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Abstract

Recently, Giraitis et al. (2003, [10]) proposed the V/S statistic for testing long memory
in random sequences. We generalize this statistic to the setting of random fields. The null
hypothesis is concerned with short memory random fields while the alternative contains a
very large family of long memory random fields. Contrary to most of the previous works
dealing with long-range dependence, no assumption is made about the isotropy of the strong
dependence. Some simulations are presented in order to assess the power of the test according
to the kind of long memory in presence.
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1 Introduction

A stationary random field X = (X,,), ¢z« is usually said to exhibit long memory when its covariance
function r(n), n € Z%, is not absolutely summable: Y 4 |r(n)| = co. An alternative definition
relates on spectral properties: A random field is said to exhibit long memory if its spectral density
is unbounded. These two points of view are closely related but not equivalent. In this paper, the
concepts of “strong dependence” and “long-range dependence” are the same as “long memory”.

Most of the previous studies on long memory random fields (see [6], [7], [18]) assume that
the strong dependence occurs with the same intensity in all directions. Indeed, these works are
concerned with isotropic long memory according to the following definition.

Definition 1. A stationary random field exhibits isotropic long memory if it admits a spectral
density which is continuous everywhere except at 0 where

F(@) ~ ll2l|*b (”fﬁ—n) L (ﬁ)  O<a<d,

where ||.|| denotes the Euclidean norm, where L is slowly varying at infinity and b is a continuous
function on the unit sphere in R%.

However, it is easy to construct non-isotropic long memory random fields. In [14], such fields
arise from particular filterings of a white noise, from the aggregation of weakly dependent random
fields, or from systems of statistical mechanics in phase transition.

Our aim is to construct a procedure for discriminating between weak dependent random fields
and strong dependent ones, regardless of the isotropy.

In dimension d = 1, several tests for long memory are available. They are mostly based on an
estimation of the variations of the partial sums process of X. For all these tests, the alternative
hypothesis consists in parametric families of long memory processes, typically FARIMA time series.
Lo (1991, [17]) first developed a test based on the R/S statistic, which estimates the range of the
partial sums process of X. The KPSS test was initially developed by Kwiatkovski et al. (1992,
[12]) for testing stationarity (under weak dependence assumptions) against the presence of a trend
or a unit root. A variant of the KPSS test, based on an estimation of the second order moments
of the partial sums of X, was proposed by Lee and Schmidt (1996, [16]) in order to test long
memory. From the same idea, Giraitis et al. (2003, [10]) introduced the V/S statistic, based on
an estimation of the variance of the partial sums of X. It appears that this test is more powerful
than the R/S test and than the K PSS test for detecting strong dependence.

Note that the behavior of the partial sums of X is not the unique way to test long memory in
dimension d = 1. Goodness-of-fit tests for long range dependent time series have been developed
(cf. [1], [9] and [4]). To the best of our knowledge, in dimension d > 1, there exists no generic
model able to exhibit different situations such as isotropic or non-isotropic long memory. A
goodness-of-fit approach seems therefore too restrictive in our framework.

In this paper, we generalize the V/S test to the setting of random fields. Since this test is based
on the partial sums of X, we summarize in Section 2 what is known about their limiting behavior
under short memory and long memory. This will allow us to specify our testing hypothesis. Section
3 proves the consistency of the test through asymptotic results. Some simulations are presented in
Section 4 when d = 2. They reveal that the power of the test is strongly related to the anisotropy
of the long memory.

2 Test hypotheses
Let X be a second order stationary real random field. We want to test the null hypothesis: X s

weakly dependent against the alternative assumption: X ezhibits long memory. The V/S test that
we extend in this paper does not rely exactly on these testing hypotheses. It rather focuses on the



behavior of the partial sums process, defined for all ¢ € [0,1]¢ by

Z X/m

keAn(t)

with A, (t) = Z¢ N Hle[l, [(n — 1)t;] + 1], where |x] denotes the integral value of z and n is a
positive integer. Indeed, there is a close relation between the dependency of X and the asymptotic
behavior of its partial sums.

When X is a centered and weakly dependent random field, i.e. when its covariance function
is absolutely summable, it is well known that if 0% := >, ;. 7(h) # 0, a functional central limit
theorem generally holds:

1 d
—7 > X PAAD By, (2.1)

kEAL (L)

Here, B denotes the Brownian Sheet, i.e. the centered Gaussian process such that E(B(t)B(s)) =
Hle t; A s;. The convergence takes place in D([0, 1]¢), the Skorokhod space of cadlag functions
defined on [0, 1]¢ (see [2] for instance). This result has been proved by different authors according
to the kind of weak dependence of X, among others: Wichura (1969, [20]) when X is an i.i.d
process, Dedecker (2001, [5]) under a weak projective assumption.

On the other hand, when X is long-range dependent, (2.1) is generally false. More precisely,
when the spectral density of X exhibits at least one singularity located at zero, then, under some
structural hypotheses on X, it has been proved that

1 D([0,1]%)
= ¥ " yv), (22)
k€A, (t)

where v > d/2 and Y is a random field different from the Brownian Sheet (not even necessarily
Gaussian). This result is shown in [6] for functionals of Gaussian fields, extended in [18] to
functionals of linear fields, when the long memory is isotropic according to Definition 1. In the
case of linear fields which exhibit anisotropic long memory, (2.2) is proved in [15].

Let us now precise the testing hypotheses.

HO: Short memory hypothesis. The second order random field X is stationary, with a
covariance function r, such that SM1, SM2 and SM3 below are satisfied.

SM1
Z Ir7(j)] < oo and o?%:= Z r(j) > 0. (2.3)
jezd jeZ
SM2 ) )
D([0,1]%)
Yy Z (Xk — E(Xo)) — " B(1),
keA, (t)

where B is the Brownian Sheet.

SM3

sSup Z |C4(i7j7 k)| < 00,
iczd (j,k) €724

whqre c4 represents the fourth order cumulants of X: Denoting f(l = X,—E(X;), ca(i, ], k) =
B[XoXiX;Xy] = r(@)r(k — j) —r(j)r(k — i) — r(k)r(j —1).

H1: Long memory hypothesis. The second order random field X is stationary and satisfies
LM1 and LM2 below.



LM1
1

nYL(n)

S (X - E(X) PO v, (2.4)

keA,(t)

with v > d/2, where L is a slowly varying function at infinity and Y is some measurable and
non-degenerated random field.

LM2

Var | > X | =0(n*L*(n)). (2.5)
keA, (1)

Remark 1. The null hypothesis HO deals with short memory as suggested by assumption SM1.
Assumption SM2 claims that a functional central limit theorem holds, as expected in the short
memory setting. However, SM1 does not imply SM2. For instance, some counter-examples are
available in Theorems 7 and 8 in [11]. Finally, SM3 is needed for technical reasons.

As explained above, (2.4) holds for a large family of long memory fields and it can be reasonably
chosen as the alternative hypothesis. However, when the strong dependence involves non zero
spectral singularities, then (2.1) may remain true (cf. [15], Theorem 2 and Theorem 4). Then,
there is no chance for this particular situation of long memory to be detected by the test. Notice
that the same restriction exists in dimension 1 in all the long memory testing procedures based
on the behavior of the partial sums. Assumption LIM2 is convenient for technical reasons and
appears to be a weak restriction to LIM1.

3 The testing procedure

3.1 Test statistic

We generalize the V/S statistic to d > 1. Let us first introduce some notations. For all positive
integer n, let A,, = A,,(1). We denote, for all positive integer 7,

Sii= > (Xi—Xn), (3.1)
’iGA]‘
where X, =n"¢ Z]EA” X;. Let ¢ be an integer in [1,n]. An estimator of o2, defined by (2.3), is

‘§31: Z qu‘TA‘(j), (3:2)

JjEBg-1

with B, = {—q,...,q}?. Here w,; = H?:1(1 - %) are some weights leading to the positivity of

32 (see for instance [3] p360) and # is the empirical covariance function:

n=ljl  n—ljal

1 _ B
P == D D (Xhke = Xn) (Kbt lial ks lial = X)) -
k1=1 kq=1

The statistic V/S is defined by
JVar(S;,, jeAy)

H

M, =n

)

where Var (Sp i, jeAy)=n1 > jea, (Sy ;- S_:;)2 and SF = n~1¢ > jea, Sn.j- One can rewrite

M,, as
2
n—2d ) .
My = —3 Sosp et > S |- (3.3)
nooljeAn JEA,



3.2 Consistency of the test

In what follows, the integer ¢ involved in Definition 3.2 is actually a function ¢, depending on n.
The following proposition establishes the consistency of the test when the sequence ¢, is properly
chosen.

