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Abstract. Motivated by spectral analysis of replicated brain signal time series, we propose a func-
tional mixed effects approach to model replicate-specific spectral densities as random curves varying
about a deterministic population-mean spectrum. In contrast to existing work, we do not assume
the replicate-specific spectral curves to be independent, i.e. there may exist explicit correlation be-
tween different replicates in the population. By projecting the replicate-specific curves onto an or-
thonormal wavelet basis, estimation and prediction is carried out under an equivalent linear mixed
effects model in the wavelet coefficient domain. To cope with potentially very localized features of
the spectral curves, we develop estimators and predictors based on a combination of generalized
least squares estimation and nonlinear wavelet thresholding, including asymptotic confidence sets
for the population-mean curve. We derive L;-risk bounds for the nonlinear wavelet estimator of the
population-mean curve —a result that reflects the influence of correlation between different curves in
the replicate population— and consistency of the estimators of the inter- and intra-curve correlation
structure in an appropriate sparseness class of functions. To illustrate the proposed functional mixed
effects model and our estimation and prediction procedures, we present several simulated time se-
ries data examples and we analyze a motivating brain signal dataset recorded during an associative
learning experiment.

Keywords: Spectral analysis, replicated time series, functional mixed effects model, wavelet
thresholding, between-curve correlation, nonparametric confidence sets.

1. Introduction

Spectral analysis of replicated time series has recently gained growing interest; for instance in the
field of brain data analysis, where it is common to collect time series data (such as EEG, fMRI, or
local field potential data) from multiple subjects, or over multiple trials in an experiment. In this
context the emphasis is on estimation of population spectral characteristics of the collection of
time series, rather than on spectral behavior of individual time series. Applications beyond the
field of brain data analysis can be found in: biomedical experiments, geophysical and financial
data analysis, or speech modeling, when the inferential focus is not on the mean responses of
the replicated time series but on the stochastic variation of the replicated times series about their
means. While there is an extensive literature on spectral analysis and inference of individual
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time series, this is not necessarily the case for replicated time series, and existing approaches
mostly work under simplifying assumptions such as independent or at least uncorrelated time
series replications, which if not satisfied can lead to statistically inefficient estimators or even
give misleading inferences.

We address the specific problem of analyzing spectra of replicated time series showing poten-
tially very localized features, allowing for explicit correlation between the time series replicates.
Examples of replicated time series data with correlation between replicates include: time series
data collected from multiple subjects in an experiment with possible correlation between dif-
ferent subjects due to unknown covariates (age, gender, etc.), or time series data collected over
multiple trials of an experiment, where the spectral characteristics of the time series replicates
evolve over the course of the experiment. A particular motivating example is the spectral analysis
of brain data trial-replicated time series in the context of learning experiments, such a dataset
is analyzed in Section 7. As pointed out by Morris (2014) and also Fiecas and Ombao (2016)
there is a strong need to generalize existing approaches in this direction, although only few
modifications to these assumptions have been developed by now.

In the context of second-order spectral analysis of stationary replicated time series, Diggle
and Al Wasel (1997) introduce a log-linear mixed effects model for independent time series
replicates, which is generalized by Hernandez-Flores et al. (1999) and Iannaccone and Coles
(2001) by considering nonparametric estimation of the fixed effects curve. Freyermuth et al.
(2010) develop a tree-structed wavelet method for log-spectral estimation also in the case of
independent replicated time series, whereas Krafty et al. (2011) introduce a more general mixed-
effects approach based on spline smoothing of empirical log-spectra handling two-level nested
designs with replicated time series for each of S independent subjects, where different time
series replicates within a subject are allowed to be correlated based on known covariates. Qin
et al. (2009) consider a covariate-indexed functional fixed effects model for time-varying spec-
tra of independent replicated nonstationary time series, and Martinez et al. (2013) apply the
Bayesian wavelet-based mixed effects approach developed by Morris and Carroll (2006) to
model time-varying spectra of replicated nonstationary time series, allowing for potential corre-
lation between the time series replicates induced by the experimental design. More recently, in
the context of learning experiments, Fiecas and Ombao (2016) model log-spectra of replicated
nonstationary time series trials by including a replicate-time effect that evolves over the course
of the experiment. In a general functional data analysis context, not aimed at spectral analysis of
time series in particular, nonparametric functional mixed effects models have been considered
among others by Guo (2002), and Qin and Guo (2006) using smoothing-spline approaches, and
by Aston et al. (2010) using functional principal components. In order to avoid the modelling of
functional data by inherently smooth curves, wavelet-based approaches have been considered by
Morris and Carroll (2006) and Morris et al. (2008) using Bayesian wavelet shrinkage methods,
by Giacofci et al. (2013) using nonlinear wavelet thresholding, and by Antoniadis and Sapatinas
(2007) focusing on inference in a wavelet-based functional mixed effects model (see Morris
(2014) for a comprehensive overview).

In this work we introduce an additive two-layer functional mixed effects model in the frequency
domain for a collection {X(#)}s=1,....s of S individual time series, each with discrete obser-
vations over time. The time series replicates are modeled to have random replicate-specific
log-spectra, which consist of a fixed effects curve on the first layer, (population-average or -mean
log-spectrum), additional to replicate-specific random effects curves on the second layer. We
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contribute in particular by allowing for explicit correlation between the random effects curves,
and we model this correlation in an appropriate way to allow for its fully nonparametric estima-
tion, where it is important to note that we dispose only of a single realization for each of the §
time series replicates. As we observe only noisy versions of the replicate-specific log-spectra,
through the log-periodograms of each replicate, we face a curve estimation (curve denoising)
problem. Here, we borrow strength from existing wavelet methodology on denoising curves
showing potentially very localized features, and we tailor nonlinear wavelet thresholding to the
specific situation of a functional mixed effects model in the frequency domain. By projecting
the discretely sampled replicate-specific log-periodograms onto an orthonormal wavelet basis,
we obtain an equivalent finite-dimensional linear mixed effects model in the wavelet coefficient
domain. This allows us to apply traditional linear mixed model estimation methods combined
with nonlinear wavelet thresholding in a unified framework for both the fixed- and random effects
empirical wavelet coefficients. To achieve simultaneous estimation of the fixed effects curve
and the correlation structure between different random effects curves, we propose an easy-to-
implement iterative generalized least squares estimation algorithm. We complete the model
by proposing predictors of the individual replicate-specific log-spectra, as well as asymptotic
confidence regions for the population-mean log-spectrum, which may be interesting on their
own as the literature on inference in the context of nonlinear wavelet thresholding estimators is
relatively limited.

On the theoretical side, we contribute by deriving consistency results for the estimators of the
fixed effects curve and the variance-covariance-structure of the random effects curves, where
we consider asymptotics in both T the time series length, and S the replicate sample size. In
particular, we derive bounds on the L,-risk of the nonlinear wavelet estimator of the fixed effects
curve over an appropriate sparseness class of {y-constrained functions. We obtain a rate of
convergence that is equal to the minimax rate of estimation in the absence of random effects,
plus an additional term that accounts for the fact that the population-mean curve is estimated by
an empirical (generalized least squares) mean over S time series replicates, clearly demonstrating
the effect of correlation between the different random effects curves.

The structure of the paper is as follows. In Section 2 we introduce the model set-up in both the
frequency and wavelet coefficient domain with an appropriate combined £y-sparseness constraint
for the fixed- and random effects that allows for general inhomogeneous functional behavior over
frequency. We impose some conditions on the variance-covariance structure of the random
effects, since consistent estimation in a totally unstructured covariance matrix is infeasible. In
Section 3 we present estimators for the different ingredients in the model, the population-mean
log-spectrum, and the within- and between-replicate covariance and correlation matrices, and
we also propose predictors for the replicate-specific log-spectra. As estimation of the first- and
second-order structure in the model are interrelated, we present an efficient iterative generalized
least squares algorithm to simultaneously estimate both ingredients. In Section 4 we provide
the necessary estimation theory; we derive risk bounds on the nonlinear wavelet estimator of the
population-mean log-spectrum, which are insightful as they highlight the influence of possible
correlation between the random effects curves on the first-order estimation problem. Further,
we give conditions for consistency of the within- and between-replicate covariance matrices and
some insights in the principals of the proofs. In Section 5 we derive asymptotic confidence
regions for the population-mean log-spectrum based on the nonlinear wavelet estimator. In Sec-
tion 6 we give numerical results on the performance of the estimation and inference procedures
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for simulated time series data, and in Section 7 we analyze a motivating data example consisting
of brain signal time series data recorded over the course of an associative learning experiment.

2. Methodology

2.1. Model setup

Let {X(#)};>0 be replicated mean-zero second-order stationary time series for replicates s =
1,...,S, with absolutely summable covariance functions 3> _ |Cov(X (), Xs(¢ + h))| < oo.
If we observe discretely sampled time series {X(¢), t = 1,...2T}, the raw bias-corrected
log-periodograms at frequencies w, = €/(2T) € [0, 1) are given by,

2T 2
1 :
Y/ (we) = log 5 ; X, () exp(—2micwet)| +y (1)

where y ~ 0.577 is a bias-correction equal to the Euler-Mascheroni constant (see Wahba
(1980)). For convenience, we consider the time series length to be dyadic 2T = 27 in order to
avoid additional complications in the subsequent wavelet estimation. We also note that it suffices
to consider the log-periodograms only over the range of frequencies w, € [0, 1/2), i.e. indices
¢=0,...,T -1, since the log-spectra are [0, 1]-periodic and symmetric in w, = 1/2.

2.1.1.  Frequency domain functional mixed model

We model the replicate-specific log-spectra as random curves varying about a deterministic
population-mean log-spectrum, which is common to all replicates, see Figure 2 for a simulated
example. Similar approaches are considered in Diggle and Al Wasel (1997), Freyermuth et al.
(2010), and Krafty et al. (2011) to model the (log-)spectra of stationary replicated time series.
We express the raw log-periodograms in terms of the following functional mixed effects model:

H] (we) + EL (we), s=1,....8, ¢=0,....,T—-1
W (we) + UL (we) + EL (wy) )

Y! (we)

where,

(a) W € Ly([0,1/2]) is a deterministic population-mean log-spectrum (a functional fixed
effect).

(b) {U;{ ,s =1,...,8} are mean-zero Gaussian random processes (functional random effects)
with realizations in L, ([0, 1/2]) for each replicate s. The assumptions on the variance-
covariance structure of the functional random effects are detailed in Section 2.2.

(©) E{ (we) i log( X% /2) + v are asymptotically independent noise terms, with E[Ef(a)g)] =
or(1) and Var(E! (w¢)) = 02 + or (1), where o2 := /6 by Wahba (1980). Note that for
wo =0, E{ (wp) 4 log( X%) +7, but since the influence of this term is negligible for T large
enough, we consider the error term E{ (wp) to have the same asymptotic distribution as
the other error terms in our subsequent analysis (as in Moulin (1994), Krafty et al. (2011),
and Freyermuth et al. (2010)). The noise terms E{ (w¢) are assumed to be independent

between different replicates and independent of the functional random effects U{ for all
s, 4.
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2.1.2.  Wavelet domain linear mixed model
Let ¢ : R — Rand ¢ : R — R be sufficiently smooth father and mother wavelet functions, and
define the infinite set of translated and dilated functions:

Grom(x) = 270227012 x —m)
Yim(x) = Y@x-m), j2Jomel 3)

It can be shown that, under certain assumptions on ¢ and ¢ (see Daubechies et al. (1992)), the
system in eq.(3) generates an orthonormal basis of L,(R) and, for all f € L,(R),

2701 oo 2/-1
@)= D ambrr)+ Y Bt (x)
m=0 Jj=Jo m=0

with,

R f FObm () dr,  Bim = Folrym) = f FOO () dx

where the series converges in Ly(R). There exist several ways to transform a wavelet basis
on Lr(R) to a wavelet basis for functions with bounded support L, ([0, 1]), see for example
(Daubechies et al., 1992, Chapter 10). Hereafter we consider periodizing the wavelet basis,
since the log-spectra are periodic functions in L, ([0, 1]). Also, without loss of generality we
fix the primary resolution scale at jo = 0, and for ease of notation we compress the scale and
location indices (j, m) into a single scale-location index k: here ¥ corresponds to the wavelet
scaling function at resolution scale and location (j, m) = (0,0), and yx with k > 1 corresponds
to the wavelet detail function at (j, m) = (|log,(m — 1), m — (2L1°22(m=D1 4 1) Since the log-
periodograms are sampled over a discrete grid of frequencies, instead of true wavelet coefficients
we compute empirical wavelet coefficients:

| T
dr ={f, YT = T Zf(xf)lﬂk(xf) = ff(x)wk(x)dx +or(1)
=0

which can be written in matrix notation as d = Wgf, where f € R” is a discrete sampled
function and W g is an orthogonal T x T-matrix associated to the wavelet basis 8 = {}, ;.
In practice, these coeflicients are computed in O(T') time using the discrete wavelet transform.
Note that by orthogonality of W g the inverse transform is just, f = W{,d, where W, denotes
the transpose of W g.

Projecting the discrete sampled frequency domain model in eq.(2) onto the wavelet basis B via
its discrete wavelet transform, we observe that there is a one-to-one relation between the function
mixed model in the frequency domain and a linear mixed model in the wavelet coefficient domain
given by,

Yoo = Hg + €, s=1,...,8, k=1,....T
hk-i—Usk-i—Esk (4)

where,
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@) h = (h,....hr)" = Wgh'! € 2 with b/ = (b (wo), ..., (wr-1))’ € RT. Thisis a
sequence of fixed effect wavelet coefficients shared by all replicates in the population.

