—o0,0) U (O, 411) If d* e (0, %), we

are still dealing with a long-range dependent multivariate Gaussian process (Y, .
") ez

However, the transformed process p, — p is no longer long-range dependent, since we
are considering a function with Hermite rank 2, see also [16], Table 5.1. Otherwise, if

d* € (—00,0), the process (Yj,h) . itself is already short-range dependent, since the cross-
IS

correlations are summable. Therefore, we obtain the following central limit theorem by
applying Theorem 4 in [14].

Theorem 5. Under the assumptions in (S), we obtain:
1, . D
n2(py, —p) — N(O,(Tz)

with:

. (l{ﬁ(yl(i)k"“’ylgi)k) :ﬁ(yﬁ)k""’ylﬁ)k)} - p)] '

We close this section with a brief retrospect of the results obtained. We established limit
theorems for the estimator of p as probability of coincident pattern in both time series and
hence, on the most important parameter in the context of ordinal pattern dependence. The
long-range dependent case as well as the mixed case of short- and long-range dependence
was considered. Finally, we provided a central limit theorem for a multivariate Gaussian
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time series that is short-range dependent if transformed by p,. In the subsequent section,
we provide a simulation study that illustrates our theoretical findings. In doing so, we
shed light on the Rosenblatt distribution and the distribution of the sum of Rosenblatt
distributed random variables.

4. Simulation Study
We begin with the generation of a bivariate long-range dependent fractional Gaussian

noise series (Yﬁl), Y.(Z)) .
] J j=1,...n

First, we simulate two independent fractional Gaussian noise processes (Uj(l) ) o
]

in both time series. For the reader’s convenience, we denote the long-range dependence

parameter d by H = d + 1 as it is common, when dealing with fractional Gaussian noise

and fractional Brownian motion. We refer to H as Hurst parameter, tracing back to the work

of [23]. For H = 0.7 and H = 0.8 we generate n = 100 samples, for H = 0.9, we choose

n = 2-10° We denote the correlation function of univariate fractional Gaussian noise by

rg’l)(k), k > 0. Then, we obtain (Y]-(l), Yf(2))]’ forj=1,...,nm:

and (U.(z)) - derived by the R-package “longmemo”, for a fixed parameter H € (%, 1)
j=1,...n

M _ 4
Yil =

v =ypulV +pu?, (20)

for ¢, ¢ € R.
Note that this yields the following properties for the cross-correlations of the two
processes for k > 0:

i) =E( %) = v (0

i () = 1 (k) = gy ()
M 0 =E(YPv?) = (¥2+9?) iy (k).

We use ¢ = 0.6 and ¢ = 0.8 to obtain unit variance in the second process.
Note that we chose the same Hurst parameter in both processes to get a better simu-
(2)

lation result. The simulations of the processes ()f]-(1>) . and (Y] ) g ATe visualized in
j€ je

Figure 5. On the left-hand side, the different fractional Gaussian noises depending on the
Hurst parameter H are displayed. They represent the stationary long-range dependent
Gaussian increment processes we need in the view of the limit theorems we derived in
Section 3. The processes in which we are comparing the coincident ordinal patterns, namely

1) @) foht- ide in Fi . -
(X j )jeZ and (X j )jeZ’ are shown on the right-hand side in Figure 5. The long-range de

pendent behavior of the increment processes is very illustrative in these processes: roughly
speaking, they become smoother the larger the Hurst parameter gets.



Entropy 2021, 23, 670 17 of 37

< 4
o~ - e |
S o
2
o m
o
2
< 4 :
T T T T T T T T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
< - o
8
o~ - i .
{ 2
= | |
o |
wn
(\II —
T °
T T T T T T I T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
S o
~ ~
o~ / o
. tJI ,‘V ,w‘. ' 8 -
= 4 WA el v .
PN Wi ! |
A _
o
T 2 .
T T T T T T ' T T T T T T
0 100 200 300 400 500 0 100 200 300 400 500

Figure 5. Plots of 500 data points of one path of two dependent fractional Gaussian noise processes (left) and the paths of
the corresponding fractional Brownian motions (right) for different Hurst parameters: H = 0.7 (top), H = 0.8 (middle),
H = 0.9 (bottom).

We turn to the simulation results for the asymptotic distribution of the estimator
pn- The first limit theorem is given in Theorem 3 for H = 0.8 and H = 0.9. In the case
of H = 0.7, a different limit theorem holds, see Theorem 5. Therefore, we turn to the
simulation results of the asymptotic distribution of the estimator p, of p, as shown in
Figure 6 for pattern length i = 2. The asymptotic normality in case H = 0.7 can be clearly
observed. We turn to the interpretation of the simulation results of the distribution of
pn — p for H = 0.8 and H = 0.9 as the weighted sum of the sample (cross-)correlations: we
observe in the Q-Q plot for H = 0.8 that the samples in the upper and lower tail deviate
from the reference line. For H = 0.9, a similar behavior in the Q-Q plot is observed.
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Figure 6. Histogram, kernel density estimation and Q-Q plot with respect to the normal distribution (H = 0.7) or to
the Rosenblatt distribution of p, — p with h = 2 for different Hurst parameters: H = 0.7 (top); H = 0.8 (middle);
H = 0.9 (bottom).