Proposition 1. If lim,_ o g, = 00 and lim,_,o g, /n = 0, then,
(i) Under HO,

M, = (B(t) - <ﬁti> B(1)> dt — V <B(t) - (ﬁt) B(1)> dt] . (3.4)
10,14 i—1 [0,1]4 i—1

where B is the Brownian Sheet on [0,1]¢ and £, denotes the convergence in law.
(i) Under H1,
M, -2 o, (3.5)

where - denotes the convergence in probability.

The testing procedure is the following: Given a significance level a € [0, 1], one rejects the null
hypothesis HO if M,,, given by (3.3), is greater than ¢(«), where ¢(«) is such that

P(Ug > c(a) = a,

where Uy is distributed according to the asymptotic law involved in (3.4). Proposition 1 guarantees
that the significance level of the test is asymptotically correct and that the power of the test goes
to 1.

Remark 2. To our knowledge, the theoretical form of the asymptotic law Uy in (3.4) is unknown for
d > 1. When d = 1, the distribution function of U; is Fk (7/x), where Fx denotes the Kolmogorov
distribution function (see [10]). This identification comes from Watson (1961, [19]) and is not easy
to extend to d > 1. It is however straightforward to obtain E(U;) = (1/2)% + (1/4)¢ — 2(1/3)%
For d = 2, a simulation of the density distribution of Us is presented in Section 4.1 (cf Figure 1).

Proof. Notice that if % <t1 < %, then
S¥(nt1|+1,...,[ntg] +1) = Sk(k+ 1, [nt2] +1,..., [ntq] + 1),
where Sy (j) = S, ; is defined for all j € A, in (3.1). Therefore
NSy :/ Sx(|nt1] +1,..., [ntq) + 1)dt.
jex, [0,1]¢

The same equality holds with respect to S’? and expression (3.3) of M,, becomes

2
—d
M, = — / SE2(|nty) 4+ 1,..., [nte) + 1)dt — (/ Sr(lnt1|+1,..., |[ntq] +1)dt>
[0,1]¢ [0,1]4

2
5h

Let S, (t) = n~%/? > ke, (t) Xk, then M, can be expressed as

M, =

d

1 LntlJ +1 :
z /[0,1]d (Snﬂ(t) - H Tx%(”) dt — </[o,1]d Snt1(t) —
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Hence 2 M, is of the form ®(S,(.)), where ® is a continuous map.



As a consequence, under SM2 and from the continuous mapping theorem,

. d 2 d 2
Sn g, £ Bt)— ([t ) BQ)| dt - Bt)— [t ) BQ)|at| .
o? |o,1Jd< “ (1:[1 ) U) MGJV( " <1:[1 ) U) t]

Besides, under LM1,

nd . d 2 d
Sann — ‘071]d (Y(t) - <11:[1 tz) Y(l)) dt — |:/[071]d Y(t) — <H t1> Y(l)dt

i=1

2

The proof is concluded thanks to the following lemma.

Lemma 1. If lim, o ¢, = 00 and lim,_c gn/n =0, then,
(i) Under HO,

2 P
82— o2

(i) Under H1,
d
2 Lo
WL
Proof of Lemma 1.
The demonstration is an adaptation from Giraitis et al. (2003, [10]) to the random field
framework.

Denote & = (k1 .., k) and [j] = ([l .. lja)
—|J1 —ljal

") = S (X (e~
ki1=1 kq=1

where y is the expectation of X. We split 82 as
So= Y wet) + D way (FU) = 7(5)) = un + v, (3.6)
jqufl jqufl

We first show that, under HO, E(|v,|) — 0 when n — oo, while under H1, E(|v,|) = o(n?'~%L(n)?)
when n — oo.
Some computations lead to

d N o ) —lal —lgal
72(])_71(]):1_[<1_M) (Xn_ﬂ) -n Z Z Xk— (Xkﬂj\_li))'

. n
=1 ]i}l 1 k}d 1

From the Cauchy-Schwartz inequality

E(lval) < > EIF() — 7))

jEBg-1
. 2
- _ nlil el
< > {E(Xn—u) AT NWE X =) | |E D D (Ke—n)
]qu 1 klzl kdzl
n n 2
FE T T wen) |}
k1=|j1| ka=|jal



