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Abstract

Nonparametric spectral density estimates find many uses in econometrics. For sta-
tionary random fields on a regular spatial lattice, we propose an autoregressive nonpara-
metric spectral density estimate that is guaranteed positive even when suitable edge-
effect correction is employed and is simple to compute using least squares. Our estimate
is based on truncating a true half-plane infinite autoregressive representation, while also
allowing the truncation length to diverge in all dimensions to avoid the potential bias due
to truncation at a fixed lag-length. Uniform consistency of the proposed estimate is es-
tablished, and new criteria for order selection are also suggested and studied in practical
settings. The asymptotic distribution of the estimate is shown to be zero-mean normal
and independent at fixed distinct frequencies, mirroring the behaviour for time series. A
small Monte Carlo experiment examines finite sample performance. Technically the key
to the results is the covariance structure of stationary random fields defined on regularly
spaced lattices. We show the covariance matrix to satisfy a generalization of the Toeplitz
property familiar from time series analysis.
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1 Introduction

The analysis of spatial data has seen a great deal of recent econometric work. In this
paper we are interested in the nonparametric estimation of the spectral density of a spatial
process, using an autoregressive technique that has several attractive features. These include
estimation based on least squares model fitting, easier handling of the edge effect and the
possibility of establishing a central limit theorem at distinct frequencies.

Several approaches to dealing with spatial data are available in the econometric litera-
ture. One strand builds on the spatial autoregressive (SAR) model of Cliff and Ord (1972),
assuming the existence of a known economic (not necessarily geographic) distance between
units, and crucial theoretical contributions here include Kelejian and Prucha (1999) and Lee
(2004). There is a very active research programme on SAR models, which are particularly
attractive as they entail no knowledge of locations. On the other hand many spatial data sets
are observed on R?, d > 1, implying that the locations are known and the distances between
units is geographic, e.g. Sain and Cressie (2007) develop a Markov random field model for
multivariate spatial data and apply it to data in environmental economics. For such data
notions of dependence such as mixing and near epoch dependence have been developed, see
e.g. Jenish and Prucha (2009, 2012).

Assuming then that the locations of the data have a geographic interpretation, we follow
a large econometric literature (see e.g. Conley (1999), Conley and Molinari (2007), Bester
et al. (2011), Wang et al. (2013) and Bester et al. (2016)) in assuming that the distance
between spatial observations is such that the locations can be mapped to the regular integer
lattice Z%. Such data may also be found in environmental, agricultural, regional and urban
economics settings, and are likely to become more prevalent with the rapid advances in
remote sensing and GIS software capabilities, see also Section 1.2 for further discussion. The
structural models of local social interactions studied by Topa (2001) and Conley and Topa
(2007) are linked with certain processes defined on integer lattices in the interacting particle
systems literature. Lattice data arise also in the spatial econometrics literature. Robinson
(2008, 2011) considers tests of spatial correlation and asymptotic theory for nonparametric
regression with lattice data amongst a host of other settings while Roknossadati and Zarepour
(2010) provide theory for M-estimation in a class of unilateral models. Jenish (2016) also
considers a nonlinear autoregressive model on a regular lattice as a motivating example in her
analysis of a spatial semiparametric model. In their study of non-nested spatial correlation
tests Delgado and Robinson (2015) use a lattice setting in their Monte Carlo simulations.

We are concerned with nonparametric estimation of the spectral density of a zero-mean
stationary scalar random field xy, t = (t1,...,tq)" with tj € Z,j =1,...,d. The spectral
density of a spatial process can be useful in many ways in economic applications, some of
which we describe below.

Studentization by nonparametric spectrum estimates in semiparametric estimation and
HAC estimation: In semiparametric estimation econometricians are frequently faced with es-
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where z has spectral density matrix F(-) and N C Z?. Under a number of weak dependence

conditions it can be shown that

Ny LN (o, (27r)dF(0)) . (1.1)

teN

Thus construction of valid inference rules that make use of (1.1) require a consistent estimate
of F'(0). The studentization of statistics based on (1.1) by a nonparametric spectrum esti-
mate is common practice in econometrics (its use in statistics dates back to Jowett (1955))
and underlies the particularly important computation of heteroskedasticity and autocorre-
lation robust (HAC) estimates of the covariance matrix of a spatial process. Consider the

spatial regression model
Yt = m:ﬁﬁ + N, (12)

where 7; is a stationary spatial process, t € N and the cardinality of N is N. Suppose that
we have obtained N3-consistent estimates of the finite-dimensional parameter § and wish
to obtain HAC standard errors. As in the time series case (cf. Newey and West (1987),
Andrews (1991)), a HAC estimate is essentially a smoothed estimate of the spectral density
matrix of a stationary process at zero frequency.

Various types of spatial HAC estimates have been proposed in the literature. Kelejian
and Prucha (2007) propose an estimate based on weights derived from economic distances
between units, implying that knowledge of locations is not needed. Their estimator is gen-
eralized by Kim and Sun (2011), while Vogelsang (2012) builds a fixed-b asymptotic theory
for spatial-dependence robust HAC estimates proposed by Driscoll and Kraay (1998). More
general theory that also applies to panel data models with fixed effects is available in Kim
and Sun (2013). On the other hand, Robinson and Thawornkaiwong (2012) study a HAC
formula based on geographical data, treating the points of observation as discretized loca-
tions on a rectangular grid, while Conley (1999) (possibly the first to suggest a spatial HAC
estimate) and Bester et al. (2016) assume, like this paper, that locations may be mapped to
7%, a setting also employed by Kim and Sun (2011, 2013) to discuss some of their conditions
and conduct Monte Carlo simulations. An interesting aspect of spectrum estimation in the
context of HAC estimates is that the acronym emphasizes ‘heteroskedasticity’ as much as
‘autocorrelation’, but because the estimate is of the spectrum of a stationary process at zero
frequency only the autocorrelation is explicitly allowed for. To justify heteroskedasticity-
robustness, familiar limit theorems for non-identically distributed variates are invoked, see
e.g. Robinson (2005) for a discussion.

Spectral estimation for errors in efficient frequency domain weighted regression: In some
cases what is of interest is not the spectrum of some observed process. For instance, in the
context of efficient semiparametric estimation of time series regression models via frequency
domain weighted regression, interest centres on spectral estimates of the errors of the model,
see e.g. Hannan (1970), chapter 7. It is natural then that for efficient estimation of 3 in
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be employed, and spectral estimates be based on the residuals.

Specification and goodness of fit testing: Nonparametric spectrum estimates are required
by Hidalgo (2009), who considers testing for correct parametric covariogram specification for
lattice processes. A similar need arises in Hidalgo and Seo (2014), who propose omnibus-type
specification tests. Hidalgo (2009) is equivalent to a test for whether the spectral density
function of a spatial process is of prescribed parametric form. The nonparametric estimate
of the spectrum via the technique given in this paper can be employed for this as well.

Frequency domain analysis of spatial processes: The natural analogy between lattice and
time series data suggests a more central role for frequency domain analysis. High frequency
spatial components may be interpreted as corresponding to phenomena (possibly noise phe-
nomena) that change rapidly over the space, while low frequency components that change
less frequently are more structural. For Tokyo land price data Matsuda and Yajima (2009)
argue that accurately estimating the spectrum over low frequencies is more desirable than
over high frequencies, interpreting the latter as noise and the former as the structural factors
of interest. In this context they specify that high frequency noise can include environmental

factors, air and noise pollution and sunshine.

1.1 Kernel versus autoregressive nonparametric spectral estimation

Nonparametric spectral estimates for spatial data have typically focused on tapered auto-
covariance or periodogram based techniques, see e.g. Yuan and Subba Rao (1993), Politis
and Romano (1996), Robinson (2007) and Vidal Sanz (2009). The difference between this
approach and an autoregressive one is analogous to estimating a nonparametric regression
function by kernels or series, with the former providing an estimate that is local in nature
and the latter approximating the function globally.

For lattice processes autoregressive estimation can be helpful when handling the edge-
effect. When d = 1 the loss of data at the end of the series while estimating autocovariances
has a negligible asymptotic effect, but this edge-effect, or end-effect, matters when d = 2 and
worsens with increasing d; see Section 2 for a more detailed discussion. Guyon (1982) sug-
gested a version of the covariance estimates which eliminates the bias (asymptotically), but
this was criticised by Dahlhaus and Kiinsch (1987) as it could yield possible negative kernel
based spectral density estimates. The latter suggested tapering the covariance estimates,
but introduced ambiguity arising from the choice of an appropriate taper. Robinson and
Vidal Sanz (2006) propose an alternative, but again there is an element of ambiguity due to
the practitioner having to choose a function. On the other hand, autoregressive spectral es-
timation delivers a guaranteed non-negative estimate even when using edge-effect correction
and allows us to establish what is, to the best of our knowledge, the first central limit theo-
rem for a nonparametric spatial spectral estimate. Bester et al. (2016)’s fixed-b asymptotic
theory captures the shape of the sampling region, implying edge-effects are reflected in the
reference distribution that generates critical values. Their results may be used to obtain a

nonstandard limit for the spectral estimator that depends on edge-effects, in contrast to our



results where the limit is normal.

An advantage of the kernel based estimator over our autoregressive approach is that it
can be applied directly to the data given the availability of a distance measure between
observations. This avoids the potentially cumbersome, albeit feasible, mapping to a lattice

that we assume.

1.2 Regular and irregular lattices

Frequency domain techniques are also employed with data on irregular spatial lattices (see
Matsuda and Yajima (2009), Bandyopadhyay et al. (2015)), however irregular spacing will
disturb the Toeplitz property of the covariance matrix that we exploit for our results. But
another, more practical, reason suggests itself for focussing on regular lattices. Many eco-
nomic data sets can be gridded into cells and the analysis of properties carried out as if
the data is observed on a regular lattice of size determined by the number of grid cells,
thereby avoiding many of the problems with irregular data summarized in Bandyopadhyay
et al. (2015). Our empirical example of presidential election voter turnout data across US
counties, presented in the supplementary material, is in this spirit. Chen and Nordhaus
(2011) use regular gridded measures of nighttime lights visible from space as a proxy for
economic statistics in countries where such data may not be reliably collected. Statistics
Finland collects data by map grid for the whole of Finland, from 250m x250m to 5km x5km
cells, while the Geographically based Economic data project seeks to expand gridding glob-
ally, see http://www.stat.fi/tup/ruututietokanta/index_en.html, http://gecon.yale.edu/ and
Nordhaus (2008). Gridding of irregularly spaced data is commonplace in statistics, see e.g.

Fuentes (2007) and references therein.

1.3 Scope and structure of this paper

For the case of regularly-spaced time series (d = 1), Berk (1974) assumes an infinite, one-
sided autoregressive representation for x;, driven by independent innovations, and provides
results on the consistency and asymptotic normality of spectral density estimates with the
order of the autoregression allowed to diverge with sample size. We seek to extend this
approach to spatial processes. There is some related work in the signal processing litera-
ture, see e.g. Tjostheim (1981), McClellan (1982) and Wester et al. (1990), but under the
assumption that the true model is finite, which is a parametric approach that may lead to
bias.

The results in this paper overcome two technical hurdles that arise in the transition from
d =1 to d > 1: the structure of the covariance matrix of a stationary spatial process and
the number of unique covariances that occur in such a matrix. For the benefit of readers
primarily interested in applying the techniques, we treat these hurdles in an online appendix.
We also mention here that the asymptotic normality result established by us serves to stress
that the difference between the time series and spatial cases is not merely that of extension.

The sufficient condition restricting the growth rate of the AR coefficients when d = 1 cannot



be regarded as simply a particular case of our theorem for d > 1, as we discuss in detail in
Section 4.

The paper is structured as follows: Section 2 introduces the setting employed throughout
the paper and a theorem on consistency of the truncated AR predictors. Section 3 introduces
the spectral density estimate and establishes its uniform consistency. Section 4 records
results on the asymptotic distribution of the truncated AR predictors as well as the spectral
estimate. Section 5 contains a small Monte Carlo study of finite sample performance, also
comparing our estimates with periodogram based ones as well as applying our method to
data generated by a Cliff and Ord (1973)-type spatial autoregressive (SAR) model, which
entails nonstationarity. We also suggest some model selection crieria to choose the truncation
point, without rigorous proof of their asymptotic properties, and study their finite-sample
performance. Proofs of all results presented in the paper are contained in Appendix A while
Appendix B presents a set of lemmas with proofs mostly included in the online appendix.
The online appendix also contains an empirical example, bounds for absolute moments of
partial sums of rather general lattice processes, a generalisation of the Toeplitz property
familiar from the theory of stationary time series and an upper bound on the number of
unique autocovariances that occur in the covariance matrix of finite, stationary and unilateral

processes.