() Us = Uy, ..., Usr)’ = WglU with UL = (U (wy), ..., U (wr-1)) fors = 1,..., 5.
The replicate-specific vector U is a sequence of Gaussian random effects wavelet coef-
ficients. The assumptions on the variance-covariance structure of the vectors Uy, ..., Ug
are detailed below.

©) €5 = (€51, ..., €s7)’ = WgEL with EX = (Ef (wo), ..., El (wr_1)) fors =1,...,S. The
vectors €5 are sequences of asymptotically independent wavelet noise coefficients with
Elesk] = or(1) and Var(ezr) = 0'5 /T + or(T~"). The noise coefficients are independent
between different replicates and independent of the random effects sequences for all s, k.

2.2. Covariance matrix assumptions

LetU = (Uy,...,Us)’ be the stacked S X T-matrix of random effects sequences Ug. One of
our main interests is in allowing for explicit correlation between the random effects sequences
of different replicates, therefore we will not assume the covariance matrix of vec(U) to be
diagonal as is the case in Diggle and Al Wasel (1997), Krafty et al. (2011), and Freyermuth
et al. (2010). However, some structure on the covariance matrix Cov(vec(U)) is necessary,
since consistent estimation in a totally unstructured matrix would be impossible (using only ST
observations). We consider structural assumptions on the variance-covariance matrix of vec(U)
as proposed in Morris and Carroll (2006) and Morris et al. (2008) in a general functional data
analysis context. Since the frequency domain model and the wavelet coefficient domain model
are equivalent representations, the structural assumptions in the wavelet domain automatically
transfer to assumptions on the variance-covariance structure of the functional random effects in
the frequency domain. We assume that the covariance matrix G := Cov(vec(U)) consists out
of the Kronecker product of a 7 X T within-replicate diagonal covariance matrix and an S X S
between-replicate correlation matrix:

O'il 0 0 1 P12 ... pPi1S
G - 0 0'1242 0 % P21 1 ... P2s
: S0 : e
0 0 0 O'ﬁT PS1 PS2 ... 1
= Gr QGg

where G is symmetric and positive-semidefinite. By considering a diagonal within-replicate
covariance matrix G, the random effects coeflicients are assumed to be uncorrelated between
scale-locations k = 1,...,7. The variance components are heterogeneous across coefficients,
therefore allowing for very general spatially inhomogeneous behavior of the random effects
curves in the frequency domain. The unstructured between-replicate correlation matrix Gg
allows for correlation between the random effects coefficients of different replicates at matching
scale-locations k. We observe that the correlation p,y between two different replicates remains
the same across all locations. This is in order to keep the dimensions of the working covariance
matrices relatively small, but also perhaps more importantly to allow for consistent estimation of
Pss as the time series sample size increases. Note that G is symmetric and positive-semidefinite,
since it is the Kronecker product of two symmetric positive-semidefinite matrices. Also, there
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is no identification problem between the two matrices Gy and Gg, since Gy is restricted to have
unit diagonal.

2.3. Functional space assumptions

In order to develop the necessary estimation theory, we impose some regularity (smoothness)
conditions on the realized replicate-specific sequences in the wavelet coefficient domain, or
equivalently, on the realized discretely sampled curves in the frequency domain. In particular,
we assume that the fixed and random effects sequences are asymptotically sparse elements of
the £p-sequence space with respect to the wavelet basis 8, defined as:

to7(C) = {x e RT : |Ix]lp = C}
such that ||x||o = #{k : xx # 0}.

Assumption (Al). Let h € £y, (kn, 1), with set of indices of non-zero coefficients K; 7. We
assume that kp, 7 = |Kp, 7| = 00 as T — oo, but k7 = o(T). Let o, = (02,...,02,) €
€o,17 (ky,,7) with set of indices of non-zero coeflicients K, r, such that sup, 0'3 < o0 We
assume that K, 7 € K7 and k,, 7 = |K, 7| = c0as T — oo, but k.7 = o(T).

These regularity conditions assert that the fixed and realized random effects sequences or curves
increase in complexity with 7 (almost surely for the random effects), but at a slower rate than
T. Furthermore, we make the assumption K, 7 € Kj 7. this is a convenient way to ensure
that the population-mean curve i/ and the realized replicate-specific curves h]; Iu]; =hn' + u{
share the same smoothness properties, which is an important requirement for the coherency of
interpretation in a functional mixed effects model, as discussed in Guo (2002), Qin and Guo
(2006), and Antoniadis and Sapatinas (2007). We note that the £y-constraints are placed on the
empirical wavelet coefficients, not on the true wavelet coefficients. This means that we require
smoothness conditions only on the discretely sampled curves (and not on the continuous curves)
in the frequency domain.

2.3.1. Classical £y-Gaussian sequence model

Before presenting the estimation procedure, we recall some useful results on nonlinear thresh-
olding methods in a classical Gaussian sequence model under ¢y-sparsity constraints. Consider
the £p-Gaussian sequence model:

yi:0i+6nzi, i:1,...,n (5)
with @ = (6,...,60,)" € lo.n(ky) and z1, ..., 2p i N (0, 1). The minimax £,-risk of estimation
for 6 in an £y-sequence model is defined as:

R(€o,n(ky), €y) :=inf sup E|§ - 0]
0 6ty (kn)

where || - || denotes the Euclidian norm. Under the £y-sparsity constraint k,, — oo as n — oo,
but k,, = o(n), the minimax estimation risk for @ satisfies,

R(Co,n(kp), €0) ~ 2€-ky, log(n/ky,)
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and it is well-known that hard (or soft) nonlinear thresholding of the coefficients asymptot-
ically achieves the minimax risk. In particular, the hard nonlinear thresholding estimator

9; = yvil{ly;| = A,} fori = 1,...,n, with 1,, = €,+42log(n/k,) is an asymptotic minimax
estimator, see Johnstone (2015) for a detailed proof. We note that the nonlinear thresholding es-

A

timators {6; };=1,....» are nonadaptive in the sense that the threshold 1,, depends on the (typically
unknown) smoothness space parameter k,,. Abramovich et al. (2006) show that in the context
of {p-Gaussian sequence models, using False Discovery Rate (FDR) nonlinear thresholding,
it is possible to asymptotically achieve the minimax risk without requiring knowledge of the
smoothness space parameter k,. The FDR thresholding estimators are easily found through the
following step-up procedure:

(a) Given observations yy, ..., y, according to eq.(5), form the order statistics:

Iyl <yl <. < ylwy

and compare them to the series of right-tail Gaussian quantiles #; = en&)‘l(qﬂ - k/n),
where g € (0, 1) is an FDR tuning parameter, and ®(¢) = 1 — ®(¢) with ®(-) the standard
normal cumulative distribution function (CDF).

(b) Note the last crossing time:

k* := max{k : |ylx) = &}
(c) Estimate 6 by the hard nonlinear thresholding estimator:
O =yilllyil 2 15}, i=1....n (6)

If the FDR tuning parameter is chosen as ¢ = ¢, € [y/log(n),1/2] for some y > 0, then
Abramovich et al. (2006) show that under the same regularity condition as before, k,, — oo as
n — oo, but k,, = o(n), the FDR thresholding estimator 6 satisfies,

sup  ElI0-01* = (1 +0(1)R(€o.n(kn), €)
Ol (kn)

which implies that @ is an asymptotic minimax estimator.

3. Estimation procedure

3.1. Population-mean log-spectrum h'
We estimate the population-mean log-spectrum W (wy) at frequencies w, € [0,1/2) by the
projection estimator,

T
W (o) =) e,  €=0,..,T-1
k=1

the inverse discrete wavelet transform with respect to the basis 8 = {yg }]‘j’:l of the estimated
fixed effects sequence of coefficients ﬁ(Y) = {izk(Yk)},le, where Y = (Yik,...,Ysr)’. The
sequence h(Y) is based on thresholded generalized least squares estimators,

(YY) = W YoUkeKy(Y)),  k=1,...,T

where,
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(a) wrg = (Wig, ..., wsk)’ are generalized least squares weights depending on the between-

-1
replicate correlation structure through wgy = (Zle V;[li,s]) ( S vl ) . Here, V.

ij=1 " kli.j]
2
denotes the asymptotic covariance matrix of Y, given by V; = ofthS + %Is, with Ig
the S x S-identity matrix.

(b) I?h(Y) = {k : I% Zle Ysk| = Apr} is the estimated set of indices of non-zero coeffi-

cients with universal threshold A, 7 = +/02/(ST)+210g(T/kp.7). The motivation for
this thresholded set comes from the observation that the replicate-specific sequences —
conditional on the random effects— are independent between replicates and, individually
for each replicate, follow an £o 7 (kp,1)-sequence model with the same set of non-zero
coefficients Kj, 7 for each replicate and noise variance approximately o2/T. In the uncon-
ditional case, it follows that the distributional behavior of the sequences at scale-locations
of zero coefficients (k ¢ Kj, 7) remains the same, which allows for the same control on
the number of false positives as in the conditional case. Moreover, under some regularity
conditions, the empirical wavelet noise coefficients are asymptotically normal (T — o0),
which asymptotically justifies the threshold choice A; 1 based on a Gaussian sequence
model (see Section 4.1 for a more detailed discussion).

3.2. Random-effects covariance matrices Gt and Gg

3.2.1.  Estimation of the vector of variance components o>,

The within-replicate random effects covariance matrix Gr is assumed to be diagonal, with vector
of variance components O'ﬁ = (0'51, .. .,O'ﬁr)’ € Lo, (ky,r) on the diagonal. This vector is
estimated by the thresholded sample-variances,

S 2

T (Vi) = {é > (Y = v - "7} 1{k € K.(Y)]

s=1

with estimated set of indices of non-zero variance components Eu X)=1{k : [Tk (Y)| = Au1}
such that,

1< A 2 202 o (S
Ti(Yi) = log E;(Ysk—hk(yk)) —IOg(S—T)—d/ (5) (7)
Aur = AW D(S/2)4/210g(T)

where :,l/(o)(-) and :,0(1)(-) denote the digamma and trigamma functior}\. The motivation for
this thresholded set, which has similar structure as the thresholded set K, (Y ), comes from the
observation that —for uncorrelated replicates— the vector {T (Y ) },{:1 is variance stabilizing and
behaves approximately as an € 7 (k,,, 7 )-Gaussian sequence model with noise variance gb(l) (§/2).
This justifies the threshold choice A, r based on a Gaussian sequence model. For a general
between-replicate correlation matrix Gg, it follows that the distributional behavior of the zero
variance components with indices k ¢ K, r remains the same, and this allows for the same
control on the number of false positives as in the uncorrelated case. We note that the threshold
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Ay, T is slightly more conservative than the asymptotic minimax universal threshold as in Section
2.3.1. The reason for this is that in the context of a Gaussian sequence model, under the more
conservative threshold, both the number of false positives and the number of false negatives
in the estimated set of indices of non-zero variance components tend to zero almost surely
(Corollary 1). Under the asymptotic minimax threshold, this only holds true for the number of
false negatives.

3.2.2.  Estimation of the between-replicate correlation coefficients p;
The between-replicate correlation matrix Gg is estimated elementwise by considering the fol-
lowing sample-correlation based estimators,

1 Z Yir = e (Y1) (Vjx — by (Y1)

pij(Y) = — —
ku /7 0 Y Ve

Lj=1...,8 i#j (8)

where ¢ > 0 is a small constant that ensures that the denominator is bounded away from zero, and

Ku = K, (Y) is the estimated set of indices of non-zero variance components with cardinality
u = IK (Y)|. The intuition behind this estimator comes from the fact that Cov(Y;x, Yjx) =
ukle for each k € K, 7, whereas Cov(Yjx, Y;x) = O for each k ¢ K,,  due to O'Zk =0.

3.2.3.  Finite-sample correction of 63

The estimated matrix aS(Y) with off-diagonal elements p;;(Y) is only an approximate cor-
relation matrix. It is symmetric and has unit diagonal, but is not guaranteed to be positive-
semidefinite. By Higham (2002), we compute the correlation matrix (~}S(Y) with minimum
distance in Frobenius-norm to the originally estimated matrix 65 Y),

65(Y) = arg mianXT{Ilag(Y) — X||F : X is a correlation matrix}

However, replacmg the matrix GS(Y) by the new matrix GS(Y) the estimated variance com-
ponents & k(Yk) are no longer properly scaled (i.e. 0'2 Gs * 0' GS) Instead, we consider

the rescaled estimators & k(Y) satisfying ||0' GS |lF = ||0' GS|| F, which are easily obtained
through,

IGs(Y)|F
IGs(Y)lr

Note that the rescaling does not affect the estimated zero variance components corresponding to
k¢ K,(Y),ie. if 62, (Y;) = 0thenalso &2, (Y) =0

&2, (Y) =62, (Yi)

3.3. lterative estimation scheme

In order to estimate the population-mean log-spectrum i/ (w¢), we consider a generalized least
squares estimator with weights depending on the between-replicate correlation structure. On
the other hand, estimation of the random effects covariance and correlation matrices Gy and Gg
depends on the population-mean sequence k, since the sample-variances and sample-correlations
need to be centered about their respective means. This is typically the case in linear mixed mdoel
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estimation where one allows for between-replicate correlation, and in this context. one easy-to-
implement approach is to consider an iterative-generalized least squares scheme (see e.g. Jiang
(2007)). First, we compute the thresholded ordinary least squares estimator of & by equally
weighting each of the observations across replicates. This does not require any information on
the between-replicate correlation structure. Next, we iterate between estimation of Gr and G
given the estimate of k, and estimation of h given estimates of Gy and Gg, and we continue
iterating until some convergence criterion is satisfied.

Remark. Under a similar random effects variance-covariance structure, considering only the
linear part of the estimators (without the thresholding), Jiang et al. (2007) show that an iterative-
generalized least squares scheme converges exponentially with probability tending to one as the
number of replicates S increases.

3.4. Replicate-specific log-spectra H{
The replicate-specific log-spectra H{ (we) at frequencies we € [0,1/2) are predicted by the
projection estimators,

T
H (o) = ) Ha(We(we),  s=1,...,8, €=0,..,T-1
k=1

the inverse discrete wavelet transform with respect to the basis $ of the predicted replicate-
specific sequence of coefficients H s(¥Y) = {ﬁ sk (Y )},{Zl. For ease of notation we drop the
dependence of the estimators on Y, which should be clear from the context. Prediction in
the wavelet coefficient domain reduces to prediction in a linear mixed model, and we can find
estimated predictors of the random effects sequences Uy = (Ui, - . ., Usg )’ through,

—~ ~ ~-1 ~
Uc(Y) =GV, (Y- hlg)

—~ ~ —~ ~ 2
Here, G, = &ﬁkGS and V; = &Iist + UTEIS are plug-in estimators, and 1g denotes an S-

dimensional vector of ones. Note that if Z;k and ‘7;1 are replaced by the true matrices Gy and
V;l, and h is replaced by the best linear unbiased estimator, then the U, are the best linear
unbiased predictors of the random effects sequences Uy in a linear mixed model, see Searle
et al. (1992). In general, due to the nonlinear thresholding of coefficients, h ceases to be an
unbiased estimator of A. By combining the estimator for the fixed effects sequence h and the
predictors for the random effects sequences Uy, the replicate-specific sequences of coefficients
Hg ={h +Ug }Ll are predicted through,

H ) = {he(¥p) + ﬁsk<Y)}:=1

4. Estimation theoretical results

4.1. Risk bounds on the estimator of h/
In this section we derive finite-sample upper bounds on the ¢;-risk of the estimated fixed effects
sequence of coefficients h(Y) = {hx (Yg }1{:1 with respect to k. By Parseval’s relation, the
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{>-risk in the wavelet coefficient domain is approximately equal to the L,-risk of the projected
estimators in the frequency domain,

~ 1 ~ ~
Ellh - h|* = fIEth —h P> E -, asT e

Thus the same expression also gives an upper bound for the L;-risk of the estimated population-
mean log-spectrum A/ as the error in approximating the integral by a sum becomes negligible.
The proof is based on the observation that, under some regularity conditions, the non-Gaussian
linear mixed model in the wavelet coefficient domain (eq.(4)) is asymptotically equivalent to a
Gaussian linear mixed model (' — oo0). This allows us to calculate the £;-risk of the sequence
h(Y) first under an accompanying Gaussian sequence model, and relate this to the £,-risk under
the non-Gaussian sequence model. The asymptotic equivalence between the two models is
based on a uniform asymptotic normality result for the empirical wavelet noise coefficients.
Neumann (1996) establishes this uniform asymptotic normality for the empirical wavelet noise
coefficients of periodogram ordinates for a general non-Gaussian process X (¢) in the context of
a single long time series. Since the technical considerations in Neumann (1996) are not the main
focus of this paper, here we derive uniform asymptotic normality of the empirical wavelet noise
coeflicients of log-periodogram ordinates only for weakly dependent Gaussian processes X (¢)
as in (Brillinger, 1981, Chapter 5) by combining limit theorems from Rudzkis et al. (1978) and
cumulant bounds derived by Taniguchi (1979). Asymptotic normality of empirical wavelet noise
coeflicients of the log-periodogram has already been suggested without proof by Gao (1997),
Moulin (1994), and Freyermuth et al. (2010) under the approximate additive noise model with
€x ~ (0,72/6). In order for a certain summation effect to work it will only be possible to derive
asymptotic normality for empirical wavelet coefficients bounded away from the finest wavelet
scale. For this reason, we make the additional assumption that, for increasing 7, the set of
non-zero fixed effects coefficients is bounded away from the finest wavelet scale. This means
that the finest wavelet scale contains virtually only noise and no signal as T increases, which
is a common assumption in the wavelet literature. In an ordinary signal plus noise model, this
allows for instance for estimation of the noise variance via the empirical coefficients located at
the finest wavelet scale (see Vidakovic (1999)).

Assumption (A2). Define the set,
Jr.q = {1} U {k 2 2| 2llea=D] < cpl-a) 9)

for some constant C > 0. We assume that there exist some 7" > 0 and 0 < a* < 1, such that
forT > T, Knt CJT 0"

Assumption (A3). The replicated time series {X(?)};>0 are Gaussian processes such that
Do IMCov(X(2), Xs(t + h))| < coforall s =1,...,S.

Theorem 1. Under (A1)-(A3), let @ such that 0 < @ < a*. We consider the estimators,

he(Yi) = (Wi ¥e) WYkl 2 nrok € Jra) k=1,...,T

where Y = % Zle Ysp and Ap 1 = A T2/ (ST)A2 log(T /kp,1). For T sufficiently large, the
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{5-risk of fz(Y) satisfies,

. k T 2
sup  ENR(Y) —h|? < %log (k—) + kot (sup WV Wi — %) (10)
hef(),r(kh’T) h,T k

where < denotes the inequality < up to a multiplicative positive constant.

The first term on the right-hand side in eq.(10) is equivalent to the minimax rate of estimation
in an £y, 7 (kp,7)-Gaussian sequence model with noise variance of order (ST)~'. The second
term arises from introducing the random effects and is an upper bound on the integrated error
made in estimating & by taking a weighted sample average over a finite number of replicates.
We observe that w,’(kak = Var(w;(Yk) for Yi ~ (hgls, Vi), and this term is minimized by
the generalized least squares weights wy according to Section 3.1. We note that for sub-optimal

ordinary least squares weights wy = (é, e é)’ the second term reduces to:
2 o2 15Gs1
sYUSLS
kyr |supw.Viw, — =) = k,7sup 2> —>">
u, kP KV Wk~ o u, kP 2

where 15Gslg is just the entrywise sum over all elements in Gg. This implies that, if

k;—’ZTIgGSI s — 0as §,T — oo, the thresholded ordinary least squares estimator remains a

consistent estimator of 2. In the case of uncorrelated replicates this term is for instance of the
order k, 7/S. Note that, although being nonnegative, the term 15,Gs1s is not a matrix norm,
moreover it decreases as replicates become more negatively correlated. This might seem surpris-
ing, but can be illustrated by the following simple bi-replicate example: suppose one observes
two random replicate-curves that are highly negatively correlated, with high probability the
true population mean-curve lies in between the two replicate-curves and the error term due the
random effects should therefore be smaller than in the independent curve situation; if the curves
are perfectly negatively correlated, the true population mean-curves lies exactly in between the
two replicate-curves, and the error term due to random effects should disappear completely.

4.1.1.  Key components in the proof of Theorem 1

We outline the proof of Theorem 1 through several key lemmas. The first lemma gives the
uniform asymptotic normality result for empirical wavelet coefficients of the log-periodogram
ordinates and relates the £,-risk of h 1(Y) under the sequence model in the wavelet coefficient
domain (eq.(4)) to the £,-risk of h (&) under an accompanying Gaussian sequence model. Here,
A > 0is an arbitrary nonlinear threshold.

Lemma 1. Under (Al) and (A3), uniformly in k € Jr 4, for arbitrary 0 < o < 1,
P((Ysk — hp) okt = x5) = (L +or(1))(1 — D(x5)) foralls=1,...,S

2

2
T + o2 /T. Furthermore,

with —oco < x; < Ap ~ TV for some v > 0, where 0% . = (rik

D Bl a(Yi) = o)™ = (1 +or(1) D Ellhe a(€y) — )™+ O(STHT )

kEJTyﬂ, kGJT,a,

for arbitrary O < u < oo, and with €, ~ N (s 1s, Vi) Gaussian random vectors.
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This lemma implies that it suffices to derive an £,-risk upper bound of h(Y) under the ac-
companying Gaussian sequence model. In the lemma below, we derive exact expressions of the
mean-squared errors of /i (& ) With respect to s under the Gaussian model, which is equivalent
to exact normality of the empirical wavelet noise coeflicients.
Lemma 2. Suppose that €y, ..., €sk id N (O, oﬁ/T), such that &, ~ N(hils, Vi) for each
k =1,...,T. An exact expression of the mean squared error of izk, (&) with threshold
A > 0 is given by,

A S(A—-nh
El(hka(€) = )*1 = (2w Viws = 7)) + (hf = w}.Viws) (@(M)
Ok,T

+®(VE<A + h@)) . (W} Vils)® (ﬁu - hk>)¢<«/§<~z - hk>)

~ ) ~
Ok,T So-k’T Ok,T Ok,T

+(w,;Vkls)2 (x/E(a + hk))(p(\@(ﬁ + hk))

S&'i - OrKT OkT

2
where 6',3 = ng 1 ’S Gslg+ 0'5 /T, and ¢(-) denotes the standard normal probability density

function. Furthermore, for each k

El(hk, 2 (€x) = i)*1 < wi Viwy + A2

These upper bounds are sharp when either 1/6x 1+ — oo, in which case E[( }Azk, A(Er) —hy 211
A%, or when A/&k, 7 — 0, in which case E[(hx, 1(€;) — he)*1 T w) Viwk.

The derivations follow from straightforward calculus and the proofs are therefore omitted. The
expression for the mean squared error generalize an expression for the mean squared error of
a nonlinear hard threshold estimator in a classical Gaussian sequence model (eq.(5)) found in
Bruce and Gao (1996). Note that we find back the expression in Bruce and Gao (1996) when
S =1 and ﬁ'i,T = 1. The main result in Theorem 1 on the £,-risk of ﬁ(Y) now follows from
combining Lemma 1, the upper bounds in Lemma 2, and plugging in the threshold A, 7. The
complete proof is deferred to the Appendix.

4.2. Consistent estimation of G and Gg

In this section, we derive some asymptotic results for the estimators é'i « Yk) of the variance
components in the within-replicate covariance matrix Gr, and the estimators p;;(Y) of the
correlation coefficients in the between-replicate correlation matrix Gs. Theorem 2 below gives
the main results on consistent estimation of the set of non-zero variance components K, r,
uniform consistency of the estimated variance components, and marginal consistency of the
estimated between-replicate correlation coeflicients for an appropriately chosen threshold 4, 7.
The derived results crucially rely on the condition ||Gs||Fr = o(S), which controls the level
of correlation between different replicates. Essentially it requires that the effective number of
uncorrelated replicates increases with the total number of replicates S. To illustrate, for uncor-
related replicates ||Gs||Fp/S = 1/ VS, whereas for perfectly correlated replicates ||Gs||F/S = 1.
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In order to simplify the proofs, as in Krafty et al. (2011), Gao (1997), Moulin (1994), and Frey-
ermuth et al. (2010), we work under the approximate model where the empirical wavelet noise
coefficients are mean zero with variance o2 /T, which is the asymptotic version of the model as
T — oo. Note that we do not assume normality of the empirical wavelet noise coefficients, nor
independence between different scale-locations k within a single replicate.

Theorem 2. Suppose that €5 ~ (0,02/T) with E[e! ] = O(T2) foreach s = 1,..., S and
k =1,...,T, and that there exist uniform consistent estimators sup;, |izk - hi| = og’T(l),
with |fig — hi | = oy " (T717?) for k ¢ Kur. I |Gsllp = 0(S), and C < Ay 1 = o(log(T)) for
some constant C > 0, then

PR,Y)=Ku1) — 1, asST > (11)

sup |02, (Vi) — 02| 5 0, asS.T > (12)
k
If 0 <6 <infgek, 7 O'ik for p;;(Y) in eq.(8), then for each i, j with i # j,

P
p\ij(Y) - Pij, as S, T — oo

The conditions E[e‘;k] = O(T™?) and |]”\Lk — hi| = og’T(T‘]/Z) for k ¢ K, 1 are needed in
order to control the number of false positives in the set of estimated non-zero variance compo-
nents in eq.(11). Under (A1)-(A3), by the cumulant bounds derived in the proof of Theorem
1 (see eq.(30)), it follows that E[e‘s‘k] = O(T~?) for each s, k. Furthermore, if log(7)/S — 0
as S,T — oo, it can be verified that |fzk — hi| = OIS,’T(T‘I/Z) for k ¢ K, r for the nonlinear
estimators }Azk(Yk) in Theorem 1 with ordinary least squares weights wy = (%, ey %)’.

The following corollary gives the theoretical justification for the statistics Ty (Y ), which are
based on the accompanying Gaussian sequence model where the empirical wavelet noise co-
efficients are exactly normally distributed. Under the Gaussian sequence model, it is possi-
ble to adopt the threshold A, 7 = YV (S/2)/21log(T — k,, 1), which converges to zero if
log(T)/S — 0 as S,T — oo, while preserving the consistency result that both the number of
false positives and false negatives in the estimated set of non-zero variance components is zero
with probability tending to one.

Corollary 1. Suppose that € id N (O, o-?/T) foreachs =1,...,Sand k =1,...,T, such
that &, ~ N(hils, Vi), and consider the statistics T (&) as in eq.(7) with fzk (&) replaced
by the true coefficients hj. For uncorrelated replicates (Gs = Is), the vector {Ty (¢ k)}/,{:1
converges to an £ 7 (k, 7)-Gaussian sequence model as § — oo,

1 o2, T+o2 d
———— |Tk(§p) —log | 5—|| — NO1), ifkekK,r
1/17/,(1)1(5/2) ( k ( Oe )) (13)

Te (€, L ONO1), ifkeKur

Ve (D(S/2)

For correlated replicates, with general correlation matrix Gg, it remains true that for § — oo,
1

Vy(S/2)

T S NO1), ifk¢Kar
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If |GsliF = o(S) and \Jy(D(S/2)4/210g(T — ky,7) < Ay, = 0(log(T)), then as in eq.(11)

P(K,(§) = Kuz) = 1 as S, T — oo.

5. Confidence regions

In this section, we develop asymptotic confidence regions for the discretely sampled population
mean log-spectrum, where it is important to take into account the possible correlation between
different replicate-specific curves to avoid the use of erroneous confidence sets. In the wavelet
coefficient domain, the estimated sequence of fixed effect coeflicients is a nonlinear biased
estimator of /&, and for this reason it is generally difficult to derive asymptotic confidence bounds
directly from the asymptotic distribution of /(Y), even under Gaussian model assumptions.
As proposed in Robins and van der Vaart (2006) and Genovese and Wasserman (2005) among
others, instead we consider an estimator of the squared norm ||k — R|1? (conditional on k), and
we derive the asymptotic distribution of this estimator instead of the asymptotic distribution
of the original estimator . Asymptotic {,-confidence regions for k can then be constructed
by restricting the norm of k with respect to the estimated sequence h. Moreover, by the
norm equivalence between the functional domain and wavelet coefficient domain, we can easily
transfer the confidence regions for & in the wavelet domain to confidence regions for &’ in the
frequency domain. For convenience, we work under the approximate model assumption that the
wavelet noise coefficients are exactly normally distributed, with mean zero and variance o2 /T.
The derived confidence regions are therefore approximate in the sense that they are based on
asymptotic distributional behavior of the estimator of the pivot quantity (S — o), but also on
the fact that the empirical wavelet noise coefficients are only asymptotically normally distributed
(T — o) under appropriate model conditions as discussed in Section 4.1.

The method is based on the assumption that we can split the sample £ = (£,,...,&7)" € RST,
with &€, ~ N(hils,Vy), into two sets of independent observations & M, & @) e RST, Suppose
that the covariance matrices V; are known, one simple approach to split the sample into two
independent samples at the cost of making the variance twice as large is to consider,

£V =& - Xy, £P=¢ + X, forallk=1....T

(1) £Q2) _
k k

where the vectors Xy ~ N(0, V) are independent of £,. It is easily verified that £

’

N(hils,2Vy) and € ;{1), & ;{2) are independent random vectors foreach k = 1,...,7. We estimate

the sequence k& using only the observations in £, and construct the confidence regions from
the additional independent set of observations & ) conditional on ﬁ(g—‘ (Y. The nature of the
estimator £ is irrelevant for the construction of the confidence region, however, since the radius
of the confidence region is proportional to ||h — ﬁll, better estimators f (in terms of £,-risk)
will lead to smaller confidence regions. We note that the same procedure can be carried out the
other way around, that is, compute h based only on the observations &, and then construct
confidence regions based on £ given h(¢£®). In the remainder, we consider constructing
confidence regions for & only through the first procedure.

Suppose that we have split the sample into two independent parts £, € and have computed
h:=h (& (Y. The next step is to find an estimator of the pivot quantity ||k — h |12, conditional on
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h, using only the set of observations £ . We consider the unbiased estimator,

T[S
RED )y =" | [wa(€R) - h)?] - 20 4
k=1 Ls=1
where wi = (Wig, . .., wsk )’ is a vector of (generalized least squares) weights such that ), wg =

1. Strz}ightforward calculus shows that, conditional on ﬁ, R (& (2), fz) is an unbiased estimator of
|k — h||? and,

T
T(h, k) := Var (RE?, k) = > [8lidiagwi) VllF- + 8C — he)*wViwy]
k=1
where diag(wy) is a diagonal matrix with elements wy = (Wig, ..., wsk)’ on the diagonal.

Theorem 3. Suppose that |Ir|li/||ITkllr — 0 as § — oo, where I'y := V,lc/zdiag(wk)V,l(/2

with V,lc/ Za symmetric matrix square root of V. For a given confidence level 1 — «, consider
the confidence set

Ca(€) = {h €ty : |h—h| < \/zarm,ﬁ) + E(zf@,iz)}

with standard normal quantile z,, and h= h(g—‘ (D such that {;‘ (1) ,(3) ~ N(hils,2V ) with
fl(cl), f,({z) independent for all k = 1,...,T. Then,

lim inf 1nf P(h € C(,(g-‘)) >1-a

S—oc0 he

The validity of the asymptotic confidence regions relies on the condition ||[I'g||{/||Tx|lr — O,
which requires the maximum absolute row sum (or column sum by symmetry) of I'y to be
dominated by its Frobenius norm for increasing S. This condition implies that the number of
relevant principal components of the matrix I'y is increasing, or in other words, the vector of
eigenvalues of I'y should not be dominated by one or a few large values as S increases. Although
in a somewhat different spirit than the condition ||Gsl||F = o(S), this condition also implies
that the effective number of independent replicates should increase with the total number of
replicates S. Note that considering a vector of equal weights wj = (%, cees %)’, this condition
can be restated in terms of the between-replicate correlation matrix as ||Gsl1/||GsllF — O for
S — co. This ratio has an optimal rate 1/VS, when Gy is equal to the identity matrix, and it
can be verified that this condition implies ||Gs||r = 0(S), (the other direction does not hold).

Furthermore, since # ||hf - ﬁf | =|lh - h ||, if we consider the scaled confidence regions in the
frequency domain given by,

cl) = {hf el i) < \/T\/zar(h,iz) + §(§(2),fz)}

By Theorem 3, the asymptotic coverage probability also satisfies,

liminf inf P(h' € CL(&)) > 1-a
S—o0 hfefz
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Remark. Note that the confidence regions are constructed under the assumption that the co-
variance matrices V. are known. In practice, these covariance matrices are unknown, and we
therefore replace them by plug-in estimators Vi. The generalized least squares weights wy,
which typically also depend on the covariance matrices V, can be replaced for instance by
the sub-optimal ordinary least squares weights wy = (%, cees %)’. This does not change the

asymptotic normality result of the estimator E(g @ k) in the proof of Theorem 3, but it comes
at the cost of increasing its variance, thereby increasing the radius of the confidence regions.

6. Simulated data examples

In this section, we assess the finite-sample performance of the developed estimators by some
simulated data examples. In Algorithm 1 below, we describe a procedure to simulate replicated
time series {Xs(¢),s = 1,...,S} with random log-spectra H{ by means of discrete Cramér
representations. In short, given a wavelet basis B, population-mean transfer function g/ (with
population-mean log-spectrum W(w) = log(Mod(gf (w))?)), within-replicate covariance ma-
trix Gr, and between-replicate correlation matrix Gg, we generate replicate-specific random
transfer functions GJ; (w) which are inserted into discrete Cramér representations to generate the
replicated time series. In Algorithm 1, £7 denotes a complex-valued normal random variable
with independent real and imaginary parts, such that £ = &%, where * denotes the complex
conjugate.

Algorithm 1
k' — log(Mod(g/)?)

—

2:  h <« DWTg(h'), the discrete wavelet transform w.r.t. the basis B.

3:

4: U « Ogxr, an (S X T)-matrix of zeroes.

5 Fork=1,...,T,

6: if 02, > 0 then put Uz ~ N(0,02, Gs)

7

8: Fors=1,...,8,

9: U{ «— I-DWTg(U|s,)), the inverse discrete wavelet transform w.r.t. the basis 8.
10: G{ — gf\/exp(U{)

11: Xs(0) &« o= 217y Gl (we) expli2nw)E;

6.1. Population-mean log-spectrum h'

We consider data generated under a single population-mean log-spectrum 4/ coming from an
ARMA(2,2) process with parameters ¢ = (-0.2,-0.9) and 8 = (0,1). The log-spectrum of
this ARMA(2, 2) process is particularly difficult to estimate due to some sharp local features.
The transfer function of an ARMA(p, g) process with AR parameters ¢ = (¢1,...,¢,), MA

parameters 6 = (64, ..., 0,), and white noise variance G%V is given by,

9(6—i27ru))

gf(a)):(r we[0,1)
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Figure 1. Population-mean log-spectrum (left), and within-replicate covariance matrix G]; (right).

where ¢(z) = 1 —d1z—... —¢pz¥ and 0(z) = 1 + O1z2+ ... + 60,z9. In Figure 1 (left), the
considered population-mean log-spectrum n = (h (wo), . .., W (wr—1))’ with o%v =1 and
T = 512 is shown for we € [0,1/2). In fact, the presented curve is a relatively sparse €o-
approximation of &/ under a Daubechies extremal-phase wavelet basis 8 with N = 6 vanishing
moments, where we have thresholded all coefficients with || < T~!. Here, we have used the
WaveThresh package in R, see (Nason, 2010, Chapter 2) for more details.

6.2. Random effects covariance matrices
For the T x T-dimensional covariance matrix G7, we consider the diagonal matrix diag(o2)
with set of indices of non-zero variance components given by,

Kur ={ke K1 : |logy(k—-1)] < J}

which are simply all the indices contained in the wavelet scales {j : 0 < j < J} with the
additional constraint that K,, 7 € K 7. For the magnitudes of the variance components, we
consider O'i « decaying with a factor 2 per increasing wavelet scale, i.e. for some constant C > 0,
let 0'51 = C and define for k > 1,

, C -2 Uoek=DI-2 if k¢ K, 1
ag = ’
uk 0 if k ¢ Ku,T

In Figure 1 (right), the within-replicate covariance matrix in the frequency domain G]; =
Wi GrW g is shown using again a Daubechies extremal-phase wavelet basis with N = 6
vanishing moments and parameters C = 0.5, J = 4, which are also the values used in the
subsequent simulation studies. Under this specific model, Figure 2 shows generated random
log-spectra for several independent replicates and corresponding simulated replicate-specific
time series.

For the between-replicate S X S-dimensional correlation matrix Gs we consider two different
scenarios,
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Figure 2. Replicate-specific log-spectra (left), and simulated replicated time series (right).
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Figure 3. Contour correlation matrices for S = {32, 64, 128}.

(a) A symmetric block-diagonal matrix containing one single S/2 x S/2-dimensional block of
highly correlated replicates with p;; = 0.9 for 1 < i, j < §/2. The constructed correlation
matrix satisfies ||Gs||F = o(S) and is positive semi-definite.

(b) A symmetric contour-matrix that consists of layers of block matrices with decaying levels
of correlation, see Figure 3. The layers are chosen such that again ||Gs||r = 0o(S) and G
is positive semi-definite.

6.3. Simulation study

We assess the performance of the proposed estimation procedure and compare this to the
performance of several related alternatives. First, we consider a naive ordinary least squares
approach (OLS). In this naive approach we individually smooth the replicate-specific log-
periodograms using FDR thresholding with tuning parameter ¢ = 0.001 and estimate k’ by
averaging the smoothed curves over replicates, thereby not taking into account the between-
replicate dependence structure. Second, we consider the non-adaptive iterative-generalized least
squares approach, where the smoothness space parameter kj r is assumed to be known and the
set K r is estimated using the universal threshold A, r according to Section 3.1. Third, we
consider an adaptive iterative-generalized least squares approach, in which kj, 7 is not known. In
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order to estimate the set K 7 we use FDR thresholding with tuning parameters ¢ = {0.1,0.001}.
Finally, in order to assess the increase in estimation error due to the iteration scheme, we also

compute oracle estimators ﬁf and E;S (h), where we assume the true generalized least squares-
weights (depending on Gg) to be known in estimating h', so that no iteration of the estimators
is required. Note that in this final scenario we do not assume knowledge of kj 7 nor k, 7, and
the set K, 7 is estimated as in the third scenario with FDR tuning parameter g = 0.001. The
performance of the estimator fzf = (M (wp), ..., (wr_1))’ is assessed through the squared
error averaged over Fourier frequencies. Similarly, the performance of the estimators E;T and
és is evaluated through the squared error averaged over matrix elements. In Table 1 we show
average squared errors with in parenthesis corresponding standard errors (&-/VM) for M = 1000
replicated simulation experiments.

6.3.1.  Simulation results

It should not come as a surprise that knowledge of the true generalized least squares-weights
significantly improves the estimation error. This is seen by comparing the estimation error for
h' of the naive ordinary least squares approach, which does not take into account the between-
replicate correlation structure, with that of the oracle estimator. The iterative-generalized least
squares scheme then inflates the estimation error for h' relative to the oracle estimator, but still
outperforms the ordinary least squares approach under all of the considered scenarios. Another
important observation is that the performance of the adaptive estimators —regardless of the choice
of the FDR tuning parameter— is similar to the performance of the nonadaptive estimators in
essentially all of the considered scenarios. The adaptive estimators even slightly outperform
the nonadaptive estimators in some cases, which may be caused by the fact that the asymptotic
minimax threshold A r is somewhat conservative in a finite-sample situation. It is therefore

quite safe to transfer the derived rates for the risk of ilf in the nonadaptive estimation case (with
kn, 7 known) also to the adaptive estimation case (with kj 7 unknown).

In Figure 4 and 5, we give some visual representations of the estimates under a block-diagonal
between-replicate correlation structure (' = 512, § = 64). The left-column of Figure 4 shows the
estimated quantities of interest for a single simulation experiment using the adaptive approach
with FDR tuning parameter g = 0.001. The right-column shows the average estimates over
M = 1000 replications of the simulation experiment. Figure 5 shows true and predicted random
effects curves for a single simulation experiment under the same scenario as in Figure 4. It
is observed that the estimated between-replicate correlation matrices 65 are somewhat biased
downwards. This is an artifact caused by the iterative estimation scheme, and is understood by

the following argument: in estimating G, the replicate-specific curves are centered around W

(instead of the true A'), however ftf is itself a sample average over the replicate-specific curves,
therefore the replicate-specific curves will typically appear to be more negatively correlated
around ﬁf than they are in reality around the true curve h/. Note that, under the conditions in

Section 4, this artifact disappears asymptotically due to consistency of the covariance matrix
estimators.
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Table 1. Average squared errors (and standard errors &-/ M) of the estimates of n' (x1071,
Gr (x107), and G (x1071).

T =512 T =1024

S Approach ASE(h’)  ASE@Gr)  ASEGs) ASE(R’)  ASEGr)  ASE(Gs)

Block-diagonal correlation matrix G s (Case (a))

32 OLS 2.74 (0.05) - - 2.53 (0.05) - -
Non-adaptive 2.15 (0.04) 0.65 (0.02) 1.29 (0.01) 2.12 (0.04) 0.31 (0.01) 1.24 (0.01)
Adapt. (g =0.1) 2.10 (0.04) 0.66 (0.02) 1.30 (0.01) 2.08 (0.04) 0.31 (0.01) 1.24 (0.01)
Adapt. (g =0.001)  2.15(0.05)  0.64 (0.02)  1.31(0.01) 2.12(0.04)  031(0.01)  1.25(0.01)
Oracle (g = 0.001) 1.18 (0.02) 0.42 (0.01) 0.78 (0.01) 1.05 (0.02) 0.20 (0.01) 0.69 (0.01)

64 OLS 2.61 (0.05) - - 2.42 (0.05) - -
Non-adaptive 1,70 (0.03)  0.52(0.02) 138 (0.01) 1,76 (0.04) 027 (0.01) 136 (0.01)
Adapt. (g =0.1) 1.69 (0.04) 0.52 (0.02) 1.39 (0.01) 1.73 (0.04) 0.28 (0.01) 1.35(0.01)
Adapt. (g = 0.001) 1.75 (0.04) 0.51 (0.02) 1.41 (0.01) 1.74 (0.04) 0.27 (0.01) 1.36 (0.01)
Oracle (g = 0.001) 0.86 (0.01) 0.24 (0.01) 0.80 (0.01) 0.74 (0.01) 0.12 (0.005) 0.72 (0.01)

128 OLS 2.56 (0.05) - - 2.38 (0.05) - -
Non-adaptive 1.57 (0.03) 0.41 (0.01) 1.56 (0.01) 1.61 (0.03) 0.21 (0.01) 1.55(0.01)
Adapt. (g =0.1) 1.56 (0.03) 0.41 (0.01) 1.57 (0.01) 1.61 (0.04) 0.21 (0.01) 1.56 (0.01)
Adapt. (g =0.001)  1.58(0.03) 040 (0.01) 1.58(0.01) 1.62(0.04)  021(0.01)  1.57(0.01)
Oracle (g = 0.001)  0.69(0.01)  0.23(0.01)  0.96(0.01) 0.58(0.01)  0.09(0.01)  0.90 (0.01)

Contour correlation matrix G s (Case (b))

32 OLS 7.21 (0.16) - N 7.24 (0.16) - -
Non-adaptive 6.64 (0.15) 1.95 (0.03) 4.34 (0.03) 6.45 (0.15) 1.04 (0.02) 4.01 (0.03)
Adapt. (g =0.1) 6.60 (0.15) 1.93 (0.03) 4.35 (0.03) 6.41 (0.15) 1.04 (0.02) 4.03 (0.03)
Adapt. (g =0.001)  6.56(0.15)  1.92(0.03)  4.31(0.03) 6.35(0.15)  1.03(0.02)  4.05(0.03)
Oracle (g =0.001)  5.95(0.13)  1.26 (0.03)  3.40(0.02) 585(0.13) 076 (0.02)  2.98(0.01)

64 OLS 4.61 (0.10) - - 4.60 (0.10) - -
Non-adaptive 2,66 (0.06)  1.07(0.06)  1.95(0.02) 2.65(0.06)  0.54(0.02)  1.93(0.02)
Adapt. (g =0.1) 2.64(0.06) 1.05(0.05)  1.95(0.02) 263(0.06)  0.54(0.02)  1.94(0.02)
Adapt. (g =0.001) 2.67 (0.06) 1.05 (0.05) 1.98 (0.02) 2.66 (0.06) 0.53 (0.02) 1.95 (0.02)
Oracle (g = 0.001) 1.48 (0.03) 0.53 (0.02) 0.99 (0.01) 1.35(0.03) 0.24 (0.01) 0.85 (0.01)

128  OLS 2.70 (0.05) - - 2.64 (0.05) - -
Non-adaptive 1.72 (0.03) 0.84 (0.07) 1.34 (0.01) 1.65 (0.03) 0.37 (0.03) 1.30 (0.01)
Adapt. (g =0.1) 1.71 (0.03) 0.84 (0.07) 1.35(0.01) 1.64 (0.03) 0.37 (0.03) 1.30 (0.01)
Adapt. (¢ =0.001)  1.72(0.03)  0.85(0.07)  1.36(0.01) 1.67(0.04) 036 (0.03)  1.31(0.01)
Oracle (g =0.001)  0.75(0.01)  0.28 (0.01)  0.91(0.01) 0.64 (0.01)  0.11 (0.005)  0.85 (0.01)

Table 2. Empirical coverage (x10?) of confidence regions for n.

a =0.05 a=0.1

T =512 T =1024 T =512 T =1024

S=64 S=128 S=64 S=128 S=64 S=128 S=64 S=128

Block-diagonal correlation matrix G g (Case (a))

Asymptotic (Scen. 1) 95.1 93.5 95.6 93.7 88.7 86.0 88.5 87.2
Asymptotic (Scen. 2) 96.7 96.5 98.3 98.2 86.1 84.4 89.8 89.7
Bootstrap 99.1 99.8 96.7 97.5 98.2 99.2 92.7 95.1

Contour correlation matrix G s (Case (b))

Asymptotic (Scen. 1) 99.5 96.4 99.6 96.7 96.9 90.3 97.2 91.1
Asymptotic (Scen. 2) 97.2 97.2 98.4 98.5 86.4 85.6 90.5 90.1
Bootstrap 97.3 99.5 95.5 96.2 94.4 99.0 89.6 93.5
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Figure 4. Estimates of k', Gg, and G); for a single simulation experiment (left-column). Average estimates
over 1000 simulation experiments, with (0.01, 0.99)-empirical pointwise quantiles of ﬁf (right-column).
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Figure 5. True random effects curves U{ (w) (left), and predicted random effects curves (7{ (w) (right) for
a single simulation experiment.
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6.4. Confidence region coverage

We also assess the validity of the constructed confidence regions for h' by computing their
empirical coverage under some of the simulated models considered before. Since we are
interested in the (negative) impact on the empirical coverage caused by replacing the true
covariance matrices V by estimates ‘7k we consider two different scenarios. In the first
scenario, we assume the true matrices V to be known, both in performing the sample splitting
procedure and in constructing the confidence regions. In the second scenario, we consider
the matrices V. to be unknown, therefore replacing them by plug-in estimators 17k. For the
weight vectors wy, we consider ordinary least squares weights, equally weighting each replicate.
As a benchmark procedure, we also compute the empirical coverage of parametric bootstrap
confidence regions for k' with B = 1000 bootstrap samples as proposed in Krafty et al. (2011)
and Fiecas and Ombao (2016). The bootstrap confidence regions are constructed using the
true covariance matrices Vg, and in this sense are oracle confidence regions, that should be
compared to the asymptotic confidence regions under the first scenario. In Table 2, the empirical
coverage for the different approaches is shown for M = 5000 replicated simulation experiments
(M = 1000 for the bootstrap confidence regions), the simulation results are shown only for the
adaptive approach (i.e. kj 7 unknown) using FDR tuning parameter g = 0.001, the results for
the other approaches considered in Table 1 are similar.

7. Analysis of brain signals: replicated LFP time series

To conclude, we analyze brain signal data recorded during an associative learning experiment.
The dataset consists of local field potential (LFP) time series traces, measuring electrical activity
in the brain over the course of the experiment, see Gorrostieta et al. (2012) and Fiecas and Ombao
(2016) for a more detailed description. During the experiment, a non-human male macaque
learns the association between one set of objects (four pictures) and another set of objects (doors
located in four different quadrants of the visual field) by means of trial-and-error. In each trial, the
macaque was first presented with a picture and then required to select one of the four doors. Each
time the macaque made the correct association it was given areward in the form of a small quantity
of juice. Over the course of the associative learning experiment, the electrical activity in the
brain of the macaque was measured using local field potentials. Local field potentials measure
electrical activity in the brain directly via chronically implanted probes, in contrast to other
commonly-used non-invasive recording techniques, such as electroencephalograms (EEGs) and
functional magnetic resonance imaging (fMRI). In this analysis, we consider univariate local
field potential time series data recorded in the nucleus accumbens (NAc) region, which is a
region in the brain that has been demonstrated to be highly implicated in cognitive processes
involving memory and reward. After preprocessing of the LFP time series data, there remains
a total of 590 (univariate) time series traces of length 2048 sampled at 1000 Hz, thus roughly
corresponding to 2 seconds of data. The goal of the analysis is to study trial-population spectral
characteristics, and in particular the evolving spectral properties of the time series over the course
of the experiment. In Figure 6, we show the recorded LFP time series for three trials (start,
middle, and end of the experiment) and their corresponding raw periodograms to highlight the
dominating oscillatory frequencies present in the LFP time series. The raw periodograms in
Figure 6 show clear common frequency behavior across the three different trials, as seen from
the peaks which remain located at the same frequencies across trials. The left image of Figure
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Figure 6. LFP time series (left) and corresponding raw periodograms (right) for trials 1, 250, and 590.

8 shows initial smoothed log-periodograms across all the trials in the experiment, using FDR
thresholding with tuning parameter ¢ = 0.001, without taking into account the between-trial
dependence structure. Note that instead of the individually smoothed log-periodograms, we
show blockwise-average log-periodograms over 10 adjacent individual trials in order to improve
visibility of the image. In general, the log-periodograms in Figure 8 (left) display very common
frequency behavior across trials, however towards the end of the experiment the overall power in
the middle- and high-frequency range (w > 0.1) seems to increase (except for the frequency-band
around w ~ 0.14), and we also note that power in the very low-frequency range (w close to zero)
fades out after approximately half of the trials. Simply averaging the spectral estimates across
all trials will not take into account, nor give us any information, about the dependence structure
of the underlying brain dynamics over the course of the experiment. Therefore, we need a model
that allows for explicit correlation between trial-replicates in the population. In the data analysis
we consider frequency content up to 256 Hz (w = 0.25), since higher frequency behavior is
typically attributed to noise and not physiological behavior in the brain, and we do not want the
estimated between-trial correlation matrix to be dominated by this very high-frequency content
(w > 0.25). In the top-row of Figure 7, the estimates of the population-mean log-spectrum
R = (W (wo), ..., W (ws11))” and population-mean spectrum exp(hf ) are shown, with in grey
several regions of interest for the neuroscientist: the @-band (8-16 Hz), the 8-band (16-32 Hz),
y-band (32-100 Hz). The dotted lines in Figure 7 (top-left) correspond to the magnitude of one
estimated standard deviation, around the population-mean curve, of the random effects curves
in the frequency domain. The bottom row of Figure 7 shows the estimate for the between-
trial correlation matrix Gg for blocks of 10 adjacent individual trials, and the estimate for the
within-trial covariance matrix GJ; in the frequency domain. Note that the estimated correlation
matrix clearly demonstrates the correlation structure between the trials that we observed for the
initial smoothed log-periodograms in Figure 8 (left). Trials at the beginning of the experiment
are highly correlated and trials at the end of the experiment are highly correlated, and the
correlation between trials decays as the lag between trials increases. This suggests that the
trial-specific log-spectra evolve over the course of the learning experiment, as already discussed
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Figure 7. Estimates of A/ and exp(hf ) (top-row), and estimates of Gg and G’; (bottom-row).

in Fiecas and Ombao (2016), which should be taken into account in the data analysis in order
to improve estimation of the population-mean curve and especially prediction of the replicate-
specific curves, but also to avoid misleading results in any subsequent inference procedures.
The right image of Figure 8 shows the predicted trial-specific log-spectra (again for blocks of
10 adjacent trials). Comparing the two images in Figure 8, we observe that the predicted trial-
specific log-spectra perform better in suppressing the overall noise than the individual smoothed
log-periodograms, since the functional mixed-effects model pools information across different
trials. On the other hand, the predicted curves are still able to capture many of the relevant
features that are present in the left image for the individual smoothed log-periodograms. These
features would not be as pronounced if we do not take into account the explicit correlation
between trials over the course of the experiment.

8. Conclusion

In the context of spectral analysis for replicated time series, where the focus is on population
spectral characteristics rather than the behavior of individual time series, we propose to model
replicate-specific log-spectra as random curves based on a nonparametric functional mixed ef-
fects approach. We address the specific problem of analyzing spectra that are characterized by
localized peaks or troughs by successfully using projection estimators, and in particular nonlin-
ear wavelet thresholding. Here we benefit both from a convenient linear mixed effects structure
in the wavelet coefficient domain, and the possibility to constrain the complexity of this nonpara-
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Figure 8. Individually smoothed log-periodograms (left), and predicted trial-specific log-spectra IAtJ: (right).

metric estimation problem by natural £y-sparsity constraints. The paradigm of {(-driven sparsity
leads to simple constraints ensuring that the replicate-specific curves and the population-mean
curve share the same level of complexity (as in Guo (2002)), but also allows to come up with
practical near-optimal threshold choices for both fixed- and random effects estimation. The good
performance of this smoothing device is also confirmed by our empirical results.

As an additional important ingredient, we introduce a generic correlation model for the popula-
tion of random effects curves, where both intra- and inter-subject correlation are modeled in a
convenient nonparametric way in the wavelet coefficient domain. The importance of including
correlated functions in the general setting of functional response regression has already been
underlined by Morris (2014). The author clearly expresses that the overwhelming majority of
existing work cannot model correlation between curves and is hence only suitable for inde-
pendently sampled functions. This is not realistic for many functional data problems, and can
lead to estimators that are statistically inefficient, or even give misleading inferences. As an
example of replicated time series data with explicit correlation between different replicates in
the population, we analyze empirical brain signal data over the course of an associative learning
experiment. There is a clear indication that the spectral behavior of trial-replicated time series
evolves over the course of the experiment, and we are able to reproduce a meaningful correlation
structure over time series replicates that demonstrates this evolutionary behavior over the course
of the learning experiment. In order to give some notion of statistical inference, we construct
nonparametric confidence sets for the population-mean log-spectrum by adapting the approach
in Robins and van der Vaart (2006) to include the random effects curve uncertainty into inference
on the fixed effects curve. Here again, it is important to take into account potential correlation
between replicate-specific curves to avoid the use of erroneous confidence sets. We note that
our fully nonparametric approach, although developed in the framework of spectral analysis for
time series data, can equally well be applied in a general functional data analysis context in the
presence of correlated random curves, where we benefit from the twofold adaptation properties
of wavelets towards sparse and localized structures.

To conclude, we discuss two important directions in which to generalize the proposed model.
First, replicated time series spectral analysis of brain data eventually calls for a multivariate
treatment in order to reveal dependence structures between different regions in the brain through
cross-spectral analysis of different components of the multivariate time series (e.g. multivariate
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EEG time series data from different regions in the brain). To the best of our knowledge, no
quantitative analysis that embeds replicate-specific spectral matrices into a multivariate func-
tional mixed effects model exists so far, not even for the case of independent replicates. We are
currently generalizing our functional mixed effects approach developed for replicated univariate
time series to this more challenging setting. Second, there is considerable evidence (see e.g.
Ombao et al. (2005)) that for long EEG recordings, the second-order stationary assumption for
the time series is too strong. It is preferable to weaken this assumption and to consider for
instance a variance-covariance structure that slowly changes over time. In the context of an
individual time series, time-varying spectral analysis is a challenging task since it can lead to
estimators with extremely high variance (see e.g. Neumann and von Sachs (1997)). We expect
that the methodology presented here will become very efficient in this context, since it allows
for pooling of information across the different time series replicates.

9. Appendix: Proofs

9.1. Proof of Lemma 1.

PrOOF. Let us write Y = hj + €, where h}’ = hy + Uy, with hy = hylg and €, = (€1x, ..., €s1)’
independent noise terms. Then, conditional on the random effects coefficients, we will show that,
uniformly in k € Jr o with @ > 0,

P = ) = x| Uk = e

1 —d(x)

where —co < x5 < T for some v > 0. In order to prove this asymptotic normality result, we derive upper
bounds on the n-th order cumulants (n > 2) of e5x = (EY, ¥ )1, the empirical wavelet coefficients of the
log-periodogram error terms E{ with respect to the wavelet basis function . Since Var(egr) = O(T™)),
the n-th order cumulant of €4 (for all s, k) can be written in terms of joint cumulants as,

T:>m1 foralls=1,...,S

1 < 1 <
cum, (e /\Var(esr)) < cum(W;E{ma)wk(wm,...,W€;1E5<wfn>wk(wg,,,>

= TP Y k(we) - we, )eum(EL (e B (we,)
[11

41

= T2 gilwe) " eum(EL (wr,), .. EL (@¢,)
t

AT e Y ()" T eum(EL (@), ..., EL (wr,),

Jj=1 1#0
El(we,). .. .. EL(we,))

AT i (wr,) - Y, Joum (B (), . B (wr,)) (14)
C1#... 0,

By Lemma 2 in Taniguchi (1979), for a stationary Gaussian process X, (¢) with > ;2_, t]lys(¢)| < oo and
n>2:

oT™) itmz=2

Cum(E{(wl)’---sE{(wn1)9E£(wn1+l)’--~9E_]:(wn1+n2)’-~-aE{(wn)) = { 0(1) 1fm= 1
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where, ny + ...+ n,, = n, and
O<wi=...,=wWp, <Wp+1 = ... = Wpitny < Wpopptl = ... = Wy

Furthermore, since wavelet basis functions at wavelet scale j are of the order 212 for all k € JT. a5
Y (we)| < CTU=/2 yniformly in w, for some C > 0. From eq.(14) we obtain,

Cumn(gsk/ 'Var(fsk)) 5 T—n/2+lcn—2(T(1—(l)/2)n—2flpk(w)Zdw+T—n/2Can(T(l—(Y)/2)I’L

S T—n/2+1Cn—2(T(1—a/)/2)n—2 + T—n/ZCn (n!)(T(l—(Y)/z)n
S @y (15)

where by orthonomality of the wavelet basis functions f Yk (w)*dw = 1, and where B,, denotes the n-th
Bell number satisfying B, < n! forall n € N.

By the same arguments as in Neumann (1996), due to the cumulant bounds in eq.(15) and Lemma 1 in
Rudzkis et al. (1978),

Esk E[Esk] —
p| =282 s|=a+ D)(1 — D(xg foralls=1,...,S 16
( ( Sk) > X ) ( 01( ))( ( )) T ( )

for —co < xy < Ap ~ T/,
Then under (A3), IE[E{ (we)]l =0T uniformly in w, by Taniguchi (1979), thus for k € Jr o,

1 T
Elesi] = — » EIEL (e) Wi (we) < sup g (we)|OT ™) = o(T~1+@)/2) (17)
r =1 ¢

and since Var(egr) = O(T™)), the standardized bias satisfies b := E[es]/VVar(esr) = O(T~%/2).
Rewriting eq.(16) gives,

NT
P O_—Gsk > X _
( ¢ ) =(1 +0T(1))M (18)

1 —D(xy) 1 = ®(xy)

Let w.l.o.g. b > 0 and fix some ¢ > 1, then for x5 < ¢

-0 asT — oo

1 -®(xs+b) = |D(xs + b) — D(xy)|
1 —O(xy) - 1 - ®(xy)

On the other hand, for ¢ < x; < Ar by a formula for Mill’s ratio (see Neumann (1996)),

-0 asT — o

‘l—d)(xs+b)_1‘< bo(xy) - bxg
1 —®d(xy) _1—(D(xs)_]—1/x%

Since Y — hZ = €, we conclude from eq.(18) that conditional on the random effects coefficients,
P (:,/-_T;(Ysk - hlvlk) > Xg I Usk = usk)
1 —®(xy)

T -

1 foralls=1,...,S

for —co < xy < Ar and uniformly in k € Jr . Moreover, for any given S,

Hf:l P (g(x&‘k - h.l;lk) > Xs | USk = usk)
T15_, (1 = ®(xy))

T—o

1, for xy < Ap
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and since conditional on the random effects coefficients the terms Yyr — hgk are all independent across
replicates, this is equivalent to:

T
P((\J/__IS - (Y —hZ) >x|Ug = uk) =0 +or(1)P(Zy = x), forx < Ar

e
where x = (xi,...,x5)" € RS, Ay ~ (T”,...,T)’ € RS with v > 0, and Z; € RS a vector of
independent standard normal random variables. Let us write Y = V,:l/ Z(Yk — hy), where V;l/ 2 is the

2
square root matrix of V;‘, (recall that V = 0'5 kGS + %IS). The random effects coefficients are assumed
to be jointly multivariate normal, therefore the unconditional version follows as well,

PYy>x)=+o0r(1)P(Zy > x), for x < A (19)

In the following part, we relate the mean squared error of ﬁk, 1Y) wrt. hy to the mean squared error of
hi A (€) wart. hi, and show that they are asymptotically equivalent as T — co. We split up,

Bl a(V) = m0*l = B[ Gka(i) = 0™y, yigg oy, cgav!Pag)
7 2
AE [ a (V) = )Ly, o, |
= Ri+R (20)

According to eq.(19) above, there exist Cf) and C(T“) tending to 1 as T — oo (uniformly in k € Jr 4),
such that _
COPZi2x)<PYr2x)<CPZr2x) forx <Ar

which is equivalent to,
CYOPE 2x) < P(Yp 2x) < CYPE, 2x)  forx < hy +V,*Ar @1
with &, = hi + V,*Zi ~ N(hi, Vo).

In the argument below we use that for g : RS — R measurable, if a € RS is such that P(g(X) > g(a)) = 1,
then

(0o, ...,00)
E[lg(X)] = fg(x) dP(X <x) =g(a) + f P(X = x) dg(x) (22)
a
Let g(x) = (}Azk,,l (x) - hk)zllxegk 1, where we recall that fzk,,z (+) is the (deterministic) thresholding rule

that defines our estimator, and let @ = inf,cp, (lAzk,/l(x) — hg)?, with By = {x : hy - VIIC/ZAT <x <

h,+V ,1(/ ZAT }. Note that a exists and is attained for x € By, since By, is closed and bounded and therefore
compact.

Using eq.(21) and eq.(22), we can upper bound R; by,

R, fg(x) dP(Yy <Xx)

(60,...,00) )
= g(a)+f P(Yi > x) d[(h a(x) — )1 (xeny )]

(e9,....,00) .
< gla)y+C™ f P&y 2 x) d[ (e 2(x) = 1) xepy )]
(0o,...,00) .
< (v {g(a) +f P& = x) d[(hy 2 (x) —hk)zl{xesk}]}

= (G} V DE [(hia(€x) = i)’ Lig, cpy | (23)
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Completely analogous, we can lower bound R; by,
Ri > (CF ADE [(hea(€1) = i) Lig ey (24)
Combining eq.(23) and eq.(24), and using that C. 2 C;“) — 1 as T — oo, we conclude that

Ry = (1+or()E [(hea (&) = hi)*Lig, eny) | (25)

uniformly in k € Jr o. For the other term R, in eq.(20), with Ar = (Ar,1,...,Ar,5) = (T, ..., T”) for
some v > 0, using an upper bound for multivariate Gaussian tail probabilities we find that,

P(Yil 2 A7) < CHMP(Zy > Ar)
S -1 |
< (]_[AT,S) Q2r) S exp (—EA’TISAT)
s=1
< c;“)T—Svexp(—gTZV)=0((ST)—M) (26)

for arbitrary 0 < u < oo, since the exponential rate above decays faster than any arbitrary polynomial rate.
Furthermore, it can be verified that

E[(hk.a (Y1) = hio)*] < BIWLY i = hel + )] < max B[ Yo = hucl + )] @7)
By Parseval’s relation,

1
sup x| = lIklle < IRl = —= 1B o = 147 I, + or (1) = O(1) (28)
k \NT

where the last equality is due to the fact that h e Ly([0,1/2]) (here || - ||, denotes the Euclidian norm).
By Jensen’s inequality,

EllYk = hel"] < ELFoi — hi)?] = E[Usk + €01 forl <n <4 (29)
By eq.(17) and the cumulant bounds in eq.(15) forall s = 1,.. ., S,
cumi(eg) = O P17 =0T ')
cumy, (€5x) = OT ™M T H"2y=0(T™"™?)  forn>2
Therefore,
n
Eley1=0| ) [1 jeumy, (e)| | = O(T ) (30)
m=1ip,...0im: i1+...+i,,,:n,i_,-21

Also, since the random effects coefficients are assumed to be Gaussian E[U;‘k] =0(l)forl <n <8, we
obtain from eq.(27-30) that
E[(h, 2 (Y1) — h)*] = O(1) (31)

Combining the Cauchy-Schwarz inequality and eq.(26) and eq.(31) we find that,

Ro < NPUTe] 2 MBI 4 (Vo) = hi)*] = O((STY ™)
for arbitrary 0 < u < oo, (abusing notation for u). Combining eq.(20), eq.(25), and eq.(32) yields,

El(hka(Yi) —h)*1 = (1 +or(I)E[(hg 2(€x) — he)*1 + O((ST) ™) (32)
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Since the above equation holds uniformly over k € Jr o, With |J1 | = O(T'~) for & > 0, it follows that,

D Elua(Y) -mo’l = (I+or() > Ellha€) —ho’l+ > 0(ST)™)

kelr,o keJT o keJr.o
= (l+or(1) Y Ellhe (€0 - hi)*l+O(SHT#)
kGJT,q

for arbitrary 0 < p < oo, which concludes the proof.

9.2. Proof of Theorem 1

Proor. We split up, using Lemma 1:

ElR(V)-hI* = > El(h(Yo)-m)1+ Y i
kGJT,a k¢-’T,a
= (+or(D) Y Ell(E) =)’ 1+ 0T+ Y iy (33)
kGJT’a kQJT,a

for arbitrary 0 < u < oco. For T sufficiently large (T > T*) since 0 < @ < o with T*, a* as in (A2), the
last term on the right-hand side disappears by (A2). It remains to show that the remaining part behaves
according to the claimed rates.

By (A1), h € £y r(kp,r) and 0'%‘ € o1 (kyr) with K, 7 € Kj, 7. We decompose the first sum on the
right-hand side above into three different regions {k ¢ K, 7}, {k € Ki, v \ Ky,,7}, and {k € Kp.r N Ky, 7},
and upper bound by Lemma 2,

" PR 202 B \/T_leh,T 200 An,T \/T_S/lhj
k;ﬂmhk(f,{) m)’l < (T- km( (1 <I>( - M-

2

o-e
+(kn,T — ku,T) TS

+ /11211) + ky, T sup [w,'chwk + /l%l,r] (34
k

We observe that A, 7 =

sz 1Og(T/kh T

for T sufficiently large,

202 NTSAnr 2a2 * 1 1,
-0 20 = —exp|—-=z27] dz
TS Oe VTS A1 /oe N21 2

20'5 e f‘x’ z ( 1 2)

< —exp|—zz7] dz
Ts vT /1hT NTSAu1/oe ‘/2_ 2

< 20'e/1h,T¢ NTSAp,T

- NTS Te

202 kn,T
75 \2 e ( )(15(0)— (35)
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. e <2 o0 —
where in the second step we use Vﬁai;/m > 1 andin the third step 7§ < 4;, . and f/l 2¢(z2)dz = ¢().

By eq.(35) and plugging in A5, 7, the right-hand side in eq.(34) is upper bounded by:

. 5 402 kn,T
2 Bl (€)= m?] < (= knp) | oy [2log | — |o0) =
kejT.ar
0'2 202 T
knT — |
+(kn,T uT)(TS TS Og(khT))
+k | % + 2(Tzl T
uTSlklp Wk KWk TS 0og knt
k / T T 2
< hTTSO' (1 +4¢(0) 210g( ) + 2log( T T)) + kuT (sgpw Viwg — ;—_S)
kn,T T o2
< log | — k |4 36
S g(kh,T)+ uT(SuPW KWk — TS) (36)

By plugging eq.(36) into eq.(33), we obtain for T sufficiently large

n k
Elh(Y) -h|? < =L

——log r +k supw Viw 0'3 + STHTIH
~ s ks )T kP RPRT g

Since 0 < p < oo can be chosen arbitrarily large, for u > 2 the term T log ( ) dominates STHT!~H,
thus concluding the proof.

9.3. Proof of Theorem 2

9.3.1. Proof of the convergence in eq.(11)
ProOF. First we show that the inclusion K, 7 C iu(Y) holds with probability tending to 1 as
S,T — oo. Since K,,(Y) = {k : |[Tx(Yr)| = Ay, 1}, it suffices to show that

P( inf |Tx(Yr)| = AM,T) -1, as S, T — oo 37)
€ u, T
Writing 07 . = 02, +02/T and 62 (Yi) = + 35, (Yo — hi)?, since infyek, , 02 , > 6 > 0 we can
lower bound,
T 2 S
. _ A2 Ly < O
kelféfj T (Y| = kéﬁfj log(6; (Yy)) +log (Jg) (IOg(S) +y¥ (2))‘
T 2 S
2 0
> €mET log(a'k,T) + log (0'_3) - (log (g) + l/l( ) (5))‘

— sup |log(o-k(Yk) log(a'kT)|
kEKuT

It can be verified that @ (x) = log(x) + O(x™1), therefore |log(2/S) + @ (S/2)| = 0s(1), and the first
term on the right-hand side is seen to grow at the rate ~ log(T") for S, T increasing. For the second term,
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we show that sup; g, . [10g(67 (Yx) —log(og )| = g’T(l). First, decompose

e .
0¥ = g ) (o= h) + (e = )
s=1

S S S
1 2 A 1 A
= 5D = h)? 5 ) ok = hi) (e = h) + < D (e = he)? (38)
s=1 s=1 s=1

(6] (ii) (iii)
For k € K, r, term (ii) and term (iii) uniformly converge to zero in probability as S,7 — oo, which
follows from the fact that sup, |z — hy| = oﬁ’T(l) and % 35 (Yer — hi) = O, (1) since Var(¥x) < oo.

s=1

For term (i), by linearity of the expectation and recalling that Yz = hgx + Ug + €5k,

E

S S

1 1

5 2 Y = hk)z} = < O VU + ) = 0y + 02T = 0 4
s=1 s=1

where we use that by assumption €5 ~ (0, 0'2/T). Also,

1 S
Var(§ ;(Ysk - hk)2>

S
1 1
o 2, Var(Wak + €)) + 55 >, Cov(WUsk + i)’ Uy + €)?)
s=1 s#s’

! LN 2
5 2, Var(WUsi + e0)®) + 5 ) Cov(UR. Ugy)

s#S’

M

I
—_

s

where in the second step we use that €5 L Ugy for all s,5", €56 L €gx for s # s’, and the fact that
Elesx] = 0 for all s, k. We observe that Var((Usx + €5x)%) = O(1) uniformly over k = 1,...,T, since
Uk ~ N(0,02,) with sup; 02, < oo, and egx ~ (0, 0;/T) with E[e?,] = O(T?) is independent of Ugy
for all s, k. Moreover, by Gaussianity of the random effects coefficients, it can be verified that

Cov(Ugy Ug) = 20500 g

; 2
Therefore, using that sup; o, < oo,

S 2
1 _ IG5z _
Var(g ;(ysk - hk)2) =0(S™H + 2aikT =0+ 0(

IGsli%
SZ

which converges to zero uniformly over k € {l,...,T}, since ||Gs|lr/S — O by assumption. By

Chebychev’s inequality % Zf:l(YSk — g )? A 0']2(  uniformly over k € Ky, 1 as § — oo, and by Slutsky’s

P
lemma it follows from eq.(38) that é'i YY) — 0']% + uniformly over k € K,, 7 as §,T — oo.

For the uniform convergence in probability of log(&i (Yx)) over k € K,, 7, we show that for any €,y > 0,
there exist Sp, 7y sufficiently large (depending on only €, y) such that

P(|log(67 (Y)) —log(o 1)l > €) <y 39)
for § > So,T > Tp and all k € K,, 7. For arbitrary € > 0, by the law of total probability,

P(llog(67) —log(oj )] > €) = P(|log(6y) —log(og 1) > € : 0% > 6/2)P(0% = 6/2) + P(67 < 6/2)
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Since log(x) has bounded derivative on x € [§/2, o) for § bounded away from zero, it is uniformly
continuous on the domain [§/2, o). Thus, there exists €; > 0 such that |[x — xo| < €; implies | log(x) —
log(xo)| < € forall x, xo € [6/2, ). Using that inf cg,, , 0',% > §, for this choice of €] we get,

IA

P(|log(6}) —log(og 7)| > € : 67 = 6/2)P(6 = 6/2) P(|6 — o | > €1 : 67 2 6/2)P(67 2 6/2)

IN

P(|67 - o 7] > €1)
By the uniform convergence in probability of 6']% (Y1), there exist S((]), T(g D Such that
) 2
P(|0; — o pl > €1) <v/2

for § > S(()l),T > To(l) and all k € K, r. Similarly, using again that infxek,, 0']2<’T > 0, there exist
S(()z), Téz) such that
P(6; < 6/2) < P16 — o 1| > 6/2) <¥/2

for § > S(()Z), T > T(;Z) and all k € K, 7. The uniform convergence in probability in eq.(39) now follows
from the above arguments with Sy = S(()l) \% Séz) and Ty = Tél) \% TO(Z).

We conclude that the left-hand side inside the probability in eq.(37) grows at the rate ~ log(7) in
probability for increasing S,7. On the other hand, 1,7 = o(log(7T")) by assumption. Combining these
two results implies that K, 7 € K,,(Y) with probability tending to 1 as S,7 — oco.

Next, we show that the other inclusion Eu (Y) € K, r also holds with probability tending to 1 as S, T — oo,
which is equivalent to showing

Pl sup |Tx (Y )| 2 dyr | =0, as S, T — oo
k¢Ku,T
Fork ¢ K, T,eq.(38) term (ii) and term (iii) are og’T(Tfl), which is obtained by combining sup .k, . 1k~

| = og’T(T‘”Z) and (Yx — hy) = OP(T“/Z) since Var(Y;x) = o2/T. Term (i) in eq.(38) satisfies
uniformly over k ¢ K, 1,

2

1< s
3 SZ:;(Ysk — ) = El(Yox — )1+ O JVar(E SZ:;(YSk - hk)2) _ % LoSTTY o)

since Var((Ysx — hi)?) = Var(e?,) = O(T™2) for k ¢ K,,7. Combining the three terms it follows that,

T
sup —z&i(yk)—1‘f>o, as S.T — oo 41)
k¢K,1 10

e

By continuity of the logarithm, for arbitrary € > 0 and fixing xo = 1, there exists €] = € (x() independent
of k, such that |x — x¢| < €] implies |log(x) —log(xg)| < €. For this choice of €/,

P(llog(T& (Y1) /o?) —log(1)| > €) < PTG (Yi) /ol — 1] > €1)
Since €1 only depends on x¢ = 1, and T(’)'i Yr)/ O'g i 1 uniformly over k ¢ K,, 7, we obtain

sup |log(62(Yy)) +1og(T/a2)| 50, asS.T — oo
k¢Ky T
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Therefore, by the triangle inequality,

sup [T (Yi)l < sup |log(d;(Y)) +log(T/o2)| + [1og(2/S) + @ (S/2)] 50, asST -
k¢K,. 1 k¢K,. 1
since [log(2/S) + ¢ (8/2)] = 0s(1). On the other hand, 1, 7 > C for some constant C > 0 by
assumption. Combining these two results implies that Eu(Y) C K, r with probability tending to 1 as
S,T — oo. To conclude, since both P(K, 7 C EM(Y)) — 1 and P(Eu(Y) CKyr)— las§,T — oo,
this also implies P(EL,(Y) =K,71)—> lasS, T — oo.

. . . 2
9.3.2.  Uniform consistency of the estimators of o,

PrOOF. From the proof in Section 9.3.1 we already know that sup; |63 (Yi) =07 1| L 0as S, T — oo
for k € {1,...,T}. It remains to show that sup; |62, (Yi) — 02, | = o,S,’T(l) with k € {1,...,T)}. For the

linear part of the estimator, consider the function g(x) = {x — %}Jr which is uniformly continuous on

x € [0, 00) since [g(x) — g(xp)| < |x — x¢| for all x, xg € [0, 0). Therefore, by a similar argument as in
Section 9.3.1,

LA 0, as §,T — oo (42)

2 o, 2
sup {&k(Yk)—Te} -0
k +

In order to show the uniform convergence in probability of the nonlinear estimators &, (Y¢) over
k € {1,...,T}, it suffices to show that for any €,y > 0, there exist Sy, Ty sufficiently large (depending only

on €, y) such that
P62, (Y) =021 > € <y

for § > So, T > Tpandall k € {1,...,T}.

First, consider the case k € K, r, by the law of total probability for arbitrary € > 0,

P62, — 02| > €|k € K,)P(k € Ky | k € Ky )
+P(|162, — 02| > elk ¢ K,)P(k & K, |k € K, 1)
P67 =02 /T)s =iyl > €) + P(k € Ky |k € Kir)

~2 2
P(|6,, —o, | >€lkeKy,T)

IA

For any y > 0, there exist S(gl), Tél) such that for § > S(gl), T > To(l) we have P(|{6']% - o%/T}Jr - o'bztk| >
€) < y/2 for all k € K, 1 due to eq.(42), and P(k ¢ Eu |k € Ky, 1) < y/2 for all k € K, r, since
P(K,.r € K,(Y)) — 1. Thus for any €,y > 0,

P67, (Yi) —on ] > €) <y
for § > Sél),T > TO(I) andall k € K, 7.
Second, consider the case k ¢ K,, 7, again by the law of total probability for arbitrary € > 0,
P(lop —onl > €elk ¢ Kur) = PUos, —onl>elkeK)P(keK, |k¢Kyr)
+P(16%, — 02| > el k ¢ K)P(k ¢ Ky | k ¢ K1)
< PG - 02/Th =02l > €) + P02, > €k & Kur)

We note that P(02, > €|k ¢ K,,7) = 0 for all € > 0 since 02, = 0 for k ¢ K, 7, and again by eq.(38)
for any y > O there exist S(gz)’ Téz) such that P(I{é'i - U?/T}+ - o-ik| > €) <yforall k ¢ K, 7. Thus for
any €,y > 0,

P10, (Yi) =0l > €) <y
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for $ > S, T > 7" and all k ¢ K, 7. Let Ty = T\" v T.? and Sy = S v S, then the
uniform convergence in probability with £ € {1, ..., T} in accordance with eq.(12) follows from the above
arguments.

9.3.3.  Consistency of the estimators of p;;
Proor. We show consistency of the estimators p;;(Y) marginally for each i, j with i # j. Writing

I?M = EM(Y) and l%u = |I?M(Y)|, we decompose:

. 1 Yok = b)Y = hy)
pi(¥) = — 3
ky or-3 oY) Vve
ku 1 Yik — i) Yig — h 1 Yik — i) (Yix — h
_ A’T(k Z ( kAz )Yk k)+k Z ( kA2 )Yk = hy)
ky, u, T keKur O—uk(Yk) ) u, T keRu\Ku 1 o-uk(Yk) Vo

() (ii)
1 Z Yk — hi) (Y —ilk))
ku,t 02, (Y )V

43)
keK, r\K,

(iii)
In part (i) below it is shown that term (i) converges to p;; in probability as S, T — oo. In part (ii) it is shown
that the terms (ii) and (iii) converge to zero in probability as S,7 — co. Then, combining these results,

and observing that ku,T/lzu £> 1as S,T — oo since P(I?u = K,,7) — 1, an application of Slutsky’s
lemma yields the claimed result.

Part (i) From the proof in Section 9.3.2, we know that SUPg ek, ¢ |6-L2tk YY) - o-ikl = of,’T(l). Therefore,
term (i) in eq.(43) can be rewritten as,

1 Z Yk — ilk)(ij — i) _ 1 Yir - ilk)(ij ~ ) ' 0'124;(
kur el Tu Ve kut 2l Tk @2 +op () V e
1 Yik — i) (Yix — h
— (1+0£,T(1)). k Z ( ik k)2( Jk k) (44)
wT 1Kt Tk
. Yix—hi)Yj=hr) P
where we also use that infiek, , 02, > 6. We show that ku;T SkeKur % > pij as
S,T — oco. Writing out further,
1 Yk = hi) Vi = ) 1 Yok = hi) Ve =) 1 Y = hie) (i = o)
p Z : J — p Z ; J i p Z J :
wl ek, r Ok wl ey Ok wl ek r Tk

(i) (ii)
1 Yik — he)(hy — h 1 By = hi)?
N Z Yk = hi) (hye k)+ Z (he = hi)

2 2
k Ok ku.r keK, T uk

(45)
u,T k EK,,,,T

(iii) (iv)

Term (ii), (iii), and (iv) converge to zero in probability as S, T — co. This is observed from combining
supy (hx — hy) = og,T(l), infrek, r O'ik > 0, and respectively ﬁ Zkeku,r Yjx — he) = O0p(1)
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for term (ii) and ku;T 2kek, r Yik = hi) = O (1) for term (iii).

It remains to show that term (i) in eq.(45) converges to p;; in probability. By linearity of the
expectation,

E

1 Yik = hi) Y = hye) 1 o2, pij
k 2. 2 "k 2 S =p

Wl Rt Ok wl pékur Tuk

Thus, by Chebychev’s inequality:

{

Since E[Yt.‘,‘(] = O() foralli = 1,...,S, by Cauchy-Schwarz’s inequality sup; g, , Var((Yix —
hi) Y — hk))/(rik = O(1) for alli # j. Recalling that Y;x = hi + Ui + €, it can be verified that,

1 Yk — i) Yk = hee)
~ Pij
2T

>e) < évar(L D i = M) Uik = 1) |+ 46

k 2
u, T keKy a

k uk

wT k eI{U,T g

Yik = ) Y — b)) Yoer = b)) Yo = BY) !
COV( 2 J y k B J k = —2 3 COV(Eik, eik')cov(ejk, Ejk')
O'Mk O-uk' O-Mko-uk'

where we use that, Cov(U;, Ujr-) = O for all i, j and k # k', Ui L € for all i, j and k, k', and
€ix L €ji foralli # jand k, k’. We argue that €;; and €,z are asymptotically uncorrelated for all i

and k # k’. In the frequency domain, the noise terms at different frequencies Efc (we) and Ef (wer)
for £ # ¢’ are asymptotically independent (see Brillinger (1981)), therefore

Cov(E]) = o217 + A/, st AL lF = 0T (1)

where E{ = (Elf (wo), .. .,E{ (wr-1))’. Projecting to the coefficient domain with orthogonal
discrete wavelet transform-matrix W and €; = (€1, .. ., €;7)’, this yields

Cov(e;) = Cov(WE!) = 2WIrW + WA/ W’
2
_ v Fyvr
= 7817‘ + WAi w
and by the rotational invariance of the Frobenius-norm,
- - 1 . B
WA W’ || = |A/ W/ W = ;HA{HF = ol (T

from which we conclude that €; and €/ are asymptotically uncorrelated for all k¥ # k. Combining
the arguments above, it follows that,

1 D Y = h) Wi —hi) | _ 1 +(k3,T—ku,T>

2 ~ 2
O-uk ku,T ku,T

Var T (T -0, asT —»

k
wT keKu,r

using that k,, 7 — oo as T — oo. From eq.(45), eq.(46) and Slutsky’s lemma, we conclude that,

1 Yik - i)Yk — i) P
Z (k k)z(]k k)—)p[j aSS,T—)oo

k uk

u, T keKyr g

Returning to eq.(44),

1 Yik — i) (Yix — h
> (Fik — i) i ")=(1+o§’7(1))-(pij+of,’T(1))ip,-j as S, T — oo
kur S 02, (YO
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Part (ii) First we show that term (ii) in eq.(43) converges to zero in probability. Since 6'3 (YrK) Vo=,

1 Z Yik — ) Vi = hyo)

1 z : ( k k)( Jjk k) N
ku,T C’A ((Yk)\/6

0

>e|l<P

ku,T

keEu\Ku,T kEEu\Ku,T

Therefore it suffices to show that the probability on the right-hand side converges to zero for all € > 0

. . Yix—hi)(Yix—h
as §,T — oco. For ease of notation write (j := W

alle > 0,

1
P‘m Z(k

keR,\K,.1

. By the law of total probability, for

1
P
> € _ku,T Z {k

kEk\u\Ku,T

> e : #{Ky\ Ky} =0|P (#Ky \ Kur} =0)

1 —~ —~
+P||— >e : #H{K,\K,7}>0|P(#HK, \KuT1}>0
‘k” D Gf>e #KAKur) (#1Ku \ Kur} > 0)
kEKu\Ku,T

0- P (#{Ky\ Kur =0) +1- P (#K, \ Ku7} > 0)

IA

Since P(I?u =K,71)—> las §,T — oo, also P(#{I?u \ Ku,7} = 0) — 1, thus the right-hand side
above converges to zero as S,T — oo.

Completely analogous, using that P(#{K,, 7 \ Eu} =0) - las §,T — oo, we find that term (iii) in
eq.(43) converges to zero in probability as S,7 — oo.

9.4. Proof of Lemma 3.
PrOOF. The proof consists of two parts. In the first part the convergence in distribution in eq.(13) is
shown. In the second part we show that K, (£) = K, r with probability tending to 1 as S,7 — co.

Part (i) For uncorrelated replicates (Gs = Is), we can write &1,..., &7 N (0, (0'5 et o-ﬁ /T)Ig), and thus

s
1
log {E D - hk)z} L10g(0, +02/T) +log(A3 /), fork=1,....T
s=1
for some A% ~ x%. The term log(A%/S) tends to a normal distribution as § — oo, and by Pav
(2015),

log(2/8) + ¢V (8/2)
yD(S/2)

E [log(A3/9)]
Var(log(A3/S))

where @ (-) and 1 (-) denote the digamma and trigamma function. Combining the above results
with the definition of Ty (&) implies the weak convergence in eq.(13). For correlated replicates,
the noise coefficients €5 remain independent across replicates, and since o-i K= Ofork ¢ K, 1, it
remains true that,

To€) S N©,1) ifk ¢ Kur @7)

1
V(D (8/2)
where the convergence is uniformly over k ¢ K,, r, since 0'5 = Oimplies that Ty (£ ) is independent
of k.
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Part (ii) By the same argument as in Section 9.3.1, it follows that K,, 7 € K., (£) with probability tending to
l as §S,T — oo, using that 1, = o(log(T)) as in Theorem 2.

In order to show K, (¢) € K, r with probability tending to 1 as S,7 — oo, we use a standard
argument (see Johnstone (2015) Section 8.3, 8.10). By the uniform weak convergence in eq.(47)
fork ¢ K, 1,

P( Ti(€r)
Ve (8/2)

where Rs = os(1) is uniform over k ¢ K,, 7. By independence across indices k and using Gaussian
tail probabilities, we upper bound

T_ku T
T (€1 T (€1) '
P _ log(T — k, < 1—-(1-2P ——— log(T — k,
(kesllgupj OGS > ,/2log( T)) ( ( G > 4/2log( T)))

|- (1 ~2(1 + Rg)® (, [210g(T - ku,r)))T_k"’T

u,
AT — k) (1 + Rg) 2V2108T — Kur))
V21 g(T ku T)
2(1 + Rg)

= — 50, as S, T — oo

rlog(T — ky.1)

from which we conclude that also Eu (¢) € K, v with probability tending to 1 as S,7 — co.

Sx)=(1+RS)P(ZSx), Z~N@O1

A

IA

9.5. Proof of Theorem 3

ProOF. For ease of notation we write &, := .fl((z) ~ N(hy,2Vy) with by = hi1g. In the first part of
this proof we show that, conditional on h = ﬁ({,—‘ (1)), the estimators ﬁ({,—‘, ﬁ) are asymptotically normal,
i.e.

See BN U — B2
R(&. h) ||Ah hl| ﬂ N, 1), as S — oo (43)
7(h, h)

Asymptotic confidence regions can then be constructed (unconditional on /) based on Gaussian quantiles.

Conditional on ﬁ, we decompose

R ) — b - )P SIES N TP >
~ = Wk (Esk — i)™ | = 20 p — (g = hy) 49)
e T(h W 2 ; sk (Esk — hi ] T k — hk
T N T A S
2(hy — hy)
= sk (Esk — hk)z 20—]%’]"] + e — Wik (Esk — hic)
k=17 LZ_; ; 7(h. h) sZ:;
() (ii)
where we use that ), wgr = 1 foreach k € {1,...,T}.

First, we derive the asymptotic distribution of term (i). Write Z; = \L@V;l/ z(f x — hi), such that
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Z; ~ N(0,Ig). Here V;l/ Zisa symmetric matrix square root of V,:l. We can rewrite,

S
DowsE =) = (g — o) diagwi) (€ — i)
s=1

= G- bV Pdiagwi)V, PV 6 -
= Z|TvZy
= Z} P, APyZy

with P; Ay Py the eigendecomposition of I'y = 2V]1</2diag(wk)V1/2, such that Py Z; ~ N(0,P, Py) 4
N(0,Ig). It follows that,

s
d
Zwsk(fsk—hk)z = Z PiAPLZy = Z/lskA?k

s=1

with A = (A1, . - ., A5x)’ the eigenvalues of I'y, and A%k, e, Ag iid /\(l Furthermore,

Zﬁsk = tr(Ag) = tw(Tx) = 2t(diag(we)Vy) = 207 ;

since >, wgx = 1, and

Il = Ju(A2) = \Jur (T}Tx) = 2lldiagwi) Vil

Term (i) in eq.(49) can now be rewritten as,

3 ; L] 0 & VBldiagroVills - 55 (A2, - 1/
Zwsk(fsk — hg)” — 20—k,T = -
= = \/ZZ_I 8||diag<wk>vk||,% + 8 - hk>2w,;vkwk
S
= C(”Z By |u L, - 1)/V2] (50)
with,
i JEL, 8lldiagwi) V2
B0 V8lidiagw) Vil o . k=1 Slldiag(w) Vil
k - s = -
JEL, 8lldiagwi) V12 JEL 8lldiag(w ) Vill2 + 8(hi — by wl Views

d
such that |B(V|| = 1, and C™V € [0, 1]. We show that 3,5_, ”’}h” (A2, - 1)/¥2 5 N(0, 1) independently
forall k = 1,...,T by the Lindeberg-Feller central limit theorem. Flrst note that,

S /l \/_ S \/_ S 1/12/(
2 —D/V2| =0, Var (A2 -1/ V2= 2k o
e (1 [k 112

Writing Xx := (A? P 1)/ V2, the Lindeberg conditions are satisfied if:

S 2
1 e
I B (X211 25X =0 foralle >0
S 2 e [ {g - orelle
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) B /l% _ . 2 Ask
Since »7_, W = 1, it suffices to show that sup, E [Xskl { |||/llf||‘

holds if supg [Ask|/llAk]l = 0 as S — oo. This is seen by combining Cauchy-Schwarz’s inequality and
the fact that IE[X;‘k] < oo (see also van der Vaart (2000) Ex. 2.28). Note that by the triangle inequality
and the Gershgorin circle theorem,

Xoi| > e}] — 0as S — oo, which

s
sup [Asx| < sup {[Ask = Tps,s1] + Tps,s1l} < supz ICrrs,il = Tk
N S S i=1
Therefore, since by assumption ||T'||1/|ITxllr — O,
P
sup; [Askl < Il 50 asS o oo

1299 I ¥Y/2

By an application of the Lindeberg-Feller central limit theorem, we conclude that Zle %(Aik -
D/V2S N© 1) forallk =1,...,T.

Remark. Under the stronger assumption «(I'y) < oo, where «(-) denotes the condition number (the

maximum eigenvalue divided by the minimum eigenvalue), all the eigenvalues A4 fors = 1,..., S are of
the same order, and it follows that,

sup, Aokl _ 1

Il ™~ s

which is also sufficient for the Lindeberg conditions to hold.

-0 asS —>

Next, we derive the distribution of term (ii) in eq.(49). We note that for each &, Zf:l Wik (Esk — hy) is a
mean-zero Gaussian random variable, with variance

s
Var (Z Wik (Esk — hk)) =w Cov(ép —h)wi =2w, Viwy

s=1

Therefore,
i 2(hy — hy) 251 J i VB(hi — hu) (W Viwi - Zi
- T x_ Wgk (‘fsk - hk) =
SRR (51 S, Slldiagwi) Vel + 80 — fu 2w ] Viows

T
c?® Z Bz, (51)
k=1

where Zy, ..., Zr iid N(0,1) and,

V8(hi = hu) Wi Viws
B® ._ ,
kT ”
N 80 = 2w Viows

such that |[B@|| = 1, and C?® € [0, 1].

\/Z/il 8(hi — hi)*w, Viwy

, c? .=
\/ZL1 8|ldiag(wi )Vl + 8(hx — hi)>w Viwy

Combining eq.(49), eq.(50) and eq.(51) we conclude that, conditional on fz,

REWM -Ih-hIP a 1) e[an) O Ak o ¥ L0
- £ C B . (A%, —1)/V2] +Cc® N BPzZ
r(h.h) ;[ A | ; koK

& cMZ+CPZ ~ NO1) asS — o (52)
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where we use that |[B|| = [|[B®|| = 1 and also ||C|| = 1 with C = (CD, C?®)’, combined with the fact
that a standard normal random vector is invariant under rotation by a vector of norm 1.

By the asymptotic normality result in eq.(52), for a given confidence level 1 — «

R~k —hI?
(h,h) -

liminf inf P
S—oco hel;

Za il)zl—a

with z, a standard normal quantile. By Fatou’s lemma, the asymptotic unconditional coverage probability
is also at least 1 — a (see Robins and van der Vaart (2006) Section 2). Therefore,

lim inf inf P(h € Ca@)>1-a
2

—oco hel

where,

Col&) = {h €ly:|lh-h| < \/ZQT(h,il) + ie‘(g,i,)}

which concludes the proof.
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