Since r is bounded, if s; < t;, foralli =1...d,

t1 ta 2 t1 tq d
E(IZ---_Z()Q—M)) = > > r(i—i')ScH(h—&%

. .
11,17 =S1 ’Ld,’Ld—Sd

where c is a positive constant. Therefore

E(lua) <e Y (E(Yn—u +on— \/721%\/”_7%0

jqufl =1

<ec Y. (E(Yn— +2n~ Y%/ E ) (3.7)

jEBg-_1

Under SM1, E (Yn - u)2 < en~9, while under LM2, E (Yn — ,u)2 < en?724[2(n). Since

q/n goes to 0, it is then straightforward to conclude that, under HO, E(|v,|) vanishes and, under
H1, E(|vn|) = o(n®>7=2L2(n)).

Now, we turn to the asymptotic behavior of w,,.

Let us first show that under HO, u,, defined by (3.6), converges in probability to o2 when n
goes to infinity. Notice that

d .

JEBq_1 i=1

According to (3.6), 82 converges in probability to o2 if E (u, — E(uy))> converges to 0.
2
2 iy iy
E(up — E(un))” = E Z wq,j [F(J) — £ (7(5))]
jEBg-_1

= Y wgwgeov(iG), 7))

3.3 €B?_,

S Jeov(7(3), 7))
J,J €Bq 1
YT feov (K Xy — ). (X — 1)Ky — )]

YN 6827 k,k'€ A2

IN

IN

We split the sum above in two terms involving on one side the cumulants and on the other side
the covariance function. Indeed
cov ((Xk — ) (Xpy (5 — 1)y (Xpr = ) (X150 — 1) =
curm(Xe, X jjs Xpo Xipjo)) + (k= K)r(k" = k+ 15 = [5]) + r(k = K = 5)r(k — &' + |j])-
First, thanks to SM3,

ngd E E |\cumn (X, Xiy 51, Xpoo Xy 157))|
N €B27 k,k'€A2

< S0 D |eum(Xo, X5y, Xi, Xi)
JjEBg—1 k€A, i,i' €Bay
<= Y Jalihi)

JEBqg-1 1%,V €Ban

(3"

IN
o



where c is a positive constant.
Then,

1 o . .
5 > > ek = E)r(E =k + 5] = 15) +r(k — K = ' )r(k — & +15])]
jvj,€B§71 k7k/€A%

S 3D D M GH (!

JEBq—1 k€A, i,i'€Bay,

d
<c(4),
n
where c is a positive constant.

Finally E (u,, — E(uy))” converges to 0 if ¢/n — 0 and this completes the proof of (3).
For proving (i), recall that

d .
)= Y e, (H”%”) ).

J€Bg—1 i=1

According to LM2, E(u,) < ¢~ ¢ 2B, (H?Zl(q - |jz|)) r(5) = O(¢>*~%L%(q)). Therefore,

from (3.6) and (3.7), E(|32]) = E(82) = E(un) + E(v,) = o(n?Y~4L%(n)) + O(¢>*~4L%(q)) and
(7i) of Lemma 1 follows because ¢/n vanishes when n goes to infinity. O

4 Simulations in dimension d = 2

The following simulations give an idea of the power of the test under different situations of strong
dependence. First, one has to approach the asymptotic law of the test statistic M,, under the
null hypothesis. This is done in subsection 4.1. We then focus on the choice of ¢ when n = 128
and n = 256 to guarantee a proper size of the test. In subsection 4.3, the power of the test is
assessed. Several kinds of long memory random fields are simulated and submitted to the testing
procedure. As these simulations are highly time consuming, we restrict ourselves to random fields
of size 128 x 128 and 256 x 256. The simulations results reveal a close relation between the power
and the kind of strong dependence encountered. The power depends on the strength of the long
memory but also on its anisotropy.

4.1 Asymptotic law under HO

The first step to implement the test consists in simulating the asymptotic law of M, under the
null hypothesis. According to Proposition 1, this is the law of

/ <B(t) _ (ﬁt) B(1)> dt — V <B(t) - (ﬁt) B(1)> dt] @
10,1]2 =1 [0,1]2 i=1

where B is the Brownian Sheet on [0, 1]?. After some computations, (4.1) can be written

2
titaB(ty, ta)dtydty — </ B(tl,tg)dtldt2>
l0,1]2

B(1,1) 7 )
—7 B(ty,to)dt 1 dt —B(1,1)°.
+ 5 /071]2 (t1,t2)dt1dts + T (1,1)

/ B(ty,to)?dtydty — 2B(1,1)/
10,12

0,1]?

To simulate a sample under this law, each integral above is approximated by a Riemann sum, for

instance
1 o o= ky ks ki ko
t1to B(t1,to)dt1dty ~ — ——B|—,—
[ CEATRET-S sp ok S RS



where a realization of (B (k Lo}

o ))1§k1,k2§n is given by

k1 ko

by ke 1 )
Bl—,— )=~ i V(ki, k 1,...
(n’ n) nz Z‘ghﬂw (k1 2)6{ ) 7n}’

J1=1j2=1

with (¢;),ez2 a Gaussian white noise.
For n = 7000, 10000 realizations of the law (4.1) have been computed. The histogram of the
sample is shown in Figure 1.

0.12

Figure 1: Estimated density function of the limiting law (4.1)

From the simulated sample, an estimated mean of 0.0897 is obtained, the empirical variance
is 0.0018 and the empirical quantiles of order 90% and 95% are respectively 0.1448 and 0.1692.

4.2 Choice of ¢

The sample size n being fixed, one has to choose the value of ¢ involved in definition (3.3) of M,,.
This choice is not easy. We decide to choose it so that the size of the test is optimized. This
reduces to check that the p-values under HO are uniformly distributed on [0, 1].

Small values of g lead to an increase of the probability of rejecting HO. So, in order to maximize
the power of the test, we have to find the smallest ¢ such that the size is correct.

To achieve this choice, we compute the test for different autoregressive fields Xy, r, defined by

(1 - aLl)(l - aLQ)XlﬂJm = €ky,ka> (42)

where ¢ is a Gaussian white noise, where 0 < a < 1 and L; represents the lag operator on the i-th
index. The simulation of such an autoregressive field is done by filtering a white noise as in [8].
Clearly, the size of the test will increase with a. As a consequence, in the simulations below, we
choose to quote only two situations: @ = 0.5 and a = 0.8. The last case corresponds to a memory
close to strong dependence and a worse size in this case might be acceptable. Indeed, it will be
impossible to find ¢ such that, uniformly on a, the size of the test is strictly the one expected.



4.2.1 Casen =128

Figure 2 represents the empirical distribution of the p-values, computed on 1000 realizations of
M, in the case n = 128, when ¢ = 28, ¢ = 30 and ¢ = 32. The line with crosses stands for
a = 0.8 and the line with circles for a = 0.5. The diagonal line is added for sake of comparison.
The representations are zoomed in on [0, 0.1].

010
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Figure 2: Cumulative distribution function of the p-values on [0, 0.1] for model (4.2) with a = 0.8
(crosses) and a = 0.5 (circles) when n = 128 and ¢ = 28 (left), ¢ = 30 (middle), ¢ = 32 (right).

The value ¢ = 30 is chosen. For this value, the size associated with a = 0.8 is larger than
expected (for instance 15% instead of 10%). This error is acceptable since the dependence of an
autoregressive field (4.2) with a = 0.8 is close to long memory. The choice of a larger ¢ reduces
this error but on the other hand, this may create a bias for smaller values of a (as seen in Figure
2 for ¢ = 32 and a = 0.5), and consequently the test becomes less powerful.

4.2.2 Case n = 256

Figure 3 represents the empirical distribution of the p-values in the case n = 256 when g = 35,

q = 40 and ¢ = 45. The line with crosses stands for a = 0.8 and the line with circles for a = 0.5.
The value ¢ = 40 is chosen for the same reasons as before: The error for a = 0.8 seems

acceptable in comparison with the loss of power that the choice of a larger ¢ would yield.

Figure 3: Cumulative distribution function of the p-values on [0, 0.1] for model (4.2) with a = 0.8
(crosses) and a = 0.5 (circles) when n = 256 and ¢ = 35 (left), ¢ = 40 (middle), ¢ = 45 (right).

4.3 Power under different alternatives

We implement the test on different Gaussian long memory random fields. The power is assessed
according to the type of memory. First, the case when the long memory is of tensorial product
type is studied: That is when the spectral density f(z1,72) of the field, defined on [—7,7]?, is

)

equivalent at 0 to |z1]|*|z2]|*?, =1 < a3 < 0, =1 < @z < 0. The range of a; and as guarantees

10



the integrability of f. Notice that this spectral density does not follow the property of Definition
1. Then, we report the case when the long memory is isotropic: That is when the spectral density
is equivalent at 0 to (v + 22)®/2, where, for integrability reasons, —2 < a < 0. In the last
simulations, we focus on the effect of anisotropy on the power. For this purpose, we simulate
Gaussian fields whose spectral densities are equivalent at 0 to |z1 + kz2|*, -1 < a < 0, k € Z.
This is an extreme case of anisotropic field since f exhibits only one line of singularity. For all
these examples, assumption H1 holds with v = 1 — (a1 4+ a2)/2 for the product-type case, and
v =1— «/2 for the two other examples (see [14] or [15]).

All of the above fields are simulated thanks to the spectral method (cf [13]) which consists in
the following algorithm:

1. Generate N independent random variables (Z{l), Zz(l)), ¢ 1(N), ZSN)) on [—7,7]? accord-
ing to the spectral measure p (viewed, up to a normalization, as a probability distribution);

2. Generate N independent random variables Uy, ..., Uy uniformly on [0, 1];
3. Compute for all (i,7), X;; = % Zszl cos(Zl(k)i + Zék)j +27U%).

According to the central limit theorem, the resulting field X is Gaussian with spectral measure
© when N is large. In practice, the value N = 5000 is fixed.

4.3.1 Tensorial product type long memory

The power of the test is assessed for Gaussian fields with a spectral density equivalent at 0 to
|z1 |t 22]*2, =1 < a1 < 0, =1 < ag < 0. Figure 4 shows a simulation of such fields on a 256 x 256
grid using the spectral method, when, from left to right, a; = as = —0.25, a3 = s = —0.5 and
a1 = ag = —0.75. These cases correspond respectively in (2.5) to v = 1.25, v = 1.5 and v = 1.75.

Figure 4: Gaussian fields with product-type long memory where v = 1.25 (left), v = 1.5 (middle)
and v = 1.75 (right).

The empirical c.d.f. of the p-values of the test is represented on Figure 5. Each curve is
computed on 500 simulated fields. On the left, the simulations correspond to fields of size 128 x 128,
while on the right n = 256. The parameter ¢ has been chosen according to subsection 4.2, that
is ¢ = 30 when n = 128 and ¢ = 40 when n = 256. In each case, three curves are represented,
corresponding to a3 = as = —0.25 (crosses), a; = ag = —0.5 (circles) and a3 = a3 = —0.75
(triangles). We observe logically that the power of the test increases with the strength of the
memory (quantified by ) and with the size of the sample.

11
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Figure 5: C.d.f. of the p-values when v = 1.25 (crosses), v = 1.5 (circles) and v = 1.75 (triangles),
where n = 128 (left) and n = 256 (right).

4.3.2 Isotropic long memory

Now, the power of the test is assessed on isotropic long memory fields. Their spectral density is
equivalent at 0 to (22 +y?)*/?, =2 < a < 0. A simulation of such fields is presented on Figure 6
when a = —0.5, « = —1 and o = —1.5, which correspond to v = 1.25, v = 1.5 and v = 1.75 in
(2.5).

Figure 6: Gaussian fields with isotropic long memory when v = 1.25 (left), v = 1.5 (middle) and
~v = 1.75 (right).

Figure 7 represents the same c.d.f as in Figure 5 but for the isotropic case when o = —0.5
(crosses), @ = —1 (circles) and o« = —1.5 (triangles). These choices correspond to the same
strengths of long memory (i.e. the same ) as in Figure 5. The power follows a similar behavior:
It increases with the strength of the memory and with the sample size. However, the power for the
isotropic case is smaller than in the product-type setting studied before. This is due to the form of
the statistic M,, (see Section 3.1): The empirical variance of S}, ; is computed using quadrants A;’s.
This suits better product-type fields than isotropic ones for detecting long memory. Indeed, in the
product-type setting, this empirical variance will tend to return higher values. This sensitivity to
anisotropy is studied further in the last subsection.

12
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Figure 7: C.d.f. of the p-values when v = 1.25 (crosses), v = 1.5 (circles) and v = 1.75 (triangles),
where n = 128 (right) and n = 256 (left).