2 Consistency of truncated AR predictors

Whittle (1954) observed that the estimation of the parameters of multilateral autoregressive
processes by least squares leads to inconsistency. This is due to the presence in the likelihood
function of a Jacobian term which depends on the parameters. A representation on a ‘half-
plane’ permits least squares estimation, however, while in general Whittle likelihood based
estimates lack a closed form. He showed, quite generally, that multilateral spatial processes
have a (possibly infinite) unilateral representation. Helson and Lowdenslager (1958, 1961)
showed that even more generally all stationary, purely non-deterministic spatial processes
have a half-plane (i.e. unilateral), infinite, moving-average representation. Whittle (1954)
points out that the recovery of the parameters of the original multilateral scheme from the
unilateral representation is not as straightforward as with, say, a bilateral d = 1 model,
indeed even impossible. On the other hand, the unilateral representation is extremely useful
if our interest is in prediction or spectral density estimation, because one need not attempt
to recover any underlying parameters of a multilateral model to study the properties of
interest. Instead a straightforward least squares estimate can deliver a spectrum estimate
for the process, regardless of its possibly multilateral underlying structure. Thus the half-
plane representation places no serious limitation on the dependence structure of the process.
As in Tjgstheim (1983) we define the half-plane as all ¢ in the set

SﬁZ{t1>0; t1=0,t>0;---;t1=---=t3_1 =0, td>0}ﬂZd. (2.1)
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Figure 2.1: Half-plane illustration for d = 2. In the left panel solid red dots form ST while in the right panel
solid blue dots illustrate the quarter-plane. The large black solid dot marks the origin.

The special case with t; > 0, i = 1...,d, is referred to as a quarter-plane. When d = 2,
Figure 2.1 graphically illustrates the half-plane and quarter-plane. Write z = (21,...,2q)’
with complex-valued elements and s = (s1,...,s4)" with integer-valued elements, and z° =
H;lzl zjj . For real numbers b,, s € S U 0, define the rational function (see Rosenblatt
(1985), p. 228) B(z) = ZseSi’jUO bsz®, with O the d-dimensional zero vector. Then we

assuine

Assumption A. There exist unknown scalars by and independent random variables e, t € Z2,
with Ee; = 0 and Fe? = o2 such that

o= beers, > |bs| <00, b #0, (2.2)

sESﬁUO sGSfﬁrUO

and B(z) is bounded away from zero for |z;|=1,i=1,...,d.

Martingale assumptions can replace the independence imposition on ¢;, but we choose to
avoid these as they rely on notions of ordering that can be arbitrary. Identity of distribution
is not assumed at this stage. Writing IT = (—m,7]%, denote by f()\) the spectral density
of @, A € II. If [;log f(A)d\ > —oo, then, e.g., Helson and Lowdenslager (1958) and
Korezlioglu and Loubaton (1986) prove that Assumption A will hold with white noise €; and
Y oc %00 |bs|2 < 00, extending the Wold decomposition of time series analysis. We require
Y osc %00 |bs| < 0o to rule out potential long-memory, which entails unbounded f(\). Thus
Assumption A does rule out stationary spatial processes with long memory and certainly
doesn’t cover the entire class of stationary processes, while nonstationary processes are not
theoretically considered in the paper.

Under Assumption A,

2

= Y b, AellL (2.3)

sESloj_UO

Y osc 52 U0 bsei)‘ls) being bounded and bounded away from zero guarantees the invertibility

of x; i.e. the existence of ds, s € ST7, such that

Ty = Z dsti_s + €, t €7, Z |ds| < 0. (2.4)

seSloj_ sGSloj_



The above is the extension of a time series AR(00) specification to the spatial case. For
d =2, (2.4) becomes

/ 2
Ty ty = E : d81752xt1—817t2—52 + E dO,Sth1,t2—82 + €ty ta; (t17t2> S/
51>0,59€7 s2>0

and, for example, a parametric analogue of a time series AR(1) model would be
/ 2
Tty e = A1, 1%t —1 to+1 + A1,0T1 — 1,80 + A1 1T1 —1,00—1 + d0,1%4; to—1 + €111, (E1,12) € Z7.

By Assumption A and (2.3) there exist real numbers m, M satisfying 0 < m < M < oo,
such that
m< () < M. (2.5)

We denote by C' a positive, arbitrarily large but finite generic constant, independent of N.
Assumption B. For some v € (1,2], E|e|* < C for all t € Z°.

Expressing the moment condition in terms of v delivers conditions restricting the rate of
growth of the truncation point relative to sample size that become more stringent as v —
1. We observe z; on the rectangular lattice L = {t VAR —nr, <t <ny,,i=1, ...,d},
ny,,nr, > 0,1 =1,...,d, with ny, = 0 without loss of generality in view of the half plane
representation. Define n; = ng, + ny, +1, ¢ = 1,...,d, and N = H;i:l n;. Note that
we observe the data at locations on a regular grid in d dimensions, and consistency in our
setting is only possible if sample size increases in all directions. We require a mild degree of

regularity in this increase across dimensions, for which we introduce

Assumption C. For each nr,, 7+ = 2,...,d, and ny,, 1 = 2,...,d, and sufficiently large IV,
there exists x > 0 and c¢; > 0 such that

nuy, (N) 2 ClNX, nZ(N) > ClNX. (26)

Robinson and Vidal Sanz (2006) point out that x < 1/d always. We will first obtain a least
squares predictor for z; based on a truncated autoregression of order p = (pr,,pv,; - - -;PLys PU,),
for non-negative integers pr,, py,,? = 1,...,d, where in view of the half-plane representation

we can a priori set, say, pr, = 0. Now define
S[—pL,pU] = {t cl: —PL, <t; < PU;, 1=1,.. .,d} N Sloi, (27)

which is the truncated set of dependence ‘lags’. For d = 2, (2.7) becomes the set of all
t = (t1,t2)" € L such that 0 < #; < py, and —pr, < t2 < py,. Denote p; = pr. + pu,,
i=1,...,d and let h(p) denote the total number of autoregressive coefficients to be estimated

in the truncated predictor. Then

d—1 d
b(p) =pu, + Y [ i+ 1Dpu, (2.8)

j=1i=j+1
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Our asymptotic theory consists of finding divergent (as N — oo) functions pr, = pr,(N), pu, =
pu,(N), i =1,...,d, such that we can consistently approximate the infinite representation
with truncated predictors. Thus n;(IN) > ¢; NX in Assumption C is taken to hold as both
nr, and ny, diverge with V. We emphasize now the dependence of the orders on N, but for
notational convenience suppress explicit reference to this.

The practitioner may prefer to choose only one truncation length for each dimension,
possibly in the interests of simplicity but more generally if similar regularity in f(\) is
anticipated across dimensions. In this case pr, = py, = pu, = pl, say, i =2,...,d, and (2.8)
indicates that b (pT) = ((QpT + l)d — 1) /2. A more flexible and data-driven approach to
modelling can be to choose a divergent sequence p (dependent on N, and diverging slower
than N) and take pr, = py, = py, to be the sequence [(n;/N)p|, i = 2,...,d, where [x]
denotes the integer part of x.

As z; is stationary, we define the autocovariances v(k) = Exxiyy with ¢,k € Z9. Write
ng = Hle (n; — s;) for non-negative integers s;, ¢ = 1,...,d, and introduce the covariance
estimates (k) = n;lzg(p7n)ﬂftﬂ?t+k, k € S[-pr,pu], where n; > p; > 0 for i = 1,...,d
and the sum E;/(p,n) runs over ¢ satisfying p; — nz, < t; < n; —nr,, indicating that there
are n, summands. The estimates (k) incorporate the device for edge-effect correction
suggested by Guyon (1982). Consider instead the estimates (k) = Nﬁlz:‘/’(‘k"n)xtxwk,
where |k| = (|k1|,...,|kq|)’. Then for fixed k, as the n; — oo, the bias of 7(k) for y(k) is
of order Z?zl ni_l. The inequality between arithmetic and geometric means indicates that
Zfil ni_l > dN ~7 with equality implying that the n; all increase at the same, N 5, rate.
This inequality implies that the bias of F(k) is of order no less than N ~4. It is clear that
this worsens with increasing d, but for d = 1 gives the usual ‘parametric’ rate of bias. Using
this correction also removes the edge effect when using a kernel based spectral estimate,
however this may lead to negative estimates (see Dahlhaus and Kiinsch (1987)). A referee
has pointed out that such negative values may be replaced by a small positive number and
thus this issue may not be very serious in practice.

We assume that z; has zero mean, but this may be relaxed to Ex; = «, t € Z%. In this
case lag k covariance estimates can be y*(k) = n,* Z;'(pm (r¢ — Z) (x4 — ), where T =
N1 > el Tt, and the latter is readily shown to be N 3-consistent for c. This is equivalent to
replacing x; and x;y by the residuals from a regression on a constant, and one may instead
wish to use residuals from a regression that includes explanatory variables z;, implying that
Ex; = 2, for some parameter vector (3.

For n; and p; satisfying n; > p;, ¢ = 1,...,d, define a least squares predictor of order

N 2
h(p) by dh(p) = argmil,  seS[—pr,py] np_lzg(p,n) (‘rt - ZSES[pr,pU} asxt—s> . Then

. L
dyp) = Vo) Vo) (2.9)

and we denote the elements of ch(p) by ds,h(p), s € S[-pr,pv]. Here, we denote by 9y,
(Wp(p)) the h(p) x 1 vector (h(p) x h(p) matrix) with typical element (k) (y(k — 7)), j,k €
S [—pr,pul], and by 12};1(])) (\ifh(p)) the h(p) x 1 vector (h(p) x h(p) matrix) constructed in



exactly the same way but using 4(k) in place of (k). Note that our estimate (2.9) is the
least squares estimate and not the Yule-Walker estimate. For spectral estimation, using
the former over the latter has support from the results of Lysne and Tjgstheim (1987), for
example, who show that the use of Yule-Walker estimates can lead to loss of peaks and
strong bias.

A notable difference from the time series case (d = 1) is in the dimension of the AR
coefficient space. When d = 1, this equals the number of unique covariances in Wy, of
which there are h(p). On the other hand, in the spatial case when d > 2, these number at
most €(p) > h(p). We show this in supplementary appendix S.3.2, which indicates that

d-1 d d
Cp)=1+> 2770 > Tee+27" [ oss (2.10)
=1 #(1=0) k=1 k=1

!
0y

where 4(1=0) Sums over all the possible ways in which (p1,pa,...,pq)" can have I en-
tries equal to 0 and the product Hi:l, <0, multiplies over k£ such that the [ zero entries of
(p1,p2, - -.,pq) are excluded.

Throughout the sequel we assume that §(p) ™' +€(p) " — 0, as N — oo and write dy(p)
for the h(p) x 1 vector with elements ds, s € S [—pr,py]. By a predictor of order I < h(p),
we will mean d; with the ! lags corresponding to the first [ subscripts in the first row of
Wy (p) as ordered in supplementary appendix 5.3. For a generic rectangular matrix B, we will
denote by ||B||, and || B|| the largest absolute row-sum of B and square root of the largest
eigenvalue of B’B respectively. These are the maximum absolute row-sum and spectral
norms, respectively. Our first theorem is a consistency result for the estimated predictor

coefficients.

Theorem 2.1. Let Assumptions A, B and C hold, the sequence p be chosen as a function

of N such that

W) as N = oo, (2.11)

v—1
v

and
Z |di| — 0 as N — oo. (2.12)
t€ST\S[=pL.pU]

Then Hcfh(p) — dh(p)H £, 0, as N — oc.

Condition (2.12) says that the dependence from ‘distant’ lags must decline sufficiently fast.
The result for d > 1 differs from the case d = 1 in one important sense. In the latter case,
condition (2.11) applies to the dimension of the AR coefficient space because this dimension

is equal to the number of unique covariances in W These unique covariances number

p):
h(p) when d = 1, but at most €(p) > h(p) when d > 1. Define the error variance estimate

. 2
based on least squares residuals as &g(p) = n;;lz;/(p,n) (xt — 2 seS|-prpul d&b(p)xt,s) .

Theorem 2.2. Under the conditions of Theorem 2.1, &g( 2, 02, as N — oo.

P)
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3 Uniform consistency of AR spectral density estimates

We now introduce spectral density estimates. For A € II, the spectral density of x; under

=2
(2.4) is given by f()\) = o?(27)~¢ ‘1 - Zsesﬁ dse**| , and we estimate this using

0
s h(p)
Jom(A) = P s R NEN
(2m) ’1 - ESGS[*FLJ?U] dsvh(p)ew

Berk (1974) established pointwise consistency of such an estimate when d = 1, and Bhansali
(1980) proved that the convergence is uniform under the same conditions. We present a

theorem for uniform consistency below.

Theorem 3.1. Let Assumptions A, B and C hold, the sequence p be chosen as a function
of N such that

w — 0, as N — o0, (3.1)
N o
and
hp)2 3 |dy| — 0, as N — oo. (3.2)

teSPL\S[—pL.pU]

Then supycn fb(p)()‘) - f(A)‘ 2,0, as N — oc.

The conditions imposed for this theorem were stronger than those for results in Section 2
in two ways. First, the condition restricting the rate of growth of the AR coefficient space
relative to sample size is stronger than the one imposed for Theorems 2.1 and 2.2. For
example, if v = 2 then (2.11) required €(p)/N'/? — 0 whereas (3.1) in Theorem 3.1 requires
¢(p)h(p)'/2/N'/2 — 0. Note that for d = 1 the latter reduces to the condition established
by Berk (1974), which is, in fact, a particular case of the condition in Robinson (1979). The
second aspect of difference is the requirement in (3.2) that the dependence on ‘distant’ lags

decline sufficiently fast to overcome norming by h(p)%.