We want to verify the result in Theorem 4 that it is possible, by a different weighting,
to express the limit distribution of p,, — p as the distribution of the sum of two independent
standard Rosenblatt random variables. The simulated convergence result is provided in
Figure 7. We observed the standard Rosenblatt distribution.
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Figure 7. Histogram, kernel density estimation and Q-Q plot with respect to the Rosenblatt distribu-
tion of % 7:1 H, (Y;‘) for different Hurst parameters: H = 0.8 (top); H = 0.9 (bottom).

5. Conclusions and Outlook

We considered limit theorems in the context of the estimation of ordinal pattern
dependence in the long-range dependence setting. Pure long-range dependence, as well
as mixed cases of short- and long-range dependence, were considered alongside the
transformed short-range dependent case. Therefore, we complemented the asymptotic
results in [11]. Hence, we made ordinal pattern dependence applicable for long-range
dependent data sets as they arise in the context of neurology, as can be seen in [24]
or artificial intelligence, as can be seen in [25]. As these kinds of data were already
investigated using ordinal patterns, as can be seen, for example, in [26], this emphasizes
the large practical impact of the ordinal approach in analyzing the dependence structure
multivariate time series. This yields various research opportunities in these fields in the
future.

Our results rely on the assumption of Gaussianity of the considered multivariate
time series. If we focus on comparing the coincident ordinal patterns in a stationary long-
range dependent bivariate time series, we highly benefit from the property of ordinal
patterns not being affected by monotone transformations. It is possible to transform the
data set to the Gaussian framework without losing the necessary ordinal information. In
applications, this property is highly desirable. If we consider the more general setting,
that is, stationary increments, the mathematical theory in the background gets a lot more
complex leading to the limitations of our results. A crucial argument used in the proofs
of the results in Section 2 is given in the Reduction Theorem, originally proven in Theorem
4.1 in [27] in the univariate case and extended to the multivariate setting in Theorem 6
in [14]. For further details, we refer the reader to the Appendix A. However, this result
only holds in the Gaussian case. Limit theorems for the sample cross-correlation process
of multivariate linear long-range dependent processes with Hermite rank 2 have recently
been proven in Theorem 4 in [28]. This is possibly an interesting starting point to adapt the
proofs in the Appendix A to this larger class of processes without requiring Gaussianity.
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Considering the property of having a discrete bivariate time series in the background, an
interesting extension is given in time continuous processes and the associated techniques
of discretization to still regard the ordinal perspective. To think even further beyond our
scope, a generalization to categorical data is conceivable and yields an interesting open
research opportunity.
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Appendix A. Technical Appendix
All proofs in this appendix were taken from [18], Chapter 3.

Appendix A.1. Preliminary Results
Before turning to limit theorems, we introduce a possibility to decompose the d-

dimensional Gaussian process (Yj)].e ;, using the Cholesky decomposition, as can be seen

in [29]. Based on the definition of the multivariate normal distribution, as can be seen
in [30], Definition 1.6.1, we find an upper triangular matrix A, such that AA! = ¥;. Then,
it holds that:

D ~
Y; = AU, (A1)
where U]f‘ is a d-dimensional Gaussian process where each U]f‘ has independent and identi-

cally AV (0,1) distributed entries. We want to assure that (U]*) ., preserves the long-range
je

dependent structure of (Yf)jez‘ Since we know from (2) that:

2(¥Y01) = Ty(K) = K0 HLk0-3 (k> o)

the process (U;‘) has to fulfill:

E(UjU) = o (6) = kP~ H0L kP30 (k5 oo), (42)

with L = ALy At
Then, it holds for all n € N that:

s

(Y, j=1,...,n) (Au;,jzl,...,n). (A3)

Note that the assumption in (A2) is only well-defined because we assumed ‘r(p,q ) (k) ‘ <
lfork>1and p,q =1,...,din (1). This becomes clear in the following considerations.
In the proofs of the theorems in this chapter, we do not only need a decomposition of Y;,
but also of Yj ;. As Y, is still a multivariate Gaussian process, the covariance matrix of Yj
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given by X; j, is positive definite. Hence, it is possible to find an upper triangular matrix A,
such that AA? = ;. It holds thatL

D
Y, = AUy

for:

W = (U g U ul?)

@\*
] (j—1)h+1" ] (]—1)h+1""’ujh > .

The random vector U;, consists of (d - h) independent and standard normally dis-
tributed random variables. We notice the different structure of U;, compared to Y; ;. We
assure that for consecutive j, the entries in U;;, are all different while there are identical

t t
entries, for example in Y, = (Yl(l),Yz(l),...,Y,Ed)) and Yy, = (Yz(l),...,Y}gd),Y,fgl) .
This complicates our aim that:

(Y,-,h,jzl,...,n)tﬂ(Auj,h,jzl,...,n)t (A4)

holds.
The special structure of (Y]h) - namely that consisting of & consecutive entries
j€

of each marginal process (Y].(p) ), p = 1,...,d, alongside the dependence between two
random vectors in the process (Yj,h), has to be reflected in the covariance matrix of

(U]-,h, j=1,...,n). Hence, we need to check whether such a vector (U]-,h, ji=1,... ,n)

exists, i.e., if there is a positive semi-definite matrix that fulfills these conditions. We define
A as a block diagonal matrix with A as main-diagonal blocks and all off-diagonal blocks as
dh x dh-zero matrix.

t
We denote the covariance matrix of (Yj,h, i=1..., n) by Xy ,, and define the follow-
ing matrix:

Ty, i= inv(A)Zy 4inv(A"). (A5)

We know that Xy , is a positive semi-definite for all # € N because (Y;) is a Gaussian
process. Mathematically described, this means that:

x'Ty x>0, (A6)
forall x = (x,..., %) € R™. We conclude:

xEypx = x'inv(A)Zy ,inv(A")x
= (inv(A")x) Sy, (xfinv(A))

(
0.

vz

Therefore, Xy; , is a positive semi-definite matrix for all n# € N and the random vector:

(i j = 1,...,n)tN~ (0, Zu0)

exists and (A4) holds. Note that we do not have any further information on the dependence
structure within the process (U;), in general, this process neither exhibits long-range
dependence, nor independence, nor stationarity.

We continue with two preparatory results that are also necessary for proving Theorem
2.1
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Lemma Al. Let (Y, ) be a d-dimensional Gaussian process as defined in (1) that fulfills (2)
withdy = ... =dg = d* such that:

Ty (k) = ]E(Y 1/]+k) ~ LK1 (k= o).

Let Cy be a normalization constant:

1

C2= 2d*(4d* — 1)

and let By be an upper triangular matrix, such that:
ByBY = L.

Furthermore, for | € N we have:

. 1 &
Ly (1) = m]; YY)
Then, for h € N it holds that:
(nlfzfi*(c )"2(By ® By) 'vec([y (1) —=T(1)), [ =0,...,h — 1)
D (p4) —
2, (Vec(szd“rl/Z(l))p,q_l,...,d, 1=0,...,h— 1),

where Zéiﬂll /5(1) has the spectral domain representation:

, o [expli(A+A2)) —1
Zélpdfll/z(l) = Kp4(d") /

MAs " B (dA)BW (da
Jr2 ()\14—)\) | 1 2| ( 1) ( 2)

where:

1
—2d%) sin %))2 7 p=4q
K’%’q(d*) _ { 2C,(2I(1 2111 ) sin(7td )) #
C, (2T (1—2d*) sin(7d*))?’ P74

and B(dA) = (B(l) (dA),...,B@ (d)\)) is a multivariate Hermitian-Gaussian random measure
as defined in (12).

Proof. First, we can use (A1l):
D -~
Y, = AU;‘ ,
such that (U]*) is a multivariate Gaussian process with Ll]?k ~ N(0,1;) and (U]*) is still

long-range dependent, as can be seen in (A2). It is possible to decompose the sample
cross-covariance matrix Iy (1) — T'y () with respect to (Y]) at lag [ given by

fY,n(l)* Z j ]+l <YY]+Z)

to:

2

(Fus (1) = Ty= (1) A,
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where we define the sample cross-covariance matrix Ty , (1) — Ty« (1) with respect to (U]*)

atlag [ by
Bl T (1) = z Uiy, - B(U7ug, ).
Each entry of:
P (1) =T (1) = ( P () — rg’:q)(l))p,q:h..,d
is given by
,SPL?E( . 2 u* P ;:r(lq E(u]fk (p)u]:(lq)).

Following [31], proof of Lemma 7.4, the limit distribution of:
(Cyspu(l) =Ty«(1), 1=0,...,h—1)
is equal to the limit distribution of:

(Tun(0) =Ty (0), 1 =0,...,h—1).

We recall the assumption that d* = d, forall p = 1,...,d. We follow [14], Theorem
6 and use the Cramer-Wold device: Let ajq,a15,...,a;4 € R. We are interested in the
asymptotic behavior of:

d
w2 Y g (R0 =7 0)

Pq*1

2 Z Z apq( ]fk(q) _]E(u]fk (p)u]% (q)))'

j=1p.q=1
We consider the function:

Fur) - S (u Pur @ —g(ur Our @) (A7)

pa=1

and may apply Theorem 6 in [14]. Using the Hermite decomposition of f as given in (11),
we observe that f and therefore, a, 4, p,q = 1,...,d, only affects the Hermite coefficients.
Indeed, using [15], Lemma 3.5, the Hermite coefficients reduce to a, ; for each summand
on the right-hand side in (A7). Hence, we can state:

n d
=2 ): Y apg (U]* (») U]ff (@) _ ]E(U; (P)u]f‘ (q))> (A8)
j=1pg=1
> Zilﬂqu§Zflq/z<1> (A9)
P

where zg’;fll /»(1) has the spectral domain representation:

, o [Texp(i(A1+Ap)) —1 4 A <
2000 12(1) = Kpg(d) [ Pl ((All . ;))> Ao~ BP)(dA1) B (dAn)  (A10)
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where:

1
—24*) sin x\\2 7 p:q
K%,,q(d*) _ { 2C,(2I(1 2{11 ) sin(7td*)) 7&
Gr(1—2d%)sin(ma) 2’ P71

and B(dA) = (B(l) (dA),...,B@ (d/\)) is an appropriate multivariate Hermitian-Gaussian
random measure. Thus, we proved convergence in the distribution of the sample-cross
correlation matrix:

124" (f D, (7pa)
w172 (e, (0) = T (0)) 2 (22, /2(1)>p,q:1,...,d'

We take a closer look at the covariance matrix of vec(f'y+,(0) — Ty« (0)). Follow-
ing [28], Lemma 5.7, we observe:

n' =2 (4d* (44" — 1))!/*Cov (vec(fy- 4 (0) — Tu-(0)), vee(fu-,n(0) = Tu-(0)))
=(Lp +Kp)(Lus ® Ly+),

with L+ as defined in (A3) and ® denotes the Kronecker product. Furthermore, K; denotes
the commutation matrix that that transforms vec(A) into vec(A!) for A € R?*?, Further
details can be found in [32].

Hence, the covariance matrix of the vector of the sample cross-covariances is fully
specified by the knowledge of Ly« as it arises in the context of long-range dependence
in (A3).

We obtain a relation between L and Ly;«, since:

Both:
Ty (k) ~ LK** =1 (k — o)
and:
Ty (k) =~ Lk =1 (k — o)
hold and we obtain:
L= ALy- A"
We study the covariance matrix of: vec(I'y ,(0) — I'y(0)):
n' =2 (40" (4" ~ 1))"/*Cov (vee(Ty,, (0) — T'y(0)), vec(T'y 4(0) ~ Ty (0))")
— (Ip+Kp)(L®L) (A11)

= (Ip+Kp)(ALy-A") ® (ALy-A")

Let By« be an upper triangular matrix, such that:
By+Bl := Ly-.

We know that such a matrix exists because L+ is positive definite. Analogously, we
define By:

By = ANBu*
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Then, it holds that:
ByB{ = L.
We arrive at:
n' =24 (Cy)"V2(By © By) 'vec(f'y ,(0) — Ty (0))
2 =2 () 2By @ Byr) M (A® A) Wec(A(Fye 4 (0) — Ty (0)) AY)
= 1172 (Cy) V(B ® Bu+)~vec(Fus (0) — Ty (0))

where sz;’* “1,2(1) has the spectral domain representation:

, o [MTexp(i(AM+A
Zéilz)ﬂ/z(l) = Kpq(d )/ p(ilhy 2))

-1 T -
M|~ BP) (dA)B@ (dA
e i T Ay |A1A2] (dA1)B'7(dA2)

1
Coar(1—2d*)sin(ma) 2’ ¥ #q.

1 J—
K%,q(d*) = { 2C2(2r(1*2d*)sin(7rd*))2r p = q

and B(dA) = (B(l) (dA),...,B@ (d/\)) is a multivariate Hermitian-Gaussian random mea-
sure as defined in (12). Note that the standardization on the left-hand side is appropriate
since the covariance matrix of vec(Z; 4«11,2(1)) is given by

B <K2(d*) Lo [ v Baivee(Baa) (Blar))

(Vec <E(dA3) (B(d/\4))t> ) t) . (A12)
by denoting:

exp(i(A + Ap)) —
i(AM+A2)

EM//\Z =

1 — *
A

We observe:

E(Vec(g(d/\l)g(dAZ)t) (vee(Blars) & (dm)t)y)

_{ IpdAidAy,  |A7] = |As| # [Aa] = |Asl,

(A13)
KpdAidAy, M| = [Ag] # 2] = [As5],

following [28], (27). Neither the case [A1]| = |Az| nor |A3]| = |A4| has to be incorporated as
the diagonals are excluded in the integration in (A12). O

Corollary Al. Under the assumptions of Lemma A1, there is a different representation of the limit
random vector. For h € N, we obtain:

(n1*2d*(cz)*1/2vec(fn(l) ~T(1)), 1=0,...,h— 1) Ly (vee(Zygos1/p(1)) 1=0,...,h—1),
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where vec(Zy g+1/2(1)) has the spectral domain representation:

"Texp(i(A1+A2)) —1 g < -
vec(Zp,4+11/2(1)) = Di(ar) /RZ p(iifi +/\§;) ApAy| 1 VeC(BL(d)\l)BL(d)\z)t)-

The matrix Dy g+ is a diagonal matrix:

Dy 4+ = diag(vec(K(d"))),

and K(d*) = (Kp,q(d*))p g=1,...d is such that:
1 P—
Ca (2T (1-2d*) sin(rd*))*’ p# 4

Furthermore, By (dA) is a multivariate Hermitian-Gaussian random measure that fulfills:
E(B(dA)BL(dA)*) = LdA.