4.3.3 The effect of anisotropy on the power

As seen before, the power for the isotropic long memory case is smaller than for the product-type
setting. To assess properly the sensitivity to anisotropy, we focus on one-direction long memory
fields in the sense that their spectral density behaves at zero as |z1 + kxa|®, k € Z. Note that
this form of the spectral density demands —1 < a < 0 to be integrable. This yields the restriction
v < 1.5 in (2.5). Figure 8 shows a simulation on a 256 x 256 grid when k¥ = —1 and k = 0 and

when o = —0.5, corresponding to v = 1.25 in (2.5). As we can see on Figure 8, the worst case, in
terms of computation using quadrants, should be £k = —1 while the most suitable situation should
be k = 0.

Figure 8: Gaussian fields with one-direction long memory (y = 1.25) when k£ = —1 (left) and
k =0 (right).

Figure 9 shows the power of the test when k& = —1 (solid line) and k¥ = 0 (dotted line) for
n = 128 (left) and n = 256 (right). This representation confirms the effect of anisotropy. Therefore,
from a practical point of view, it seems better to study first the isotropy of the dependence before
testing the presence of long memory, in order to rotate the image sample if necessary.
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Figure 9: C.d.f. of the p-values when k£ = —1 (solid line) and k& = 0 (dotted line) for v = 1.25 and
where n = 128 (left) and n = 256 (right).

14



References

1]

2]
3]

4]

[5]

[6]

7]

18]

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]
[18]

[19]
[20]

J. Beran. A goodness of fit test for time series with long-range dependence. J. Roy. Statist.
Soc. Series B, 54(3):749-760, 1992.

P. Billingsley. Convergence of probability measures. John Wiley and Sons, 1968.

P. J. Brockwell and R. A. Davis. Time Series: Theory and Methods. Springer-Verlag, New
York, 2nd edition, 1991.

W. W. Chen and R. S. Deo. A generalized portmanteau goodness-of-fit test for time series
models. Econometric Theory, 20:382—-416, 2004.

J. Dedecker. Exponential inequalities and functional central limit theorems for random fields.
ESAIM : Probability and Statistics, 5:77-104, 2001.

R. L. Dobrushin and P. Major. Non central limit theorems for non-linear functionals of
gaussian fields. Z. Warsch. verw. Geb., 50:27-52, 1979.

P. Doukhan, G. Lang, and D. Surgailis. Asymptotics of weighted empirical processes of linear
fields with long-rang dependence. Ann. Inst. Henri Poincaré, 6:879-896, 2002.

K.B. Eom. Long-correlation models for texture with circular and elliptical correlation struc-
tures. IEEE Trans. on Image Proces., 10(7):1047-1055, 2001.

G. Fay and A. Philippe. Goodness-of-fit test for long range dependent processes. ESAIM,
6:239-258, 2002.

L. Giraitis, P. Kokoszka, R. Leipus, and G. Teyssiére. Rescaled variance and related tests for
long memory in volatility and levels. Journal of Econometrics, 112:265—-294, 2003.

L. Giraitis and D. Surgailis. Clt and other limit theorems for functionals of gaussian processes.
7. Wahrscheinlichkeitstheorie verw. Gebiete, 70:191-212, 1985.

D. Kwiatkovski, P. C. B. Phillips, P. Schmidt, and Y. Shin. Testing the null hypothesis of
stationarity against the alternative of a unit root : how sure are we that economic time series
have a unit root? J. of Econometrics, 54:159-178, 1992.

C. Lantuéjoul. Geostatistical simulation. Springer, 2002.

F. Lavancier. Long memory random fields. in Dependence in Probability and Statistics,
Lecture Notes in Statistics, vol. 187. Bertail, P; Doukhan, P; Soulier, Ph (Eds.), Springer.,
2005.

F. Lavancier. Invariance principles for non-isotropic long memory random fields. Stat. Infer-
ence Stoch. Process., 10(3):255-282, 2007.

H. S. Lee and P. Schmidt. On the power of the KPSS test of stationarity against fractionally-
integrated alternative. J. of Econometrics, 73:285-302, 1996.

A. Lo. Long-term memory in stock market prices. Econometrica, 59:1279-1313, 1991.

D. Surgailis. Zones of attraction of self-similar multiple integrals. Lithuanian Math. J.,
22:327-340, 1982.

G.S. Watson. Goodness-of-fit tests on a circle. Biometrika, 48:109-114, 1961.

M. Wichura. Inequalities with applications to the weak convergence of random processes with
multi-dimensional time parameters. Ann. Math. Stat., 40(2):681-687, 1969.

15



