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Invariance-based randomization tests—such as permutation tests, rota-
tion tests, or sign changes—are an important and widely used class of statis-
tical methods. They allow drawing inferences under weak assumptions on the
data distribution. Most work focuses on their type I error control properties,
while their consistency properties are much less understood.

We develop a general framework to study the consistency of invariance-
based randomization tests, assuming the data is drawn from a signal-plus-
noise model. We allow the transforms (e.g., permutations or rotations) to be
general compact topological groups, such as rotation groups, acting by linear
group representations. We study test statistics with a generalized subadditiv-

ity property.

We apply our framework to a number of fundamental and highly impor-
tant problems in statistics, including sparse vector detection, testing for low-
rank matrices in noise, sparse detection in linear regression, and two-sample
testing. Comparing with minimax lower bounds we develop, we find perhaps
surprisingly that in some cases, randomization tests detect signals at the min-
imax optimal rate.

1. Introduction. Invariance-based randomization tests—such as permutation tests—are
an important, fundamental, and widely used class of statistical methods (see Figure 1 for
an illustration). They allow making inferences in general settings, with few assumptions on
the data distribution. Most methodological and theoretical work focuses on their validity,
studying their type I error (false positive rate) control. There is also work on their robustness
properties, but less is known about their power and consistency properties.

Our work develops a general theoretical framework to understand the consistency prop-
erties of invariance-based randomization tests. We assume that the data follows a “signal-
plus-noise” model, being the sum of a deterministic signal and a random noise component.
We allow the randomization distributions to be Haar measures over general compact topo-
logical groups, such as rotation groups. We go beyond most prior work, which often focuses
on discrete groups (mainly permutation groups), and does not fully develop the technically
challenging case of compact groups. Moreover, we allow the action of these groups on the
data to be via arbitrary compact linear group representations.

We apply our theoretical framework to a number of fundamental and highly important
problems in statistics, including sparse vector detection, low-rank matrix detection, sparse
detection in linear regression, and two-sample testing. Perhaps surprisingly, combining with
minimax lower bounds that we develop, we find that invariance-based randomization tests
for appropriate test statistics are minimax rate optimal in a number of cases. We consider this
surprising, because the critical values of randomization tests are determined using the same
universal principle. These critical values rely on very little information about the problem,
namely a set of symmetries of the noise.

In more detail, our contributions are as follows:
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FI1G. 1. Flowchart of the invariance-based randomization test: Given the observed data X, we compute the test
statistic f(X), as well as the test statistics f(X), f(G1X), ..., f(GkX) applied to the data X transformed by
some transforms G1, ..., G, for instance, permutations, sign changes, or rotations. Under the null hypothesis,
we assume that the distribution X is invariant under a group G (e.g., permutations, rotations, or sign changes),
andthat G, ..., Gk are sampled i.i.d. from the uniform distribution over this group. We reject the null hypothesis
if f(X) is larger than the 1 — ath quantile of f(G1X),..., f(GgX). This includes familiar permutation tests
for exchangeable or i.i.d. data, rotation tests assuming spherically distributed data, and sign changes assuming
noise symmetric about zero.

1. