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Preface

This is a cumulative thesis consisting of the following two papers.

(1) Farida Enikeeva, Axel Munk, Markus Pohlmann and Frank Werner. Bump detection in the
presence of dependency: does it ease or does it load? Bernoulli, 26(4):3280-3310, 2020. [23]

(2) Markus Pohlmann, Frank Werner and Axel Munk. Minimax detection of localized signals
in statistical inverse problems. arXiv preprint, arXiv:2112.05648. [60]

The overall topic is minimax detection of certain localized signals from data which is either cor-
rupted by non-independent noise or is only an indirect noisy measurent of the signal.

In [23], we suppose that we observe n consecutive samples from a Gaussian process, for example a
time series given by an ARMA(p, ¢) model, that is stationary except for possible bumps, i.e. short
periods of time of slightly increased or decreased mean. We provide the asymptotic minimax
detection boundary for the problem of detecting such a bump, i.e. the minimal required height
of a bump, such that its presence can be reliably confirmed through statistical testing, as n
becomes large. This corresponds to the problem of detecting rectangular signals from data with
non-independent noise.

In [60], we investigate the detection of localized signals, and linear combinations of such signals,
from indirect and noisy data, i.e. in the context of statistical inverse problems. We are able to derive
upper bounds, lower bounds, and asymptotic results for the corresponding detection boundaries,
and provide examples focusing on the detection of signals that are linear combinations of wavelets
in typical inverse problems, such as numerical differentiation, deconvolution, and the inversion of
the Radon transform.

This thesis is stuctured as follows. We will present a short introduction to the core ideas of minimax
signal detection in Chapter 1. Afterwards, in Chapters 2 and 3 we will provide brief summaries of
the settings and main results of the two papers mentioned above. Each chapter will also include
a discussion. Finally, in Appendices A.1 and A.2 we will present the first paper [23] and the
corresponding supplementary material [24] as published, and in Appendix B we will present the
second paper as it can be found on arxiv.org.


https://arxiv.org
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Chapter 1

Introduction

Let us assume that we are interested in an unknown mathematical object, which we call f. Certain
properties of f might be known (or assumed to be true) a priori. However, aside from that, all
information about f, that is available to us, consists of measurements contaminated by random
noise. In statistics, a fundamental endeavour is to produce well-founded conclusions (inference)
about such an unknown f, based on the available information, which we call data.

In this thesis, we will typically assume that f is a function, that is an element of some Hilbert
space X (for example a subspace of L?(R)). We assume that the available data is given in the
form of direct measurements (for example samples of f with added random noise, see Chapter
2) or indirect measurements (for example the image of f under some transformation with added
random noise, see Chapter 3). The noise will be assumed to be Gaussian.

In general, we suppose that the data is a random object Y. taking values in some measurable
space Sg, where ¢ is a parameter which could be understand to quantify the accuracy of the data.
It could, for example, refer to the number of available samples of f (the more the better), or the
noise level (standard deviation) of the added noise (the smaller the better).

Often, the objective is to recover (or estimate) the signal from the available data, i.e. to construct
an estimator f from Y., such that f is — in some sense — close to f with some probabilistic
guarantee. This is, however, not what this thesis is about, since for the kind of objects we are
interested in, there is an even more fundamental question.

We suppose the following: There is some known reference element fy € X (which is usually
assumed to be 0 without loss of generality), and it is known that f either coincides with fy or is
close to fy in the sense that it deviates from fy only by some slight contamination, i.e. f = fo+mn,
for some 1 € X. We call this contamination, given by 7, an anomaly. We suppose that it is known
a priori, that only anomalies from certain classes, i.e. subsets of X', can occur.

This motivates the following question, which will be at the center of this thesis: Can we reliably
decide, based on the data Y., whether an anomaly is in fact present? We may also say that we
are interested in the problem of detecting an anomaly. This problem will be formalized in terms
of a testing problem below (for precise definitions and an overview on the concepts of hypothesis
testing, we refer to Section 1.1).

Note that, loosely speaking, if the set of possible anomalies is very broad, and the data Y; is not
very accurate, then the probability that the data seems to indicate the existence of one of those
possible anomalies, when in fact there is none, is increased. Thus, we specify a set F., depending
on the parameter ¢, that is a collection of — in some sense normalized — elements of X', and we
restrict ourselves to testing only for anomalies of the form 7 = du, where u € F. and 0 is a (real
or complex) scalar. In other words, we consider the testing problem

Hy: f=fo against Hi.:f= fo+ du for some u € F., || > pe, (1.1)

based on the data Y, where p. is a positive real number.
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The answer to the question whether such an anomaly can be reliably detected, will be given in
terms of p.. If p. is large enough such that tests with small error probabilities (see Section 1.1)
for the testing problem (1.1) exist, then we would conclude that anomalies of the form 7 = du
with v € F. and || > p. can be reliably detected.

We will from now on assume that fo = 0, and call f the signal.

1.1 Testing and distinguishability

Here, we present an abridged overview of the most important notions of testing and (minimax)
distinguishability, which will be sufficient in the context of this thesis. For a thorough discussion
we refer to the seminal book by Yuri I. Ingster and Irina Suslina [40].

In the above testing problem (1.1), we wish to test the hypothesis H, against the alternative
H ., which means making an educated guess (based on the data Y;) about the correctness of the
hypothesis when compared to the alternative, while keeping the error of wrongly deciding against
Hy under control. A (non-randomized) test for the testing problem (1.1) is a measurable function
of the data Y. given by

oe : Se — {0,1}.

The test ¢ can be understood as a decision rule in the following sense: If ¢(Y.) = 0, the hypothesis
is accepted. If ¢(Y:) = 1, the hypothesis is rejected in favor of the alternative.

Note that, in general, the distribution of Y, depends on f. We denote the distribution of Y; by P;.
In particular, if Hy is true, then Y; has the distribution Py. If Hy is true, i.e. f =0, but ¢(Yz) =1,
we call this a type I error (the hypothesis is rejected although it is true). The probability to make
a type I error is

az(¢) :=Po(o(Ye) = 1).

On the other hand, the alternative might be true, but ¢(Yz.) = 0. We call this a type II error
(the hypothesis is accepted although the alternative is true). Let us, for simplicity, introduce the
notation F.(pe) = {du : u € F.,|0| > p:}, i.e. the set of all possible anomalies that make up the
alternative H; .. Note that the alternative H; . is composite, i.e. does not only consist of only
one element, and the probability to make a type II error will in general depend on the specific
element f € F.(p:). We denote the type II error probability, given that a specific f € F.(p;) is
the true signal, by

B, f) :=Ps(6(Yz) = 0), f € Felpe),

For such composite alternatives we consider the worst case error given by the maximum type II
error probability over F.(p.) for our analysis. We define

Ve = 76(99) = inf as(¢) + sup /Ba(¢a f) )
PeL, FEF(pe)

where ®, is the set of all tests for the testing problem “Hy against H; .”. If . is small, then that
means that there is a test for the testing problem “H, against H; .” with both small type I and
type II error. We would then conclude, as discussed above, that anomalies of the form n = du
with u € . and |0] > p. can be reliably detected (in the minimax sense).

Asymptotics

In this thesis, we will usually (although not exclusively) consider an asymptotic setting (which,
depending on the context, means either that ¢ — oo or ¢ — 0). We suppose that a family (F;).
of subsets of X and a family (p.). of positive real numbers are given, and we consider the family
of alternatives (Hi )., each defined as above.
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We say that the hypothesis Hy is asymptotically distinguishable (in the minimax sense) from the
family of alternatives (Hi.). when, asymptotically, 7. — 0. If . — 1, we say that they are
indistinguishable.

For a prescribed family (F;)c, we are interested in determining the smallest possible values p.,
such that Hy and H; . are still asymptotically distinguishable, if possible. Assume that families
(V). and (pL). exist, that satisfy

Y(pe) =0 if pompl, and A(p) > 1 i po 3 pF,

as o — 0. If, additionally, pL =< p¥, we call a family (p?). that satisfies pL < p* =< pV, the (asymp-
totic) minimax detection boundary (or threshold). We may say that (pZ). separates detectable and
undetectable signals.

It is, however, not always possible to find such a sharp threshold. If the family (p¥). only satisfies
the weaker conditions

Y(pe) =0 if p/pl =00, and y(p:) =1 if po/pi =0,

we call it the separation rate of the family of testing problems “Hy against H; .”.

1.2 Aim of the study

This thesis presents the results of two papers, both dealing with very different instances of the
testing problem introduced above, and both containing aspects that, to the best of our knowledge,
have not been at the center of the investigation before.

First, we consider the problem of detecting anomalies given by bumps (by which we mean rectan-
gular functions) within a signal, from a collection of samples of that signal contaminated by non-
independent Gaussian noise. We present the minimax detection boundary and discuss, whether
the dependence of the observations makes the detection of bumps easier or harder.

Second, we consider the problem of detecting localized anomalies, given for example by collections
of wavelets or linear combinations of wavelets, from indirect data. While the detection of signals
from indirect data (i.e. in the context of inverse problems) has been investigated before, to the
best of our knowledge, the focus has not been on these kinds of localized signals before. We present
non-asymptotic as well as asymptotic results.

1.3 Related literature

We refer to the subsequent chapters 2 and 3, as well as the papers [23] and [60], presented in the
Appendix, since those contain their own discussions on relevant literature.

Suffice it to say, that minimax detection of signals from observations contaminated by Gaussian
noise has been investigated for some decades. Some of the most influential classical works include
the seminal series of articles [38] by Yuri Ingster, the results of Ermakov [26], and the book [40]
by Yuri Ingster and Irina Suslina, just to name a few. We also refer to the works of Baraud [5],
who focused on non-asymptotic results.
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Chapter 2

Bump detection in the presence of
dependency

In this chapter, we dicuss the results of the first paper [23]. The paper itself, as well as the
supplementary material [24], are presented, as they are published, in Appendix A.

Suppose that a fragment of a Gaussian process, i.e. a vector of n consecutive samples of said
process, is observed. It is assumed that this process is stationary except that, within short periods
of time, its mean may be slighly increased or decreased. We call such a temporary change in the
mean a bump. Due to the random nature of the process, it is possible that a bump, if its induced
change in the mean (its height) is too small or its duration (its length) is too short, may go by
unnoticed.

We provide the asymptotic minimax detection boundary for such a bump. To be precise, we
investigate the minimal height of a bump, that is required for its detection (in the sense of Chapter
1), under the assumption that only bumps of a certain (known) length can occur.

2.1 Model and problem statement

The above problem can be formalized as follows. Suppose that we observe a triangular array of
random variables, whose rows are given by random vectors Y, = u, + &,, n € N given by

}/i,n = Ni,n + gi,na 1 S ) S n,

where the noise vector &, = (§1,n,- - - ,§n}n)T represents n consecutive samples from a centered
Gaussian process, i.e. &, ~ N(0,%,) for a sequence of positive definite covariance matrices
3, € R The mean vector pu, is either 0 or describes a bump. To that end, we suppose that pu,
is obtained from equidistant samples of a function m,, : [0,1] — R, that is either 0 or of the form
my, = 0,17, , where (6,,)nen is a sequence of real numbers and (I,,)nen is a sequence of intervals

I, €[0,1], ie.
(z) On, ifLel,,
Hin = Mnp | — | = "
n 0, else,

for 1 < i < n. We suppose that the covariance matrices ¥,, n € N, are known. In fact, we
will consider very specific classes of covariance matrices (see Assumption 2.2 below). In addition,
we suppose that the lengths of the intervals I,, (denoted by A, := |I,|) are known as well. The
question we aim to answer is: What is the minimal size of §,,, as n becomes large, such that a
bump of height §,, and length A, can be reliably detected. As outlined in Chapter 1, this means
that we need to investigate the sequence of testing problems given by

Hopn:my, =0 against Hy,, :m, =0, for some I € Z(\,),|d] > A, (2.1)

5
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where (A, )nen is a sequence of positive real numbers and Z(A,,) is the set of all intervals I C [0, 1]
of length A, i.e.

Z(\n) ={[a,b):a,be[0,1],b—a=A\,}.

Now, it becomes clear, how this problem relates to the general framework of minimax signal
detection outlined in Chapter 1. If we set F, = {1;:1 € Z()\,)}, then testing problem (2.1)
becomes

Hyp:my, =0 against Hq, :m, = du, for some u € Fy, || > A, (2.2)

We are interested in finding the asymptotic minimax detection boundary, given by the sequence
(A¥ )nen, as defined in Section 1.1.

Assumptions

Concernig the lengths A, of the intervals I,,, we suppose the following (cf. Assumption 1 in [23]
(Appendix A.1)).

Assumption 2.1. The sequence (An)nen satisfies the following.

(1) ﬁ’g\jl%ooasn—)oo.

(i) A, =0 (loén) asn — oo.
The first part of Assumption 2.1 specifies the minimal length of the interval I,,. It makes sure
that enough observations lie within the interval I,,. The second part, which is an upper bound
for the size of the interval I,,, is a technical requirement. We acknowledge that the necessity of
this assumption may indicate the possibility that the proofs (presented in Appendix A.1) are not
optimized, since this part of Assumption 2.1 is not needed in related literature (see for example
[14]). Note that Assumption 2.1 also implies that A,, — 0. While we do not consider the case that
liminf, .. A, > 0 here, note that this case has been discussed in the context of similar problems
before (again, see [14]).

We assume that the noise vector &, is a sample of n consecutive observations from a centered and
stationary Gaussian process Z = (Z;)iez. We denote the autocovariance function of Z by ~, i.e.
v(k) = E[Z: Zs4i] for k € Z. 1f we assume that the sequence (y(k))kez is square summable, then
we can define its spectral density g € L?([-1/2,1/2)) by

g(v) =Y _y(k)e > v e[-1/2,1/2).

kEZ

In other words, ¥, has entries (X,);; = v(|i —j|) = gji—j|, where gr, k € Z are the Fourier
coefficients of g. We assume the following (cf. Assumption 2 in [23] (Appendix A.1)).

Assumption 2.2. The process Z = (Z;)iez has a spectral density g € L*([—1/2,1/2)), and the
following holds.

(i) g is periodic, i.e. lim,_,, 5 g(v) = g(—1/2).
(ii) g is essentially bounded away from 0, i.e. essinf,c[_q/2.1/2) g(v) > 0.
(iii) There are constants C > 0 and k > 0 such that |gi| < C(1 + |k|)~(+r),

In the following we will give a brief overview of related literature, and then present our main
results.
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2.2 Literature review

The problem at hand is an instance of the minimax signal detection setting described in Chapter
1, and, as such, it is related to the literature discussed in Section 1.3.

However, this problem is also closely related to the problem of changepoint detection and estima-
tion. The literature is vast, and we can not hope to cover all of it here. We refer to the classical
works of Brodsky and Darkhovsky [11], Carlstein et al. [12] and Csérgé and Horvath [15], just
to name a few. For more recent reviews of methods in changepoint detection and estimation we
refer to Aue and Horvéth [3] and Yu [73]. We highlight the results on changepoint detection from
correlated observations by Keshavarz et al. [44], which have been especially helpful for this study.

The problem of detecting a bump has received much less attention. We refer to the results of Jeng
et al. [42] and Chan and Walther [14] (in which the noise is assumed to be i.i.d.), Enikeeva et
al. [25] (in which the noise is assumed to be independent, but heterogeneous). It has also been
discussed in the context of the estimation of piecewise constant functions, see for example Frick
et al. [27] and Pein et al. [58].

For a broader overview and discussions of possible applications, we refer to the paper itself [23]
(see Appendix A.1).

2.3 Main results

The main result of this paper is the following.

Theorem 2.3 (cf. Theorem 1 of [23] (Appendix A.1)). If Assumptions 2.1 and 2.2 hold, then the
asymptotic minimaz detection boundary for the testing problem (2.1) satisfies

—29(0) log A,

AF =<
" nAp,

)

as n — Q.

Theorem 2.3 answers the question in the title of this paper. Since g(0) = 1, when Z represents
standard Gaussian white noise (i.e. 3, = id,, for all n), it follows from Theorem 2.3 that the
presence of dependency makes detection of a bump easier, when ¢(0) < 1, and harder, when
g(0) > 1. We continue by discussing our main example.

Application to ARMA (p, q) processes

Suppose that Z is a stationary ARMA(p, ¢) time series with p > 0, ¢ > 0, i.e. for any ¢t € Z it
holds that

¢(B)Zy = 0(B)G,

where (; M (0,1) for t € Z, the functions ¢ and 6 are polynomials of degree p and ¢, repectively,
defined by

P q
p(2) =1+ i, 0(z) =1+ 6%, zeC,
k=1 k=1

and B is the so-called backshift (or lag) operator, defined by BX; = X;_; for a time series (X;):cz.
Additionally, we suppose that ¢ and 6 have no common roots, and that all roots of both ¢ and
6 lie outside of the unit ball. In this case, Theorem 2.3 yields (cf. Theorem 4 of [23] (Appendix
A.1)) that the asymptotic detection boundary satisfies

*v‘l—l—zz_le [—21log A
L+ S ok nAn
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2.4 Discussion

In this paper, we have derived the asymptotic minimax detection boundary for the detection of a
bump in an otherwise stationary Gaussian process. We have shown that the bump height that is
required for (asymptotically) powerful detection depends on the long-run variance of the process.
This means that bumps in processes with long-run variance at most 1 are easier to detect than
in uncorrelated data, and bumps in processes with long-run variance greater than 1 are harder to
detect.

An open question is whether these results can be extended to alternatives allowing for different
bumpt lengths. This should probably be the first step of further research. We also acknowledge
that Assumption 2.2 may be restrictive.

Own contribution

After their preceeding paper on bump detection in heterogeneous Gaussian regression, Farida
Enikeeva, Axel Munk and Frank Werner came up with the idea to this study. I refined the
problem statement and devised the main part of the theory and carried out the corresponding
proofs in cooperation with Farida Enikeeva and under the guidance of Frank Werner and Axel
Munk. Farida Enikeeva then added the section concerning non-asymptotic results, and Frank
Werner conducted simulations to complement the theoretical results. The initial draft of the
paper was written by me and then improved and finished jointly by all authors.



Chapter 3

Minimax detection of localized
signals in statistical inverse
problems

This chapter summarizes the main results of the paper [60] that is presented in its entirety, as
published on arxiv.org, in Appendix B.

Here, we investigate thresholds for the detection of localized signals, such as wavelets, or linear
combinations of such signals, when only the noisy image of the signal under a linear transformation
is available.

3.1 Model and problem statement

Let A: X — )Y be a known bounded linear operator between (real or complex) separable Hilbert
spaces X and ). Suppose that we observe the random process Y, on ) given by

Y, = Af + o€, (3.1)

where o > 0 represents the noise level, and £ is a Gaussian white noise on Y (for details see below).
Model (3.1) has to be understood in the sense that, for any h € Y,

Yo (h) = (Af, h)y + a&(h).
The white noise £ is a linear mapping that satisfies the following.

(1) If X and Y are real Hilbert spaces, we suppose that £(h) ~ N(0,]|h|]3,) and E (£(R)E(R)) =
(h, W)y for all b, k' € .

(2) If X and Y are complex Hilbert spaces, instead we suppose that £(h) ~ CN(0,2]|h[3,) and
E(£(h)E(R)) = 2(h,h')y. Here, X ~ CN(0,1) means that X is distributed according to the

standard complex normal distribution, i.e. X = X7 4+ X5 for some X7, X5 L N(0,1/2).

Model (3.1) can be viewed as a generalization of models that are widely used. For example, if only
operators A : L?([0,1],R) — L?([0,1],R) are considered, then (3.1) is equivalent to the process
X, on [0,1] given by

dX,(t) = (Af)(t) + odW (t),
where W is a Wiener process. In addition, discretized data of the form X € R", for some n € N,
given by

X3 =) (5) + o6,
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where (1,...,(n R N(0,1) can be expressed in this model as well. To that end, define A= E,0A,
where E,, is the evaluation operator E, : g — (g(1/n),...,g(n/n)). Then A : L?([0,1],R) — R"
is a bounded linear operator, and equipping R™ with the usual euclidean inner product shows that
X" is equivalent to (3.1) (with A exchanged for A). While this looks superficially similar to the
data considered in Chapter 2, note that, in this chapter, asymptotic results are given in terms of
o — 0 (as opposed to n — 00).

Note that, for any instance of the model (3.1), knowing the process Y, is equivalent to knowing
the Gaussian sequence y, = (¥o.i)ieN given by

Yo,i = Ya(ei) = <Afa €i>y + af% 1€ N7

where {e; : i € N} is a Hilbert basis Y, and where, consequently, &; RN N(0,1) (in the real case)
or §; e en (0,2) (in the complex case). In the paper [60], we will almost exclusively work with
the sequence 3., since it is usually more convenient.

Aim of this study

We consider the sequence of testing problems as in (1.1), where the noise level o takes the role of
the parameter €. However, here we will not restrict ourselves to the analysis of one very specific
class of signals (such as the bumps in Chapter 2). Instead, we suppose that a collection of functions
(uk)rer € X, where I is a countable index set, as well as a family (I,,),~¢ of finite subsets of I are
given. We will first consider the problem of detecting a signal that is assumed to be a multiple of
some uy, k € I,, based on data given by Y,, and then, in a second step, consider the problem of
detecting a signal that is assumed to be a linear combination of the wg, k € I,. If the collection
of functions (ug)rer is — in a sense — well-behaved, we will be able to determine the asymptotic
detection boundary (in the first case) and the separation rate (in the second case), as ¢ — 0. The
paper [60] will also feature non-asymptotic results, which we will not discuss here, for the sake of
brevity.

We will be especially interested in collections (ug)res that have a particularly useful structure,
such as wavelets or other frames of the space X.

3.2 Literature review

As this is clearly an instance of the general detection problem discussed in Chapter 1, we again
refer to the literature presented in Section 1.3.

The problem of estimating f when only data as in (3.1) is available, is a heavily investigated
field of research. However, since this is not the focus of this thesis, we restrict ourselves to
naming only a few influential works. We refer to the books of Engl, Hanke and Neubauer [22] and
Hanke [32] for an overview of classical regularization methods, and to Donoho [18], Abramovich
and Silverman [1] for approaches involving wavelet decompositions. We also mention the more
recent methods described by Ebner et al. [21] and Hubmer and Ramlau [34], which make use of
more general frame decompositions. The latter has been especially inspiring for this paper.

The literature on minimax testing in settings involving data as in (3.1) is not as vast. We refer
to the works of Ingster, Sapatinas and Suslina [39], Ingster, Laurent and Marteau [37], Laurent,
Loubes and Marteau [48], Marteau and Mathé [53] and Autin et al. [4]. We also mention the
results of Laurent, Loubes and Marteau [49], who consider a setting with heterogeneous variances,
which (as they point out themselves) can be viewed as equivalent to an inverse problem setting.

We refer to the full version of our paper [60] given in Appendix B for more references and discussion
of possible applications.
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3.3 Main results

Alternatives given by finite collections of functions

Given a collection of functions (ug)ger, such that Aug # 0 for all k € I, and a family (I,)s>0 of
finite subsets of I, we consider the case that the sets F, are given by

Fo = {l[Aug||5; up : k € I, } .
Thus, we consider the family of testing problems
Hy: f=0 against Hy,: f=du for some u € Fs, || > po- (3.2)
The main result for this section is the following (cf. Corollary 3.3 of [60]).
Theorem 3.1 (cf. Corollary 3.3 in [60] (Appendix B)). Assume that N, = |I,| = oo, and let
M, = sup #{k' € I, : R((Aug, Auys)y) > 0},

kel,

and assume that MyN_ € — 0 for a family (¢5)s>0 that satifies e, — 0 and e,+/log N, — o0 as
o — 0. Then the asymptotic detection boundary satisfies

pr < v/20%log N,.

This means that the detection boundary for alternatives given by F,(u,) depends on the inner
products of the images of the u, under A. We discuss a few cases in which Theorem 3.1 is
applicable in Section 3.1 of [60].

Alternatives given by the linear span of collections of functions
As discussed above, we will now consider the case that a signal may be a linear combination of
the ug, k € I,. We start this part by assuming the following (cf. Assumption 3.8 in [60]).

Assumption 3.2. There is a collection (vg)rer of functions in Y, and a sequence (A\g)ger of
non-zero complex numbers, such that for any f € X it holds that

(Af, i)y = M (f, ur) x-

Assumption 3.2 introduces the numbers A\g, k € I, which are often called quasi-singular values, as
they are analogous to the singular values of the SVD. This allows us to define

f(f = {f € span{uy : k € I} : Z Mol f,up)x? = 1}.

kel
We consider the family of testing problems given by
Hy:f=0 against Hy,:f=6u for some u € FE |§| > v,. (3.3)
Assumption 3.2 is enough to derive some non-asymptotic and asymptotic results. For the sake of
brevity, we will omit the discussion of these results here, and instead refer to Section 3.2 of [60].

Instead, we will only present the final result from [60], which gives the separation rate for the
testing problem (3.2), when the system of functions (uy)rer behaves especially well. We assume
the following (cf. Assumption 3.12 in [60]).

Assumption 3.3. The collections of functions (vg)ger and (Ur)ger defined by v = )\glAuk are
biorthogonal Riesz sequences.

Then the following holds.

Theorem 3.4 (cf. Corollary 3.11 and Lemma 3.13 in [60] (Appendix B)). If Assumptions 3.2
and 3.3 hold, then the separation rate of the testing problem (3.3) satisfies

* 1/4
v, NO’NU/ ,

where Ny = |I5].
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Application to the wavelet-vaguelette decomposition

For specific operators A (such as integration, convolution and the Radon transform), it was shown
by David Donoho [18] that, if the collection (ug)ges is chosen as a suitable systems of wavelets,
then both Assumptions 3.2 and 3.3 are satisfied (see the discussion in Section 3.2 of [60]). This
means that, in such cases, Theorem 3.4, as well as the other results from Section 3.2 of [60], are
applicable, and yield the separation rate (as well as non-asymptotic results) for the problem of
detecting signals that are linear combinations of certain wavelets.

Note however, that even if A is one of those operators, and (ux)ges is chosen as an appropriate
system of wavelets, the conditions of Theorem 3.1 are still not necessarily satisfied (see Lemma
3.7 of [60]).

3.4 Discussion

In this paper we extended the known results for minimax signal detection from indirect and noisy
data. The types of alternatives that we considered here, have, to the best of our knowledge, only
been studied for the case that the collection (uy)rer (together with the collection (vg)ger and the
sequence (Ag)ger) forms the singular value decomposition (SVD) of the operator A. We think
that this is interesting, since systems such as wavelets provide greater flexibility than the SVD.

However, these results should be taken with a grain of salt. First, we were not able to present a
widely applicable criterion to decide when the conditions of Theorem 3.1 are satisfied. Second,
given a collection (ug)rer, one could imagine other useful types of alternatives based on this
collection, besides those two that we considered here (see for example the types of alternatives
considered in [49]).

We refer to Section 5 of [60] for further discussion.

Connection to the setting from Chapter 2

Let us fix n € N and ¢ > 0 and assume that we observe the random vector Y,, = u,, + 0&,, with
&n ~ N(0,%,), similar to the setting from Chapter 2. If the matrix ¥,, is symmetric and positive
definite, then (by pre-whitening) we obtain

X, =212, =32, + 0,

where ¢, ~ N(0,id,). This is, in fact, an instance of the model (3.1). However, recall that asymp-
totic results in this chapter are given in terms of ¢ — 0 (as opposed to n — o). Nevertheless, the
non-asymptotic results (see Theorems 3.9 and 3.10 of [60]) are applicable (if a suitable collection
(uk)ker that satisfies Assumption 3.2 is available).

Own contribution

I came up with the idea of this study and carried out the analysis by myself under the guidance
of Frank Werner and Axel Munk. Furthermore, I performed the simulations, and wrote the
manuscript by myself, supported through discussions and helpful comments by Frank Werner and
Axel Munk.
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Abstract

We provide the asymptotic minimax detection boundary for a bump, i.e. an abrupt change, in the
mean function of a stationary Gaussian process. This will be characterized in terms of the asymp-
totic behavior of the bump length and height as well as the dependency structure of the process.
A major finding is that the asymptotic minimax detection boundary is generically determined
by the value of its spectral density at zero. Finally, our asymptotic analysis is complemented
by non-asymptotic results for AR(p) processes and confirmed to serve as a good proxy for finite
sample scenarios in a simulation study. Our proofs are based on laws of large numbers for non-
independent and non-identically distributed arrays of random variables and the asymptotically
sharp analysis of the precision matrix of the process.

Keywords: Minimax testing, time series, ARMA processes, weak laws of large numbers, change
point detection, Toeplitz matrices.
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1 Introduction

1.1 Model and problem statement

In this paper we consider observations of a triangular array of Gaussian vectors, Y = pu, + &,,
n € N with the coordinates

Yvi,n :ﬂi,n+fi,n, gn = (fl,n»“'agn,n)T NNn (O,En), (11)

with a known positive definite covariance matrix ¥, € R™*™ but an unknown mean vector
pn = (s finn)? € R™. We will furthermore assume that the noise &, in (1.1) consists of n
consecutive samples of a stationary process (Z;),y-

For a proper asymptotic treatment, we will assume that pu,, is obtained from equidistantly sampling
a function my, : [0,1] — R at sampling points £,i = 1,...,n, i.e. p, = (my (£),...,mp (%))T
Our goal is to analyze how difficult it is to detect abrupt changes of the function m,, based on the

observations Y = (Y1, ..., Y,W)T coming from (1.1). Therefore, we focus on functions m,, of the

form
op it w € I,
my () = tre (1.2)
0 else,

i.e. my, has a bump located at the interval I,, C [0, 1] of height 6, € R, see also Figure 1 for an
illustration. We assume throughout the paper that the matrix ¥,, in (1.1) as well as the length
of the bump A, € (0,1) are known, but that its amplitude §,, and the exact position of the bump
itself are unknown.

To formalize the detection problem, let us introduce some notation. For an interval I C [0, 1] we
use 1; € R™ as abbreviation for the vector with entries

‘ 1 iftel, ,
1;(¢) = {0 elsz 1<i<n.

Consequently, p, = d,1;, whenever m,, is of the form (1.2). Furthermore let
Z:={[a,b) |0<a<b<1}
be the set of all right-open intervals in [0, 1], and for a given length A € (0,1) we introduce by
I\ :={la,b) |[0<a<b<1,b—a=A}

the set of all right-open intervals in [0, 1] of length A.

Now the problem to detect a bump of length A,, in the signal p,, from (1.1) can be understood as
the hypothesis testing problem

HY Y ~ N, (0,3,)
against (1.3)
H:3I€Z()\,), 3 €R:|§] > A, suchthat Y ~ N, (617,%,)

with a minimal amplitude value A,, > 0 to ensure distinguishability of Hj and H{'. Note that I
and ¢ in (1.3) are allowed to depend on n (as the length \,, and the minimal amplitude value A,
do), but we suppress this dependency in the following. Similarly we write Hy instead of Hj as
Y., is assumed to be known. Note that we will consider the situation A\, — 0 as n — oo below,
corresponding to a vanishing bump, which avoids trivial cases such as Egn [Y;] = > 0 for all
1 <i<nin (1.3).

The aim of this paper is to provide insight on how the dependency structure in (1.1) encoded
in terms of 3, influences the detection of such a bump. More precisely, we would like to derive
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asymptotic conditions! on the minimal detectable bump amplitude A,, depending on 3,,, A, and
n. To the best of our knowledge, there is no systematic understanding of this problem from the
minimax point of view. We will therefore provide (asymptotic) lower and upper bounds for the
amplitude of asymptotically detectable signals in the following sense (cf. [38,40]). Let o, 8 € (0, 1)
be arbitrary error levels.

upper detection bound: Whenever the bump amplitude A,, satisfies A,, = cp,, ¢ > ¢* with a
constant ¢* > 0 and a rate ¢, depending on n, A\, and ¥, then there is a sequence of
tests for (1.3) with (asymptotic) type I error < a and (asymptotic) type II error < .

lower detection bound: Whenever the bump amplitude A, satisfies A,, = ¢@,,, ¢ < ¢, with a
constant ¢, > 0 and a rate ¢, depending on n, A, and ¥,, then no sequence of tests
for (1.3) can have type (asymptotic) I error < o and at the same time (asymptotic) type 11
error < 3.

Precise definitions of the (asymptotic) type I and type II errors and comments on the validity
of these particular notions of the detection bounds will be given in Section 2.1. Note that the
minimax separation rate ¢, might depend on the prescribed significance levels o and 8, and that
the definitions become trivial if 3 > 1 — «, as then any standard Bernoulli experiment with success
probability « defines a corresponding test. However, in our case neither the constants ¢, and c*
nor the rate depend on the error levels o and 5. That is why in the following we will always choose
a=p¢€ (07 %) and argue in Section 2.1 that this is sufficient.

If ¢, = 5, in the above upper and lower bound, then we speak of the (asymptotic) minimax
separation rate A, ~ ¢,. If furthermore ¢* = c¢,, then A, < c,p, = c*@, is called the
(asymptotic) minimax detection boundary over all possible amplitudes A,, > 0 and positions
I € 7 (\,). We will provide explicit expressions for this under weak assumptions on the covariance
matrix X,.

We will provide lower and upper bounds in terms of sums over diagonal blocks within 3, (cf.
Section 2.3 and Lemmas 8 and 9), and for the case of noise generated by subsequent samples of a
stationary time series we will show that these lower and upper bounds coincide.

In case of i.i.d. observations, this is ¥, = 0?id,, in (1.1), the minimax detection boundary is
well-known and given by (see [14,19,27])

—2log A\,
Ay <oy ———. 1.4
7 nAp, (14)

Here, and in the following, we require
A =0 and nA, - o0 as n — 0o. (1.5)

Signals for which the left-hand side in (1.4) is asymptotically larger than the right-hand side
can be detected consistently (in the sense of an upper detection bound as described above),
whereas they can not be detected consistently once the left-hand side in (1.4) is asymptotically
smaller than the right-hand side (in the sense of a lower detection bound as described above).
Although (1.4) is known for a long time when the errors are i.i.d., to the best of our knowledge,
the influence of the error dependency structure on the detection boundary (1.4) is an issue that
is much less investigated systematically, although many methods to estimate such abrupt changes
in the signal corrupted by serially dependent errors have been suggested (see Section 1.3). In
this sense, this paper contributes a benchmark to such methods. Let us illustrate the effect
of the dependency on (1.4) with &, in (1.1) arising from an AR(1) process with unit variance
and auto-correlation coefficient p, this is &, = (1 - p2)1/2 (Z4, ...,Zn)T where Z, — pZy_ 1 = (,
with i.i.d. standard Gaussian noise (;,t € Z. In Figure 1 we illustrate three different situations

'Let (an),cn and (bn),cy two sequences of positive numbers. In the following we write an ~ by if 0 <
liminfy, oo an/bn < limsup,, .o an/bn < 00, and apn X by, if limp—soo an/bn = 1.
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encoded in terms of p, namely positively correlated noise (p = 0.7), independent noise (p = 0),
and negatively correlated noise (p = —0.7). It seems intuitively clear that the value of p influences
the difficulty of detecting a bump substantially, and especially positively correlated noise hinders
efficient detection dramatically. Compare e.g. the first plot in Fig. 1, where noise and bump
appear hardly to distinguish. Furthermore, due to the positive correlation, there appear several
regions which suggest a bump in signal, which is not there. In contrast, the middle and bottom
plot allow for simpler identification of the bump region. Our main result makes these intuitive
findings precise.

T T T T
Positively correlated noise (p = 0.7)

| | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T T T T T T T T T
. —m

Independent noise (p = 0) n
s . .Y
oo 3 e - . — In

AVER v % LR e e ey
0 F A e
'-. . Fl i s hat) ‘.. .’--'.- oo
- : - . “ N

| | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

T T T T T
Negatively correlated noise (p = —0.7)

Figure 1: Model (1.1) in case of AR(1) noise for different values of p: Data together with the
function m,,, where the model parameters are set to be n =512 and A, =1, 0 = 1.

1.2 Results

To describe our results concerning the detection boundary for serially dependent data we require
some more terminology. Let the autocovariance function vz of the stationary process (Z),., be
given by vz (h) = Cov [Z;, Ziyp] for h € Z. Assume that vz is square summable, then the process
Z has the spectral density fz € Lo [—1/2,1/2) defined by

oo

faw)= > qz(h)e®™,  vel-1/2,1/2).

h=—o00

In fact, fz can also be considered as a function on the unit sphere, i.e. one naturally has
lim, 1/ fz(v) = fz(—1/2). We will also assume that the autocovariance function is symmetric,
which is equivalent to fz being real-valued. In the following, we will omit the subscript Z in the
notation of the spectral density of Z when it does not create ambiguities.
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With this notation introduced, we will show under mild conditions that the detection boundary
for the hypothesis testing problem (1.3) is given by

A, = [—2f(0) log)\n.
nA\,

It is immediately clear, that in case of independent observations where ¥, = o?id,, one has
f(0) = 02, which reproduces (1.4). In the general case, note that

FO)=Y (M),

heZ
i.e. the detection boundary solely depends on the value of the spectral density at zero which is
known as long-run variance.

In case of the AR(1)-based noise &, := (1—p*)"/2(Zy,..., Z,)" with unit variance as shown in Fig-
ure 1, the auto-covariance of the underlying AR(1) process Z; is given by vz (h) = v7(0)p!"!, where

7Z(O) = (1= p?)~. Thus the spectral density at zero of the noise process £ = ((1 — pz)l/QZi)ieN
is
e =(1=p") > vz(h) =1,
h=—o00 -

and hence the detection boundary is given by

1+ p\/—210g An
A, < . 1.6

As an immediate consequence, this shows that bump detection is easier under a negative correlation
p than in case of positive correlations. For the three values employed in Figure 1 we compute for

the factor ,/}f—g in (1.6) the values 2.38 when p = 0.7 and 0.42 when p = —0.7. This means that

the amplitude of detectable signals for p = 0.7 and p = —0.7 differs approximately by a factor of
5.6. Also, given the bump length A,, the detection of a bump of the same size A,, for p = 0.7
requires approximately a 6 times larger sample size than for p = 0, and even a 31 times larger
sample size than for p = —0.7. This is in good agreement with the intuitive findings from Figure
1 and confirmed in finite sample situations in Section 4. In the simulations we also investigate the
influence of several bumps instead of one, and find that independent of p, multiple bumps always
help detection, as to be expected.

Remarkably, as in the case of i.i.d. noise with variance o2, where we have f(0) = 02, certain

dependent error processes might also satisfy f(0) = o2, and hence obey the same difficulty to
detect a bump as for the independent case. As an example, consider the stationary and causal
AR(2) process given by Z; = %Zt—l - %Zt_g + ¢, where (; ~ N(0,1) for t € Z. In this case
fz(0) = % — % + 1 =1, even though the process Z; is clearly not independent (see Section 3 for a
comprehensive treatment of ARMA processes).

Proof strategy. To prove a lower detection bound, we will employ techniques dating back to
Ingster [38] and Diimbgen and Spokoiny [19] developed for independent observations. To generalize
this approach to our dependent case, we will use a recent weak law of large numbers due to
Wang and Hu [71] for triangular arrays of random variables that are non-independent within each
row and non-identically distributed between rows (see Section 6.1 for the precise statement and
also [30,57,62,67] for related results).

For the upper detection bound, we will provide an explicit test based on the supremum of the

moving average process (I?Y) 1€T00m)" A valid critical value will be given based on a chaining

2The long-run variance of a process (Zi)iez with spectral density f is defined as lim n~!'Var [S,], where
n—oo

n
Sn = Y. Z;. It holds that le n~1Var [S,] = £(0) (see [36] and Section 6.1 for details).
i=1 n—oo
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technique. Note that this cannot be obtained by a continuous upper bound of the stochastic
process (as e.g. provided in Theorem 6.1 in [19]) due to the fact that the dependency structure is

allowed to change with n and hence there is no continuous analog of (IITY) 1eZ00m)"

1.3 Related work

Bump detection for dependent data appears to be relevant to a variety of applications where piece-
wise constant signals (i.e. several bumps) are observed under dependent noise. Exemplary, we
mention molecular dynamics (MD) simulations, where collective motion characteristics of protein
atoms are studied over time (see e.g. [47] and the references therein). For certain proteins it
has been shown that the noise process can be well modeled by a stationary ARMA (p, ¢) process
with small p and g, see [66]. Another application is the analysis of ion channel recordings, where
one aims to identify opening and closing states of physiologically relevant channels (see [56] and
the references therein). Here, the dependency structure is induced by a known band-pass filter,
ensuring that ¥, in (1.1) can be precomputed explicitly (which corresponds to our setting of
known X,,), and allowing for a good approximation by stationary and m-dependent noise with
small m, see [59].

In fact, bump detection as discussed here is closely related to estimation of a signal which consists
of piece-wise constant segments, often denoted as change point estimation. We refer to the classical
works of Ibragimov and Has’minskii [35], Csorgé and Horvéth [15], Brodsky and Darkhovsky [11],
Carlstein, Miiller and Siegmund [12], and Siegmund [65] for a survey of the existing results as
well as to the review article by Aue and Horvdth [3]. Indeed, if the bumps have been properly
identified by a detection method, posterior estimation of the signal is relatively easy, see [27] for
such a combined approach in case of i.i.d. errors, and [17] in case of dependent data. We also
mention [13], who presented a robust approach for AR(1) errors.

Model (1.1) can be seen as prototypical for the more complex situation when several bumps are
to be detected. We do not intend to provide novel methodology for this situation in this paper,
rather Theorem 1 provides a benchmark for detecting such a bump which then can be used to
benchmark the detection power of any method designed for this task. Minimax detection has a long
history, see e.g. the seminal series of papers by Ingster [38] or the monograph by Tsybakov [69].
More recently, Goldenshluger, Juditsky and Nemirovski [29] provided a general approach based
on convex optimization. In case of independent observations, the problem of detecting a bump
has been considered in [5,9,14,20,27,42], and our strategy of proof for the lower bound is adopted
from [19]. We also mention [25] for a model with a simultaneous bump in the variance, and [58]
for heterogeneous noise, however still restricted to independent observations.

The literature on minimax detection for dependent noise is much less developed, and most similar
in spirit to our work are the papers by Hall and Jin [31] and Keshavarz, Scott and Nguyen [44].
In the former, the minimax detection boundary for an unstructured version of the model (1.1)

in a Bayesian setting is derived, that is P [mn (%) = An] = p, and P [mn (%) = 0] =1—pn
with a probability p, tending to 0. In contrast to [31], in the present setting we can borrow
strength from neighboring observations in a bump. Still, we can exploit a result in [31] about
the decay behavior of inverses of covariance matrices (see Section 6.1) to validate Assumption 2.
Keshavarz, Scott and Nguyen [44] deal with the classical change-point in mean problem, i.e. with
the problem to detect whether my,(i/n) = 0 for all 1 < i < n, or if there exists 7 € [1,n] such
that my(i/n) = —3A,1{i < 7} + 1A,1{i > 7} for 1 < i < n. The authors derive upper and
lower bounds for detection from dependent data as in (1.1), similar in spirit to our Theorem 1.
Their bounds, however, do not coincide with ours, i.e. they do not derive the precise minimax
detection boundary, as they are mostly interested in the rate of estimation. However, as we see
from Theorem 1, the /—log \,, rate does not change, it is the constant f(0) which matters. We
will employ several of their computations concerning covariance structures of time series (while
correcting a couple of technical inaccuracies).

We finally comment on the assumption of knowing 3, and the length A,. If A, is unknown,
estimation of the function m,, can be performed in the independent noise case by SMUCE [27] via
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a multiscale approach. SMUCE is known to achieve the asymptotic detection boundary (1.4) in
case of i.i.d. Gaussian errors. For the dependent case with a (partially) unknown covariance matrix
3, further methods for estimation of m,, such as H-SMUCE [58], J-SMURF [33] or JULES [59]
have been developed. They all rely on a local estimation of the covariance structure in combination
with a multiscale approach. None of these methods achieves the detection boundary derived in
this paper, and hence it remains unclear if not knowing ¥, and / or A,, would affect it. Developing
a test which achieves a corresponding upper bound by multiscale methods is beyond the scope of
this paper and is postponed to future work.

1.4 Organization of the paper

The remaining part of this paper is organized as follows: In Section 2 we give a precise statement of
our assumptions and formulate our main theorem. Also non-asymptotic results are discussed here.
The implications for ARMA models are then given in Section 3, where the previously mentioned
non-asymptotic results are specified for AR(p) noise. In Section 4 we present some simulations
which support that our asymptotic theory is already useful for small samples. All proofs are
deferred to Section 5 and Section 6 in Supplement A.2.

2 Main results

2.1 Notation and assumptions

To treat the testing problem (1.3), we will consider tests ®, : R® — {0,1}, n € N, where
®,, (Y) = 0 means that the null hypothesis Hy is accepted, and ®, (Y) = 1 means that the null
hypothesis is rejected, i.e. the presence of a bump is concluded.

Denote by Py the measure N, (0,%,) of ¥ under the null hypothesis and by P; s the measure
N, (017,%,) of Y given that there is a bump of height § within the interval I. With this we will
denote the corresponding expectations accordingly by Eqg and E; ;. We define the type I error of
P, by

a(®,,%,) =Ey[®, (V)] =P [®,(Y)=1].

Furthermore, we say that a sequence (®,)nen of such tests has asymptotic level o € [0,1] if
limsup,,_, . & (®,,%,) < a. The type II error depending on the parameters 3,, A, and A, is
defined as
B(®n, S0, Apy Ap) i= sup  sup Prs[®, (Y)=0].
IET(A\n) |81>A0

For a sequence (®,)nen of such tests we define its asymptotic type II error to be

limsup,, o 3 (Pn, Xn, An, An). The asymptotic power of such a family is then given by 1 —

limsup,,_, o 8 (®n, Xn, An, An). For the sake of brevity, we might suppress the dependency on the
parameters in the following and write only & (®,,) and 5 (®,,), respectively.

With this notation, we can now precisely recall the requirements for lower and upper bounds on
detectability as discussed in the introduction:

*

upper detection bound: For any a € (O, %), there exist ¢* > 0 and a sequence of tests @7, ,,

n € N of asymptotic level « such that Ve > ¢*,
limsup 3 (P, X0, ¢0n, An) < .

n—oo
Note that this notion of the upper detection bound is in accordance with the usual minimax
testing paradigm (cf. Ingster and Suslina [40]), as it implies that

lim inf [@(®,%,) + B(P,Sn, cpn, An)] =0,

n—oo v,

as n — 0o, since « was arbitrary. Here, U,, is the collection of all tests for the testing
problem (1.3) given n observations.
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lower detection bound: For any « € (0, %), there exists ¢, > 0 such that Vc < ¢, and for any
sequence of tests ®,,, n € N of asymptotic level «,
linniigfﬁ(én,En,c@n,An) >1-—a.
This implies that ~
nh_}rrgo @ien\gn[d (2,%,) + B(D, 20, con, An)] = 1.
The choice of 1 — « as the lower bound of the limit of the type II errors in the lower detection

bound is justified by the fact that the minimax testing risk is bounded from below as follows
(see [40], p. 55, Theorem 2.1):

_ 1
inf (& (P, 2 (D)) >1—-=
(Ilrelq}[a( ) n)+6( ) nvcgona)\n)] el 2“[730]7[731]”17
where ||[Po], [P1]|l1 is the Li-distance between the convex hulls of measures corresponding to the
null and the alternative hypotheses and W is the set of all possible tests. It implies that the type
IT error of the a-level test will be always greater or equal 1 — a for non-distinguishable null and
alternative hypotheses.

To derive lower and upper bounds in this sense, we will now pose some assumptions on the possible
lengths A, of intervals and the covariance structure 3,:

Assumption 1. We assume that

(i) f)’g\’;b—>ooasn—>oo,

(ii) Ap=o0 (loén> as n — 0o.
The first part of Assumption 1 assures that the number of observations within any interval of
length A, is at least of logarithmic order as n — oo. The second condition of Assumption 1,
however, gives a bound for the maximal length of the considered intervals, which ensures less
than n/logn observations in the bump interval. Roughly speaking both conditions are required
to have enough complementary observations (outside respectively inside the bump) to guarantee
asymptotic detection. Note that, in particular, Assumption 1(ii) means that A, — 0 as n — oo,
i.e. Assumption 1 especially implies (1.5). We emphasize that conditions as in (ii) restricting A,
from being too large are common. Assumption 1 plays a crucial role in the proof of the upper
bound, whereas the lower bound can be established under milder conditions (1.5).

However, note that when we consider a slightly modified version of the testing problem (1.3)
where the bump may not occur in any interval of length A,, but only within a candidate set
I, .= [(k — DAn,kAy), 1 < kE < [1/A,] of non-overlapping intervals, then Assumption 1 can be
replaced by (1.5) and the detection boundary will remain the same (cf. Section 2.3).

Instead of posing assumptions on X, directly, we will again employ the spectral density f of the
underlying stationary process Z as mentioned in the introduction. To do so, we require some more
terminology. For a function g € Lo [—1/2,1/2), we denote by T (g) the Toeplitz matrix generated

by g, i.e. the matrix with entries (7 (g)), jen = gj—i, Where

[N

o= [ gwe ke
-3
is the k-th Fourier coefficient of g. Note that this allows us to encode the covariance matrix X,
completely in terms of f. More precisely, the covariance matrix 3, of the noise &, in (1.1) has
entries ¥, (i,7) = v(|i — j|) = fli—j|, and we see that X,, =: T, (f) is the n-th truncated Toeplitz
matrix generated by f, i.e. the upper left n x n submatrix, of T(f). Consequently, we will also
pose the corresponding assumptions in terms of the function f, which allows us to derive results
for any sequence (¥,), -, of covariance matrices which are generated by such an f (and not only
for specific dependent processes):
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Assumption 2. Let (X,),>1 be a sequence of covariance matrices such that 3, = Tn(f) as intro-
duced above with a function f:[—~1/2,1/2) — R, that is continuous and satisfies lim, _,1 2 f(v) =
f(=1/2) and essinf,c|_1/2.1/2) f(v) > 0. Further, suppose that the Fourier coefficients fy, h € Z
of f decay sufficiently fast, i.e. there are constants C' > 0 and k > 0, such that

|ful < CQA+|R))"0™, heZ

Assumption 2 ensures that the dependency between 17Y and 1LY for two candidate intervals
I,I' € T(\,), will be asymptotically small as soon as they are disjoint. It excludes trivial cases
such as total dependence described by %, (,j) = 1 for all 4, j € {1, ...,n}, but also permits spectral
densities f with only slowly decaying Fourier coefficients such as discontinuous functions.

Note that also sequences of covariance matrices of the form (X,,); ; = (%), 1<i,5<n,neN,

where g is some kernel function, are prohibited due to this assumption. Covariance matrices of
this kind would have the undesired effect to make the dependency between 17Y and 1%Y even
for disjoint candidate intervals I,I" € Z (\,,) stronger as the length A, vanishes.

2.2 Asymptotic detection boundary

Our main theorem will be the following.

Theorem 1. If Assumptions 1 and 2 hold for the bump regression model (1.1), then the asymptotic
minimaz detection boundary for the testing problem (1.3) is given by

A, = [—2f(0) log)\n,
nA\,

For the details of the proof we refer to Section 5. The upper bound will be achieved by a specific
test @&, which scans over all intervals of length \,,, given by

as n — o00.

1 if su v > ¢
®2(Y) = 1 Prezow) arsaar 7 o (2.1)
0 else,

where the threshold ¢, , will be determined in the proof of Lemma 8 in Section 5. Note that this
test is not a likelihood ratio type test (as the LRT relies on 171V instead of 17Y).

For the proof of the lower bound we employ a strategy from Diimbgen and Spokoiny [19], and use
a very specific law of large numbers for arrays of non-independent and non-identically distributed
random variables.

2.3 Non-asymptotic results

Note that Theorem 1 yields only an asymptotic result. In this section we give non-asymptotic
results in the case of a seemingly simpler testing problem with possible bumps that belong to a
set of non-overlapping intervals. This is formalized by considering the set Z° of non-overlapping
candidate intervals given by

I ={L | 1<k < [M\']}, I = [(k = DAn, kX)), 1<k <[\ (2.2)

n

The goal is still to detect the presence of the bump (but with position being only in Z°) and to
derive non-asymptotic results on the detection boundary for the testing problem
Hy:Y ~ N, (0,%,)
against (2.3)
HP 3N <k<|[\'], 38€R: 5] > A, suchthat Y ~N, (61r,,%,)



24  Appendiz A.1. Bump detection in the presence of dependency: Does it ease or does it load?

Note that this testing problem might seem much simpler than (1.3) at a first glance, but we will
see, however, that the (asymptotic) detection boundary is in fact the same. Concerning the lower
bound, this can be seen readily from the proof of Theorem 1, cf. Lemma 9.

To detect a bump, we will here employ the maximum likelihood ratio test
L (Y) = 1{T(Y) > can}

based on the statistic

17y -1y 17 -1y
TO(Y) = sup =Y =  sup M, (2.4)
ez ATy 11, 1<k<|AGY Tk
where we denote
Gr=17 5.1, k=1,...[\"']. (2.5)

The quantities G, are in fact the variances of 17%1Y corresponding to the sum of |n\, | random
variables with covariance structure given by the Ix-block of X 1. The type I and II errors of the
test 4 are defined as

a ((I)g) =Py [@2 (V)= 1] and 3 (@2) = sup sup Prs [q;;il (V)= O} .
1€T0 |§|>A,,

Then the following result establishes basic properties of the test ®d.

Theorem 2. Consider the testing problem (2.3) and let « € (0,1) be any fized significance level.
For the maximum likelihood ratio test % set

2
an ‘= 21 . 2.6
Cun = 2108 (2.6

Then it holds & (<I>§L) < a for alln € N and

|Z] > A, inf /& — ca’nl

B(2d) <P
1<k<| AL

with a standard Gaussian random variable Z ~ N (0,1) and & as in (2.5).

The proof is obtained by straightforward computations, see Section 6.2 of Supplement A.2 for
details. Theorem 2 yields explicit non-asymptotic bounds for the test ®2, but those do also yield
an asymptotic upper bound for the detection boundary:

Corollary 3. Let (¢,),cy be a positive sequence satisfying

/ 2 / 1
EnV — IOg >\77 Z IOg a =+ 10g 57 (27)

and suppose that the bump altitude A,, in the testing problem (2.3) obeys

A, inf G >V2(1+e,) /= log A, (2.8)
!

1<k<[AG!
Then the asymptotic type II error of 4 with Camn S in (2.6) satisfies

limsupﬁ~ (@i) <a,

n— oo
This shows that the upper bound to be obtained by ®¢ depends only on the asymptotic behavior
of inflgkﬂ/\;lJ V) with 65 as in (2.5). Inspecting the proof of Lemma 9, we find that we can
derive an according lower bound depending only on the asymptotic behavior of sup;<j<| LV k.

In case of AR(p) noise we will see in Section 2.3 that these quantities can be computed explicitly
and will asymptotically equal in agreement with Theorem 1.
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3 ARMA processes and finite sample results

3.1 Application to ARMA processes

Suppose that the noise vector &, = (Z1,...,Z,)T in (1.1) is sampled from n consecutive realiza-
tions of a stationary ARMA (p, ¢) time series Z;, with p > 0, ¢ > 0 defined as

&(B)Z, = 0(B)G, G "RUN(0,1), tez. (3.1)

Here B is the so-called backshift operator, defined by BX; = X;_1, and ¢(z) and 6(z), z € C, are
polynomials of degrees p and ¢, respectively, given by

p q
B2) =1+ ¢iz', 0(z) =1+ 02", (3.2)
i=1 =1

We further suppose that ¢ and 6 have no common roots, and that all roots of both ¢ and 8 lie
outside of the unit circle {z € C: |z| < 1} (see [10] for more details).

Denote by « the auto-covariance function of Z, i.e. v(h) = E[Z;Z;1] for h € Z (as clearly
E[Z;] =0 for all t € Z). It is well-known (see for example [10], Theorem 4.4.2), that in the case
of an ARMA(p, q) time series, its spectral density is given by

|9(6727ri1/)|2
|¢(e—27riv)|2 ’
Note that the spectral density f is continuous at 0 as well as the function 1/f, since the process

is reversible and causal under the posed assumptions on ¢ and 6. Thus, applying Theorem 1 to
this setting immediately yields the following:

f) = ve[-1/2,1/2). (3.3)

Theorem 4. Assume that we are given observations from (1.1), where the noise &, is given by
n consecutive samples of an ARMA(p,q) time series as in (3.1) with the polynomials ¢ and 6
in (3.2) having no common roots and no roots within the unit circle. Furthermore, assume that
Assumption 1 holds. Then the asymptotic detection boundary of the hypothesis testing problem
(1.3) is given by

_ 1 q . _
A, = 21(0)log Ay, _ |1+ Z;:l 0; 21og An ’ (3.4)
n\p, 14+>0 ¢ n\n

as n — Q.

We find that the presence of dependency either eases or loads the bump detection, depending on
F(0) = 16(1)/¢(1)]* (which is 1 in the independent noise case). If f(0) < 1, then the detection
becomes simpler (and smaller bumps are still consistently detectable), but if f(0) > 1 detection
becomes more difficult. For AR(1) noise, this issue was already discussed in the introduction.

3.2 Non-asymptotic results for AR(p)

In this Section we will derive non-asymptotic results for the specific case of AR(p) noise. Let us
therefore specify (3.1) to a stationary AR(p) process Z,

p
Y ¢iZii=(, teL (3.5)
=0

with independent standard Gaussian innovations (;. In the notation of (3.1), we have ¢(z) =
>F ,¢iz" and 0(z) = 1. Again, we work under the standard assumptions that the characteristic
polynomial ¢(z) has no zeros inside the unit circle {z € C : |z| < 1}. Note that in this case

FOEE S
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We have seen in the discussion succeeding Theorem 2 that the upper and lower bounds depend on
the quantities 7, = 1%; %11, and correspondingly, their minimal and maximal values. Theorem 4
gives the detection boundary condition for ARMA noise with an asymptotic risk constant. Since
o1, is just the sum over the block of X!, using the exact inverse of ¥, (see the appendix for
the exact formula of X! obtained by Siddiqui [64]), we can calculate the minimax risk constants

exactly.

Lemma 5. Let 3, be the auto-covariance matriz induced by an AR(p) process Z; and & =
175", k=1,...,[A\;]. Assume that 1 < [nA,] <n—2p and n > 3p.

1. If [nA,] < p, then

[nAn] 7i—1 2
inf o= (Z@) : (3.6)

1<k< (AR

i=1 \t=0
p—|nin] [InAn] 2 P p—i 2
sup G = inf G+ Y St |+ > b - (37
1<k< A0 1sk<[An ) i=0 t=1 i=p—[nAn] \t=0

2. If p < |nAn] < n—2p, then

P 2 i—1 2
inf  5x = ([n\n] — D) (Z ¢t> + Z <Z ¢t> ) (3.8)
t=0 i

1<k<[ARY) - i=1 \1=0
p p—i 2
sup Op = inf &+ drai | - (3.9)
1<k<[An ) 1<k< AR ; (;

We can now use the results of Theorem 2 and get the exact detection boundaries for two different
regimes, when |nA,| < p and p < |[nA,| < n — 2p. Note that condition (5.4) is automatically
satisfied since the inverse covariance matrix 3,1 is 2p + 1-diagonal.

Corollary 6. Assume that possible locations k of the bump I, € I° are separated from the end-
points of the interval: p < k < n —p — |n\,|. Then the upper and lower bound constants
match in both cases and are given by formulas (3.6) and (3.8) for the case of |nh,| < p and
p < |nAn] < n—2p, respectively. This follows immediately from the discussion in Section 6.3, in
particular equations (6.4) and (6.5).

Remark 7. It seems reasonable, that, in case of bumps of length smaller than p, we would need
to analyze the type I error with some finer technique than just the union bound.
On the other hand , we observe that if nA, — oo and A\, — 0 as n — oo, then

2
P

sup 0 X nh, (Z ¢t> = inf &g,
t=0

1<k<| ARt 1<k<| AR

in accordance with Theorem 4.

4 Simulations

In this Section we will perform numerical studies to examine the finite sample accuracy of the
asymptotic upper bounds for the detection boundary. We focus on the situation that the noise &,
in (1.1) is generated by an AR(1) process, given by ¢(z) =1 — pz and 6(z) = 1 (in the notation of
(3.1)), where |p| < 1. More precisely, the AR(1) process is given by the equation Z; — pZ;_1 = (;,
t € Z where {; ~ N(0,1) are i.i.d.. Note the slight difference to the setting considered in the
introduction and Figure 1, as here the noise does not have standardized margins.
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From Theorem 4 we obtain the detection boundary

2 |—log A,
A, = V2 — 098 An (4.1)
1—p nAn

In the following we fix the value of the detection rate y/—log A\, /(nAy,) in (4.1) to be roughly 1/6
and consider three different situations, namely small sample size (A, = 0.1, n = 829), medium
sample size (A, = 0.05, n = 2157) and large sample size (A, = 0.025, n = 5312). Thus, the
remaining free parameters are p and A,,, and the detection boundary (4.1) connects them by the

asymptotic relation
_ V2 10236
"T1-p 6 1-—p
Let us now specify the investigated tests. For the (general) test from Section 2.2, the critical value
Ca,n is only given implicitly, cf. (5.2). To simplify, in view of ca,, = 1/2log 3 (1+0(1)), we will

therefore use

(4.2)

1 if sup @7” > ,/2log %,
o (V) := I€T(A,) V1T Enls " (4.3)
0 else

as an asymptotic version. Further we would like to investigate the maximum likelihood ratio test
relying only on non-overlapping intervals I, = [(k — 1) [n\,] + 1, k|n),|) from Section 2.3 given

by
T y=—1
o (Y) = 1<h< |52 ) VB0 " 44

0 else.

Note that the latter requires to scan only over |1/)\, | intervals, whereas the former requires to
scan over |[n(1— A,)| intervals. Consequently, the maximum likelihood ratio test from Section
2.3 can be computed faster by a factor of

n(l—2X\,)
1/

independent of 3. For the three situations mentioned above this yields values of ~ 74 in the
small sample regime, =~ 102 in the medium sample regime, and ~ 129 in the large sample regime.
However, our results from Theorem 1 and the discussion succeeding Theorem 2 imply, that the
testing problems (1.3) and (2.3) are of the same difficulty in the sense that they both have the
same separation rate.

In the following we examine the type I and type II errors & (®.) and 3 (®,) with * € {a,d} by 2000
simulation runs for o = 0.05 with different choices of p, n, A,, and A,,. The position I € Z ()\,) is
always drawn uniformly at random. Furthermore, we investigate the situation of 2 and 5 disjoint
bumps within [0, 1].

=n\, (1 —=X\,)

The finite sample type I error of both ®* and ®¢ in all three sample size situations are shown
in Figure 2 versus the correlation parameter p € {—0.99,—0.98,...,0.99}. We find that &9 is
somewhat conservative, which is clearly due to the usage of the union bound in deriving the critical
value in (4.4), see the proof of Theorem 2. Opposed, ®2 is conservative for p > 0, and liberal for
p < 0. This is clearly due to the simplified critical value in (4.3), which is only asymptotically
valid, and furthermore the employed asymptotics depend on p due to the result by Ibragimov and
Linnik [36], see also Section 6.1 of Supplement A.2. However, it seems that already in the small
sample size regime our asymptotic results provide a very good approximation for both tests.
Next we computed the finite sample type II error in all three sample size situations for p €
{-0.99,-0.98,...,0.99} and A,, € {0.01,0.02,...,0.5}. The corresponding results are shown in
Figures 3-5. We also depict the contour line of equation (4.2) for a comparison and find a
remarkably good agreement with the contour lines of the power function already in the small
sample regime, which strongly supports the finite sample validity of our asymptotic theory. Finally,
we conclude that detection becomes easier for a larger number of bumps.
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Small sample size Medium sample size Large sample size
0.4 0.4 0.4
0.3 | 0.3 | 0.3 |
0.2 0.2 0.2
0.1 0.1 0.1
0 beavwaslvsvavadvvawdonnc 0 byvooodonciobaagbovlovesad 0 wondedlave o alpnavnvele a2
-1 -05 0 05 1 -1 -05 0 05 1 -1 -05 0 05 1
P P P

Figure 2: Type I error of the tests ®2 (——) and ®¢ (---) for the AR(1) case vs. p (x-axis)
simulated by 2000 Monte Carlo simulations with the nominal type I error o = 0.05 (—) in three
different situations: small sample size A,, = 0.1, n = 829 (left), medium sample size A,, = 0.05,
n = 2157 (middle) and large sample size A,, = 0.025, n = 5312 (right).

One bump Two bumps Five bumps

0T 05 0 05 1 T05 0 05 1
1
0.4 1 04 0.8
0.6
0.2 102 0.4
0.2
0050 05 1 0050 05 1 0050 05 1 0

Figure 3: Type II error in the small sample regime A, = 0.1, n = 829 (top row: ®2; bottom row:

®4) for the AR(1) case for p (z-axis) vs. A, (y-axis) with one bump (left column) together with
the contour line of the detection boundary equation (4.2), two bumps (middle column) and five
bumps (right column), each simulated by 2000 Monte Carlo simulations.

5 Proofs

Several useful results from various sources that we are going to use in our proofs can be found
in Supplement A.2. The proof of Theorem 1 will then be split into three parts. We will provide
asymptotic upper and lower bounds in subsections 5.1 and 5.1, respectively. The lower bound
result will in fact hold for a wider class of covariance matrices than those allowed by Assumption
2. Finally, in subsection 5.1, this will be used to show that the upper and lower bound coincide
asymptotically in the setting of Theorem 1, and this will yield the desired result. All remaining
proofs can be found in Section 6 of Supplement A.2.
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0

Figure 4: Type II error in the medium sample regime \,, = 0.05, n = 2157 (top row:

One bump
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®2: bottom

row: ®4) for the AR(1) case for p (z-axis) vs. A, (y-axis) with one bump (left column) together
with the contour line of the detection boundary equation (4.2), two bumps (middle column) and
five bumps (right column), each simulated by 2000 Monte Carlo simulations.
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Figure 5: Type II error in the large sample regime A, = 0.025, n = 5312 (top row: ®2; bottom
row: ®4) for the AR(1) case for p (z-axis) vs. A, (y-axis) with one bump (left column) together
with the contour line of the detection boundary equation (4.2), two bumps (middle column) and
five bumps (right column), each simulated by 2000 Monte Carlo simulations.
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5.1 Proofs for Section 2

Upper detection bound

For I € Z()\,,) we define
on(I):=17%,1;.

Lemma 8 (Upper detection bound). Fiz « € (0,1), consider the testing problem (1.3) and suppose
that Assumption 1 and Assumption 2 hold. In addition, assume that the sequence (X,)nen of
covariance matrices satisfies

[ An) = (V2+én)v/—log Ay, (5.1)

n 1
I€Z(n) O'n([)

as n — 00, where (E,)nen 1S a sequence of real numbers that satisfies €, — 0 and &,+/—log \,, —
loglogn — oo as n — oo.

Then the sequence of level o tests (P2)nen as in (2.1) with suitably chosen cq ., satisfies &(P2) < a

for alln € N and limsup,,_, ., 5(®2) < a.

Proof. Define the test statistic
17V
= sup ,
1€Z(7) \/on(I)
and recall that ®2(Y") := 1{T,,(Y) > ca.n}, for some threshold ¢, to be determined later.
We begin by noting that although the random process

(5
U”(I) I1€Z(\n)

has an infinite index set, it only takes finitely many different values. Thus, we can find a finite
representative system Zg,(A,) € Z(A,), such that for any I € Z(\,) there is I’ € Zg,(\y), such
that

To(Y)

17y|  [17Y]

Vo) oI

which implies that
17Y]

I€Lin(An) Un(l)

To(Y) =

ie. T,,(Y) can be written as the supremum over the absolute values of a Gaussian process with a
finite index set. Let M, such that EqT,(Y) < M,,. Then, for any A > 0, it follows that

Po (T, (Y) > A+ M) <P (T,(Y) = EoTn(Y) > A)

T T
SIP’o( iyl 17y

sup Eq sup
T€Zin(An) v On (1) T€Zin (M) Vo ()

where the last inequality follows the results of Talagrand [68] and can be found in Theorem 2.1.20

of [28]. Thus, if we let
2
Can = 4/ 2log — + M,,
V a

In order to find a suitable bound M,, we consider an even coarser finite subset of Z(A,,). Let

2
> )\) < 267%,

®2 has level a for any n.

cn—{{fb,:jun) 1<k< Ln(l—)\n)J}CI(/\n).
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Clearly, #C,, = [n(1 — A\,)| < n < co. For any I € Z(\,) there is I’ € C,,, such that 1; differs
from 17 in at most one entry. Thus, it is easy to see that

‘I?Y‘ SUP<i<n | Yinl

T,.(Y) < sup -
IeCy, Un(I) lanGI()\n) O'n(.[)

)

Thus, we can set

M, = Mn + Kn,
where
N 117V
M,, = Eq sup ,
1€C, \/on(I)
and

SUpPi<i<n |Yi,n

inf]GI(An) 0'”([)

Rn = Lo

The latter term is easy to handle: We have

Eo sup |Yin| < +/2folog(2n),

1<i<n
since Y; ,, has variance fy for any n and 1 <14 <n, and

Ieggn) on(I) =nA, f(0)(1 + o(1))

by Theorem 18.2.1 of Ibragimov and Linnik [36]. Thus,

[logn
n — 0 y
" < nAp )
and thus, x, — 0 by Assumption 1. The next part of the proof will be devoted to computing M,
Note that under Hy, we have

1ty
on(l)
for any I € C,,. For any I,I' € C,,, we have
1Ty 1Ty

- S S, 2211T2"11'>§Z ,
\/Un(l) \/a'n(I/) ‘(\/G"(I) \/Un(p)> ( on(Don(I) | LI ;

for some random variable Z; ;v ~ N(0,1). Note that the system {Z;p : I,I' € C,} is not
necessarily independent. Let

~N(0,1),

1
17y,1,\2
Un(I)

Since Y., is a Toeplitz matrix, it follows that o, (I) = 0, (I') for any I, 1’ € C,,, and thus, d,,(I,I') =
d,(I',I). Since ¥, is also positive definite, it is then easy to see that d,, is a metric on C,,.

Now let &, C C,, be an n,-net for (Cy,d,), i.e. for any I € D,, there is J € &,, such that

do(I,1') = <2 —2

dn(lv J) < 7.
For any I € C,, and J € &, we have

117Y| _| 1Y 17y

Vou(D) = [Vou(I)  /on(J)

[15Y]
V()
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and thus,

117Y| _ 1Ty 17y 17Y]|
sup < sup inf — sup ——
rec, /oo (I) ~ 1ec, 7€€n | \Jo,(I)  on(J)| et \/on(J)

inf d,(I,))|Zr |+ |1§Y‘

= sup inf d,(I, 7 Sup ———

I€C,, J€&n IJ Je€n \on(J)

15Y]

< np sup inf |Z; ;| + sup ——=—==.
" rec, J65n| | Je€n \on(J)

It follows that

M, < nn\/2 log(2n) + \/2 log (2N (Cp,dn, 1))
< 77n\/210gn + \/2 log N (Cmdmnn) + (1 + nn) V 2log2,

where N (C,,dn,n,) is the n,-covering number of (C,,d,). Now let I,I' € C,, I # I', with
dp(I,I') < 5 O)‘g"n, where dp denotes the Hausdorff metric on the set of subintervals of [0, 1] (with
respect to the euclidean distance on [0, 1]), i.e. dg(I,I’) = |inf I —inf I’|. In addition, we assume

that inf I < inf I’ without loss of generality. Then

1's,1p =%, + 1?\[!)277,(1101’ +1n1)
= 1nrSnlior + 10 0 Snlinr + 1ap Sy + 178l

Due to X, being symmetric and Toeplitz, we have 1%1,27111/\[ = 1ITm,Zn11\p, and thus,
1'v,1 =172,1; - 1f\1,2n1,\,, + 1,T\,,zn1,,\,.
It follows that
-1
E(1,1)=2-2(1738,1)) [1?&11 1R Salng + 18 S0l

—1
=2(17%,1)) [1,T\,,En11\p - 1?\,,2n11,\,} .

Since IIT\I,Enll/\I is the sum over a submatrix with 7, = n|inf I — inf I’| rows, and its lower left
entry is f,x, |—1—r,, We find the trivial bound

n = nA
15 5,10 ] < —2 MA+ )t = L
NI NS foom Z (1+[hl) 0 logn )’
h=|nX,(1-1/logn)]—1

asn — 0o. We use Theorem 18.2.1 of Ibragimov and Linnik [36] (see also Section 6.1 of Supplement
A.2) to find 175,17 = nA, £(0) (1 + 0(1)) and

n\,

17 Enlng < £(0) (14 0(1)),

logn

2
an,I’<\/7 n
( )< logn—'_c

where (, = o ((log n)‘%). This implies that for any I € C, and for large enough n we have the

rec gy < Ve lree, a,nr < /2 v¢l
logn logn

as n — oo. This yields

inclusion
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Thus, if we choose n,, = lozn + (,, this yields the bound

logn
2\,

N (Cnydn,nn) <

and consequently,

) 1 2
M, <24 (oy/2logn + 1/ 2log ;i"’+-<1—%<n—%,/l) V2log 2.
n ogn

Thus, if we choose

2 1 2
Cam =2+ Cuv/2logn + \/QIOg + \/QIOg gin + Kn + <1+Cn + 1/1) v2log2, (5.2)
! n ogn

the test ®2 will have level « for all n € N. Note that (,v/2logn = o(1) as n — oo. Concerning
the type II error of the test ®2, recall that, under Hi, i.e. if Y ~ A (617,%,) for some & with

no

|0] > A, and I € Z(\,,), we have

1ty N o171, )
on(I") Vo (I
for all I' € Z(\,,). For n large enough, it follows from plugging in (5.1) and (5.2), that

B(®2) = sup sup Prs[@2(Y) =0
IET(An) 16> A0

[ 5151,
= sup sup P| sup |Zp+ < Can
I€T(\) 8122, [ I'€Z(An) on(l’)
[ 5171
< sup sup P||Z;+ Il < can
1€T(M) 9124, | on(I)
[ 171
< sup sup P ||0]—Z ! —Z1] < cam
1€I(M\n) 16124, | on(I)

<P

1€Z(Mn) v/, (1)

171
|Z‘ > An inf L-r_ Ca,n] y

where (Z7)rez(x,) and Z are (not necessarily independent) standard Gaussian random variables.
Plugging in (5.1), we have
171,

A, inf — Can
IEI(An) \/Un(I) ’

1 2 1 2
>€m/10g/\—2—Cn\/210gn—\/QIOga—\/2log ogn_ﬁn_ <1+Cn+”10gn) v/2log 2,
n

for n large enough. Since &,v/—log\, — v/loglogn — oo by assumption and x, = o(1) and
Cnv2logn = o(1) as n — oo, it follows that the right-hand side diverges to co. This finishes the
proof. O

Lower detection bound

We start by giving some technicalities on LR-statistics required throughout the paper at several
places. As A, and ¥,, are known, the likelihood ratio Ls; = Ls (Y') between the distributions of
Y under Hy and Hy' is given by

1
Lrs = exp 51?2;JY’—»§521?Z;11,.
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Note that, under Hy, the likelihood ratio Ls ; follows a log-normal distribution, i.e.
Ty—1 Lo rw-14 Ho 1, 2~
logL;s =0617%,"Y — 55 1,31 ~ M —55 an(I),0%6,(1) ),

where

(1) =172 11,
Note that, under Hy, for I,I' € C,, and § € R, we have EL; 5 = 1, Var L; s = exp ((526n(1)) -1
and Cov(Lr s, Ly 5) = exp (521?251110 — 1. Finally, let

0= {[(k = DAn, kAn) 1 1<k < XM} S T(A)
be a system of non-overlapping intervals of length A, as defined in (2.2).

Lemma 9 (Lower detection bound). Fiz « € (0,1), and suppose that (1.5) holds. Let (£,)nen
be a sequence of covariance matrices, such that

Ba sup VGl )3 (V2= en) vV=Tog A, (5.3)

T€Z( Ay,

where (en)nen 1S a sequence that satisfies e, — 0 and e,1/—log A, = 00 as n — co. In addition,
assume that for some m € Ny

1
dm oo 3 Covilranlra,) =0, (5.4)
1,I'ez’
n|inf I—inf I'|>m
asn — oo. B
Then any sequence of tests (), oy with limsup,, ., & (®,) < a will obey limsup,,_, B (Py,) >
1 — «, i.e. the bump is asymptotically undetectable.

Proof. We employ the same strategy as in the proof of Theorem 3.1(a) of Diimbgen and Spokoiny
[19]. We bound the type II error of any given test by an expression that does not depend on the
test anymore, and then employ an appropriate L'-law of large numbers for dependent arrays of
random variables.

For any sequence of tests ®,, with asymptotic level a under Hy we have

B(®,)= sup sup E;s5[1—®,(Y)]>sup sup Ers[l — @, (V)]
IET(A\n) [8]>An I€Z0 |8|>A,
1 1
sup E;5[1—-9,(Y)]>1-

— — = N Epa [@a(Y
A %I:o HEY R 2 Era, [Ba(V)

110

1 dPr A,
S TP I 1) G 0] ko)
— < ZLZA" 1) (Y) —Oé+0(1)
|_ " IGIO
>1l—a-— ZLIA,L o(1).
IeIO

Next, we show that the array {LAn,,I :1eI%ne N} is h-integrable with exponent 1 (see Defi-
nition 12 in Supplement A.2 or Definition 1.5 in Sung, Lisawadi and Volodin [67]), i.e. we show
that

sup —— Eo [|L1,A,
neN I_/\ J Igﬂ

| <oo, and Z Eo[|L1,a,[1

n—)oo
A IeIO

{IL1.a,] > h(n)}] =0,
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where h(n) = A1 |30+ (V2=20)" Since Bo|Lra,| = 1 for all n € N and I € Z°, the first
condition is satisfied.

Further, if n large is enough, we have

1

] > EolLia,1{Lia, >h(n)}] < sup Eo[Lra,1{Lra, > h(n)}]

0
fezo IeT

1A2x _
a5 1820wt

110 An \Y &IL(I)

1 - log h(n)
<P|Z<sup =A,va,(I) —
( Iez® 27" L( ) SUPrezo A, V On (I)>

p (2 < —=(V2 =)/ =Tog ) |

where Z is a standard Gaussian random variable. The inequality (a) follows immediately from (5.3)
and the definition of h(n). The claim follows from the assumption that lim,,_, . £,1/—log A, = 00
as n — oo.

Then, given that (5.4) and (5.5) hold, it follows from an L!-law of large numbers for dependent
arrays (see Theorem 13 in Supplement A.2 or Theorem 3.2 of Wang and Hu [71]), that

— 0, (5.6)

as n — 0o, which finishes the proof. O

Proof of Theorem 1

In the setting described in Theorem 1 the noise vector &, in model (1.1) is given by n consecutive
realizations of a stationary centered Gaussian process with the square summable autocovariance
function v(h), h € Z and the spectral density f. We suppose that Assumption 2 is satisfied, i.e.
the autocovariance of &, has a polynomial decay. In terms of ¥,,, this means

|0 (i, 5)| < C(1+ i = j)) =0,

for 1 <i4,j5 <n and some constants C > 0 and x > 0.

In order to apply Lemma 9 in such a setting, first, we need to examine the asymptotic behavior
of the coefficients &, (I), and second, we need to verify that condition (5.4) is satisfied under the
lower detection boundary condition (5.3) and Assumption 2.

For the setting of Theorem 1, we will do the former in Lemma 10 and the latter in Lemma 11.
Lemma 10. If Assumption 2 holds, then for any I € Z()\,), it follows that

n\,

5'n(]) = f(O)

(1+0(1)),

as n — Q.

The proof of Lemma 10 is very similar to the proof of Proposition C.1 in Keshavarz, Scott and
Nguyen [45], and can be found in Supplement A.2.

Lemma 11. If Assumption 2 holds, and given that

An sup V6u(1) 3 (V2—en)y/—logh, (5.7)
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for a sequence (e,)nen satisfying e, — 0 and e,1/—log A, = 00 as n — oo, then condition (5.4)
holds with m =1, i.e.
2 24Ty—1 1—
nh_}n;o)\ Z exp (A2175, 1) —1=0,

I,I'e1®
n|inf I—inf I'|>1

Proof. For I,I' € I° with n|inf I —inf I’| > 1. Write

1
oxp (AR17 8, ) —1= ) [AN17 S, 1]
p=1 p:
N P Ty —1 p
12 1; %' 1y
"2 [zAi &nm&n(m} [2]
g an(l)an(I')

If n\, is an integer, the latter term 17%- 11 is the sum over a square submatrix of X!, and
if nA,, is not an integer, then the number of non-zero entries of 1; and 1;, cannot differ by more
than 1. From Lemma A.1 of [31] (see also Section 6.1 in Supplement A.2, it trivially follows that

[nAn]
1175, 10| < [nd] Y (nfinf T —inf I'| [nA, ) + )~
t=1
[nAn]
< ' ni,] Z —(4m) =o0(n\,).
t=1
From Lemma 10, we know that /&, (1), (I f(O) +0(1)) as n — oo, and thus, it follows
that /6, (1)d,(I") 1?2;111/ — 0 asn — oo. Hence7 for n large enough, we have
=1 vlooarss, |
> AEDET)| (2t
1 p! Gn(1)an(I')
17511, 1
< Mexp [Ai G (DG (I] . (5.8)
Tn(l)on(I') 2

Note that from the lower detection boundary condition (5.7) it immediately follows that
1 1 )2
exp [2Ai 6n(1)&n(1’>} <A (5.9)

for n large enough. Applying Lemma A.1 of [31] again, it follows that |3, 1(i,5)] < C(1 + |i —
71)~+%) for some C' > 0. Let ®,, be the n x n-matrix with entries ®,,(i,j) = C(1+ [i — j|)~ (%),
and let ®(v) = >3 C(1+ [i — j|)~(+e=2h Then

Soafss Y e < Y @46 - Y 10,1, Pom),  (5.10)

I,I'ez? I,I'ez’ i,j=1 Iezo
n|inf I—inf I'|>1 I#£I'

where (a) follows from Theorem 18.2.1 of Ibragimov and Linnik [36], since it yields that
St ®Palis ) = n®(0) + o(n) and 17 @, 17 = nA, ®(0) + 0 (nA,,) for any I € I°.

Finally, combining (5.8), (5.9) and (5.10), and once again using that /&, (I)é,(I') = %(1 +o(1))
as n — oo, we find

VD V7

e %Ai &nu)&na')} =o (;2) 7

which concludes the proof. O

by

1,I'ez’
n|inf I—inf I’|>1
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Since Lemma 11 guarantees that Lemma 9 can be applied in the setting of Theorem 1, the proof
of the latter now follows immediately from Lemmas 8 and 9.

Proof of Theorem 1. The two Lemmas 8 and 9 yield that the asymptotic detection boundary is
(in terms of A,,) given by

—log A\p nA, . —log A, . on(I)
2 — \—=—— s \/ <A, 2 (V2 \| ——— f 5.11
(\[ en) NAn Iequ(IA)n) an(l) ™ e (\[4— én) ni, Ieg%An) nA, ( )

as n — oo. For any I € Z(\,), it follows from Theorem 18.2.1 of Ibragimov and Linnik [36] (see
Section 6.1 of Supplement A.2) that o,,(1) = nA, f(0)(1 + o(1)), and Lemma 10 yields

nA\p,
on(l) = 14+0(1)), n — oo.
A1) = o)
Plugging this into (5.11) finishes the proof. O
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Abstract

In this material we provide all remaining proofs and recall several results that are necessary for
our theory.

6 Supplementary material and additional proofs

6.1 Auxiliary results

We begin this section by stating several useful results from various sources that we are going to
use in our proofs.

39
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Weak law of large numbers for arrays of dependent variables

Definition 12 (Sung, Lisawadi and Volodin [67]). Let {Xnk : n € Nyu,, < k < v,} be an array
of random wvariables with v, — u, — 00 as n — oo. Additionally, let v > 0, and (k,)nen be a
sequence of positive integers, such that k, — 0o as n — 0.

Let (h(n))nen be a sequence of positive constants, such that h(n) / oo as n — oo. The array
{ Xk :n € Nyu, <k <w,} is said to be h-integrable with exponent r if

Un

1 & : 1 : .
sup — Z E[| Xkl <oo, and lim — Z E [| X0k 1 {| Xnk|" > h(n)}] = 0.
neN kn b—u, n—oo ky, h—a,

With this, we have the following.

Theorem 13 (Wang and Hu [71]). Let m be a positive integer. Suppose that {X,p,u, < k <
Up, m > 1} is an array of non-negative random variables with Cov(Xpk, Xnr) < 0 whenever
7=kl >m, u, <j, k <wy,, for ecach n > 1 and is h-integrable with exponent r = 1 for a sequence
kn — 00 and h(n) 1 oo, such that h(n)/k, — 0 as n — oco. Then

R
2 (Xnk = EXz) = 0

k=un
in Ly and hence in probability, as n — oo.

Remark 14. In fact, the original theorem in Wang and Hu [71] is slightly stronger, but Theorem
18 as stated above is sufficient for our purposes.

Remark 15. We can relaz the condition Cov(Xp;, Xnk) < 0 whenever li—k| >m, u, < j,k <wy,
in Theorem 13 to requiring only that

1 Un
lim sup = Z Cov(Xpj, Xnk) < 0.

n—00 n .
Jik=un

li—k[>m
Decay of precision matrices

The following result is due to Jaffard [41] and was used in [31] as a key tool in the analysis of a
higher criticism test for detection of sparse signals observed in correlated noise. Here it is stated
as it was formulated and proven in [31].

Lemma 16 (Hall and Jin [31]). Let 3, n > 1 be a sequence of n x n correlation matrices, such
that || E,]] > ¢ > 0, where | X, || is the operator norm of £, as an operator from R™ to R™. If for
some constants kK > 0,C > 0,

5,3, )| < C(1+ i — j)~ O+,
then there is a constant C' > 0 depending on k, C, and ¢, such that

15,130, 5) < C'(1+ [i — j]) =0+,

Long-run variance of partial sums of a stationary time series

Here we recall the well-known result given in Theorem 28.2.1 of Ibragimov and Linnik [36] on the
explicit formula for the variance of the sum of n consecutive realizations of a stationary process.
We adapt the notation to our case.

Suppose that (X, )nez is a centered stationary sequence with the autocovariance function ~y(h),

h € Z and the spectral density f(v), v € [-1/2,1/2). Let S,, = Y X;.
i=1
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Theorem 17 (Ibragimov and Linnik [36]). The variance of Sy, in terms of v(h) and f(v) is given

by
Var(s,] = 3 (n = [bl)(h) = |

hln _1/2 sin®(mv)

12 gin?(rnw)

f(v)dv.

If the spectral density f(v) is continuous at v =0, then
Var[S,] = f(0)n+o(n), n — oo.

6.2 Remaining proofs for section 2

Proof of Lemma 10

Proof. We are inspired by the proof of Proposition C.1 in Keshavarz, Scott and Nguyen [45], that
was dropped from the final paper [44], although we are able to make some simplifications, since a
slightly weaker result suffices for our purposes. In addition, we use this opportunity to fix several
minor inaccuracies in their proof.

Recall that 7(f) is the infinite Toeplitz matrix generated by the spectral density f and that
Yn = Tn(f) is the corresponding truncated Toeplitz matrix.

Let T(g) be the infinite Toeplitz matrix generated by g = 1/f, i.e. the matrix with elements
T(9)(i,j) = gji—j|, where go, g1, ... are the Fourier coefficients of g. Let H(f) and H(g) be the
Hankel matrices generated by f and g, respectively, i.e. the matrices

fi fo fz ... g1 g2 g3
fo fz fi ... 92 93 Ga

H(f) = f3 f4 f5 e and H(g) = g3 94 Gs

It follows from Proposition 1.12 of Béttcher and Silbermann [8], that
TN =Tlg) + TN HHH(9).

Let v; be the extension of the vector 1; to an element of {2 by zero-padding. As in Keshavarz,
Scott and Nguyen [44], from the above identity and the definition of the operator norm, we find

[0l T(f) " or — vl T(g)vr| = |[{(H)T () or, Hig)vr)|
< HA)T ) Hlllorlle | H(g)vr e

<IHAOTE VoA D -9,
{rwr(r)=1}
where e, = (0,...,0,1,0,...)7 is the sequence whose r-th entry is 1, and || H(f)7T(f)}| is the
operator norm of H(f)T(f)~" as an operator from > to ¢*. Since ||T(f)|| = sup,¢(o1) f(¥) < o0,
we have |[T(f)~!|| < oo by the inverse mapping theorem. It follows that || H(f)T (f)~Y| < oo,
because clearly ||H(f)|| < co. Since f is bounded away from 0, it is well known that the Fourier
coefficients g, k € Z of g decay at the same rate as the Fourier coefficients of f, i.e.

lgi| < C'(1+ [K)) =0+,

for k € Z. Following Keshavarz, Scott and Nguyen [44]) we see that

Nl

S 00 2
> el = X Sk < X ([ o)
{rwr(r)=1} {rwr(r)=1} \Jj=r {rwr(r)=1} r
1 LA 1
<" Z T—(§+n) <" Z T_(§+K).

{r:wr(r)=1} r=1
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It is then easy to see that the last expression is O ((nx\n)%_"‘) if K < 1, and O (log(nA,)) if & = 3.

Lastly, it is also clearly bounded if k > % Hence, in any of these cases it holds that

> IH@ere =o (Vo).

{rwr(r)=1}

Thus,
’v? (f) oy —oFT(g v1’—0 nAn) .

We now need to bound v? T (g)v;. Let (X;)ien be a stationary random process with spectral
density g. Then

vI T (g)v; = Var Z X: | =nAn(g(0) + 0(1)),
{t:vr(t)=1}
as n — 0o, where the last equality is due to Theorem 18.2.1 of Ibragimov and Linnik [36], see
Section 5.3 of the Appendix for the precise statement of the theorem. (Note that g is continuous
at 0 and g(0) > 0.) Thus,
v T(f) " or = na(g(0) + o(1)).
Finally, by Theorem 2.11 of Bottcher and Grudsky [7], we have

Gn(I) = vi 3 or = v T(f) " or + 07 [T(f)™" = T(9)] 01 + vf Duvr,
where ||D,|| — 0, as n — oo, and ¢y arises from v; through the transformation

’l~}] = (U[(’I’L), ce ,’U](l),o,o, .. ) .

As above, we have
07 [T(F)™ = T(9)] or| = 0 (n)n),
and clearly, by Cauchy-Schwarz,

v Duor| < or|?[[Dall = 0 (nAn) .-
This concludes the proof.
O
Remaining proofs
1 . 17,5: Y
Proof of Theorem 2. Note that for any 1 < k < [\ *], under Hy, the random variables k\/ﬁ

with 65 as in (2.5) are identically distributed (dependent) standard Gaussian. Note that &, =
&y, (I;) with our former notation. The union bound and the elementary tail inequality P [|Z| > z] <
2e=2°/2 for Z ~ N(0,1), yield

a(®d) =Py [T,,(Y) > Can]

< MY P 17,2, Y]
= n sup o|l——F—> Coz,n
1<k<[AR') VOk

2
— D UPZ] > can] < 200 exp (%”) <a.

This proves & (®2) < o for all n € N.

Concerning the type II error, note that, under Hi, i.e. if ¥ ~ AN (8,15,,%,) for some k €
{1,...,[A\; 1]}, we have for all local test statistics on the right-hand side of (2.4) that

17 Sy X B et |
TwTn T N (22 ST ) =1, A
VOm VOom
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Plugging in (2.6) and (2.8), it follows that the type II error satisfies

B, %, Ay An) = sup sup P, 1 [@5(Y) = 0]
1<k<[An ] [0n]=A0

5,1, 35,11
= sup sup P sup L + nolen Sl | o Can
1Kk<S[ AR 6nl2An  [1<m< A VIm

< sup sup ]PHZk—i—(S \ & ‘<Can:|
1<k< [ ARt 10n|>Ay

sup sup P [|6n|\/67— | Zk] < ca,n}

1<k< [ ARt 10n|>Ay

|Z| > A, inf \ O — Ca,n]

1<k (AL

IN

which proves the claim. O
Proof of Corollary 8 . The claim follows directly from Theorem 2 and the standard Gaussian tail

bound P [|Z| > z] < 2¢=*"/2 via

|Z] > A, inf 6k —can

1<k< ALY

=P [\Z\ > (1+ )/ —2log Ay, — /—2log(\n) + 2log<2a—1>]

<P {\Z\ > e/ —2log A\, — /2 log(2a—1)}

<exp (—; (en\/—2log An — /2 1og(2a—1))2>

<exp <—; ( 210g(a—1))2> .

6.3 Proofs for Section 3

Proof of Theorem 4. Tt is well-known (see, for example, [63], Sections 3.3-3.4), that the autoco-
variance function v of an ARMA process is exponentially decaying, i.e.

1S (i, )] = (i = 5)] < Cem"1=d1,
for some C > 0, some k > 0 and all 1 < 4,j < n. Thus, Assumption 2 is satisfied, and Theorem 4
follows immediately from Theorem 1. O
Properties of the precision matrix of an AR(p) process

Let Z; be a stationary AR(p) process defined in (3.5) and ¥, be the covariance matrix of n
consecutive realizations of Z;. Then the precision matrix ¥,;1 = (X,1(4,5)), i, = 1,...,nis a
n X n symmetric 2p + 1-diagonal matrix with the upper-triangle elements given by (see [64])

i
> bebrj—i 1<i<j<p
i=0

pti—j

. i—i, 1<i<n—p, max(t,p+1)<j<i+
=40, 5) = tgo 1Pt p, max(i,p+1) < P (6.1)
n—j

Y Pibitj—i n—p+1<i<j>n

=0

0, i+p<j<n,i<n-—p.
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Note that ! is symmetric with respect to both the main diagonal and the antidiagonal, so that
S, ) =2, 1(G,0) and 216, 5) = S (n+ 1 —j,n+ 1 —4).

We can see from (6.1) that ¥, has two symmetric blocks L = (I;;) and R = (r;;) of size p with the
elements related as lj; = 7p41—ipr1—j = Sp ' (4,4), 4,5 = 1,...,p (red blocks in Fig. 6). The other
elements of ¥, ! are constant on the diagonals and are given by - 1(i,i +k) = Dy, i =p—k+1,
k=1,...,p (blue parts of the matrix in Fig. 6), where

p—k

Dy = Z¢t¢t+k, k=0,...,p.

t=0

R p

Figure 6: The matrix X! is symmetric 2p + 1-diagonal, the blocks L and R of size p are of size
p, the blue part is has the same values Dy on the diagonals. The white part consists of zeros.

We are interested in the diagonal block sums of X! over the blocks of size r. We suppose that
1 <r < |n/2] —p. The block sums of interest are

Spm =1L 511, .0 m=1,....n—r+1 (6.2)

rom<in

where 1, ,, € R" is the vector with entries

1, ¢=m,....m+r—1,

1,,,(1) =
(@) {0, otherwise

Note that the key quantities &) that appear in the lower and upper bounds of testing (5.3) and
(2.8) are related to (6.2) as follows,

Ok = Slnx,) (b= nlna, 415 k=1 AT

Lemma 18. Suppose that1 < r < n—2p and thatn > 3p. The quantities Sy, m=1,...,n—r+1
can be calculated directly using the following recursive formulas.

1. The first block sum is given by

2

r j—1
Z (]Z: (bt) ) 1 S r S D,
Sa=4700 0 0 N (6.3)
21(2 @) F(r—p) (m) p<r<n—p
= -

t=0



Section 6. Supplementary material and additional proofs 45

2. If r <p, then

r—1 2
<Z¢t+i> ; 1<m<p+1-r
e
<Z¢t+i> ; p+l-r<m<p
t=0
Sr,m+1:Sr,m+ 07 p‘f'lfmgn—p_r (64)
2
r—1
—< > ¢n—i—t>7 n—p—r+1<m<n-p
t=n—1i1—
r—1 ' 2
<Z¢n—z‘—t> ) n—p<m<n-—r
t=0

3. If p<r<mn-—2p, then

. 2
p—1i
<Z¢t+i> ; 1<m<p
=0

ST,m+1 = S’r,m + 07 p+ 1 < m <n-— p—r (65)

2
r—1
—< Z ¢n—i—t> , n—p—r+1<m<n-—r.

t=n—i—p

The proof of the lemma is omitted. It follows from simple algebra and the relation
P P p p—k P 2
Do+2) Dp=Y &7 +2) > idrsn = <Z¢t> ~
k=1 t=0 k=1 t=0 t=0
Using the result of Lemma 18, we can calculate the constants &y.

Proof of Lemma 5. According to definition 6.2, the quantities &3 can be written as

Gk = Slarn ,(h=1) nan 41, k=1, A1

Note that it follows immediately from Lemma 18 that for any fixed 1 < r < n—2p the function S, ,,

m=1,...,n—r+1is monotone increasing for m < p+ 1, constant for p+1<m<n—p—r+1
and decreasing for m > n —p — r + 1. Moreover, this function is symmetric in a sense that
Srm = Srn—r—m+2, m=1,...,n —r + 1. Therefore, it follows that
inf o= min S (k=D lnx 141 = Sina. 11

1<k< AR 1cke gy AR end:

and
SUp o = max  Sina, | (k-1)[nde]+1 = Slndnp+1-
1<k<|AL Y 1<k<[An

Note that the condition |nA,| < n—2p will guarantee that the maximum is attained at the interval
where the function S is constant (for some k that satisfies p+1 < (k—1)[nA,|+1 <n—p—r+1)
and, consequently, will be equal to S|nx, | p+1-

We obtain the statement of the lemma applying the recursive formulas of Lemma 18. O
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Abstract

We investigate minimax testing for detecting local signals or linear combinations of such signals
when only indirect data is available. Naturally, in the presence of noise, signals that are too small
cannot be reliably detected. In a Gaussian white noise model, we discuss upper and lower bounds
for the minimal size of the signal such that testing with small error probabilities is possible. In
certain situations we are able to characterize the asymptotic minimax detection boundary. Our
results are applied to inverse problems such as numerical differentiation, deconvolution and the
inversion of the Radon transform.

Keywords: Hypothesis testing, minimax signal detection, statistical inverse problems.
AMS classification numbers: 62F03, 65J22, 65T60, 60G15.

1 Introduction

In many practical applications one aims to infer on properties of a quantity which is not directly
observable. As a guiding example, consider computerized tomography (CT), where the interior
(more precisely the tissue density) of the human body is imaged via the absorption of X-rays along
straight lines. Mathematically, the relation between the available measurements Y (absorption
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along lines, the so-called sinogram) and the unknown quantity of interest f (the tissue density) is
described by the Radon transform, which is an integral operator to be described in more detail
later (cf. Figure 1 for illustration). Potential further applications include astronomical image
processing, magnetic resonance imaging, non-destructive testing and super-resolution microscopy,
to mention a few. Typically, the measurements are either of random nature themselves (as e.g.
in positron emission tomography (PET, see [70]), magnetic resonance imaging (MRI, see [46]) or
super-resolution microscopy (see [54])) and/or additionally corrupted by measurement noise. This
motivates us to consider the inverse Gaussian white noise model

Y, = Af + o€ (1.1)

with a (known) bounded linear operator A : X — ) mapping between (real or complex) Hilbert
spaces X and ), noise level ¢ > 0 and a Gaussian white noise £ on Y (details will be given in
section 2).

A major effort of research is devoted to the development and analysis of estimation and recovery
methods of the signal f from the measurements Y, (see Section 1.2 for some references). However,
when f is expected to be very close to some reference fy, by which we mean that either f = fy or
f deviates from fy by only a few localized components (anomalies), then instead of full recovery of
f, one might be more interested in testing whether f = fy or not. This is especially relevant, since,
when the signal-to-noise level is too small for full recovery, then testing may still be informative
as it is well-known to be a simpler task (see e.g. [61] and the references therein). Although of
practical importance, testing in model (1.1) is a much less investigated endeavor than estimation
and a full theoretical understanding has not been achieved yet. Hence, in this paper, we are
interested in analyzing such testing methodology for inferring on f based on the available data Y.
Note that, due to the linearity of the model (1.1), we can w.l.o.g. assume that fo = 0. Thus, we
suppose that either f = 0 (no anomaly is present) or f = du (an anomaly given by du is present),
where u € F, for some (finite) class F, C X of non-zero functions, that are — in some sense —
normalized, and the constant factor ¢ describes its orientation, and — more importantly — how
“large” or “pronounced” the signal f is. We consider the family of testing problems

Hyo:f=0 against Hy,: f = du for some u € F, and |d| > uo, (1.2)

where (f15)s>0 is a family of non-negative real numbers. This can be viewed as the problem of
detecting an anomaly from the set {0u : u € Fy,|d| > po}-

We suppose that the family of classes (Fy)s>0 is chosen in advance. This choice is crucial for the
analysis of the problem and it depends solely on the specific application: For CT we might think
of small inclusions such as tumors, cf. Figure 1, where certain wavelets are used as mathematical
representation. If no a priori knowledge about potential anomalies is known, it is natural to start
by considering dictionaries (ug)xer with good expressibility in X, e.g. frames or wavelets, and
set Fo = {uy : k € I,} for subsets I, of I. The particular choices that we analyze in this paper
will be built from such dictionaries, see also [21] and [34] for recent references in the context of
estimation.

1.1 Aim of the paper

Given a family of classes (F,)s>0, our main objective will be to assess to what extent powerful
tests for the testing problem (1.2) exist. The answer will usually depend on the size of py: If u,
is large enough, then powerful tests exist, and if p, is too small, then no test has high power.
Hence, we aim to find a minimal family of thresholds (u})s>0, such that powerful detection at a
controlled error rate is still possible. Vice versa, such a minimal family would determine which
signals can not be detected reliably, even when they are present.

To this end, we extend the existing theory on minimax signals detection in inverse problems
focusing on localized signals and linear combinations of localized signals, which are common in
practice. This has, to the best of our knowledge, not been investigated yet. We present upper
bounds, lower bounds and asymptotics for the minimal values of pu, such that powerful tests for
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) Reference image (b) Sinogram of ( (c) Noisy sinogram of (a)

) Distorted Image e) Sinogram of (d (f) Noisy sinogram of (d)

Figure 1: Illustration of structured hypothesis testing in the CT example. To infer whether the
unknown signal deviates from a reference image, we use a test based on the noisy sinogram. In the
above example, when the distortion is assumed to be a linear combination of certain wavelets (cf.
Sections 3.2 and 4), then the results of Theorem 3.9 imply the existence of a test which is able to
distinguish the distorted (1d) from the undistorted image (1a) with type I and type II error both
at most 0.05, based on the measurements 1f.

testing problems given by (1.2) exist. They depend on the difficulty of the inverse problem induced
by the forward operator A, the cardinality of I, (denoted by |I,|) and the inner products between
the images Aug, k € I, of the potential anomalies. We stress that our results can be applied
to a variety of dictionaries (uy)ger, such as wavelets, whereas previous results were restricted to
dictionaries based on the SVD of the operator A. As one particular example, our results can
be applied to the situation where the dictionary (ug)ges is (a subset of) the famous Wavelet-
Vaguelette-decomposition (WVD, see [18]) or the Vaguelette-Wavelet-decomposition (VWD, see
[1]) of A.

Figure 1 serves as an illustrative example. If it is known a priori, that the anomaly which distorts
the reference image is a linear combination of a certain collection of wavelets (see the discussion
in Sections 3.2 and 4 for details), then our results suggest that the anomaly that is present in 1d
is large enough, such that there is a test which is able to distinguish the distorted (1d) from the
undistorted image (1a) with type I and type II error both at most 0.05, based on the measurements
1f (see Theorem 3.9). Note that our results are not restricted to wavelets. In fact, most of our
results are applicable under very mild conditions on the dictionary (uk)ker.

We stress that this paper does not constitute an exhaustive study of the subject. Rather, we aim
to provide some first analysis and discuss some illustrative examples.
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1.2 Connection to existing literature

As the literature on estimating f in model (1.1) is vast (see e.g. [22], [32], [6], [18], [1], [2], [72], [21]),
we confine ourselves to briefly reviewing the literature on (minimax) testing theory, the topic of
the present paper.

First of all, there is extensive literature about minimax signal detection for the direct problem, i.e.
when X = ) and A is the identity. We only mention the seminal works [38] and [40]. Usually, the
hypothesis “f = 0” is tested against alternatives of the form “f € F and ||f||x > po”, where F
is a certain class of functions, for example defined by certain smoothness conditions. The indirect
case where A is allowed to differ from the identity has e.g. been treated in [48], [39], [37], [53], [4].
Note, that our testing problem (1.2) has an alternative which is substantially different to testing
against a smoothness condition f € F with sufficiently large norm. Our approach is different, as
instead of e.g. smoothness constraints, expressed through F, we consider the alternative that f is
an element of a very specific set of candidate functions. We refer to [25] and [23], where systems
of scaled and translated rectangle functions (bumps) in a direct setting were considered.

Finally, we want to highlight [49] explicitly as they consider alternatives consisting of linear com-
binations of anomalies given in terms of the SVD of the operator A, which served as a point of
reference and inspiration to parts of this study.

1.3 Outline

We start by giving a detailed description about our model and some basic facts about testing and
minimax signal detection in section 2. Section 3 contains the main results: In section 3.1 we assume
that F, is a collection of frame elements, and in section 3.2 we assume that F, contains functions
in the linear span of a collection of frame elements. Both sections also include discussions about
conditions that frames need to satisfy for our results to be applicable. We present illustrative
simulation studies in section 4. All proofs are postponed to section 6.

2 Preliminaries

2.1 Detailed model assumptions

The model (1.1) has to be understood in a weak sense, i.e.
Y,(h) = (Af,h)y +0&(h), he. (2.1)
The error £ is a Gaussian white noise on X

(1) If X and Y are real Hilbert spaces, we suppose that ¢ : Y — L?(€2, P), for some some proba-
bility space (€2, A, P), is a linear mapping satisfying &(h) ~ N'(0, ||h]|3) and E (£(h)E(R')) =
(h,h')y for all h,h' € Y.

(2) If X and Y are complex Hilbert spaces, instead we suppose that £(h) ~ CN(0,2]|h[3,) and

E(¢(h)E(R)) = 2(h,h")y. Here X ~ CN(0,1) means that X is distributed according to the
standard complex normal distribution, i.e. X = X7 +iX5, where X1, Xo g N(0,1/2).

We will use the notation (Y5, h)y := Y, (h) for convenience.

2.2 Notation

For a complex number z, we denote its real and imaginary part by z and 3z, respectively.
For two families (a5 )s>0, (by)o>0 of non-negative real numbers we write a, 3 b, if limy 0 ay /by <

~

1, and we write a, 7 b, if limy,_9a,/by > 1. If lim, 0 a, /by = 1, we write a, < by, and if

~

limy 0 ay /by = ¢ < 00, we write a, ~ by, .
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2.3 Testing and distinguishability

In the above testing problem (1.2), we wish to test the hypothesis H, against the alternative
H; ,, which means making an educated guess (based on the data) about the correctness of the
hypothesis when compared to the alternative, while keeping the error of wrongly deciding against
Hjy under control. Tests are based on test statistics, i.e. measurable functions of the data Y,. We
suppose that any test statistics can be expressed in terms of the Gaussian sequence Yo = (Ys,i)ien
given by

Yoi = (Yo, €i)y = (Af,ei)y +0&, 1€N, (2.2)

where {e; : ¢ € N} is a basis of the Hilbert space ), and, consequently, &; bR N(0,1) (in the real

case) or &; S CN(0,1) (in the complex case) for i € N. In the following, we use the notation
Y, interchangeably for either the random process given by (2.1) or the random sequence given by
(2.2), since they are equivalent in terms of the data they provide.
A test for the testing problem (1.2) can now be viewed as a measurable function of the sequence
Yo given by

¢: K" — {0,1},

where K is either R or C. The test ¢ can be understood as a decision rule in the following sense:
If ¢(yo) = 0, the hypothesis is accepted. If ¢(y,) = 1, the hypothesis is rejected in favor of the
alternative.

If Hy is true, i.e. f =0, but ¢(y,) = 1, we call this a type I error (the hypothesis is rejected
although it is true). The probability to make a type I error is

ag(9) = Po((yo) = 1),

where Py denotes the distribution of y, given that Hj is true. Likewise, the alternative might be
true, but ¢(y,) = 0. We call this a type II error (the hypothesis is accepted although the alternative
is true). Let us, for simplicity, introduce the notation F,(py) = {0u : u € Fy,|d] > pis}. The type
IT error probability, given that a specific f € F, () is the true signal, is denoted as

Bo(9, f) :=Pr(d(ys) = 0), f € Folo),

where P; denotes the distribution of y, given that f is the true underlying signal. Since the
alternative is — in general — composite, i.e. does not only consist of only one element, the type
IT error probability will in general depend on the element f. For such composite alternatives we
consider the worst case error given by the maximum type II error probability over F,(u,) for our
analysis.

We say that the hypothesis Hy is asymptotically distinguishable (in the minimax sense) from the
family of alternatives (H; ,),>0 When there exist tests for the testing problems “Hy against H; ,”,
o > 0, that have both small type I and small maximum type II error probabilities. We define

Yo = 70(,“’17) = inf aa(¢) + sup ﬂo(d)v f) )
€D, fej:a(/‘c')

where @, is the set of all tests for the testing problem “H, against H;,”. In terms of v, we

say that Hy and H; , are distinguishable if v, — 0, as 0 — 0. If 7, — 1, we say that they are
indistinguishable. We refer to [39] for an in-depth treatment.

For prescribed families F,, we are interested in determining the smallest possible values ., such
that Hy and H; , are still asymptotically distinguishable, if possible. If a family (u})s>0 exists,
that satisfies

Voltto) =0 i pe Zpy, and (i) =1 i pe 3 g,

as 0 — 0, we call (13 ),>othe (asymptotic) minimaz detection boundary. We may say that (1% )s>0
separates detectable and undetectable signals.
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It is, however, not always possible to find such a sharp threshold. If the family (uf)y>0 only
satisfies the weaker conditions

Yolto) =0 if  po/py — 00, and (o) =1 if pg/p; — 0,

we call it the separation rate of the family of testing problems “H against H; ,”.

Remark: Although we are mostly interested in the asymptotics of the problem, we will also
state non-asymptotic results, which we deem interesting.

3 Results

Throughout the rest of the paper, we will assume that (ug)rer is a countable collection of functions
in X, and (I,),>0 is a family of finite subsets of I.

3.1 Alternatives given by finite collections of functions

We first suppose that F, consists of the appropriately normalized functions ug, k € I, i.e.
Fo = {||Auk||5,1uk 1k €l,}. As above, we write Fy (o) = {5||Auk||5;1uk ik €1,,16 > o}, so
that testing problem (1.2) can be written as

Hy: f=0 against Hy,:f € Folito). (3.1)

An upper bound for the detection boundary p

Any family of tests (¢, )0 for the family of testing problems (3.1) yields an upper bound for u.
It seems natural to choose maximum likelihood type tests as candidates, which are given by

(ba,a(yg) =1 { sup M

> ca o bl o > 0; 32
kel, Ol Augy ’ } (32)

for a given significance level a € (0, 1), and for appropriately chosen thresholds ¢, » (which depend
on whether the spaces X and ) are real or complex Hilbert spaces).

Theorem 3.1. Let N, = |I,| and assume that N, — oo, as o — 0. In addition, assume that

to 7 (1+e5)v/202log N,
where e, — 0 and e,/logN, — o0 as 0 — 0. Then v,(us) — 0 and thus, pi =< (1 +
€s)v/20%log N, .

The bound given in Theorem 3.1 does not depend on A and it depends on set of anomalies (ug)gers
and the family of candidate indices (I,)s>0 only through the cardinality N,. Thus, Theorem 3.1
has the advantage that it is (almost) always applicable, but it might be not very well suited for
specific applications. We will see examples, where the bound is essentially sharp, and an example,
where it is basically useless.

A lower bound for
Theorem 3.2. Let
Ni=sup{#S:5 CI,, R((Aug, Auy')y) <0 for any two distinct k, k' € S},
and assume that N} — co. In addition, assume that
po 3 (1—e5)1/20%log N, (3.3)

where (€5)o>0 18 a family of positive real numbers such that e, — 0 and £,4/log N¥ — oo as
o — 0. Then v, (o) = 1 and thus, pt 7 (1 —e5)/202log N.
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This theorem can be proven by using Proposition 4.10 and Lemma 7.2 of [40]. However, we will
provide a self-contained and simple proof employing a weak law of large numbers for dependent
random variables in section 6.

Theorem 3.2 implies that the number N} of negatively correlated image elements Auy is the
relevant quantity which determines the difficulty of testing (1.2). The actual cardinalty N, plays
no role in the lower bound (3.3).

The detection boundary

As a consequence, we are now in position to describe the asymptotic detection boundary precisely
in several situations. First, a combination of the previous theorems yields the following;:

Corollary 3.3. Assume that N, = |I,| — oo, and let

M, = sup #{k' € I, : R((Aug, Auys)y) > 0},
kel,

and assume that My N> — 0 for a family (¢5)o>0 that satisfies e, — 0 and e5+/log Ny — 00 as

o — 0. Then u’ =< /20%log N,.

In particular, Corollary 3.3 yields the asymptotic detection boundary, when (Auy)rer, is orthogo-
nal. Note that the assumptions of Corollary 3.3 are satisfied when M, is constant as ¢ — 0. This
has several applications, as we will see e.g. in Section 3.1.

Assume now that the operator A : X — ) is compact and has a singular value decomposition
given by orthonormal systems (¢;);en and (7;)ieny in X and ), respectively, and singular values

(8i)ien-

Corollary 3.4. Let I =N and up = (. and ar, = 1/sy for k € N, and let (I5),>0 be any family
of finite subsets of I, such that N, = |I,| = 00, as 0 — 0. Then pk =< \/202log N,.

Remark: The detection thresholds for the SVD are clearly very easy to find, and could be
deduced from other known results (see [39] for example). We include it here, since, as far as we
know, it has not been stated explicitly before.

Frame decompositions

We have seen that sharp detection thresholds for the SVD can easily be found, but this does
(usually) not cover the situation when we are interested in local anomalies. We will thus focus on
other options for anomaly systems, particularly frames, for which be briefly introduce the most
important notation. Let H be a separable Hilbert space, and let I be a countable index set. A
sequence (eg)ge; C H is called a frame of H if there exist constants Cy,Ce > 0, such that for any
heH
CllplZ, < 3 s ex)ul? < Callhll.
kel

Since frames not have to be orthonormal, they provide great flexibility. Theorems 3.2 and 3.1
clearly apply to testing (1.2) with ug = ey, however, the fact that (ug)kes constitutes a frame is,
on its own, not enough to guarantee that we obtain a sharp detection boundary from Corollary
3.3.

In the following we show how frames (uy)rer can be constructed, for which Corollary 3.3 can be
applied. The idea is as follows: Since the bounds for the detection threshold mostly depend on
properties of the images Auy in Y, we will simply start by defining a frame (vg)ges in Y that will
guarantee that the needed properties are satisfied, and then construct the corresponding frame
(uk)ker in X, such that the pair (uk)ker, (Vk)ker is a decomposition of the operator A, and such
that the assumptions of Corollary 3.3 are satisfied for any family of subsets (I,)y>0-
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Assumption 3.5. (i) There is a dense subspace Y C Y with inner product (- -)5, and norm
| lly, and constants c1,c2 > 0, such that

allzllx < [[Azlly < coflzx, (34)
forallx € X.

(i) There is a frame (vp)rer of YV and a sequence (A\g)ger of real numbers with oy, # 0, and
constants a1, as > 0, such that

allyl < 3" XUy vyl < aallyl?,
kel

forallye .

Assumption 3.5 implies that A as an operator from X to ran(A4) C Y is invertible. Now let (vj)xer
be a frame of ran(A) as in (ii). We apply the Gram-Schmidt procedure with respect to the inner
product (-,-)y to (vx)ker. This results in a sequence (v} )xer, which is a frame in ran(A) and which
is orthogonal with respect to (-,-)y. Now we define

up = /\kA_lv,’;,

for k € I. The system (uy)rer clearly yields sharp detection thresholds, as for any subset I, C I
it holds that N, = N} by construction. Furthermore, it is a frame in X, since for x € &

D M)l =Y NNAT) T a,vi)pl? ~ (A7)l
kel kel

and

1A 155, e llzlla < (A7) ally < 1A o x 12l

As a consequence we obtain the following.

YoXx

Theorem 3.6. Suppose that Assumption (3.5) is satisfied. Then for any frame (ug)ker of X,
constructed as above, and for any family of subsets of indices (Iy)s>o with Ny := |I,| — 00 as

o — 0, we have pk =< /202log N,.

Examples

We discuss several commonly used operators and present a few typical examples of collections
(uk)ker, for which the above theorems may or may not apply.

Integration

Let X =Y = L?(R) and let A: X — Y be the linear Fredholm integral operator given by

:/w ft)dt, ze€R,

for f € X. Suppose that 1 is a (mother) wavelet in L?(R), that satisfies [, ¥(x)dz = 0, and for
which the collection (¥} 1), rez given by

Pia(x) =272 — 1)

forms an orthogonal frame of L?(R). For an in-depth treatment of wavelet theory, we refer to [52]
r [16].

Let us suppose that the system of possible anomalies is given by this wavelet system, i.e. we

consider {u; : (4,1) € I = Z?} with uj ;) = ;. Assume further that ¢ is compactly supported
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with support size L, which implies that for any pair of indices (4,!) the number of indices &', such
that suppu;;) Nsuppu,y # 0 is at most L.

Since, in practical applications, we would not expect to be able to obtain observations on the
whole plane R?, we suppose that an anomaly, if one exists, must lie within some compact subset
of R? e.g. the unit interval [0,1]. For some family of integers (j,),~0 that satisfies j, — oo as
o — 0 we define the family (I,),>¢ of “candidate” indices by

I, = {(jaal) P SuUpp Uy, 1) C [07 H} (35)

Note that N, =< 27-. Since supp Af C supp f, it follows that for any [, the number of indices
I' such that supp Au;; Nsupp Aujr # 0 is bounded by L. Thus, the number of indices I’ such
that (Au;;, Auji)y > 0 is also bounded by L. This means that N3 > N,/L and M, = L.
Consequently, the conditions of Theorem 3.3 are satisfied, and it follows that, in this case, p} =<

v/202log N,.

Periodic convolution

Let h : R — C be a 1l-periodic and bounded function, and let A be the integral operator A :
L2([0, 1)) — L2([0,1]) given by

(Af)(z) = /0 hu—2)f(w)du, =€ 0,1]. (3.6)

The system (e, )rez, where eg(z) = e~ is a Hilbert basis of L2([0, 1]), which consists of singular
functions of A, since A*Aej, = |h(k)|?ex. Thus, Corollary 3.4 yields the detection threshold for
the detection of anomalies given by uy = ey.

Let us now try to come up with another system of possible anomalies. For the sake of simplicity,
let us, from now on, only consider spaces of real-valued functions, i.e. let X =Y = L?([0,1],R).
Motivated by the previous example, let {1;; : j,l € Z} be a system of compactly supported
wavelets with one vanishing moment (i.e. [, 21);(2)dz = 0) forming an orthonormal frame of

L?(R). We define periodic wavelets w](f;er) =3,z ¥ju(-+2z) for 1 =0,...,27 — 1. The system
(usn)Gner given by gy = wj(f)l”) for I = UjeZ{j} x {0,...,27 — 1} then forms an orthonormal
frame of L?([0,1]). If the function h is suffieciently smooth, this constitutes a setting in which,

for certain choices of I,, Theorem 3.2 cannot be applied and the upper bound from Theorem 3.1
is basically useless, as can be seen in the following lemma.

Lemma 3.7. Suppose that h : R — R is a 1-periodic, symmetric and continuously differentiable
function, and suppose that its derivative h' is Lipschitz. Let X =Y = L?([0,1],R) and let A be
the convolution operator defined by (3.6). Let I = J;cz{i} x {0,.. .27 — 1} C R? and define

U = wj(-f'ler) as above for any (j,1) € 1. Let (jo)o>0 be a family of integers that satisfies j, — 00

as 0 — 0 and set
Io':{(jo-,l):lzo"..72ja_1}.

for o >0. Then v, — 0 if iy /o — oo.

Intuitively, this is explained as follows. When scaled properly, the convolution of a smooth function
h with a wavelet with one vanishing moment on a small scale (i.e. when j, is large) approximates
the derivative of h, but shifted according to the shift parameter of the wavelet (cf. equation (6.15)
of [52]). This means that, although the support of u;, ;) gets smaller when o — 0, the same
is not true for Aug;, ;). In fact, it turns out, that two possible signals Au(jml)HAu(jml)||3_,1 and
Au(jml/)HAu(jml/ﬂBl will be very close (w.r.t. || -|ly) when [ and I’ are close, and hence a test
which scans over way less k than in I, performs comparably well as (3.2).
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Radon transform

Let us finally discuss the example of computerized tomography already mentioned in the intro-
duction. Here, we restrict ourselves to spatial dimension 2, in order to ease readability. We stress,
however, that all subsequent results can be extended to any dimensions. Mathematically, this is
modeled by the integral operator R : L?(B) — L?(Z, (1 —t?)~1/2), where B = {x € R? : |z| < 1}
and Z = [—1,1] x [0,27), given by

(Rf)(t,0) = / f(tcosf + ssinf, tcosf — ssinf)ds,
R

known as the Radon transform. The singular system of R is analytically known (see [55]). Let
I={(k,l):keNo, |l| <k, k+1even}. We define functions u € L*(B), (k,1) € I by

Uk () = eil(’prl”P,gO’llD(QrQ —1), x=(rcosp,rsinp) € B,

where P,go’lll) are the Jacobi polynomials uniquely determined by the equations fol t! P,gO’M)P,S)’l”) =
Ok,k'- The system (u(x 1)) (k,1yer is an orthonormal basis of L?(B) and, together with the appropriate
basis (v(x,1)) (k,1yer and constants (A1) (x,1)er forms the SVD of the Radon transform R : L*(B) —
L2(Z,(1—#%)71/2). Thus, Corollary 3.4 yields the detection thresholds for the system (u(z 1)) (x.1)er-
However, the discussion in Section 3.1 gives rise to another option to choose systems of anomalies
that attain the same detection boundaries. For n € N we define the usual Sobolev space

HR") = {f € L*(R") : || f|| g mny < 00},
where Hf||fqa(Rn) = [ (14 |w])2)®| f(w)[>dw, and set (in the notation of [55])
HS (B°) == {f € HY(R") : supp f C B}.
In addition, let
H*(R x [0,27)) := {f € L*(R x [0,27)) : || f]| sre(Rx [0,20)) < 0}
where .
e axtozmy = [ 17CO o

The Radon transform is an operator from H§(B°) to H*(R x [0, 27)) that satisfies (see Theorem
5.1 of [55])

Cill fllag oy < IRf o ®x(o,.20)) < C2ll fll g 550)

for any f € H§(B°). Thus, Theorem 3.6 can be applied. The range of R in H*(R x [0, 2m))
is ran(R) = {f € H*(R x [0,27)) : supp f C (—1,1) x [0,27)}. Thus, any orthonormal frame
(v )ker of ran(R) gives rise to a frame (ux)ger of X = H§(B°) with sharp detection boundaries
given by Theorem 3.6.

3.2 Alternatives given by the linear span of collections of anomalies

Assume now that possibles anomalies might be linear combinations of the uy, k € I,. For the
upcoming analysis it is necessary to assume that the u satisfy the following.

Assumption 3.8. There is a collection (vi)rer of functions in Y, and a sequence (Ag)ger of
non-zero complex numbers, such that for any f € X it holds that

(Af,v)y = Me(f,up) x-
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Assumption 3.8 guarantees that we can present our results in terms of the uy. Clearly, it is
satisfied, when uy € ran(A*) for all k € I. In addition, if we were to assume that the collections
(uk)rer and (vk)ker have some kind of useful structure (we may for example assume that they
constitute frames of X’ and Y, respectively, as we did in Subsection 3.1), then the sequence (Ag)gers
from Assumption 3.8 takes the role of what might be called quasi-singular values.
In this section, we suppose that F, consists of functions in the linear span of the functions uy,
k € I, namely F, = F£ = {f € span{uy, : k € I} : >oker, Melfyun)x]? = 1}. Thus, testing
problem 1.2 becomes

Hy: f=0 against Hy,:f€FE(v,), (3.7)

where

Fl,) = {f € span{uy : k € I} : Z e (f, up) e |* > 1/3,}

kel

for some family of positive real numbers (V4 )s>0 (we use the notation v, instead of p, to avoid
confusion with the results from the previous section).

Nonasymptotic results

For a subset J C I, we define the matrix =5 by (Z))kr = (vk, vir)y, k, k' € J, and the matrix
Ej by (Ep)kw = (O, Ux)y, k, k' € J, where

Vg 1= )\lzlAuk,

for k € I. We denote the Frobenius norm of a matrix M by || M| .
The next theorem (the non-asymptotic upper bound for the detection threshold) can not be given
in terms of the minimax sum of errors ~,. Instead we define

’YU,@(VU) = inf ao(¢) + sup Ba(¢a f) s
$€Po,a FEFE(vs)

where ®,  is the set of all level a tests for the testing problem “Hy vs H; ,”. In other words, we
consider the minimax sum of errors when only level «a tests are allowed.

Theorem 3.9. Suppose that Assumption 3.8 holds. Assume that the family of subsets (I5)s>0
is such that the matrices 2y are positive definite for all o > 0. Then, for any a € (0,1) and
§ € (o, 1), we have 5.0 (Vs) <0 if

Ve > edo(8)or/ |2, || F,
1/2
where do(8) = y/log 5= + (logﬁ + \/QIOgﬁ + \/QIOgé) , and € is given by € = 1 if

X and Y are real Hilbert spaces and € = /2 if X and Y are complex Hilbert spaces.

It is now obvious why it is necessary to allow only tests at a prescribed level «. Making « arbitrarily
small would require the detection threshold to become arbitrarily large in order to keep the type
IT error small.

Contrary to the upper bound, the non-asymptotic lower bound for the detection threshold can be
stated in terms of ~,.

Theorem 3.10. Suppose that Assumption 3.8 holds, and assume that the family of subsets (Is)o>0
is such that the matrices =, are positive definite for all o > 0. Then, for any § € (0,1), we have

YolVe) 2 8 if
ve < c(8)ay/IIE7) |Ir,

where ¢(8) = (log(1 + (2 — 26)2))1/4.
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Remark 1: The assumption that =7, and é107 respectively, are positive definite (and conse-
quently invertible, since they are Hermitian) is a technical necessity. However, it is also intuitively
justified, because it prevents certain “unreasonable” choices of I, (for example any subset I, such
that (ug)gers, is linearly dependent).

Remark 2: Note that it can be easily seen that, if we consider the set

{f espanfur ik € I} Y [(fru)x|* > Vg}:

kel,

instead of FZ(v,), then we would obtain the same bounds as above with Z;  replaced by the
matrix Az, which is given by (Az, )rr = (AeAw )~ (g, vy, and Z;, replaced by the matrix
Az, given by (Ar ) = (Aug, Aug)y Tt follows, that our results are compatible with the results
obtained in [49], where the above testing problem was considered when the system (ug, vg, Ak )ker
is given by the SVD of A.

Asymptotic results
The asymptotic results for this section can now be easily deduced from the previous theorems.
Corollary 3.11. Suppose that the assumptions of Theorems 3.9 and 3.10 hold.

(1) Hy and Hy , are asymptotically distinguishable if

Vo
o/ ZEL lIF

(2) Hy and Hi , are asymptotically indistinguishable if

— Q.

Vo
a\JIE I

Until now, we have allowed the uj to just be any functions we might be interested in detecting.
However, we are able to refine our results when we assume that (vg)rer and (O )ker are “well-
behaved”. We call a sequence of functions (h;);cn from some Hilbert space H a Riesz sequence, if
there exist constants C7,Cs > 0 such that

vy lail® <11 ashilliy < C2 ) lail,

€N i€EN i€N

— 0.

for any sequence (a;)ien € £2. Two sequences (h;);eny and (h});en are called biorthogonal if
(his hy)w = 03,

where d; ; is the Kronecker symbol.

Assumption 3.12. The collections (vi)ker and (0f)rer are biorthogonal Riesz sequences.

We acknowledge that Assumption 3.12 is restrictive. We will discuss non-trivial situations in which
it is satisfied below. We collect the implications of Assumption 3.12 in the following lemma.

Lemma 3.13. Suppose that Assumptions 3.8 and 3.12 hold, and let (I,),>0 be an arbitrary family
of subsets of I. Then the following statements hold.

(1) For any o > 0, the matrices Z;, and 25, are positive definite.

(2) There are constants c1,co > 0 such that c1||Zr, ||r < HEI_O}HF < |EL || F-

(3) 12 lF ~ N2 (and consequently, also Hél_:HF ~ N;/Q), as o — 0, where N, = |I,|.

Thus, if all conditions of Lemma 3.13 are satisfied, it follows from Corollary 3.11 that the separation

is given by v ~ o N2/*.

”

rate of the family of testing problems “H, against H; .
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Remark: Note that this result is not surprising. The separation rate corresponds to the rate (in
terms of the euclidean norm) of detecting an n-dimensional signal § € R™ \ {0} from observations
given by X =0 + 0Z, where Z ~ N(0,id,,). Furthermore, it has been shown previously (cf. [49])
that the same holds, when (uk, vg, A\x)ker constitute the SVD of the operator A. Thus, the above
results yield a generalization of the known theory.

Examples

It is clear that, when the system (ug, vk, Ax)rer is given by the SVD of the operator A: X — Y,
then all of the above theory can be applied. Since this was the subject of [49], we will omit a
discussion of this example here.

Examples based on the wavelet-vaguelette decomposition

Suppose that (ug)rer is a system of orthogonal wavelets in X. If chosen appropriately (for a
complete discussion, see [18]), it follows that for certain operators A : X — ) , there exist
non-zero numbers (A )ker, such that the systems (vg)rer and (0 )ger of functions in Y given by

A*vg = Agug, U = /\I;IAuk

form biorthogonal Riesz sequences in ) (see Theorem 2 of [18])). Clearly, Assumption 3.8 is
satisfied in this case.

We immediately see that this would yield nice examples of the theory developed in this section.
We will discuss a few situations, in which such a construction is possible, below.

Integration

Consider the setting of example 3.1, i.e. ug;;) = ¥, for (j,1) € I = 7?2 and for some wavelet .
Suppose that the wavelet v is continuously differentiable. In this case, the WVD is particularly
simple. Let

v (@) = =22 (2w = 1), B (e) = 22022 ),
with A(;;) = 277. Then it follows from [18] that the systems (v(;))ner and (9(;1))ner form
biorthogonal Riesz sequences in L?(R). Thus, we can apply Lemma 3.13 to obtain ||Z;, || p ~ N2,
and thus, v¥ ~ O'N;/ * for any family (I;),>0 of “candidate” indices.

Periodic Convolution

Let X = Y = L*(S'), where 8! is the unit circle. In other words we consider square-integrable
1-periodic functions on [0,1]. Let the operator A be given by (Af)(z) = fol h(z — u) f(u)du,
x € [0,1] for some 1-periodic function h. Let (uj k) x)ez> be a basis of periodic Meyer wavelets,
each with Fourier coefficients w; j m, m € Z, and let (I,),>0 be any family of finite subsets of
I =172 Let h,,, m € Z be the Fourier coefficients of h. It was shown in Appendix B of [43] that,
if by, = C|m|™¢, for some a > 0, the collections (vjx)(jk)ezz and (0jx)(j k)ez2 given by

Aj kWS kom B ,

_ J,kYgkm imax ~ _ mYjkm ima

vin(r) = e (e) = > e,
mez m mez 3.k

where the quasi-singular values are given by A;, = 277%C yield biorthogonal Riesz sequences.

Radon transform

We start by introducing two-dimensional wavelet systems. Let 1) be a (one-dimensional) wavelet
and ¢ its corresponding scaling function. We assume that they are of compact support and at
least two times continuously differentiable. Define the two-dimensional functions

n°(x) == @(z1)0(x2), 1'(x) = V(z1)p(x2), 7°(x) :=@(@1)P(22), 1° (@) = Y(21)h(22),
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where z = (x1,72) € R2. The function 7" is the two-dimensional scaling function, and the
functions 7, ¢ € {1,2,3}, are the two-dimensional wavelets. They are scaled and translated as
usual, i.e.

n5.(@) =2 Pz 1), jeZ leZ? £€{0,1,2,3}.

The collection of all translated and scaled wavelets (without the scaling functions, i.e. excluding
e = 0) is a Hilbert basis of L?(R?) (see for example Theorem 7.24 of [52]). Using the projection
theorem (see Theorem 1.1 of [55]), it was shown in [18] that for e € {1,2,3} and for f € L?*(R?)N
dom(R), we have

/Oﬂ/_oo (Rf)(t,H)Wdtdez S ) p(@)d

where w? . is defined through its Fourier transform w/j;(x) = %|x|n/§;(x) In other words,

(Rf, Rw$ 1) L2 (Rx[0,27)) = (575 1) L2(R2)- (3.8)

An in-homogeneous wavelet basis of L?(R) can be constructed as follows: For some jo € Z, we
consider the collection of functions

{nfx:keZ?bu{n, c€{1,2,3},k€Z?j>jo}.

Note that for any jo € Z, ko € Z? we can write

0 _ 5 15
Mjo.ko = Z Z Z Cjo,ko,5,k " k>

e€{1,2,3} keZ? —o00<j<jo

and thus, it follows from the linearity of all the above operations that the relation (3.8) is also
true for ¢ = 0 with w{, defined accordingly.

With practical applications (where it is an unreasonable assumption that observations on all of
the plane R? can be made) in mind, we assume that signals, if existent, lie within a compact
set, e.g. the unit ball B = {z € R? : ||z|]2 < 1}. We consider the Radon transform as an

operator R : X — Y, where X = L?(B), and Y = L?(Z) with Z = [-1,1] x [0,7). Note that,
contrary to the example in Section 3.1, the space ) is equipped with the norm || - ||y given by
£y = f_ |f t,0)|>dfdt. (Note that the operator R : X — ) is well-defined and bounded

since ||f\|L2(Z) <N fllp2(z,(1—t)-1/2y for any f e L*(Z).)
We devise a “wavelet-type” frame of L?(B) as follows. We choose jo large enough, such that the
area of supp(n?o,k) is small compared to the area of the unit ball B. Now let

I = {(jo, k,0) : supp(n;, x) NB# @} U{(j, k,e):j > jo, € € {1,2,3}, supp(n5,) NB# 2},

and finally, define u(; o) = 75 |5 for (j, k,€) € I. The collection (u(;k.c))(jk.e)er forms a frame
of L*(B), since, for any f € L?*(R?) supported in B, we have

(frugre) 2 = (f, 1, Gk L2(R2)-

Note that || Rw(; 1 [l 2®x[0,27)) ~ 27/2 (again, see [18]). Thus, if we let v(; ) = 2~ J/2Rw 0z,
we obtain

(Rf,v(jre))12(z) = 27 *(RY, Rw(; 1) L2 (Rx[0,27)) = 277 i/2 (finGip)rzme) =277 2 ugpe)) 28

for any f € L?(B) (which we extended to L?(R?) by setting f(x) = 0 whenever z ¢ B). Thus,
Assumption 3.8 is satisfied for the set (u(jx.e))(j,k,c)er With vk c) defined as above and A x, ) =
279/2,

It follows that Theorems 3.9 and 3.10 are applicable for the collection (u(j k. c))(jk,e)er and yield
non-asymptotic results for appropriate choices of I,. However, note that the wu(; .y are not
necessarily orthonormal.
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It follows from Lemma 4 (and the discussion leading up to it) of [18] that, if ) has at least
4 vanishing moments and is at least 4 times continuously differentiable, then the collections
(2*7'/2Rw§’k)jez7kezz7ge{1,273} and (2j/2ans‘,k)jez,kez2,ae{1,2,3} are Riesz sequences.

If we suppose that all subsets I, are chosen such that all 15 lie completely within B, i.e.
supp(n5 ;) C B for any (j,k,e) € I, for all o > 0, then Txe = 2j/2R77§7k, and it follows
from the same arguments as in the proof of Lemma 3.13 that

IE F > Cllu, ||p > C'/ Ny,

where Qp  is given by (Qr, )k = (2_3'/2Rw§7k, 2_j/2Rw§7k/>Lz(RX[0’277)). On the other hand, since
(vk)ker is a frame of L?([—1,1] x [0,7)), it follows (as in the proof of Lemma 3.13) that

IEL 1% < C” Z lvrllL2(=1,1x[0,7) < C” Z 127972 RS il 2@ jo,m) < C"' N
kel, kel,

Thus, v} ~ UNgl/4.

4 Simulation study

A note on discretization

For convenience, we will from now on assume that K = R. Assume that Y = L?*(D,R) for
some D C R? d € N. For a finite subset S C D, we define the evaluation function eg by
es :h — (h(s))ses. Now let Ag = eg o A. Clearly, Ag : X — R", where n = |5/, is a bounded
linear operator. We equip R™ with the inner product (-,-),, (and the corresponding norm || - ||,,)
given by (r,2')2 = VOlfLD) Y oses Tsy, for = (x4)ses, 2’ = (v})ses € R™, and thereby make R™
a Hilbert space. Here, vol(D) denotes the (d-dimensional) volume of D. Now suppose that we
observe data Y, g on R™ given by

n

YU,S :AS(f)+U VO](D)

3 (4.1)

where £ = (§5)ses ~ N(0,id,,). Since, for any z,2’ € R", we have

< VO172D>§,g:>n~/\/(0,|as||n) and E(< Vol?D)f,x>n< mf(mi,w’>n)<x,x’>n,

it follows that our results are valid for this discretized model. Note that asymptotic results still
refer to o becoming small (and not n becoming large). If S is chosen appropriately, (es(h), es(h'))x
can be viewed as an approximation of (h,h’)y for h,h’ € Y, and, consequently, the upper and
lower bounds derived from (4.1) can be viewed as an approximation of the upper and lower bounds
derived from the data (1.1).

Finally, note that testing “f = 0” against “f € F,(p,)” based on the data Y, , is equivalent to

: (43 Y 3 “ o 1 ” 3
testing “f = 07 against “f € F, (%(D)) based on X, g given by

vol(D
Xos = As(f) + oy 2P e
Integration
We consider the example from section 3.1, discretized as above with S = {% :i=0,...,n—1}

for n = 2'5. The wavelet system (t;x); ez consists of Daubechies (db6) wavelets. See Fig-
ure 2 for the results of the simulation study. Note that the displayed results are only approx-
imations in two senses: First, we used the test ¢, = (bfyf from (3.2), which may not nec-

essarily be the optimal test, and second, we approximate sup;cr, (s By (oML, F) by B3(6) =
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NS oer Bo(oME, (5HAukH§1uk), i.e. the mean type II error over all possible anomalies of min-
imal “amplitude”, since it is, in general, not clear, which k € I, will maximize the type II error.

Note that the proof of Theorem 3.1 yields a non-asymptotic upper bound for the detection thresh-
old: We have sup ez (5) Bo (08, f) < a when § > o(cao + 21-a), Where z1_q is the (1 — )-
quantile of the standard Gaussian distribution.

Next, we consider the example from section 3.2. Everything is as above, except for a few differences:
We consider alternatives given by linear combinations of (ug)gers, as in Section 3.2, we use the
test Po0 = (bz)za given by (6.2), and B%(d) is given by E, B, ( f}{j,af), where 7 is the uniform

distribution on FZ. The results of this study are displayed in Figure 3.

Radon transform

The setting for our simulation study for the Radon transform is inspired by the discussion in
Section 3.2. We consider the Radon transform as an operator

R: LZ(B%,R) — L? ([—;5 \H X [O,w),R) ,

where B% = {x ER?: |z|l2 < %} is the ball that contains the unit square [—1/2,1/2]2. Let
2
{n5,:7 € Z,1 € Z? ¢ € {1,2,3}} be the two-dimensional wavelet system (consisting of Daubechies

(db4) wavelets) from Section 3.2, define u;; .y = n5, for (4,1,€) € I with
I'={(j,1,e) - suppnj, C [~1/2,1/2*},

and let I, = {(jg, l,e) :suppn;, , € [-1/2, 1/2]2}, for family (jy)o>0 of natural numbers. We con-

sider discretized data of the form (4.1) with S = { (=1 + 12k, 5257) 141 =0,...,1023,iy = 0,...,359}.
As above, we use the test ¢y o = ?{2& given by (6.2), and S33(6) = Exf,(¢5'L, 6 f), where m is the
uniform distribution on FL. The results of this study are displayed in Figure 4.

The example in Figure 1 also comes from this setting: The parameters were j, = 5, ¢ = 15, and

0 = 264. By Theorem 3.9, the distorted image can be distinguished from the reference image with

type I and type II error both at most 0.05 by the test qﬁg‘fo.%.

0.95 —@— Estim. 95% thresh.

—W— Upper bound

58

56

Est. 1-B4(3)

54

52

L . . . . . .
0 Est. 95% thresh. 10 5 6 7 8 9 10
Signal strength parameter scale parameter o

Figure 2: Left: Estimation of 1—/%(¢) for § between 0 and 10, for j, = 6, 0 = 1 and o = 0.05. For
each value of §, 5000 tests have been performed. The results suggest that the power achieves 95%
for § ~ 5.3414. Right: Estimated values of ¢ for which the power achieves 95% for j, € {5,...,10}
and 0 = 1 compared with the upper bound derived from the proof of Theorem 3.1.
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0.95 —@— Estim. 95% thresh.

—&— Lower bound
—W¥— Upper bound

150

100

°l /
i . h
LB Est. 95% thresh. uB 80

Signal strength parameter 3 scale parameter jy

Est. 1-B4(3)

o
-
~
©
©
>

Figure 3: Left: Estimation of 1 — 8%(9) for ¢ between 0 and 80, for j, = 6, 0 =1 and a = 0.05,
compared with the upper bound (UB) from 3.9 and the lower bound (LB) from Theorem 3.10. For
each value of §, 5000 tests have been performed. The results suggest that the power achieves 95%
for § ~ 36.948. Right: Estimated values of ¢ for which the power achieves 95% for j, € {5,...,10}
and o = 1 compared with the upper bound from 3.9 and the lower bound from Theorem 3.10.

0.95 —@— Estim. 95% thresh.

30 | | —#— Lower bound
—W¥— Upper bound

25 |

Est. 1-B4(3)

L \ L . . .
LB Est. 95% thresh. uB 11 3 4 5
Signal strength parameter & scale parameter |,

Figure 4: Left: Estimation of 1 — 8%(9) for 6 between 0 and 11, for j, =3, 0 = 1 and a = 0.05,
compared with the upper bound (UB) from 3.9 and the lower bound (LB) from Theorem 3.10.
For each value of ¢, 5000 tests have been performed. The power achieves 95% for § ~ 5.5221.
Right: Estimated values of § for which the power achieves 95% for j, € {5,...,10} and o = 1
compared with the upper bound from 3.9 and the lower bound from Theorem 3.10.

These simulations seem to affirm our theoretical results. Note that the thresholds displayed in
Figure 2 are very large compared to the asymptotic detection boundary from Corollary 3.3. This
is due to the logarithmic growth of the detection boundary.

5 Discussion

In this paper, we have considered statistical hypothesis testing in inverse problems with localized
alternatives. This can be used to determine whether an unknown object that deviates from a
reference object, can be distinguished from that reference or not.

More precisely, we first considered alternatives given by finitely many elements (e.g. chosen from
a dictionary), and under additional restrictions on the structure of this system we were able to
derive the (asymptotic) detection boundary. Those results are illustrated along examples such as
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integration, convolution, and the Radon transform. Afterwards, we have moved to more complex
alternatives allowing for linear combinations of elements from the dictionary. In this case, we were
still able to derive the minimax separation rate even under weaker assumptions on the structure
of the system. This has been illustrated again for the above-mentioned and in simulations.

The results in this study offer several point of contact for further research. For practical purposes,
the design of more (computationally and statistically) efficient multiple tests is on demand, which
is beyond the scope of this paper. It would be interesting to see which methods can be used to
efficiently test a reference object against hypotheses which consist e.g. of wavelets on different
scales, which is a setting, for which the assumptions of Corollary 3.3 are not satisfied in general.
Another interesting question is the detection boundary in case of sparse alternatives (similar
to [49]), which we have not discussed here.
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6 Proofs

6.1 Proof for section 3.1

Proof of the upper bound

Proof of Theorem 3.1. We treat the two cases (whether X and ) are real or complex spaces)
separately.

X and )Y are real Hilbert spaces. Any test for the testing problem (1.2) yields an upper
bound for v,, and, thus, also an upper bound for p’. Our upper bound is based on a particularly
simple family of likelihood ratio type tests given by (3.2) with thresholds given by

No
Ca,o = \/2log —.
«@

We show that for any ¢ > 0 and any « € (0, 1), the test ¢, , has level a and its asymptotic type

IT error vanishes for the testing problem (1.2) if u, = (14¢,)4/202log N,. This would then imply
that 7, X a + o(1), which will immediately prove the theorem, since « was arbitrary.

~

Setting fi, = HAZ%’ we have

<Y0,Auk>y Hy <Y0,Auk>y =01k 5<Auk/,Auk)y
oo Qb)Y Hy £ 1) and Lo ZURDY S8 1
ol Aug|ly ol Aug|ly ol Aug ||y || Aug||y

Using the union bound and a concentration inequality for the normal distribution we find

|(Yo, Aug)y| )
P wolYs)=1)=P SUp ——————— > Ca o
o (Pa0 (yr) = 1) = Py (keg ol Auklly

2 «,0

1
< NGP(|Z| > ¢a,0) = Nyexp (—02 > =aq,
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for some Z ~ N(0,1). Thus, ¢ is indeed a level « test. Next, we show that the maximal type
IT error of ¢, vanishes. For some random variables Z, i BN N(0,1), k € 1, we find

Y. ,Auk/
sup sup Péfk (qsaﬁ(ya) = 0) = sup sup P5fk (sup M < Ca,o)
kel 16> 0 kel 16>, wer, OllAuplly

0(Auyr, A
< sup sup ]P’(sup (Za,k’-‘r (Aup:, Aug)y ) <Ca,a>
kely |6>p,  \K'EL ol Aup ||y || Auk ||y

5
< sup sup P (Zg,;C +-=< Ca,a)
kel 5124 o

—P(2+% <co,)
g

:IP(Z < /2log N, + v/2log(1/a) — (1+60)\/210gNr,> — 0,

since e,4/log N, — oc.

X and ) are complex Hilbert spaces. The idea of the proof is the same as above. We again
use is the test given by (3.2) with thresholds

[, N No
Ca,o = \/1+2 logj+2logj.

Setting fir = HAZ% as above, we have

(Yo, Aug)y Ho (Yo, Aug)y r=sf. ( 6(Auy, Aug)y )
Mo ZU)Y Ho opr(0,2) and 22UV I 6 2
o Aurly ©.2) ol Aurlly ol Au [y Aully

We first show that ®, is a level « test. For some Z ~ CA(0,1) we find, using the union bound,
that

Pty (0n.0(0) = 1) = P, ( sup 10 20

> ¢ SNP(22>C2).
S T Auxlly ) 2> o

Note that |Z|? = R(Z)? + 3(Z)? ~ x3. It follows from Lemma 1 of [50] that

/. Ny No No
NP <|Z|2 >142 loga+210ga> < N, exp (—loga) = .

Thus, ¢, is indeed a level o test. As above, we must now show that the maximal type II error of
$a,o vanishes. For some random variables Z,, j, S CN(0,2), k € I, and Z, ~ CN(0,2), we find

Y. ,Auk/
sup sup Py, (¢a,0(ys) =0) = sup sup Psy, <sup 1o, Auw )yl ca,o)
kel, |5|> 10 kel, |8]>po wer, ollAuply

(5<A'I.Lk/, Auk>y
[ Auge || y]| Augl]y

5|7 §
S sup sup P <’ZU,/€+U S Ci,a) = sup P (‘Z0+

Zo‘,k’ +
g

< sup sup P| sup
k€I, 6| >y k'el,

k€l |5|>p0 EE o
We have
51? 5 512 206 Nk
‘Zg+ = |Z|* + 2R (ZJ)+||2>|Z;+|2,
ag g g ag g
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for some Z! ~ N(0,1). Tt follows that

5| - [Ny Ny
sup P(‘ZU+ gcia>gp<“z’+ <1+2 log+210g>
181210 g ’ a a
) 1 1
<P|(Z < ilogNa—(l—Fso) §logNU+O(1) — 0,
since e,+/log N, — 0. O

Proof of the lower bound

We suppose that X and ) are complex Hilbert spaces. The proof for the real case is analogous.
In fact, the proof of Theorem 3.2 can in principle be derived from Proposition 4.10 and Lemma
7.2 from [40] with just a few adjustments.

Proof of Theorem 3.2. Let I be the largest subset of I, such that R({Auy, Aug/)y) < 0 for any
distinct k, k" € Ir. Recall that |I%| = N. Recall that

Yoi = (Yo, ei)y = (Af, ei)y + o0&,

where &; iy CN(0,2) for ¢ € N. This means that under Hy the random sequence

N 1 1 1 1
. (&e(ya,n, L3 (o) LR o2)s S (ga), )
g g g g

is a sequence of i.i.d. N(0,1)-distributed random variables. Any test statistic may be expressed
in terms of the Gaussian sequence y,. Hence, any test may be expressed as a function of y,.

Bayesian alternative. For k € I, we define fk , and let 7, be the prior distribution

HAu H
on the alternative set F,(p,) given by m, = 5= >4z« 07, The idea is to bound the maximal
type II error probability from below by the mean (in terms of 7,) type II error probability as
follows:

Yo = inf |as(¢)+ sup Bs(9, f)] > lenf Qg (&, fr)

€D, fe€Fo(po) 0' kel

We may say that it suffices to analyze the “simpler” testing problem
Hy:f=0 vs Hpo:f~m,,

in terms of its mean type II error, instead of (1.2) in the minimax sense. We have (cf. [40], chapter
2)

1

¢7fk :1—§E

dP;

E 1{,
i)

inf |as
ped,

where E dP L(g,) = N* D ke Ix d;l,f;“ (7). We see that, in order to show indistinguishability, it
suffices to show that
dP

By |E, —L
015 P,

E

(o) — 1‘ - 0. (6.1)

We denote the distribution of §, on RN under Hy by Py (this is of course the standard Gaussian
distribution on RY). The Cameron-Martin space corresponding to (RY,Py) is H = ¢2 with norm
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|l-112, = I|- |13 (see for example Example 4.1 of [51]). If f = fj, then g, has distribution Py, defined
by Py, (-) = Po(- — hy), where hj, € RY is given by
Uo Ho .
hgoj—1=———R{(A ; hgoj = ———S((4 ; eN.
k,2j—1 O'HAUI@”)} (< ukvej>y)7 k,2j O'HAUI@”))\S« uk76J>3})a J

It follows that
2 /’LQ A 2 Il'l/2
h = — g i ==-Z
H k”?—t ZEZN JZHAUk”g;K Uk, € >)}‘ o2
which also shows that h € H. Thus, by the Cameron-Martin theorem (see Theorem 5.1 of [51]),

dIP)fk ~ ~ 'LL2
o) — h iYo,i — —
P, (Jo) = exp (?ew kiloi = 573

2
Ho . ~ Ho Hy
= | Ty ]%N(%((Aukv €)¥)00,2j-1 + S((Auk, €5)y)¥0,25) — 292 = exp (Xok)

2 2
where X, ~ N (—”—" ”—") Note that the distribution of X, ; does not depend on k. However,

202 g2

the collection {X, . : k € I} is, in general, not independent. We have
dPy

"7 dPy

(V) = 2 3 p(Xo)

9 kelx

In order to show that (6.1) holds, we employ a weak law of large numbers, namely Theorem 3.2
from [71]. However, note that similar ideas have been used in [39].

A weak law of large numbers. Let (o,,)men be a sequence of positive real numbers, such
that o,,, N\, 0 as m — oo. Consider the triangular array of random variables {exp(X,,, 1) : m €
N,k € I; }. Note that

2
R )

Cov (exp(Xo,, k), exp(Xos,, k7)) = €Xp (
o | Aug|y [ Aug ||y

for any m and any two distinct k, k" € I} . Let (km)men be another sequence of real numbers

given by k,, = (N;m)(1+5°'m)(1*€°m)2. Then k,, — co as m — oo and

(N3, ) o = (NG, ) "5 #OEon) 0,

Om

It follows that

1 o Om 10g K,
— Y o lXp(X 4)) LXD(X ) > )] = F [N(0,1) < o 08 |
Om kel* m Om

om

1
S P [N(O? 1) S _60'm(1 + gam) 5 1ogN;nL] ’

which vanishes as m — oo, since £,+/2log N* — co. We can now employ Theorem 3.2 from [71],
which immediately yields that

dP;

By |E, L
015 P,

1
(Y,) — 1| =Eq N k; exp(Xo,, 1) — 1| = 0,

om

as m — 00.
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Remaining proofs
Proof of Corollary 3.3. For k € I, let
Sg(]i}) = {k/ el,: %((Auk,Auk/b;) > 0}

We construct a subset I’ of I, iteratively as follows. We choose ki € I, arbitrarily, then choose
ko € I, \ Sy (k1) arbitrarily, then choose k3 € I, \ (S, (k1)U S, (k2)) arbitrarily, and continue until
So(k1) U Sy(k2)U... =1,. Then set I, = {ki, ka2, ks,...}. Since, by assumption, |S,(k)| < M,
for any k € I,,, it follows that |I.| > N,/M, 7 N1*t¢s. Since the set I* can be constructed as

above, Theorem 3.2 yields
M:— i (1 - 50)\/ 1 +é&o V 21OgNo—-

Thus,
u*
1 o 2 + 3= c = 1 + o
and the claim follows. O

Proof of Corollary 3.4. Since A, = siny for all k, and the system (n)ren is orthonormal, this
follows immediately from Corollary 3.3. O

Proof of Lemma 3.7. Since, by assumption, u, /o — 0o, we can choose a family of positive integers
(ny)e>0, such that n, — 0o as o — 0 and

Bo _ 2logng, — o0.
For m € {0,...,n, — 1} let 4 _
We,m = 2]0/2¢ (230 ( — m/no)) )
and let w((f,’ﬁ:) = .czWom(-+2). For a € (0,1) consider the test ¢uo,o(Yo) = 1{To > ca,o} With

threshold co.» = 1/2log (n,/c) and test statistic

(Yo, AwliD)y|
T, = sup _—.
T ozmzno-1 ol|Awdi) |y

(per) ,
It is easy to see that ¢ is a level « test. Let f; = M:z’(%)” For [ € {0,...,2% — 1} we define
) Jot 1Y
m*(l) = argmin{|2797] — n'm|:m € {0,...,n, — 1}}. As in the previous proofs we find

(A, A )

Lo Josm* (1) /5
sup sup IEJ)5fz (¢a,o(ya) = 0) <P|Z< Cayo — — 1 (per) (per)
012/ —1 52 7 0st=2e U A Iyl Awg ) 1y

for some Z ~ N(0,1). It remains to show that

< AP 4y ®er) >y

Josl Jo.m* (1)

o<z£:f‘a—1 AqyPer) Aw®er)
sis [AY; " vl Aw Iy

o,m*(l

as o — 0. Note that, due to periodicity, for any [ € {0,...,2/%> —1} and m € {0,...,n, — 1},

1 1 2
JAGET 3 = | AwleD |2, = [|ApTD) |2 = / ( / h<u—x>w§fi§><u>du) da

_ /01 (/Z i — x)Zj”/Qw(Qj"u)du> .
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It follows from equation (6.15) of [52], that for any = € R,

lim 23j”/2/ h(u — z)297/%4) (297 u) du = O/ (),

o—0

for some constant C' > 0. Due to Theorem 6.2 of [52], there exist an integrable function 6, such
that 7%9(1‘) = t(x). Since ¥ has bounded support, # has bounded support as well. Thus, we
find by substituting and integrating by parts that

2330/2/ h(u — )27/ 2 (297 )du—23]”/2/ h(27 97y — 2)2797/2y (v) dv

= - / R'(2797 v — )6 (v) dv.
Since, by assumption, k' is Lipschitz and periodic, it follows that it is bounded. Thus, for any

r €R,
< C”/ 10 (v) |dv.

— 00

23j”/2/ h(u — x)2j"/21/1 (2j”u) du

It follows from the dominated convergence theorem that
2992 4¢Py — CIKlly

as 0 — co. We have

(per) (per) er) er
< Vo0 Awg (z)> \\A%f, wj(fm* wl3
1A6PT |y A0l 14w P13

We substitute twice, integrate by parts, use that A’ is Lipschitz and that ‘Z_jal —m* (l)n;1| < ﬁ,
for any k € I,, which follows immediately from the definition of m*(l), to obtain
(per ) (per)
4P (@) Al ) @)
o0

= ‘/ h(u — x)2j“/21/)(2j" (u—2791))du — / h(u — x)2j°'/2w(2j“ (u —m*(D)n;'))du

—00

‘/ h(2797 v+ 27771 —z) — h(27 v + m*()n; ' — z)] 2795 /24)(v)dv

= 27 30/2 / (279w +27971 —2) — W' (279 v+ m*()n; ' — )] O(v)dv
. ) —3j5/2
< 2—3]0/20// |2—]gl _ —1’ / \dv < 01117'
2n,

It follows that

(per) (per) -
e WS Aol e
A R 2 |4V P I}

since n, — oo and the denominator converges to a positive constant.

6.2 Proofs for section 3.2

Techniques used in the following proofs are inspired by [49]. Note that here we only consider the
case that X and ) are complex spaces. The proofs for the case that they are real is analogous.



70 Appendiz B. Minimax detection of localized signals in statistical inverse problems

Proof of the nonasymptotic upper bound

Proof of Theorem 8.9. Define the test

¢a,a(ya) =1 {Ta > tlfoz,a}a (6.2)

where T, :=T, ( o) = Y per, (Yo, vp)y|?, and t1_4 5 is the (1 — a)-quantile of T,, (which follows
a generahzed x?-distribution) under Hy. Thus, by its very definition, ¢, is a level o test. We
need to show that, if v, is large enough, for any f € FL(v,)

Py (T, <t ao) <d—a. (6.3)

We aim to show that asymptotically t1_q,0 < t5—a,0(f) whenever v, > V2do(6)o+/||Z1, ||, where
ts—a,0(f) denotes the § — o quantile of T, when f is the true underlying signal. First, we need to
discuss the distribution of T.

For f € FL(v,), the random vector ((Yy,vx)y)ker, is normally distributed with with mean vector
my = (M (f,ur)x )rer, and covariance matrix 202=Z;, . Since Z, is Hermitian and positive definite
by assumption, it can be decomposed as

— H
o5, = UO‘SO'UO' )

where U is unitary and S, is a diagonal matrix containing the (real and positive) eigenvalues

(sk)ker, of E,. It follows that the random vector ({Ys, vg)y)ker, can be written as \/ﬁaUgSi/QZg—i—
m, for some Z, ~ CN(0,idy,) and thus,

T, = (V20U,S%Z, + mo)® (V20U,SY?Z, + my)

= 202(ZU + (\60)715;1/2U5m0)HSU(Z0 + (\/50)715;1/2[]57”0)
2

1
= 9252 Z Sk | Lok — —=Mg k
kel, \/i
1 2 1 2
ot (st L))+ (32 Lot
o g Kk ( k) /2 ( k)) S(Zo k) \/ﬁ\f( &)
e R(1710,1))? + (Z{ — S(1710,))?]
kel,

where m, = 0*150_1/2Ufmg and Z', 72" L N(0,idy, ). In other words, T, is the sum of 2N,
weighted non-central chi-squared random variables. Note that

o? Z silmer)? = (S5 2UEm )2 S(S;V2Um, ) = mHm, = Z A (S, uk) x
kel, kel,

Upper bound for t;_,,. Under Hy we have that T, = o> > ker, Sk [(Z,'g)2 + (Z]’ﬂ')z}. It follows
from Lemma 1 from [50] that for any ¢ > 0

Py [ T, > 202 Z sk + 202 2t Z sito %t (sup sk> < exp(—t),
kel, kel, kel

and thus, setting ¢ = log(1/a), we have

tao < 202 Z sk +2v/2log(1/a)o? |2, || F + log(1/a)o? sup sy.

kel kel
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Lower bound for t5_, ,(f). We use Lemma 2 from [49], which yields that for any ¢ > 0

Py | Ty ET, —2v2t 04> s3+0% > siligxl? | < exp(—t).
kel, kel,

Setting t = log(1/(d — «)), it follows that

kel,

ti—ao(f) 2 BTy —24/2log(1/(6 — Oé))\/04|510 B+t slial?

>207 3 st > el w2 P=24/210g(1/ (6 — @) |0®IEL |p + oV IELIF, [ D> IAklfru) x|

kel kel kel

where we used that supyc; sk < /Y rer st = |20, || 7.

Comparing the bounds. It follows that t1_q ¢ < t5_q,0(f) is true when

> elfur) x* = 203/210g(1/(6 = a)VIEL IF, | D el f ur) 22

kel kel,

- (2\/2 log(1/(6 — ) +21/2 log(l/a)) 02|21, || F — log(1/a)o? sup s 0,

which holds when

1/2
1 1 1 1
2>v2 (/1 log ————— + /21 2log — VIEL 7
D (S ur)xl? > V2 0g5a+<0ga(5a)+\/ 0g5a+\/ Oga> oV IEL|F

kel

O

Proof of the non-asymptotic lower bound

Proof of Theorem 3.10. The matrix Z; given by (21, )k = (Ok, U}y is Hermitian and positive
definite, and thus, and we have the decompositions

T H =——1 T Q—177H
I, = UsS, o =I, = UaSg o

[1]2

where U, is unitary and S, is a diagonal matrix with real and positive entries (Sk)ker, on its
diagonal. The proof of the lower bound has the same core idea as the proof of Theorem 3.2:
We start by defining a prior distribution on the set FZ(v,). Let w = (w)rer, be a vector with
wy € {—1,1} for all k, and define

W= ;Z‘I U, S, w,
2%, lIr
and
fo =Y WA
kel,
Note that

Z |>‘k<fwauk>){|2 = I/Z,,

kel,
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and thus, indeed f,, € F£(v,). As in the proof of Theorem 3.2 we get the likelihood ratio

dP;, - 1 i i A fwll3
b () = exp ;Z (RO(A S €5)9)021 -1+ SUA S €)9)io 2] = = 5

Note that Afy, = Y,c; Wik, an thus,

2
P v G177 H= 7 &—
1ALl = D @i (on, )y = —=5—w" S, UFEL UsS; o = —— Z =
kel 125" (1% ||~ e

Let ) be the vector with entries v(J) (Uk, )y for k € I,. Then

= Vo T &—177H ~(j Vo G—177H ~(j
(Afw,ej)y = Z We Ok, €5)y = 71”10 STIUHGY) = Z W (Sg U, U(])>k,

1
kel, ”‘—‘I ”‘—‘I ”F kel,
and it follows that
~ ~ Vo'
D R(Afwr €)3) 021 + SUALw, €)9)02i] = —=—7— > WkZok,
e ”‘:I,, ”F kel,

where Zy = (Zo)rer,s With Zog = Y e {5}% (5;1055(j>)k Jooj1+S (S;lifff;(j))k ga,zj}, is
a normally distributed random vector with mean 0 and covariance matrix ¥ given by

= SR [(5000), (5570000

JEN
:Z% <Z (SGIﬁf)km<ﬁm,ej>y> (Z (Sglﬁf)lm, <@m/7€j>y>
JEN mel, ) it )
=R m;ﬂ(&flﬁf)lm (Sglﬁf)l’m, (Omrs Um)y :&e(ga—lﬁfgaﬁggtf_l)m _ %&c,z.

In other words, the random variables Z, ; are independent and Z,j ~ N(0,1/8) for k € I,.
Thus, under Hy, we have

dPy,

~ Vo Wy /
S fu () = ex e SR,
)= |- e 2] T e | e e

1
F ke, kel U||~1 13

where Z/ Y N(0,1) for k€ 1.

Now, assume that @y, k € I, are independent Rademacher variables (which means that P(iy, =
1) = P(wy = —1) = 1/2 for any k), that are also independent from ¢, and let w = (Wg)ker, be
the corresponding random vector. We denote by 7, the (finitely supported) distribution of the
random function f; on FZ(v,). As in the proof of Theorem 3.2 we have

1
=1--E
50

dP;

Er —
7 dPg

Yo = ¢i€n£ [aa(¢) + sup 50 (¢a f)

7 feFE(vo)

(Vo) - 1|,

Note that P P

f f o~
s i E o) = 13
- 4P, (Js) = Er, 0B, (Jo)

2 2
dPy , .
<Ep|Er — (7, -1,
) S 0< adﬂpo(y)>

EoE
and it follows that

dP;

E. 1
) -
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and thus,

We have

dPy V2 1 Vg
Er, == (Js) = exp + cosh | ——=Z——7,,|.
dPo 202|271 (13 Z H aVEIE F

kel, kel,
It follows that
4
(e

E (E Py ) I] cosh < I exp - o |2
0 | L, == XP | = =14 | = & == )
dP 02SkH 1HF o5l T oA=L

kel kel,

where we used that FEcosh?(tX) = exp(t?)cosh(t?) for any t € R and X ~ N(0,1) and that
cosh(t) < exp(t?/2) for any t € R. The claim follows immediately.
O

Remaining proofs

Proof of Corollary 3.11. The second part follows immediately from Theorem 3.10. For the first
part, note that v, (Vs) < V5.0 (V) for any a. Thus, the first part follows immediately from Theorem
3.9. O

Proof of Lemma 3.13. (1) Let z = (zi)rer, be a non-zero complex vector. Then it follows from
the fact that (vx)ger, is a Riesz sequence that

E ZkVk

kel

1/2
> <c > |zk2> >0,
Y

kel

for some constant C' > 0. The proof for = 1, is analogous.

(2) The results of Theorem 3.9 and 3.10 (which can be applied since Z;, and Z;, are positive
definite) imply that |2 ||z = O(| 21, || 7). It remains to show that ||Z;, || < C||Z; || for some
constant C' > 0. We have

I1En lr = 1ELELEL P < IELEL [2IIE IF,

where |27, 21, ||l2 = max|.|,=1 |21, 21, 2|2, where || - ||2 denotes the euclidean norm on CNe. Now
let z = (zk)ker, be a complex vector with ||z|]]2 = 1. Recall that, since (vi)rer and (0x)rer are
Riesz sequences, they are also frames of their respective spans. It follows that

2

2
IELEnzl3 =D | D | D (e vy(@ o)y | 2] <D <Z<Zzﬂ71fh> Uj,vk>
v

kel, |lel, \jEl, kel Jj€l, \l€l, Y

> <Zzlﬁl,ﬁj>yvj 2 <y <Zzlf)1,f)j>y2

j€l, \l€l, y j€ls lel,

2 2
<oy <z > cor|s | conymr=on,
y

1€1, v l€l,

JeI lel,
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which concludes this proof.
(3) Note that there are constants C7,Cy > 0, such that C; < |Jug|ly < Co, for any k € I, since
(vik)ker is a Riesz sequence. It follows that

IEL05 =D D [k ow)yl* = Y [k, v)yl> = > llul§ > CING,

kel, k'el, kel kel

and

IEL %< D Y Howowdyl? <O Y ey < COING.

kels k'el kel

The claim follows. O
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