Proof. The proof is an immediate consequence of Lemma A1 using By (dA) = ByB(dA)
with ByB!, = L and B(dA) as defined in (12). O

Appendix A.2. Proof of Theorem 2.1

Proof. Without loss of generality, we assume E ( f (Y]h)> = 0. Following the argumenta-

tion in [20], Theorem 5.9, we first remark that Y; 2 AU, , with U;, and A as described
in (A4) and (A5). We now want to study the asymptotic behavior of the partial sum

jéf*(uj) where f* (UNZ) = f(AUj,h) 2 f(Yj,h). Since m(f*, Ign) = m(f o A, L) =

m(f,X45) = 2, as can be seen in [15], Lemma 3.7, hence, we know by [14], Theorem 6, that
these partial sums are dominated by the second order terms in the Hermite expansion of

f*

™=

Er (), 5 00 (00) s (0) (),

=1 14l =2

This follows from the multivariate extension of the Reduction Theorem as proven
in [14]. We obtain:

Y E (f* (uj,h) Hy,,.. 1, (Uj,h> ) Hi,, 1y, (U;‘,h)

L+ Hlgp=2
=5 (7 (wa) ((u)” 1)

_ iE(f*(UM) W) () 1)+ T s (we)ulu)ugul,
£

1<ik<dh,i#k

N—

> = 0. This results in:

since E(f* (U]-,h)> = E(f(Y]h

dh .
,-;1 E(f*(b@h) (ujh))Z) <(u]§’,j) - 1) +1§i,k§dh,i7ékE £ (U ulu ) udut
:1Si,k§dhE A U,h>U](’h)u/(’,?)u](2u](,’;> B l.dzhiE<f* (U1h> (u](lh)> ) (A14)
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Note that:

(7 () upud e (ufiuf) = Lo (wa) (ug)') - @

since the entries of U; are independent for fixed j and identically A(0,1) distributed.
Thus, the subtrahend in (A14) equals the expected value of the minuend.
Define B := (b )q<jr<an € R (@) (dh) wwith:

1<i,k<dh

b= E(f () upiug)) = E(fwnuuf?)

since we are considering a stationary process. We obtain:
* E -1 (a1}
= E(Upf (), ) =E(A5f (Yin) Yo (471) ).

Hence, we can state the following;:

010 g ®
1<i;<dh]E(f (w)uuli yuflus,
= ]{hBuj,h

2y (A7) BATN,

= (A7) AR (s (1)030) (47) A0

= Y2 B (Vi f (Vi) Y ) S i

=Y},AY,

= ) Yj(i)y'(k)‘xikr (A16)

)
1<i,k<dh

: . R -1 -1 . -
where we define A := (ajt)<j<gy = Z;,CL;,, with C := IEI(Y]hf(l/]h>Y]th) as the
matrix of second order Hermite coefficients, in contrast to B now with respect to the

original considered process (YJh) -
je

t
Remembering the special structure of Yin = (Y].(l),. . .,Yj(_&_l,..., [ j+h—1> ,
y® —y (LR g

namely that Y il = Yir(k mod h)—1/ .,dh, we can see that:
Dy®, _ 1 (L) ()
. Z Yip Yy dix = Z Z Yj+(ih mod )~ 1Y]+(k mod h)—1%ik
j=11<ik<dh j=11<ik<dh
n
_ (r) @ (pg)
- Z 21 Z Y]+z 1Y]+k 1%k (A17)
= = 1 =1
where we divide:
AL A12) o ALd)
A1) A(22) o A2A)

A=

A@D AW A@d)
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] ) ()
with AP = ( l]rifl )1§i,k§h

L,dandi,k=1,..., 4.

We can now split the considered sum in (A17) in a way such that we are afterwards
able to express it in terms of sample cross-covariances. In order to do so, we define the
sample cross-covariance at lag [ by

€ R such that ocf/z’q) = ®jy (p- Dkt (g-1)n foreach p,q =

; 1n 1
’(1 ”)(l) - Zi X](p)X](i)l
]:

forp,g=1,...,d.
Note that in the case i = 1, it follows directly that:

Lol () @ (pa) < (p.a) < pq)
Z )3 Z Vi 1Y = L o Z ' = Z P
j=1pq=1ik=1 pq=1 j=1 q=1

2
(r) (
kZ ijz 1Y](-12< 1"‘11511)

j=1p,gq=1ik=1
d n
_ (p) (P)y () (pa) () (p 1) (r)(q) M)
= 21 (“1,1 Z% ViUV 4y Z‘i Yj ]+1 Z YinY Z ]+1 /+1>
pa= j= j=

( b2 P (0) + B | 2P (1) + YYD, | + a2 | e @) (1) + Y P, v
1 ’ —— § N——
* *

ol | i P(0) + ¥y, y(Py® )
\/_/ ————
*
Note that for each of the terms labeled by ¥, the following holds for d* ¢ (411 %) :
n2 % 5o, (n — o).

We use this property later on when dealing with the asymptotics of the term in (A17).
Finally, we consider the term in (A17) for i > 3 and arrive at:

LB v ()
Z Z sz Y]—&-z 1Yj+k 1“zk,

Q

(ha)" Z Yy 4 YOy y ey Yy
i+l ]+l i+l 4 j+

=1 pg=11=—(h—1)i=1-I j=i
!

d n+i—
+ ) Py vy (A18)



Entropy 2021, 23, 670 29 of 37

_ (p.4) (P)y(2)
Y 3l Y vy
pr.q=1i=1 J=1
d h—1h—I i
+ L Z, <"‘u+z Z Y ]+1 1+lz Z ) (A19)
pg=11=1i=1 j=i
d n n+z 1
=Y (wﬂq)ZYj(”)Yf‘”JrZaff’ >
pa=1 j=1 i=2
. i h—2 (a(p,q) iy(” f )y )
1,141 j ]+l 1+l j
pg=11=1 j=1 =
(o ()y
+, 2<ai,i3rl Z Y] ]+l z+lz Z ))
1= j=i j=i
d n
’ ( (q)
X (%‘”2%“’)% |+l %ﬁ%%") (A20)
pa= j=
d h n+i—1 i1
=Yy (u{gi’{q)n?fﬂq)(O)—i—Za ( Y Y gpfq)(o)_zyj(p)yj(q)>>
pa=1 ' i=2 =n+1 j=1
—_——— .
* *
d h-2
(L
pg=11=1
TE Oy @ a0 gy Sy )y @)
8 (a8 e - S )
j=n—I+1 j=1
N———— —_———
* *
n+i—1
) )
+a;¢gi( 5 YOy e Z iy )))
j=n—I+1
—_—— _\,_/
* *
Lo Ny s
+ ) (“f’éq ( Y Y i 1)) (A21)
pa=1 j=n—h+2
*
+“z(1f7{q)< )3 Y](+;1 1Y](q) +np )(h—1)>>- (A22)
j=n—h+2
*

Again for each of the terms labeled by ¥ it holds for d* € (% %) :

n 24 e L 0, (n — o),

since each % describes a sum with a finite number (independent of #) of summands.
Therefore, we continue to express the terms denoted by % by op n2d
With these calculations, we are able to re-express the partial sum, whose asymptotics

we are interested in, in terms of the sample cross-correlations of the original long-range

dependent process (Yj)j ez
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Finally, the previous calculations lead to:

1=

-
/N

=
P

-.
Il
—_

IS
=

-.
Il
—_

f
= i( 2 E<f* (ufrh> u]'(,ih) uj(,k)) ZE< ( )(U](,Dz)) +op(n®)
(A%) i i ; alg’flq) (YJ'(Qle]'(—Z)k—l —E (ﬁg—lyj(ﬂcq)) +op(n®"), (A23)

where (A23) follows, since (A15) yields:

Fe(r () )) = X B () e )

1<i,k<dh

(A17)
Z Z (X ( jHi— 1Y](Z)k 1)

p.q=1ik=1

Taking the parts containing the sample cross-correlations into account, we derive:
E 3 3w (- B ) + o)

(A22) i <(X§ﬁ,q)n(?;m) (0) — P (0 ) + Z“ (p4) ( (M (0) — r(p,q)m)))
iy Y ((aﬁ%n(fn”’<l> =P W) + Py (AP (1) - 190 (1)) )

+ hil («Z{’jf}n (PP @) =P @) + allfn (177 (1) = 9 (1)) ) )

d
+ Y (a?};q)n(?nﬁ,ﬂ) (h—1) — rPD (1 — 1)) I a%q)n (?gﬂ,p) (h—1) — P (h — 1)))

pg=1
(A24)
—I—OP(nZd*)
d h—1h—I he1 h—
—n & (SR80 -00) + E L0 -0))
p,g=1 \ I=0i=1 I=1i=1
+ op(n®™). (A25)

We take a closer look at the impact of each long-range dependence parameter dp,
p =1,...,d to the convergence of this sum. The setting we are considering does not allow

for a normalization depending on p and g for each cross-correlation ( 7P (1) — r(pa) (l)) ,

[ =0,...,h—1, but we need to find a normalization for all p,q =1, ..., d. Hence, we need
to remember the set P* := {p € {1,...,d} : dp > d,Yq € {1,...,d}} and the parameter
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as = max dp, such that for each p € P*, we have d, = d*. Foreach p,q € {1,...,d} with
p_
(p.q) ¢ (P* x P*)and ! =0,...,h —1, we conclude that:

* 2 - 2
E((nlzd <??(1p,q)(l) _ r(m)(l))) > — p2(dptdg—2d )]E<<n1dpdq (?SIM)(Z) — r(m)(l))) )
n2dp+2dg—4d” @) (Lp,qu,q + LFWLM’)
(n—o0) 0, (A26)
since dp +dq —2d* < 0.
This implies that:

nl=24 (f’,(f’q)(O) - r(p'q)(O)) 2o

Hence, using Slutsky’s theorem, the crucial parameters that determine the normal-
ization and therefore, the limit distribution of (A27) are given in P*. We have an equal
long-range dependence parameter d* to regard for all p € P*. Applying Lemma Al, we
obtain the following, by using the symmetry in | = 0 of the cross-correlation function
(P4 (0) = r(@P)(0) for p,q € P*:

2 (E a0 -rmw) + £ Rali (470 - ) )

pa=1 I=1i=
(ST : (SEE . )
- = (S B0 -r0) T Tt (970 -0
pgeP* \ 1=0i=1 =1 i=1
~|—01p>(1’12d 1)
h—1h—I
= ¥ f<”“<o>—r<w><o>)(2 a§,€12+22a5iﬁ3)+o (2
pqEP* 1=0i=1 —1i=1
=y f(M)(o)_r(M)(Q))< a(Pﬂ)) +op(n?")
n ik P
p.aeP* ik=1
= L a0 (57(0) P9 (0) +op ("), (A27)
p,qeP*

by defining & (pa) .= Z zx Applymg the continuous mapping theorem given in [33],
ik=1
Theorem 2.3, to the result in Corollary A1, we arrive at:

2 oy 1/2 Y ) = 2 L) (3P0 () _ (pa) 2d*
n 2 (Gy) gf(yj,h) w2y &P (5P (0) = rP(0)) + 0p (n)
I

pa=1

d
— n172 () 12 Y ) (f,(j"q) (0) — r(P) (0)) +op(1)
pa=1

- Z &Pz 2d*+1/2(1)
p.qeP*

where:

¥ o [Texp(i(A+A &
208021 = K@) [ PR =2 000 B0 () B (01,
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The matrix K(d*) is given in Corollary Al. Moreover, By (dA) is a multivariate
Hermitian-Gaussian random measure with E(By (dA)B(dA)*) = L dA and L as defined
in@2). O

Appendix A.3. Proof of Corollary 2.2

Proof. We assumed d* € %, % , because otherwise we leave the long-range dependent

setting, since we are studying functionals with Hermite rank 2 and the transformed process
would no longer be long-range dependent and limit theorems for functionals of short-range
dependent processes would hold, as can be seen in Theorem 4 in [14]. This choice of d*
assures that the multivariate generalization of the Reduction Theorem as it is used in the
proof of Theorem 2.1 still holds for these softened assumptions, as explained in (8).

We turn to the asymptotics of g(P7) (Y;). We obtain forall p,q € {1,...,d} \ P*, ie,
excluding d, = d; =d* and foralll =0,...,h —1as in (A26), that:

B < (nlfzd* <?1(qp/q) (1) — r() (1)) ) 2) — p2(dptdg=24") p < (nlfdpqu (?,(f”") (1) — P (l)) )2)

_2d,42d,—4d*
= n* 8 Coy (L, p L + LpgLa,p)

(n—o0)

(A28)

4

since d, +d,; —2d* < 0.
This implies that:

124" (f,’(j’:ﬂ)m) _ r(m)(g)) oo

Applying Slutsky’s theorem, we observe that only p,q € P* have an impact on the
convergence behavior as it is given in (A27) and hence, the result in Theorem 2.1 holds. O

Appendix A.4. Proof of Theorem 2.3

Proof. We follow the proof of Theorem 2.1 until (A27), in order to obtain a limit distribution
that can be expressed by the sum of two standard Rosenblatt random variables:

18 & (P)v(@)
==Yy ¥ &) (YIPy i) p(pa) (o)

n]:1p,q:1 ( ] )
1 &0 e (et & 1) @\
_n];(yf s  gea ) (5707)

a(11) a(12) t
1) @) (& & 1) (2
_E<(Yf Y] )(&(2,1) &(2,2)> (Yj Y; )) (A29)

~(pq) _ yvh (pa) _ vh .

We remember that &(P49) = Yik=1%% " = Lik=1 %t (p-1)hk+(g—1n forp,q=1,2and

A = (ajr), <ik<on = 2o ;CZZ_, ,1 Since ¥, }11 is the inverse of the covariance matrix X,
of Yj , it is a symmetric matrix. The matrix of second order Hermite coefficients C has

. ] k
the representation C = E (Y]h f (Y]h) Y]th) and therefore, c;, = E (Y](Q Yj(,h) f (l/]h)) = Ck;
foreach ik =1,...,2h. Then, A is also a symmetric matrix, since Al = (ZZ_ ; ©ry ,1) =

a1t g2 . .
2,1) 22) | 8@ symmetric matrix,

&l

(Z;ﬁ)tct (Z;ﬁ)t = A. We can now show that (54(
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ie., @12 = @21 To this end, we define I, = (0,0,...,0,1,...,1,0,...,O)t € R?" such
that ]I;) =1lonlyifi=(p—1)h+1,...,ph, p=1,2. Then, we obtain:

h
202 = 3 ol = (2)' = (BAL)' = BAL = 20D,

We now apply the new assumption that r1) (1) = r(22)(1), for1 = 0,...,h — 1 and
show @11 = &(22) with the symmetry features of the multivariate normal distribution
discussed in (2.2) and in (2.3) in [18], since ¢;j = cop—iy10n—j11, 5, j = 1,...,2h.