4 Asymptotic normality

In this section we prove asymptotic normality of the AR spectral estimate fh (p)(A). We start
by establishing the asymptotic distribution of a linear combination of the autoregression

coefficient estimates d.

Theorem 4.1. Let d > 1, a(p) be as in Lemma B.10, Assumptions A, B and C hold, but
strengthened to
v =2 and € identically distributed for all t € L. (4.1)

Choose the sequence p as a function of N such that (2.11) holds and

LAV \§ 3 \dy| — 0, as N — oc. (4.2)
! 5€55\S[-pz.pu]
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Then (N%/f)(p)%) a(p) (dh(p) - db(p)) 4N (0,0%1) , as N — oo, where p is defined in
(B.11).

Condition (4.2) presents an important difference from the case when d = 1, where the first
term on the LHS of the limit is replaced by the much sharper h(p)/N%. On the other hand,
(4.2) can never be this sharp as y = 1 at most when d = 1, thus reflecting the fundamental
difference between time series and lattice cases noted by Robinson and Vidal Sanz (2006),
and imposing a considerable tightening on the rate of growth of h(p) that strengthens with
increasing d. Thus, the explicit imposition of d > 1 in the statement of Theorem 4.1 is
an important feature as we cannot simply regard the case d = 1 as a special case. It is
straightforward to extend the argument to allow for the asymptotic distribution of finitely
many linear combinations by replacing «(p) with an ¢ x h(p) matrix with full row rank, ¢
fixed, but we consider £ = 1 for simplicity.

We now proceed to the asymptotic normality result for fh(p)(A), which relies on a
lemma establishing asymptotic normality of certain linear combinations of the czs,h(p). We
will write © = (7,...,7). Define Cy)(A) = 1+ e p, o Dspm) €08 (54),C(A) =
1+ ZsESﬁ ds cos (s'\) ,,SA'h(p)(/\) = > seS[—prpu] cfs,h(p) sin (s'A), S(\) = Zsesﬁ dssin (s'\)
the 2(q + 1) x 1 vector 4, to have elements

(Com(0) = C(0)), (Coy (M) =€) ) - (Coy () = C(A))
(Com(m) = C(m) ($yn M) = SO -
and the 2(¢ + 1) x 2(¢ + 1) matrix

T = (02/(2m)") diag[1/£(0),1/2f (A1) - 1/2f (Ag) , 1/ (),
1/2f (A1),. .., 1/2f (Ag)]. (4.4)

Lemma 4.1. Under the conditions of Theorem /.1, (N/b(p))% th(p) 4, N(0,T), as N —

Q.

Lemma 4.1 is analogous to results in the time series literature, cf. Parzen (1969), Berk

1974). Now define the (¢ + 2) x 1 vector sp(,) to have elements
b(p)

fh(p)(o) - f(O)a fh(p)()‘l) - f()‘l)v sy fh(p)()‘q) - f()‘q)v fh(p)(ﬂ-) - f(ﬂ-)’ (45)
and the (¢ + 2) x (¢ + 2) matrix
Q =2 diag (2£%(0), f> (A1) ..., F2 (\g), 2%(m)) . (4.6)

Theorem 4.2. Let the conditions of Theorem j.1 hold with (2.11) replaced by (3.1). Then
(N/f)(p))% Sh(p) <, N(0,9), as N — .

The asymptotic distribution of the spectral density estimates at distinct frequencies mirrors
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d=2 d=3
T 0.05  0.075 0.10 T 0.0075  0.015 0.03
n* p MISE MISE MISE n* p MISE MISE MISE
5 1 0.1819 0.3873 0.7297 3 1 0.2878 0.9122 0.8654
7 1 0.1217 0.2923 0.5764 4 1 0.1469 0.2439 0.3832
9 1 0.1132 0.2706 0.5301 5 1 0.1330 0.2329 0.3818
9 2 0.0478 0.0691 0.1166 6 1 0.1391 0.2407 0.3933
11 1 0.1092 0.2717 0.5064 7 1 01374 0.2405 0.3835
11 2 0.0287 0.0534 0.1052 8§ 1 0.1364 0.2387 0.3852
11 3 0.0682 0.0890 0.1056 8§ 2 0.1381 0.2530 0.5170

that in the time series case (cf. Anderson (1971), ch. 9, Berk (1974)), albeit under the

Table 5.1: Monte Carlo MISE of fh(p)(‘)-

T 0.05  0.075 0.10
n* m* MISE MISE MISE
) 1 0.2610 0.3896 0.4956
7 1 0.2323 0.3528 0.4682
7 2 0.2464 0.3750 0.5262
9 1 0.2121 0.3405 0.5205
9 2 0.2305 0.3757 0.5110
9 3 0.2296 0.3716 0.4955
11 1 0.2257 0.3495 0.4734
11 2 0.2221 0.3719 0.4861
11 3 0.2288 0.3712 0.4957
11 4 0.2373 03788 0.5271

Table 5.2: Monte Carlo MISE of f7(-).

stronger condition (4.2) and different condition (3.1).

5 Monte Carlo simulations

We examined finite-sample behaviour in two sets of Monte Carlo simulations, one with sta-

tionary and regularly-spaced data and the second with nonstationary and possibly irregularly-

spaced data.

5.1 Stationary and regularly-spaced data

As in Robinson and Vidal Sanz (2006) and Robinson (2007) we generated x; using

1 1
a:t:aet—l—m-g g €t—g,

s1=—1

13
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0.05 0.075 0.10
n* p Bias Std. Dev. Bias Std. Dev. Bias Std. Dev.
5 1 0.0238 0.0665 0.0681 0.3063 0.1496 0.4834
71 0.0121 0.0312 0.0367 0.0661 0.0876 0.1523
9 1 0.0112 0.0228 0.0321 0.0513 0.0739 0.1024
9 2 0.0090 0.0830 0.0014 0.0551 —0.0028 0.0495
1 1 0.0105 0.0200 0.0317 0.0434 0.0678 0.0838
1 2 0.0023 0.0268 0.0002 0.0317 —0.0063 0.0383
1 3 0.0212 0.1978 0.0263 0.1191 0.0319 0.1165

d=3

T 0.0075 0.015 0.03
n* p Bias Std. Dev. Bias Std. Dev. Bias Std. Dev.
3 1 0.0064 0.1164 0.0023 0.0161 0.0728 0.8927
4 1 —0.0001 0.0021 0.0003 0.0032 0.0041 0.0094
5 1 —0.0002 0.0013 0.0000 0.0019 0.0029 0.0058
6 1 —0.0004 0.0010 —0.0002 0.0014 0.0028 0.0041
7 1 —0.0003 0.0008 —0.0002 0.0010 0.0024 0.0037
8 1 —0.0003 0.0007 —0.0002 0.0008 0.0022 0.0033
8 2 0.0003 0.0020 0.0027 0.0049 0.0207 0.0314

Table 5.3: Monte Carlo bias and standard deviation of fh(p>(0).

for d = 2, 3, similar to a model considered in Haining (1978). Then

2

FO) = 55 (1 +va (V). (5.2)

with vy (\) = H?Zl (1 +2cosAj)—1. Robinson and Vidal Sanz (2006) show that a sufficient

condition for invertibility of (5.1) is

7| < (3d - 1>_1 . (5.3)

We took L = {t: —n* <t; <n*,i=1,...,d}, implying N = (2n* + 1)?, and generated
NID(0,1) ¢ (so 02 = 1) on L in each of the 500 replications. We experimented with more

values of 7 and n* than Robinson (2007), using the following specifications:

d = 2:7=0.050.0750.10; n*=5,79,11;
d = 3:7=0.0075,0.015,0.03; n*=3,4,5,6,7,8.

We maintained pr, = py, = py, =p, ¢ = 2,...,d, and for d = 2 took p =1 for n* = 5,7;
p = 1,2 for n* = 9 and p = 1,2,3, for n* = 11, while for d = 3 we took p = 1 for
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T 0.05 0.075 0.10
n* m* Bias Std. Dev. Bias Std. Dev. Bias Std. Dev.

—0.0141 0.0019 —0.0226 0.0029 —0.0237 0.0064
—0.0095 0.0023 —0.0138 0.0037 —0.0236 0.0057
—0.0125 0.0013 —0.0214 0.0022 —0.0307 0.0031
—0.0090 0.0028 —0.0205 0.0029 —0.0248 0.0052
—0.0103 0.0016 —0.0186 0.0019 —0.0316 0.0029
—0.0121 0.0010 —0.0199 0.0018 —0.0278 0.0025
—0.0102 0.0024 —0.0159 0.0031 —0.0258 0.0053
—0.0112 0.0014 —0.0187 0.0021 —0.0271 0.0030
—0.0110 0.0010 —0.0201 0.0016 —0.0283 0.0029
—0.0124 0.0008 —0.0206 0.0012 —0.0307 0.0021

Nej
= W N = W N ==

Table 5.4: Monte Carlo bias and standard deviation of f7(0).

T 0.05 0.075 0.10

FPE FPE FPE FPE FPE TFPE FPE FPE FPE
0.9751 0.9900 0.9825 0.9660 0.9808 0.9734 0.9386 0.9529 0.9458
0.9702 1.0115 0.9906 0.9561 0.9967 0.9762 0.9220 0.9612 0.9414

0.9618 1.0456 1.0028 0.9488 1.0315 0.9892 0.9115 0.9909 0.9503
0.9489 1.0933 1.0183 0.9343 1.0765 1.0026 0.8989 1.0357 0.9646

INNJUR R

Table 5.5: Order selection using FPE, d =2 and n* = 11.

n*=3,4,5,6,7; p=1,2, for n* = 8. The choices of 7 satisfy (5.3).

We also compare our estimates with those obtained using a tapered average periodogram
estimate, the aim of tapering being to mitigate the edge effect, cf. Dahlhaus and Kiinsch
(1987). In particular, let hy(t) = 279 H?Zl h(ti/n;), where h(-) is a function taking values
in [0,1] and define the tapered periodogram of z; by

2

Z hy(H)ze™ | ) X el (5.4)

tell

-1
IT(\) = <Z h%(t))

tell

Like Hidalgo and Seo (2014), we opt for the cosine bell taper, viz. h(z) =1 —cos(27z). The
estimator we use is one commonly used in time series analysis, see e.g. Brillinger (1975),
p.132, subsequently also studied in the spatial context by e.g. Robinson (2007), and (with

some abuse of notation in the sum index) is given by

-1

d m
T = (2m) ¢ [(2 Hmi> | Y ()\ + x;f“) 7 (5.5)
i=1 j=—m
where m = (my, ..., mgq)’, the m; are non-negative integer sequences satisfying m; +m; /n; —
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Figure 5.1: Spectral estimates for d = 2, n* = 11, 7 = 0.05. (a) True spectrum (b) AR estimate with p = 1
(c) AR estimate with p =2 (d) AR estimate with p =3

0,i=1,...,d, and \/ = ()\}i, cee /\k‘i)/ is the k-th Fourier frequency, i.e. )‘IZ = 2mk;/n;,
with k1 =0,...,n1,and k; = 0,+1,...,4n;, ¢ = 2,...,d. We will report results for d = 2
and take my = mo = m* = 1,2, 3,4, with higher values of m* for bigger n*.

IT is discretized with gaps of 0.10 in each dimension and we call this grid G. In Tables
5.1 and 5.2 we report Monte Carlo mean integrated squared error (MISE) for fh(p)(/\) and
FT(X\) respectively. This is defined as the Euclidean norm of fh(p)(j\) — f()\) evaluated at

1

~ _ 2] 2
frequencies in G, i.e. MISE = {Z/\GG (fb(p) ()\) —f (A)) } , with an analogous definition

for fT(\).

We first analyze Table 5.1. Regardless of the value of d, MISE is smaller for smaller
values of 7. As n* increases MISE decreases for each value of 7, but not monotonically
when d = 3. In the following discussion any triple is to be read as (n*,d,p). The MISE for
(9,2,1) dominates that for (9,2,2) for any value of 7, and likewise the MISE for (11,2,1)
compared to (11,2,2). However there is a cost in allowing increase of p and that is reflected
in the MISE for (11,2,3) dominating that for (11,2,2). Similar patterns are seen for other
values of n* but the results for bigger p than those shown are not worth reporting for either
value of d. The case (8, 3,1) exhibits very little change from (7,3, 1), while (8, 3,2) performs
worse than (8,3, 1) for all values of 7. Moving to Table 5.2, we observe that MISE of fT()
is generally much larger than for fh(p)(-). In fact, the MISE of the latter is smaller for any
values of n*, p and m* for both 7 = 0.05,0.075. Only when 7 = 0.10 does it become greater
when n* < 7, but here too with larger sample size, i.e. n* > 9, it becomes much smaller
than that of the periodogram based estimate as p increases.

Tables 5.3 and 5.4 report Monte Carlo bias and standard deviation (SD) for fh(p)(O) and
fT(O), respectively. The biases decrease monotonically for all values of 7 when d = 2, while
for d = 3 the decrease is not monotonic always, although the values seem quite acceptable.

The biases are much smaller for d = 3, almost vanishing for larger n* and smaller 7. Like

16



(@) ®)

Figure 5.2: Spectral estimates for d = 2, n* = 11, 7 = 0.075. (a) True spectrum (b) AR estimate with p =1
(c) AR estimate with p =2 (d) AR estimate with p =3
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Figure 5.3: Spectral estimates for d = 2, n* = 11, 7 = 0.10. (a) True spectrum (b) AR estimate with p =1
(c) AR estimate with p = 2 (d) AR estimate with p = 3

Robinson (2007), we find that all biases for fT(O) are negative, unlike the mostly positive
values observed for fh (p(0). For d = 2 the biases of fh (p)(0) sometimes dominate (in absolute
value) those of f7(0), but can become better e.g. for n* = 11. For both fh(p)(O) and f7(0)
we find that the smallest values of SD also reduces monotonically with n*. For d = 3, SD of
fh (p)(0) becomes zero up to two decimal places when n* > 4 for all 7, with just one exception
for (8,3,2). For d = 2 such behaviour is not observed, but SD does decline as n* increases.

The behaviour of fh(p)(') relative to true spectra for d = 2 is illustrated graphically over
G with n* = 11 for 7 = 0.05,0.075,0.10 in Figures 5.1, 5.2 and 5.3 respectively. In each figure
the top-left surface, labelled (a), plots the true spectral density. The figures labelled (b), (c),
(d) show plots of the autoregressive spectral density estimate computed using p = 1,2, 3,
respectively. All spectra are plotted on a log;, scale. Figure 5.1 shows that the estimated

spectrum when 7 = 0.05 has too sharp a peak for p = 1, but this flattens to one resembling
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Figure 5.4: Average periodogram spectral estimates for d = 2, n* = 11, 7 = 0.075. (a) m* =1 (b) m* =2
(c) m*=3(d) m* =4.

the true peak for p = 2. As seen in Tables 5.1 and 5.3, estimates worsen for p = 3, illustrated
by the choppy and very sharp-peaked surface in Figure 5.1(d). For 7 = 0.075, Figure 5.2
exhibits similar features, with p = 2 giving (visually) the best estimate. Finally, for 7 = 0.10
we see again from Figure 5.3 that p = 2 does best but compared with Figures 5.1(c¢) and
5.2(c) the contours of the true spectrum are not as well estimated, as observed numerically
in Tables 5.1 and 5.3. For p = 3 the estimated surface exhibits poor properties by flattening,
as opposed to the sharp peaks exhibited by Figures 5.1(d) and 5.2(d). We illustrate using a
similar figure for fT() in Figure 5.4, but to conserve space only report results for 7 = 0.075,
so that the true spectrum is displayed in Figure 5.2(a). We see from panels (a) and (b) that
when m* < 2 a number of ridges appear in the plot and it doesn’t quite resemble the true
spectrum. However the resemblance becomes much stronger in panels (¢) and (d), which
display the estimated spectrum for m* = 3 and m* = 4 respectively, and looks the closest in
panel (d). An interesting point to note is the greater levels of local detail (e.g. dimples and
ridges) in the plots of Figure 5.4 as opposed to Figures 5.1, 5.2 and 5.3. This is in keeping
with the ‘local’ character of the kernel based estimate fT() in comparison with the ‘global’

approximation that a sieve estimate like f}](p)(-) entails.

5.2 Order selection

We now discuss order selection for the AR spectral estimate. We begin by briefly dis-
cussing the time series case, where we write h(p) = py, as p for simplicity. Shibata (1981)
deduced that for a Gaussian, stationary linear process z;, t € Z, the asymptotic lower
bound for the integrated relative squared error (IRSE) of the AR spectral estimate, defined
as [q {(fp(/\) — f(A)) /f(/\)}Qd)\, is achieved by the p* minimizing Sn(p) = (N + 2p)o.
fp* (+) is then termed an optimal or asymptotically efficient AR spectral estimate. The result

requires Y o |ds| < oo and also that x; does not degenerate to a finite order AR process.

18



If the Gaussianity assumption is dropped, Karagrigoriou (1997) establishes similar results

under the conditions sup, Fef% < oo and

o0

Zs|ds| < 0. (5.6)

s=1

The condition (5.6) is required to satisfy a form of mixing condition on the cumulants
introduced by Brillinger (1969). For d > 1 and some generic vector norm ||| ., a sufficient

condition would be

> lsllgen Ids! (5.7)
s€55%

indeed conditions of this type have been shown to be related to other notions of mixing
for lattice processes, see e.g. Corollary (1.7.2), pg. 32, in Guyon (1995) and Robinson
(2007). Conditions like (5.6) and (5.7) impose greater smoothness on the spectral density
as compared to absolute summability of the ds. As both Shibata (1981) and Karagrigoriou
(1997) show, the optimality property of p* minimizing Sy (p) is shared by Akaike Information
Criterion (AIC)-like criteria, such as the AIC itself and Final Prediction Error (FPE). On
the other hand, these criteria are inconsistent. Furthermore, Karagrigoriou (1997) also shows
that consistent criteria such as BIC (Bayesian Information Criterion) and the ¢ criterion of
Hannan and Quinn (1979) are asymptotically inefficient in the sense of Shibata (1981), i.e.
they do not attain a lower bound for the IRSE. A referee has pointed out that consistency of
order selection criteria is proved in settings where the true autoregression is finite, whereas
we consider an approximation to a true infinite model (as does Shibata (1981)). Thus we
opt for potentially optimal, as opposed to potentially consistent, criteria in the following
paragraph. We say ‘potentially’ because we do not establish asymptotic properties of the
criteria in this paper. Further support for this choice is provided by the results of Shibata
(1986), which show that a consistent model selection criterion can lead to the loss of the

N %—consistency property of parameter estimates.
In view of the above discussion, we propose versions of the FPE criterion. For spatial
processes, the FPE has been extended at least in the quarter-plane case, see e.g. Tjgstheim

(1981). Following this approach, for the half-plane setting we can take

FPR(p) = 62, <N+ f)(p)> ’

N b(p) (5:8)

However, the preceding sections stress that unlike in the case when d = 1 or indeed the
quarter-plane case, we have €(p) > h(p) when using a half-plane representation. Thus while
we fit an AR model with h(p) coefficients in fact the estimation is based on up to €(p)
autocovariances. The formula in (5.8) penalizes only with respect to h(p), but realizing that

in fact the correct penalty term is €(p) suggests a degrees of freedom correction of the form

FPE(p) = 6%, (%j—ggo . (5.9)
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Finally because €(p) is only an upper bound, the degrees of freedom penalty imposed in
(5.9) may be too strong so, taking a(p) = (h(p) + €(p)) /2, we define

FPE(p) = 62, <%f—zgg> . (5.10)
Note that the paper does not present rigorous justification of these criteria, rather treating
them as reasonable empirical rules.

The order selection criteria (5.8), (5.9) and (5.10) are displayed in Table 5.5, for d = 2
and n* = 11. For all values of 7, F/‘P\E(p) tends to overfit, which corresponds to our discus-
sion above about this criterion imposing an insufficiently large penalty for larger truncation
points. On the other hand, both lﬁ(p) and FPE(p) suggest a very parsimonious fit with
p = 1in all but one case, and from the analysis of Figures 5.1, 5.2 and 5.3 this certainly seems
a better automatic data-driven choice of p than p > 4 suggested by F/‘ISTE(p) Furthermore,
FPE(p) suggests p = 2 when 7 = 0.10, which seems to be a very reasonable choice based
on the discussions above. Further illustration of the order selection criteria with real data is

provided in supplementary appendix S.1.

5.3 Nonstationary and possibly irregularly-spaced data

In this subsection we illustrate the method further by also applying it to data simulated
from a nonstationary process with irregular spacing. For n* = 9,15, let W be an N x N
circulant matrix with zero diagonals and first row given by (0,1/2,0,...,0,1/2). In each of
500 replications, generate the N x 1 vector of data = by the Cliff and Ord (1973)-type SAR
model as follows

= (Iy —0.05W) e, (5.11)

where € is generated by independent standard normal draws. Clearly, the elements x,
t=1,...,N, of x are nonstationary stochastic processes. We compare spectrum estimates
from two settings: the first one assumes the availability of data at all lattice points, i.e. a
regular lattice, and the second method assumes a certain proportion of lattice points have
no data available, i.e. an irregular lattice. These missing points of observation are randomly
assigned in each Monte Carlo trial and are approximately 8% of the data when n* = 9 and 7%
of the data when n* = 15. Following the approach of practitioners, missing data are replaced
with zeros. We wish to compare the performance of these estimates, which we carry out via
analysis of Figures 5.5 and 5.6 for the regular and irregular lattices respectively. Figure 5.5
plots the estimated spectrum for n* = 9 when p = 1,2 in panels (a) and (b) respectively, and
for n* = 15 when p = 1,2, 3,4 in panels (c), (d), (e) and (f) respectively. Figure 5.6 displays
exactly the same plots for the irregular lattice. In both figures we see clearly the pitfalls of
overfitting: too large a value of p leads to a spectrum that is very uninformative, evident
in panels (b), (e) and (f) of both figures. On the other hand, comparing the Figures 5.5(a)
and 5.6(a) we see that irregular spacing leads to a smaller estimated peak at frequency 0.

In the same vein, when n* = 15 a comparison of Figures 5.5(c) and 5.6(c) suggests that a
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Figure 5.5: Spectral estimates for d = 2, n* = 9,15, 7 = 0.05, nonstationary data generated by (5.11). Regular
lattice. (a) n* =9,p=1,(b)n" =9,p=2,(c) n" =15,p=1, (d) n* =15,p =2, (e) n* = 15,p = 3, (f)
n*=15p=4.

similar problem does not arise in this case, perhaps due to loss of data being mitigated by
a larger sample. However, this conclusion may be misleading. Indeed, when p = 2 we can
compare Figures 5.5(d) and 5.6(d) to notice that the peak at frequency 0 is indeed flatter
in the latter, as is a ripple that runs through the spectrum at across the zero frequency axis

in one dimension.

A Proofs

This section contains proof of all results in the paper. We will write Ag,) = ‘i/h(p) = {10
and dy () wh — 1y (p) throughout the appendices.

Proof of Theorem 2.1. We have

5 =1 (7 i 3—1
dy(p) = dyp) = Vo) (%(z») - ‘I’wmdh(p)) =V 0 o) — De) i) T Yo) — Yo Do)

so that the norm of the LHS above is bounded by

\i] ;)H (185 + [ 2ew | 1o | + 15y o) = Pnnl]) - (A1)

Now iy | < i, — w3y + ¥y | < (|5 18l 1) 3o 0

H\Il H ( — H\Il p)H HA¢ H) H\I/h(p H . Using Markov’s inequality and Lemma B.5 it fol-

1—v

lows that [|Aegy|| % 01 €(p)ni™ — 0, e, ()N (TIL 1(1—n-—1pi)) —0,

which is true by (2.11). Thus plimy_, H\Il H < limy_ oo H\I/ H < 00, from Corol-
lary B.7. Now we deal with the factor in parentheses in (A.1). By Lemma B.4, Markov’s
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Figure 5.6: Spectral estimates for d = 2, n* = 9,15, 7 = 0.05, nonstationary data generated by (5.11).
Irregular lattice. (a) n* = 9,p = 1, (b) n* = 9,p = 2, (¢c) n* = 15,p = 1, (d) n* = 15,p = 2, (e)
n*=15p=3, (f) n* =15,p=4.

inequality and (2.11),

H 2,0. For the second term, we have HAQ(p)H 2,0 and

also Hdh H ( s€S[—prL,pul ds) S ZSES[*QDL,]JU] |ds’ S Esesloj_ ’ds‘ < 0. Thus the
second term converges to zero in probability. Finally, for the third term note that As-

sumption A implies that Fe;xi_p, = Zsesﬁuo bsEeier_—s = 0, k € S5, t € L, because

k + s = 0 is not possible due to our definition of half-plane (2.1). This indicates that
2

(k) = Boywir = Tyegor diy(t — k), k € 832, 50 [Ty dy) — Uoip)|

> Yo doy(t—s)—(s)

seS[—pr,pu] \t€S[—pL,pU]

= Z Z dsy(t —s) — Zdwt—s

s€S[-pr,pu] \t€S[-prL,pU] tesTs

2
= ) Y dn(t—s)

s€S[—pr.pul \t€STL\SI—pL.pU]

< Y >, & Yoo At—9)?
s€S[=pr.pu] \t€STL\S[—pL.PU] teSYL\S[=pL,puU]
S D ST SRR I SR
s€S[—pr.pulteSTI\S[—pL PU] te ST \S[—pr.pU]
< C Z v(s)? Z 2 <c Z a2,
sezd teSP\S[=pL,pU] teST\S[—pL,pu]
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using Lemma B.1. Thus H\I’h(p)dh(p) — wb(p)H <C Ztesgﬁ |d¢|, which converges to

\S[=pr,pU]
zero as N — oo due to (2.12), completing the proof. Note that we have also shown that

i ¢(p
dy(p) — db(p)H =0 |yt > 4. (A.2)
h teSP\S[=pL.pU]

by Markov’s inequality. O

Proof of Theorem 2.2. Note that 4(0) = n,, 122’(}77”):1;%. Using the definition of least squares

2

. 2
and some algebra, we may write Erg(p) —0“ as n;lz;/(pjn) (:Bt - ZSGS[—PLJ?U} d&b(p)!ﬁtfs) —o?,

which equals

~ ~ ~ [N ~
7(0) = dy Py — 0* =(0) — (dh(p) - dh(p)> Unip) = Ay U = 7(0) + D diy(2)

tesge
N A / , ~ / ,
= 7(0) =7(0) - <db(p) - dh(p)) Vo) ~ Dy (p)Oo(p) (dh(p) - dh(p)) O(p) — () V()

+ Z dey(t).

tespe

Since d;)(p)d}f)(p) =D _seS[—prpu] ds7(5), we can write

~ /
G — 0" = (3(0) =7(0)) - (dh(p) - db(p)> Vo)~ ()T (r)

A~ /
- <dh(p) - dh(p)) O (p) + > diy(1). (A.3)

teSPY\S[—pL.pU]

The first term on the RHS converges to 0 in probability by Lemma B.3 and Markov’s
inequality, the second by Theorem 2.1 and Lemma B.1, the third term by Lemma B.4,
(2.11) and Assumption A and the fourth term by Theorem 2.1, Lemma B.4 and (2.11). For
the fifth term, convergence to zero follows by (2.12) and Lemma B.1. Note that we have

also proved

. ¢(p)
O'g(p) -0*=0, T+ Z |, (A4)
! t€SPS\S[—pL,pul

because h(p) < €(p) and limy_.oc N/n, = 1. O
Proof of Theorem 3.1. We recall D (ei’\) =1- Zsesﬁ dse™'* and define f)b(p) (eM) =1-
ZSGS[—pL,pu} Czsh(p)eisl/\. Then
i |2 (4 3 i |2 PNE
DN (33, = ) = 2 ( |y ()] = [0 ()]7)

Foim ) = FO) = — . (A)
2r)* 1D () [ Dy ()]
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Because D (") = o ((27r)df()\))71, by (2.5) we have
c<D (ei)‘) < C, uniformly in A € II. (A.6)

On the other hand,

ilég Dh(p) (e”)‘ < ilelg bh(p) (eM) -D (6“‘)‘ + ilelg D (ei)‘)‘ (A7)
and
28 [Pon ()] 2k [P ()| = up Do () =2 ()] a9)

‘f)h(p) (ei)‘) - D (ei’\)‘ is bounded by

Z dy i) — ds eis’A‘ n Z I, | i
s€S[—pr.pu] s€STI\S[—pL.pU]
l ~
< MM?%@—%wH+ >, ldsl,

s€SPL\S[=pL.pU]

(A.9)

by the Cauchy Schwarz inequality. By (3.1), (3.2) and (A.2), we have f)(p)%

o) — )| =

0, (C(p)h(p)%/N%) , implying that (A.9) is negligible. We have then shown that
sup Dh(p) (e“‘) - D (e”‘)‘ 0. (A.10)
A€l

Using (A.6), (A.7) and (A.8) together with (A.10) implies that

~

¢ < Dy (ei)‘) < C, uniformly in A € 1II, (A.11)

with probability approaching 1 as N — oo. The identity a? —b? = (a—b)?+2b(a—b) implies
R 2 '
Dy(p) (el/\)‘ —|D (e?) |2' is bounded by

(Buy () =2 (2))" +2| ()] [ By () -2 ()] a2

where the RHS converges to 0 in probability uniformly in A by (A.10) and (A.11) so that

Duy ()| | ()]

0. (A.13)

sup
Aell
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Because (A.5) implies that

i 2 i 2 i 2|4
A | [Duy ()] = 1P| + 1D () a3 - o
Fomy ) = T < — :
(2m) D () [ Dy ()
the theorem now follows by (A.6), (A.11), (A.13) and Theorem 2.2. O

Proof of Theorem 4.1. By Lemma B.8 and (2.2), we need to establish the asymptotic distri-

bution of
<N2/np[’) ) DY \Il(sp)z €omr_stt, (A.14)

reS7q U0 SGS[*pL,pU] t(p,n)

with \IJ,(]S(;) denoting a typical column of Wy,. Fixing n > 0, in view of (2.2) we can choose
a positive integer M such that

ST b <a/bp)z, (A.15)

ré¢S[—M,M]

where S[—M, M] = {t; : [t;| < M,i=1,...,d} N SS. Note that » ¢ S[—M, M] if and only
if r € SPL\S[—M, M]. The difference between (A.14) and

g = (NE/mb®)?F) > b > aVw) > Tae (A6)

TGS[_MzM] SES[_pszU] t(pvn)

is readily shown to have mean zero and variance that is & (772N n, 1) =o0(1), as n — 0,
because N/n, = €(1). Thus we establish asymptotic normality of gy) a- A martingale
central limit theorem of Scott (1973) can be applied by mapping Z? into Z, as in Robinson
and Vidal Sanz (2006). They denote by C’,E:d) the lattice points of on the surface of the

d-dimensional cube with vertices (%k,...,+k), and arbitrarily order them as tgll? . ,t(kzd),
my

with m,(C ) = = (2k + 1)? — (2k — 1), Introduce the function ¢ : Z¢ — Z, , defined as

6(0) = 1
qb(tﬁg) _ 2,...,¢(t§})_1)=3d

:(214;—1)d ¢< (d>> = (2k +1)%,

<
/N
~
—~
—
—
N———
I

and On(t) = ¢(t) — #{s:s ¢ L; ¢(s) < ¢(t)}, t € L. Having thus ordered on the integer
vertices of a hypercube containing L., we drop points outside I and re-label after closing gaps
and preserving order. Now define the triangular array dn(j), j = 1,..., N, of independent
random variables with zero mean, variance ¢ and finite fourth moment by dy (Oy(t)) =
e, t € L. For each summand in ;. ) €1—r—s€; either ¢(t —r —s) < @(t) or §(t —r —s) >

¢(t), and there are a total of N — & (Nl_x) summands, each of which can be written as
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On(F)ON (j — €N (s,r)) for suitable j and ¢; n(s,7) € Z4 (possibly after finite translation
across Z%). Define

oxG) = (N/mb@?) 3 b Y al) Wi on()on (G- Gi(s, 1)

reS[-M,M]  s€S[-prL.pu]

X

thus by uncorrelatedness of vy (j) over j, gy differs by &, (b(p)NfE) = 0,(1) from
N~z Z 1UN(j) . For p defined in (B.11), we now show that

N
lim N™'Y " EoX(j) = o”u+ o(n), (A.17)

N—oo

The uncorrelatedness of dx () implies Ev;(j) = (NQUQ/nIZ,h(p)) a(p)’\ll,;é)\Ilb(p)ﬁM\I/g(L)a(p)
for any j, where Wy, 3s denotes the symmetric matrix with elements o? Yore S[—M,M] brbr4s—t,
with s,t € S[—pr,py]. Elementary inequalities together with (A.15) imply that the latter
differ from a typical element of Wy, by o 2 orgS[-M,M] Orbras—t = O(n*/b(p)), whence

1 Wy).00 = Yo || = € (%) = o(n), as N — oo. (A.18)

Now NV, Bv(j) is bounded by (N%0?/n20(0)) o) |2 || o006 — Wy +

0% (N%o 2/nlz)f)( ) a(p) ¥ h(p) a(p). The first term is easily seen to be o(n) as N — oo, by
(A.18), while the second converges to o%p as N — oo by Lemma B.10 and because N/n, — 1
as N — oo. Thus (A.17) is established. The vy(j) form a martingale difference array.
Denote by F, n the o-field of events generated by dn(j), 7 < k. Writing un(j) = UN(j)/O'/L%,
Theorem 2 of Scott (1973) implies that if

N

N_IZE{U?V(j)1<|uN(j)|ZQN%)} — 0, allp>0, (A.19)
j=1
N

NS E{uk () |Fj-1n } — Buk ()] — 0, (A.20)
j=1

then N~z 3 un(j) % N(0,02p).

By (A.17), E (N~ (j)) = o 2u ! (6% + o(n) + o(1)) = €(1) uniformly in j, imply-
ing that N~u%(j) is a uniformly integrable array under (4.1), whence (A.19) follows on
noticing that its LHS is bounded above by max;—; n E {u?v(j)l (u?v(j) > QQN)}.

Next, (A.20) is proved if we show

2

N
NS R E Y b > ) U on (= Lin(s,r)

J=1 reS[-=M,M]  seS[-pr,pv]
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2

—ESH)TE D> b > a) ) v (G- in(s) p | 0.
reS[-M,M]  s€S[-pr,pu]
(A.21)

Fix 5(2) S S[—M, M] and T’(Z) € S[—pL,pU], 1 = 1,2, define Ej,N,i = gj,N (S(z),’l“(l)) and

consider

N
NS " {on (G = Lina) On (G — Ljn2) — Bon (= 4na) On (G — Lin2)} - (A.22)
j=1

Clearly (A.22) has mean zero, while its variance is

N N
ZZ [Eon (j — 4jn1) On (k= Lpn1) EON (7 — €jn2) On (B — L N 2)
j:l =1

+ IN(G—4in1)oN (k—Lpn2) Edn (j—4in2)On (K — L n)

+  ceum{dn (j—¥in1) 0N (B —Cleni), 0N (J—¥inz2) . 0n (B —Cpn2)}],

(A.23)

where cum {x,y, z,w} denotes the joint cumulant of z,y,z,w. Robinson and Vidal Sanz
(2006) noted that, for d > 1, the s # t terms have a non-zero contribution to (A.23) because
¢ n,; depend on N. They show that (A.23) is & (N_g), whence (A.21) is € (f)(p)N_%> =
o(1), unlike when d = 1, when (A.23) is ¢ (N~!) and (A.21) is € (b(p)N_%> (cf Berk
(1974)). The theorem now follows by Bernstein’s Lemma (see e.g. Hannan (1970) pg
242). O

. 1 Ay
Proof of Lemma /4.1. Since (N/h(p))?2 ZseS;ﬁ\S[—pL,py] dse® — 0 as N — oo, any \ €
IT, we can replace C'(A) and S(A) in (4.3) by Cy)(A) = 143 cqi_p, o) ds cos (s'A) and
Sh(p)(A) = D ses[—py pu] ds Sin (s'\) respectively. Lemma B.8 and Theorem 4.1 immediately
provide the joint asymptotic normality of (4.3), by the Cramér-Wold device. The asymptotic
variance of (N/h(p))% (C’b(p)(O) - C’(O)) is obtained by taking wp = 1 and others zero in

Lemma B.10, while for (N/f)(p))% (éb(p) (m) — C(?T)) we take up = 1 with others zero. For
j=1,...,q, take w; = u; = 1/2 and others zero for (N/f)(p))% (éb(p) (Aj) — C’(/\j)>, and
w; = —1/2, uj = i/2 and others zero for (N/h(p ))é (Sh(p) (Aj) — S()\j)). It is easy to show

using this method that the asymptotic variance of the sum of any pair of terms (4.3) is
the sum of the asymptotic variances, implying that the asymptotic covariance matrix is

diagonal. 0

Proof of Theorem 4.2. By (3.1) and (4.2), (N/h(p))2 (5g(p) —a2> = 0,(1), with the five
terms on the RHS of (A.3) shown to be negligible as in Berk (1974), noting that the bound

achieved in (A.4) can be sharpened to the extent required under the conditions of the the-
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orem. Because fh(p)()‘) = &g(p)(%r)_d (C’h(p)()\)Q + gh(p)()‘)2> the proof is standard by
Lemma 4.1 and the delta method, so we omit the details. O

B Lemmas

All proofs not provided below are included in the online appendix.
Lemma B.1. Suppose Assumption A holds. Then )  ;a|v(k)| < cc.
Proof. Standard. O

Lemma B.2. With n = (n1,ne,... ,nd)', for such positive integers n; and integers k; that
satisfy n; > |k;| fori=1,...,d, let

w=m Y s w =30 Y G teL (B.1)

t(|k|,n) reZd scz4

with the &5y zero mean, independent (over t € L) random variables. For some w' € (1,2],

suppose there exist m1,,M2,r, T € 74, such that

E|£T$,t|w < |771,7"772,S|w > Z |77j,r| < oo, j=1,2, (B-Q)
rezd

for allv,s € Z¢ and t € L. Then E|Sg,|" ‘< C’n‘lk‘“’ )

Lemma B.3. If Assumptions A and B hold, E|¥(k) —~(k)|' < C nzlj_”
Lemma B.4. If Assumptions A and B hold, E H(Sh(P H < Ch(p)'n, 1o,

Lemma B.5. If Assumptions A and B hold, F HAQ«(p)HU <C (’:(p)”nzl,_“.

Proof. Write Ag(p) = \ifb(p) - \ilh(p), where \ijb(p) is constructed in the obvious way using
estimated covariances. Using the inequality ||B|| < ||B||p for symmetric matrices B, we

have
[Aepl < 18em Iz < [[Bewll - (B.3)

We will now bound the absolute row-sums of AQ( ) uniformly over all rows. Consider a typical
row of A@(p). This has ’A}/ (ll - l_l,ZQ — l ld —]d) e (ll - l1,l2 l ld —jd) 5 jd =
0,...,pq, for some l1,...,lq, l; = O,...,p, and all Iy,..., 141, 1; =0,. . It follows that

a typical absolute row sum is

Al =llo—lg o la—ja) =y (L=l la = Lo, .. lg — ja) | (B.4)
d—1 j4—0

with zd—l running over Iy, ...,lq_1, l; =0,...,p;. Since the summands are absolute values
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of the elements of a row of a Toeplitz matrix (by construction), (B.4) is bounded by

22 Z (h=l,lo =l ka) =y (L=l e = la, ... ka)|

d—1kg=—pq

which in turn is bounded by

2 > Bk -k,

unique covariances
there being €(p) terms in the sum by Proposition ST.1. This bound is clearly uniform over
all possible rows. So using Holder’s inequality and Lemma B.3

v

ElAepylly < 4°F S Ak - k)]

unique covariances

< septt Y ERK) k)
unique covariances
< oep)t Z nll)_” =C Q(p)”n;_”.

unique covariances

Then the result follows from the above and (B.3).
O

Lemma B.6. Let p be any eigenvalue of Wy,). Then, under Assumption A, (2m)4m < p <
(2m)4M.

This lemma is a d > 1 generalization of the statement in Grenander and Szegd (1984), p
64.

~1
\I]h(p)H =C
For any index ¢ in the sum Z;;/(\pm) we write X;(p) for the h(p) x 1 vector with typical
element z;_s, s € S [—pr,py]. Denote by a(p) an h(p) x 1 vector of constants, not all zero.
Lemma B.8. Let Assumptions A, B, C and (3.1) hold, with v =2, and

N2 3 \ds| — 0, as N — oo, (B.5)
s€S53\S[-p pv]

Then, as N — o0,

N%Oé(p), (dh( ) — dh(p)) /h % % Z ( )ﬁt/nph( )

t(p,n

N
.C’

(B.6)

Proof. Define € () = 71 — ZseS[—pL,pU] dszi—s. Then

o —a= D dai

5575 \S[-pL.pu]
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so that the LHS of (B.6) equals

1 N _ _ 1
NQOZ(P)"I’;,(;)Ae(p)‘I’bé) > "X (p)E () /b (p)?
t(p,n)

+ N2a() T > X)) D danes/mph(p)2 (B.7)

t(p;n) s€S3\S[=pL.pUl

Now, a(p )\Il Xt( )/b(p )é is a linear process in lags of €, with mean 0 and variance
h(p)_la(p)’\llgé)a(p) = 0(1), by Lemma B.7. Thus the square of the second term in (B.7)

1
has expectation bounded by a constant times N%nﬁ ZSGSI"i\S[pr,pU] d? — 0, by Lemma
_ 2 1 1
2 of Berk (1974), so EHZQ’(M) Xt(p)et’h(p)H — 0 (h(p)Ngng Zsesﬁ\s[_m o] d§> , and
the first term in (B.7) is in turn of order &, <f) HAQ(p)H N4np ZseSfj_\S[ — s|>
1
ﬁp< (p)2€(p )/n2> ,(1), by Lemmas B.5, B.7, (B.5). This is negligible by (3.1). O

Lemma B.9. Write Dyy(2) = 1~ ety ) b= D(2) = 1= e doz* and le
Assumption A hold. Then limp ) oo Dy (2) = D(2) for || <1,i=1,...,d.

Proof. We can take A = 0 in Theorem 2.2 of Baxter (1962), as in Berk (1974), and obtain

> dr o)/ Tip) — dr/Uz‘ <C > \d,| /o2, (B.8)
reS[—pr,pr]U0 reST\S[-pL.pu]
with do = dg ) = 1. Also,
Oiy — 00 =0) —dyiypy —o' = Y da(r) =0, (B.9)

reS\S[=pL.pu]
as h(p) — oo, by (2.4) and Lemma B.1. Combining (B.8) and (B.9) yields the result. O

Lemma B.10. Let the conditions of Lemma B.9 hold. Let wy = 1, ..., wq = Ug be complex
numbers for some positive integer q, wo and ug real mumbers, for t € S75, A € (O,W)d
define

B = wo + w1 4 - 4 we® M 4 ™ 4 uem N 4 pygem (B.10)
and a(p) be the h(p) x 1 vector with typical element By, s € S |—pr,pu]. Then

odm b(e) ™ alp) Vgalp) =

"Meyer et al. (2016) have proved a version of this inequality under (5.7), which is a regularity condition
that implies greater smoothness of f()).
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where

= wi/(2m) f(0) + 2wrur/ (2m) f (M) + -+ 4 2wqug/ (2m)Tf (Ng) + ug/(2m) f (). (B.11)
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Supplementary appendix to ‘Autoregressive spatial spectral

estimates’

Abhimanyu Gupta
November 20, 2017

This supplementary appendix contains an empirical example in Section S.1, bounds
for absolute moments of partial sums of rather general lattice processes in Section S.2,
a generalisation of the Toeplitz property familiar from the theory of stationary time
series and an upper bound on the number of unique autocovariances that occur in
the covariance matrix of finite, stationary and unilateral processes in Section S.3, and
proofs of most of the lemmas in Appendix B of the paper. It also strengthens the mode

of convergence of estimates to almost sure convergence in Section S.5

S.1 Empirical example

The data used is available at www.spatial-statistics.com. In this example we study
county level voter turnout (defined as votes cast divided by total population) data from
the 1980 US presidential election, used in Pace and LeSage (2003). Following a strategy
similar to Bronars and Jansen (1987) we grid the data over a 16 x 29 grid of square cells,
each with about a 69.3 km edge, from 30.20°N to 41.72°N and 81.52°W to 102.4°W.
As Figure S.1.1 illustrates, the choice of coordinates gives the largest possible sample
size while accounting for the irregular border and coastline of the US, as well as the
relative sparsity of observations west of our imposed North-South border that runs from
Nebraska to Texas. The grid covers a total of 1539 counties, and the voter turnout is
taken as recorded at the centroid of each county. The average of the voter turnout for
the centroids that lie in each cell is calculated, and the sample mean subtracted from
each cell, yielding 464 observations. There are no empty cells and since a centroid can
only appear in one cell there is no overlap. Smaller grid cells would lead to empty cells,
and Bronars and Jansen (1987) note that while choice of cell size is somewhat arbitrary
it is analogous to selecting quarterly, monthly or weekly data in time series analysis.
Voter turnout is not a zero mean process, so we subtract the sample mean using the
whole sample from each cell as remarked in Section 2.

We now apply the order selection methods given in (5.8), (5.9) and (5.10). Table
S.1.1 tabulates all the versions of FPE for various truncation order choices p* = py, =
PrL, = Pu,- The advantage of our degree of freedom correction in lﬁ(p) is immediately
clear. The ‘naive’ extension given by F/PTE(p) continues to fall and suggest p* = 5,
which leads to an extremely choppy and uninformative spectrum, as discussed in the
next paragraph. On the other hand, lﬁ(p) gives a choice of p* = 3, the estimated
spectrum from which is more informative. The average degrees of freedom corrected

version FPE(p) suffers from the same overfitting problem as Fﬁ(p)
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Figure S.1.1: Gridded county level US voter turnout data

p* FPE(p) FPE(p) FPE(p)

0.0032  0.0033  0.0033
0.0026  0.0027  0.0026
0.0023  0.0025  0.0024
0.0023  0.0026  0.0024
0.0020  0.0026  0.0023

U W N =

Table S.1.1: Order selection via FPE for county level US presidential election data

These findings are illustrated in Figure S.1.2, which plots the estimated spectrum
for various choices of p on a log; scale. Due to symmetry we only plot the results over
(—m, 7| x [0,7]. There is a very strong peak at low frequency, indicating the power in
low frequency structural components. For p = 1, panel (a) shows that the estimated
spectrum tends to not pick up the features of the spectrum and seems to suffer from
underfitting. Looking at panel (b), we see that matters improve when p = 2 and more
features of the spectrum, in particular two peaks, can be discerned. For p = 3 (panel
(c)) the peaks appear to at their sharpest and best defined, while the signs of overfitting
that only just start to appear in panel (d) (p = 4) progressively get more deleterious in
panels (e) and (f), i.e. when p =5 and 6.

The periodogram spectral estimate with m; = my = m* = 2,4,6,8 is plotted in
Figure S.1.3. The estimate has features that broadly match those seen in the AR estimate
in Figure S.1.2, viz. it also exhibit two strong peaks. However the peaks are sharper and
well-defined in Figure S.1.2, whereas local features and ripples seem to better represented
in Figure S.1.3. Given the local and global character of the tapered periodogram and AR
estimate respectively, it is not surprising to see these features in the spectrum estimate.

Furthermore, larger values of m* lead to better defined peaks.
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Figure S.1.2: Auotregressive spectral density estimate for county level US presidential election data, (a)
p=1, (b)p:27 (C)p:37 (d)p:47 (e)p:57 (f)p:6

S.2 Bounds for moments of partial sums of lattice pro-

cesses

In this appendix we establish bounds for w-th absolute moments of partial sums of a
class of lattice processes, with w € (1,2]. The class of processes under consideration
is one that arises in many applications, so the result may be of independent interest
due to its generality. Consider a scalar lattice process {(; :t € L} defined by (; =
Yostezd D osaczd sty t € L, where s = (sl, e ,sq). This definition covers situations
where certain statistics of spatial processes may be expressible in terms of products of

sums of random variables. Assume that this process satisfies the following conditions:
Assumption A. && are mean-zero and independent over t € L.

Assumption B. For some w € (1, 2], there exist positive constants {nks cseZt1<k< q}
and {a; : t € L} such that
E&se|” < ng'ai’, (5.2.1)

where 1 = []{_; nje+ and

Y s <oo, 1<k<q (S.2.2)
s€Z4d

Before we can introduce our result, we need to establish some more notation and
illustrate it with examples. Write L = (Ly,...,Lg), 0 < L; < nr, +ny, fori=1,...,d,
and define S;, = ZQ(L)Q, where ZQ(L) runs over ¢ satisfying —ny, < t; < L; — ng,.
There are ngl L; summands in this sum. For any multiple index t € Z%, write [t| =
(|ta],- -, |ta]). Also write M = (Mjy,..., My)', M; possibly negative, with |M;| < L;,
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Figure S.1.3: Average tapered periodogram spectral density estimate for county level US presidential
election data, (a) m* =2, (b) m* =4, (c) m" =6, (d) m" =8.

and define Sy, = Z;,(\Ml L)Ct, where Z;,(\Ml 1) runs over ¢ satisfying

—nr, <t; < L; — |Ml| —nr;; if M; <0,
M,; — nr, < t; < L; — nr,; if M; >0, (823)

indicating that there are Hle (L; — |M;|) summands in this sum. If M; > 0 for each
1 = 1,...,d then, unlike in time series, Sp;r, # Sr — Sas. In the d-dimensional lattice
case we may write Sy, = Sp — Sy, with S}, = Z:(ML)Q, Z:(ML) running over
t satisfying —nr, < t; < L; with at least one ¢ = 1,...,d for which ¢; < M; — ng,.
There are H?Zl L; — H?Zl (L; — M;) summands in this sum. For d = 2, Sy, consists of
the sum of observations at those points in the intersection of points to the north-east
of (—nr, +1,—nr, +1) and to the south-west of (L;, La). S is visualised similarly.
Swyr, consists of the sum of observations at those points in the intersection of points to
the north-east of (—nz, + My +1,—nr, + Ms+ 1) and to the south-west of (L1, La).
Figure 5.2.1 illustrates these definitions for d = 2; ny, = n, = 0; ny, = ny, =
6; (L1,L2) = (4,4) and (M, M) = (2,2). Observations summed in S;, are those
recorded at points within the solid-bordered boxed area. For Sy, Sj;; and Syr the
points of observation are in the solid-bordered circular area, dashed polygonal area and
dotted circular area respectively. An alternative way of writing Z;/(I ML) 18 Zt,t— MeL;
where L7, = {te VAR —nr, <t; <L;—nr,,i =1, ...,d}. Now define b,,;, = 0 if L =
(L1,...,Lq), Ly > 0 for i = 1,...,d with at least one L; = 0, and b, = Z;(L)a}f’
it L =(Ly,...,Lq), L; > 0 for ¢ = 1,...,d. Similarly define b,y = 0if L — |M| =
(Ly — M|, ..., Lqg— |Myl|), Li—|M;| > 0fori=1,...,d with at least one L; —|M;| = 0,
and bynrr, = Yo pyat’ if L — [M| = (L = [Mi],..., Lqg = [My]), Li — |M;] > 0 for
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Figure S.2.1: Illustration of Sr,Sm, Sy, and Symr, d =2, np, = nr, = 0; ny, = ny, = 6; (L1, L2) =
(4,4) and (M1, M) = (2,2).