We have to study:

Since ¥, ; = (8ik)1<; r<oy 18 @ symmetric and persymmetric matrix, we have g;; = gx; and
Sik = &2h—i+12n—k+1 fori,k =1,...,2h. Then, we obtain:

. 2h 2h
Hézih = 2 Silr-es Z 8i2h

i=h+1 i=h+1

h
ithdre -y Zgi+h,2h>

=

Il
—_

i=1

h
8h—i+1,2hs - - ,28hi+1,1>
&i,2hs - - 2&1)

&2h,is - - 23’1:)

"/gl)'

M=

Il
-

Il
-

M:

lN
Il
-

I
ST N T N T N
M:

N
=
~

Note that:

h t
il = (Zgl,i; : Zgzm) (81, 8m)"
i=1

Then, we arrive at:

2?2 = (LAL) = Ib%, 1Cx; 1T,
2h

= Y Son-i+18on—k+1Cik
ik=1

2h

= ) Son—it182n—k+1C2h—it12h—k+1
k=1

2h
= ). &id%kcix
ik=1
=Ix Cx, i
=ab.
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Therefore, we have to deal with a special type of 2 X 2 matrix, since the original matrix
in the formula (A27), namely %vr “02 )b ducedto (%10 20
in the formula ( ), namely 721 222 ) as now reduced to 7(12) 200 |

Finally, we know that any real-valued symmetric matrix A can be decomposed via
diagonalization into an orthogonal matrix V and a diagonal matrix D, where the entries of
the latter one are determined via the eigenvalues of A, for details, as can be seen in [34],

p. 327.
We can explicitly give formulas for the entries of these matrices here:

. _9-1/2  o-1/2 b (M= (11 _ z(12) 0
=\ o112 o-1/2 | = 0 Ay =&l 4 5(12) )

such that:
M+Ap Ao—M (LD a(12)
VDV = (AQZM /\1£/\Z> = < (1,2) 5‘(1,1))
2 2

(X(l,l) 56(1’2) (1) (2) t
)(ti(z,l) &<z,z>>(yf )

n

§\>—x

2
S o(11)  ~(12) (1.2) YJ'(Z)_YJ'<1) ) B
§ (a0 502 (1 - 120)) (0) 1

2 —2r(12)(

1, v@ \?
+-y &1 4 512 (1 4,12 (o) j j 1
L4102 (1002 0) -

=1 2 4 2r(12)(
- a0 -0) 1 20) £ ()
=
+%(5¢<1f1>+ 12) (14120 )Zin(Y]) (A30)
=

y? _y® YW 4y®@
withY = —~L—JL __and Y* = L |
J 2-2r02)(0) J 2+2r(12)(0)

Now, note that:

Yoy 0y )
=0

E(Y]*Y]**>_ (\/2 2r(12)( \/2+2r12
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Therefore, we created a bivariate long-range dependent Gaussian process, since:

(P v

with cross-covariance function:
(2) (1) (1) (2)
(12 gy e B (yF Y ;7= Vi + Yk
T ()_ (] ]+k>
\/2 2r12)(0) /2 + 2r(12)(0)
O (k) +r22) (k) — 0 k) — )1

2,/(1-r02(0) (1412 (0))
Lop+Lp1—Lip—Lq; 2d -1

" 21020 (1 +1020)

Note that the covariance functions have the following asymptotic behavior:
y® Y(l) y® _y@®
(L) 1y . . +k itk
§ UQPE(Y]' j+k> (\/2 2r(1.2)( \/2 2r(12)( )
#(22) (k) — (2'1>(k) _ (1 )(k) + 7(1,1)(]()
2 —2r(12)(0)
~ L2 —Lon—Lip+Lig gy
2 —2r(12)(0)

.
_‘Ll,l

(A31)

and analogously:

22) 1 ok E Lop+ Loy +Lip+Lig o5 1
P =BG ) > P Gy

—.T*
=:L3,

We can now apply the result of [14], Theorem 6, since we created a bivariate Gaussian
process with independent entries for fixed j. Note that for the function we apply here,
namely f (Y]*, Y]**) =H, (Y]*) + H, (YJ**) the weighting factors in [14], Theorem 6, reduce
toej; = eyp = 1landejp = ey; = 0. These weighting factors fit into the result in [14],
(3.6) and (3.7), which even yields the joint convergence of the vector of both univariate
summands, (Hz (Y]*), H» (Y;‘*)), suitably normalized to a vector of two (dependent)
Rosenblatt random variables. Since the long-range dependence property in [13], Defini-
tion 2.1 is more specific than in [14], p. 2259, (3.1) (see the considerations in (8)), we are
able to scale the variances of each Rosenblatt random variable to 1 and give the covariance
between them, by using the normalization given in [15], Theorem 4.3. We obtain:
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with C; := m being the same normalizing factor as in Theorem 2.1.

We observe that Z; ;.. | »(1) and Z37. ; ,(1) are both standard Rosenblatt random
variables. Following Corollary A1, their covariance is given by

2

* . (Liz2+15)
COV(Z2,d*+1/2(1)fZz,d*+1/2(1)) =
1152,

2((L2,2 - L1,1)2)

= 1(1—02(0)) (1 + r12(0)) (LiaLsn) "

(Lya — L11)?
(Lig + Lap)® — (L1 + Log)?

Note that (L1 1 + Lo2)* — (L12 + La1)* # 0is fulfilled since Ly + Loy # Lip + Loy.
O
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