1=1,...,d. We are now in a position to prove the main result of this section.
Lemma SL.1. Let Assumptions A and B hold. Then E |Syp|" < C bynrr-

" . . .
Proof. Syn = +(|M|,N) Dosiegd - D saezd Sst, Which is rewritten as

"

SuN = Z Z LJl/w iﬁu Z (&st/Ms1)

stezd s1€Z% t(|M|,N)

whence from Holder’s inequality

w—1 w

Sav®< ([ Xoms | X mat > > >

s€Z4 stezd s2ez4 s4€Z t(|M|,N)

Similarly ‘Zs%zd D saezd Sra) Sst| 1S bounded by

w—1 w

PR D DIl D DR DI Dl

seZd s2ezd s3ezd saeZd t(|M|,N)

After ¢ applications of Holder’s inequality and using (S.2.2) we obtain

w

SuvP <o S L il Y e (S.2.4)

slezd si1€zZ4d t(|M|,N)

Also, from von Bahr and Esseen (1965) and (S.2.1)

Bl Y el <o X Mgt <o S Tar

t(|M[,N) t(|M],N) t(|M],N)



Taking expectations of (S.2.4) and applying the above and (S.2.2) we conclude

E|Sun|* <C Z Z Ns Z G?SC Z //a?:waMNa

stezd  siezd  t(|M|,N) t(|M[,N)
establishing the lemma. O

Note that we did not impose stationarity of (;, nor did we use any half-plane represen-
tation for (;. In view of this Lemma SL.1 is quite general. It is similar to Lemma 1 of
Robinson (1978) for d = 1.

S.3 Properties of covariance matrices of autoregressive lat-

tice processes

S.3.1 A spatial generalisation of the Toeplitz property

In this appendix we generalise the Toeplitz property of covariance matrices for stationary
time series with finite autoregressive representations to stationary spatial processes with
finite half-plane or quarter-plane representations. It is necessary to introduce an ordering
of the elements of Z¢ in order to write the objects of interest in matrical and vectorial
form. Such an ordering can be carried out in many ways and as long as a consistent
ordering is followed it should not matter which particular one is used. However certain
orderings may be more beneficial in obtaining a clearer picture of the structure of the
covariance matrix. We consider the cases d = 2 and d = 3, and then discuss the situation
for general d. We also illustrate the relevant quarter-plane situations first and then build
on this treatment to explain the differences in the half-plane case, the latter being more

complicated due to negative entries in the indices. The definitions are recursive in nature.

d=2

This case is discussed quite extensively in the signal-processing literature for instance in
Tjostheim (1981) and Wester et al. (1990).

Quarter-plane representations

Here pr, = 0. For each [ =0, ..., py,, define 1/3;1)(19) to be the (py, + 1) x 1 vector with
typical i-th element 1(1,),# = 0,. .. puy, and 9 (p) = (F ), 1 (o), .. T2 )
the latter a nested vector of dimension (py, + 1) x (py, + 1). Finally denote by ;) the
(pvy, + 1) (pu, +1) — 1 x 1 vector got by removing the first element of QLb(p)’ which has
dimension h(p) x 1. For each [ =0, ..., py,, define \ill(l)(p) to be the (py, + 1) X (py, + 1)
Toeplitz matrix with typical (7, 7)-th element v(l,i — j), i,7 = 0,...,pv,, \I/h(p) to be
the block-Toeplitz matrix of (block) dimension (py, +1) and (4, j)-th block \Ifgi)j(p),



\ij(()l)(p) \il(_lg (p) e \ij(,l)Ul (»)
7 (1) (1) 7 (1)
b ) Yy'(p) ... ‘I’prlﬂ(p)
b(p) :
Ui () W) () 5 (p)

Denote by Wy, the (py, +1) (pr, +1) — 1 x (pu, +1) (pu, + 1) — 1 matrix formed by
deleting the first row and first column of \ijh(p)' Then the dimension of Wy, is h(p) xh(p).

Half-plane representations

Here we have pr, > 0. For each | = 0,...,py,, define zﬁl(l)(p) as the (p2+1) x 1
vector with typical i-th element ~(l,i), i = —pr,,...,Pv,, and zﬁh(p) as the (p2 +1) x
(pu, + 1) x 1 nested vector with i-th block ﬁi(l)(p), i=0,...,p0,- zﬂb(p) has dimension
(pv, +1) (p2 +1) x 1 with (py, + 1) (p2+1) = b(p) + pr, + 1. Therefore, unlike in
the quarter-plane situation, we will now denote by 1y, the h(p) x 1 vector formed
by deleting the first pr, + 1 elements of ﬁb(p)' For each | = 0,...,py,, define \ill(l)(p)
to be the (p2 + 1) x (p2 + 1) Toeplitz matrix with typical (i,7)-th element ~(l,i — 7),
1,7 =0,...,ps. Now, define \ilh(p) to be the block-Toeplitz matrix of (block) dimension
(pu, +1) x (py, +1) and (i, j)-th block \ifﬁ)j (p), 1,7 =0,...,py,. So we have

) e O, @)
i (1) i (L i (1)
P Ui Yylp) o ... \If_pUl_H(p)
h(p) . : . )
Ui, (0) Ty 1) i (p)

\i’h(p) has dimension (py, +1) (p2 + 1) X (py, + 1) (p2 + 1) with
(pu, + 1) (p2+1) = b(p) + pr, + 1. Again, unlike in the quarter-plane case, we will
denote by Wy, the h(p) x h(p) matrix formed by deleting the first pz, + 1 rows and

columns of \ifb(p) .

d=3
Quarter-plane representations

In this case pr, = pr, = 0. We build the definitions analogously to the d = 2 case. For
[ =0,...,py, and m = 0,...,py,, define @Z;l(;)l(p) to be the (py, +1) x 1 vector with
typical i-th element v(I,m,7),i=0,...,py, and qﬁfﬁ) (p) as the (py, + 1) X (py, +1) x 1
nested vector with i-th block &fz(p), i = 0,...,py,, and finally @Lh(p) as the twice
nested [[>_, (py, + 1) x 1 block vector with i-th block @EZ@) (p), i = 0,...,py,- Then
denote by 1y, the H?:l (pu, + 1) — 1-dimensional vector formed by deleting the first



element of zﬁh( which is h(p) x 1. We now define the matrices. For [ = 0,...,py,

p)’
and m =0,...,py,, define g (p) to be the (py, + 1) x (py, + 1) Toeplitz matrix with

Ilym
typical (i,7)-th element ~v(I,m,i — j), i,7 = 0,...,py, and @g)(p) to be the block-

Toeplitz with Topelitz blocks matrix of (block) dimension (py, + 1) and (7, j)-th block
e9)

i—j,m
matrix of (block) dimension (py, + 1) x (py, + 1) and (4, j)-th block given by \ilg)j (p),
i,j =0,...,pu,. Now denote by Wy, the H?:1 (pu, + 1) — 1-dimensional matrix formed

given by ¥ (p), 4,7 =0,...,py,, and then write \ilh(p) for the (thrice) block-Toeplitz

by deleting the first row and first column of q’b(p)' Then the dimension of Wy, is
h(p) x h(p).

Half-plane representations

Now pr, > 0 or/and pr, > 0. For I =0,...,py, and m = —pr,,...,pu,, define &;Q(p)
to be the (ps + 1) x 1 vector with typical i-th element (I, m, i), i = —pra, ..., PUs, 1[;5,%) (p)
to be the (p3 + 1) X (py, + 1) x 1 nested vector with i-th block 1]11(1% (p),i=0,...,py, and
J)h(p) to be the H?:1 (pi + 1) x 1 nested vector with i-th block QLZ@) (p), 7= —DLys---+DU,-

%(p) has dimension H?:1 (pi + 1) and also H?Zl (pi+1) =b(p)+prs +pL, (P3+1)+1.
Therefore, unlike in the quarter-plane situation, we will now denote by ;) the h(p) x 1

vector formed by the following procedure:
1. Delete each of the @Zé%(p), m= —pry,...,—1.
2. Delete the first pr, + 1 elements from 1L(()2) (p).

The total elements then deleted are pr, (p3s + 1) +pr, + 1 in number, and the dimension

of () follows. For the matrices, we again proceed similarly. For | = 0,...,py, and
M = —DLy,---,DU,, define @l(lrzl(p) to be the (p3+ 1) x (p3 + 1) Toeplitz matrix with

typical (4, j)-th element v(I,m,i — j), 4,j = —PLg,---,PUs; \i!g)(p) to be the block-
Toeplitz with Toeplitz blocks matrix of (block) dimension (py, + 1) and (4, j)-th block
\ill(-i)jm(p), i,j7=0,...,pu,, and i’h(p) to be the (thrice) block-Toeplitz matrix of (block)
dimension (py +1) X (p2 + 1) and (4, j)-th block \ilﬁ)j(p), i, = —DLyy---,DPUy- NOW
denote by Wy, the H?:l (pu, + 1) — 1-dimensional matrix formed by deleting those
rows and columns of U3 (p) corresponding to the elements of \Ifb(p) deleted earlier. For
instance, if the i-th element of vy, was deleted then we delete the i-th row and i-th

column of qjh(p)' We repeat this for each deleted element of ib(p)' Then the dimension
of Wy is H(p) X b(p).

General d

Quarter-plane representations

In this case we have pr, =pr, =...=pr, =0. For [; =0,...,py,, i =1,...,d—1, de-
fine 1[1(1) _,(p) to be the (py, + 1) x 1 vector with typical i-th element y(l1,...,l4—1,4),

lyela



i=0,...,py,, for l; =0,...,py,, t = 1,...,d — 1 define 1&1(22) ld—1<p) to be the nested
vector of (nested) dimension (py, + 1) and i-th block ngyll;wld_l(p), i=0,...,py,, and
proceeding in this manner, for lz_; = 0,...,py, , define 1[1{5__11)(]9) to be the nested
vector of (nested) dimension (pUd_2 + 1) x 1 and i-th block 1&5?;_21) (p),i=0,...,pu, ,-
Finally, define 1[1;)(])) to be the nested vector of (nested) dimension (py, + 1) and i-
th block @gd_l)(p), i =0,...,pu,_,- Now denote by vy, the H?Zl (pu, +1) — 1-
dimensional vector formed by deleting the first element of 1/v)h(p). Then the dimension
of ¥y is h(p) x 1. For the matrices, for [; = 0,...,py,, i = 1,...,d — 1, we define
\I'l(ll,)...,ld,l(p) to be the (py, + 1)-dimensional Toeplitz matrix with typical (i, j)-th ele-
ment y(l,...,lg—1,4 —j), i,j = 0,...,py,, for l;; = 0,...,py,, i = 2,...,d — 1 define
g% (p) to be the block Toeplitz with Toeplitz blocks matrix of (nested) dimen-
lo,.sla—1
sion (py, +1) and (7, j)-th block \IJE )] Iy 1(p) i,7 = 0,...,py,, and, proceeding
recursively, for l;_; = 0,...,py, , we define \Ii(d 11)( ) to be the nested block-Toeplitz

matrix of (block) dimension (py, , + 1) x (pUlF2 +1) af1d (i,7)-th block ‘115 ]li (p),
i,j = 0,...,pu,_,- The next step consists of defining Wy, to be the block-Toeplitz
matrix of (block) dimension (py, , +1) x (PUd ,+1) and (4,j)-th block il(df-l)( ),
i,j =0,...,py,_,. Now denote by Wy, the Hl 1 (py, + 1) — 1-dimensional square ma-

trix formed by deleting the first row and first column of ‘ljb(p)' Clearly the dimension of
Yyp) 18 H(p) x b(p).

Half-plane representations

Now pr, > 0 for some i = 1,...,d. For l; = —pr,,...,pv;, 1 =1,...,d —=1; pr, =0,
define 1&1(11,)._.7ld_1(p) to be the (pg+ 1) x 1 vector with typical element ~(ly,...,l4—1,1),
i = —pry,-..,pu,. Next, for l; = —pr,,....pu,, © = 2,...,d — 1 define ,&1(22)--7ld—1(p)
to be the nested vector of (nested) dimension (pr, + 1) and i-th block 1/JZ Doty (D)
i = 0,...,py,. Proceeding in this manner, for lg_y = —pr, ,,...,pv, , we define
ﬁ(d:l)(p) to be the nested vector of (nested) dimension (pg—2 + 1) x 1 and i-th block
Y, ld_l(p), i = —PL, 4s---,PU, ,- Finally, define @Z)h(p) to be the nested vector of
(nested) dimension (pg + 1) and i-th block @Egd*l) (p), i =—prL, {»---PU,_,- Now QLb(p)
is Hle (p; +1) x 1 where we note that pr, = 0, so Hle (pi+1) = b(p) + pr, +
Py, Pa+1)+ ... +pry(p3+1)...(pa+1) + 1. Define vy, as the h(p) x 1 vector
formed using the following procedure:

(1) Delete each ofd;Ol2 ld_1(p)’ lo=—pry,...,—land l; = —pr,,...,pv,, 1 =3,...,d—
1.

(2) Delete each of1/10l3 ld_l(p), ls=—pLgy...,—land l; = —pr,,...,pv;, i =4,...,d—
1.

(d 2) Delete each of the wod 2)( ) laic1 = —DrLy_ 4y —1.



(d — 1) Delete the first pz, + 1 elements of &éd_l)(p).

Thus pr, (ps+1)...(pa+1)+ ... +pr, , (pa+1) + pr, + 1 elements are deleted,
and the dimension of vy, is h(p) x 1. By construction 1)y, has elements v(s), s €

S [—pr,pu].-We now define the matrices. For I} = 0,...,py, and l; = —pr,,...,DpU,,
i = 2,...,d —1, define \Pl(ll)...ld_l(p) to be the (pg + 1)-dimensional Toeplitz matrix

with typical (7, 7)-th element ~v(ly,...,lg—1,79 — j), i,7 = —pL,,---,Pv,. Next, for [; =
—PLis-sDU;, 8 =2,...,d—1 define 2 Loy (p) to be the block Toeplitz with Toeplitz

loveolag

blocks matrix of (nested) dimension (py, + 1) and (4, j)-th block \ijgl_)jJanJd—l(p) j =

) i?
0,...,py,. Proceeding in this manner, for lg_1 = —pr, ,,...,pv, , we define \ill(jjll)(p)
to be the nested block-Toeplitz matrix of (block) dimension (pg_o +1) X (pg—2 + 1)
and (i,7)-th block W\ (p), i,j = —pr,_,....,pv,_,. Finally, define Wy, to be the

block-Toeplitz matrix of (block) dimension (pg—1 + 1) X (pg—1 + 1) and (i, 7)-th block
\ilgd_gl)(p), i,j = —PLy_y+--->PU,_,- S0 in this (most general case) case we obtain the

general form of the covariance matrix as

W) v ) D (p)
< (d—1 < (d—1 1 (d—1
) V) Ve @D ()
Whp) = . .
) BN ) T (p)

Now denote by Wy, the matrix formed by deleting those rows and columns of ‘ilh(p)
corresponding to the elements deleted from ﬁb(p) above. Then the dimension of Wy, is
h(p) x b(p).

We can straightforwardly extend a representation for \Ilf;é) given for d = 1 by Akaike
(1969) and Kromer (1970). Label the indices of the elements of the first row of Wy,
from left to right as jo, ..., jyp)—1, jo = 0. Denote by d, () the scalars

2

argmin  F | x; — Z asTi—s | (S.3.1)

as,S€S[—prL,puUl seS[—pr,pul

the minimum by O'g(p), and write Xy, = diag (03, cee Ug(p)—1>' The lag indices in the
predictor for a generic [ are defined by the first [ indices in the first row of Wy (,,). Defining

1 0 0 0
djy 1 1 0 0

Ly = ! , (S.3.2)
djh(p)—l:h(p)fl e djb(p)—lvb(p)fl 1

10



we have

-1 _ / —1
V) = Loy X Low)- (.3.3)

S.3.2 Counting covariances in stationary and unilateral lattice autore-
gressive models

Autoregressive models on d-dimensional lattices can generate covariance matrices of the
form Wy,) which differ from those in the time series case in the number of unique
covariances amongst their elements. Consider a stationary time series x; with an AR(k)
(here h(k) = k) representation x; = Z§:1
with k& unique autocovariances, which is also the dimension of the matrix. On the other

a;ri—j + € for which Wy, is a Toeplitz matrix

hand, consider a 2-dimensional lattice process z; with an AR(0,1;1,1) representation.

In this case

7(0,0) v(=1,0) ~v(-1,2) ~(=1,1)
7(0,0)  ~(0,2)  ~(0,1)
7(0,0) v (0,-1)

7 (0,0)

Wy0,151,1) =

9

which is a 4 x 4 matrix with 6 unique covariances. While the above may suggest that the
number of unique covariances in such matrices is H?:l (pi + 1), this is in fact incorrect
as the following example shows. A 2-dimensional lattice process x; with an AR(0,2;1,1)

representation has Wy 2.9 1) given by

7(0,0) v (=1,0) v(=2,0) ~v(-1,2) ~(-2,
7(0,0) ~v(=1,0) ~(0,2) ~y(-1

v(0,0)  ~(1,2)  ~(0,
7(0,0)  y(=1,0) ~(0,-1) ~(-1,-1) [,

7(0,0)  ~v(1,-1) ~(-1,0)
7(0,0)  ~y(=1,-1)

7(0,0)

which is a 7 x 7 matrix with 11 unique covariances, and the latter obviously does not
equal (p1 + 1) X (p2 + 1) = 12. We will provide an upper bound for the number of unique

covariances in \ijb(p) for general d.

Proposition ST.1. Suppose that {x;:t €L} is a stationary random field with the

representation (2.4). Then the number of unique covariances in \Ifb(p) does not exceed

d—1 d d
Cp) =1+ 2770 " TIpe+ 27 [ ows (S.3.4)
=1 (1=0) k=1

#(1=0) k=1
wOfi
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where Z#(Z:O) sums over all the possible ways in which (p1,pa, ...,pa) can have | entries
equal to 0 and the product szl <0, multiplies over k such that the | zero entries of
(p1,p2,---,pa) are excluded.

Proof. Autocovariances can involve several types of indices. Consider first the number
of autocovariances with all nonzero entries in the indices. In each dimension there are
pr possible indices, and in all except the first dimension (in which there are no negative
indices due to the half-plane representation), there may be negative indices. Thus there
are at most 2971 ngl pi such autocovariances, which is the third term in (S.3.4).

The second term in (S.3.4) arises from counting the maximum number of indices that
can have a certain number of zero elements. For example, the case of the first index entry
being zero and the rest nonzero will give rise to at most 2472 HZ:2 P autocovariances
with such indices, while case of the first two index entries being zero and the rest nonzero
will give rise to at most 2473 szg pr and so on. The second term in (S.3.4) then accounts
for the fact that a single zero index entry may occur in d possible places, two zero index
entries may occur in (g) ways, three zero index entries in (g) ways, etc. This completes
the explanation of the second term in (S.3.4). Finally, the case with all index elements

equal to zero (i.e. the variance) accounts for the last item in (S.3.4). O

It is clear from the formulae (2.8) and (S.3.4) that

h(p) < €(p), (S.3.5)

for all d. We now illustrate the formula with examples. For d = 1 with p; = k (an AR(k)
specification) ¥y, is Toeplitz with first row (7(0),...,v(k)), and the formula (S.3.4)
delivers a bound that holds with equality. For d = 2 the formula indicates a maximum
of 14+2° (p1 + p2)+2p1pa = 1+p1+p2+2p1pe unique covariances, delivering bounds of 8
and 13 for the AR(0,1;1,1) and AR(0,2;1,1) models respectively, while for d = 3 there
are at most 1+2° (p1 + pa + p3) +2! (p1p2 + p1p3 + paps) +22p1p2ps unique covariances.
If equal truncation lengths are chosen in each dimension, so that py, = pr, = p for each
1 =1,...,d, we have p;y = p and p; = 2p for ¢ = 2,...,d. Then the formulae become
1+ 3p+ 4p? and 1 4 5p + 20p? + 16p> respectively.

S.4 Proofs of lemmas in Appendix B

Proof of Lemma B.2. The result follows from Lemma SL.1 taking N =n, M =k, ¢ =2
and a; = 1 for all t € L. |

Proof of Lemma B.5. For 4(k) — v(k) to be of the form of Sy, in Lemma B.2, define
Erst = brbp_p (e?_r — 02), s =1 —k; = bbser_re__s,5 # r — k. Then the &, are
clearly zero-mean. They are independent because the ¢; are. Therefore, they satisfy

Assumption A. By the ¢,-inequality, Cauchy-Schwarz inequality and Assumption B, we

12



obtain B [€s|” < 2 |bybr_y|” (E lerr]® + 02”> < Clbrby_yl” s = —k and E [€5,]" <

1
|bybs|” (E ey |* E ]et_s\2”> * < C|bybs|”, s # 17—k, verifying that (B.2) holds since the

b, are absolutely summable. The result follows immediately from Lemma B.2. O

Proof of Lemma B.4.

Elldyp|" < B Yo B =@l <ot D ERGs) =)
s€S[—pr.pu] s€S[—pr.pu]
< Chp Tt D> ny Tt =Chp)ny Y
s€S[—prpu]
using Hélder’s inequality and Lemma B.3. O

Proof of Lemma B.6. Eigenvalues of Wy, are determined by the generalized Toeplitz

form 3, yesiopy pu] §57(J — k)&, for real numbers &, s € S [—pr,pul, Xosesippu] £ =
1, summing over j, k € S [~pr,py] by construction of Wy,). This equals

2
Z /6i(j—k)’>\f()\)d)\ é‘]gk:/ Z eij'z\gj f()\)d)\
jkeSl-prpu] "M M jesl-pr.pv]
2
€ / > G| dn | x [m, M] = / > gdx| x [m,M]
jesl-prpv] JjeS[-pL.pul
- [(%)dm, (27r)dM}7
using y(j fH f(A)dA, (2.5) and the fact that [;;e =R\ =0if j #£ k. O

Proof of Corollary B.7. If H‘Ill;é) H exists, it is the reciprocal of the smallest eigenvalue,
say p, of Wy(,). Using Lemma B.6 we get H‘Iia(;)H =p < @2n)Iml < C. O
Proof of Lemma B.10. The proof is a straightforward extension of Theorem 3 of Berk

(1974). Label the indices in the first row of Wy, (these are identical to those in the
first row of \ijb(p)) from, left to right, as as jo, j1, ..., jpp)—1, With jo = 0. Take

.. Y !/ .. Y] /
v(p) = (l,e”lA, .. .,e”b(M—lA) , nlp) = (1,6”1“,...,6”‘1(1’)—1“) s\, 1€ T1L

For z € C%such that |z;| < 1,i=1,...,d, define D;(z) analogously to Dy () (2), but using
only the az&h(p) corresponding to the [-th ‘lag-length’ in our ordering, [ = 1,...,h(p). In
view of (S.3.3) it is sufficient to evaluate limy ) o0 H(P) "' v(p)' Vg n(p), Which equals

h(p)—1
B D D () Dy e ) MO o, (5.41)
=0
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where e = (e*',...,e%) forany s € CL If \j = —pjor N\j = j; = 7w, i = 1,...,d,
the RHS of (S.4.1) equals lim;_.o |D; (¢*)|* Jo? = | D (¢*)]” /o2 = ((27r)d f(A))_l, by
Lemma B.9.

If e9iOF1) £ 1 for all j; write Dy (e7) Dy (e7) Jo? = Uj, A1) = ¥ and
Vr =>1_o Vr. Then the RHS of (S.4.1) equals

b(p)—2
lim b(p)"" | D (U= U) Vi + Upy-1 Vo)1
h(p)—o0 =0
b(p)—2
= lim b(p)" > (U - U)W, (S.4.2)
h(p)—oo =0

becauge limp () — o0 Uh(p)'—l =D (e_i)‘) D (e‘i“) /o? < O, by Lemma B.9, and Vhip)—1 =
(1 — PO /(1 — A1) = @(1). Then, by Lemma B.9 it follows that the RHS
of (S.4.2) equals 0. O

Lemmas B.8, B.9 and B.10 are lattice extensions of results in Berk (1974).

S.5 Almost sure convergence of estimates

By restricting the growth of €(p) relative to N further, we can strengthen the mode of

convergence to almost-sure convergence.

Theorem ST.1. Let Assumptions A, B, C and (2.12) hold, the sequence p be chosen
as a function of N such that
v—1
N v

Cp)=0 — and €(p) < K2™ as N — oo, (S.5.1)
(log N) v (loglog N)*

for some integer m such that 2™ < N and some K < 1. Then

Hdh(p) — dh(p)H & 0, as N — oo.

Theorem ST.2. Under the conditions of Theorem ST.1, 63@) 2% 02, as N — .

Theorem ST.3. Let Assumptions A, B, C, (3.2) hold, and choose the sequence p as a
function of N such that

v—1

C(p)h(p)? = O ( f\f - ) and €(p) < K2™as N — oo,  (S.5.2)
(log N) v (loglog N)*

for some integer m such that 2™ < N and some K < 1. Then

sup fh(p)()‘) - f(/\)‘ 22, 0, as N — oo.

A€ll
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Proof of Theorem ST.1. We first prove that HAQ:(p)H %0 and H(Sh(p)H %0, as N — oo.
E HA€(p) Hv is bounded (as in the proof of Lemma B.5) by a constant times

-1
C(p)’N—v < C {(log N)"™ (loglog N)U} <Cm™", (S.5.3)

by (S.5.1), so that HAQ(p)H converges completely to zero, and therefore almost surely.

An identical proof holds for H(sh(p) , whence the proof follows that of Theorem 2.1. [

Proof of Theorem ST.2. Similar to the proof of Theorem 2.2. O
Proof of Theorem ST.3. Similar to the proof of Theorem 3.1. O
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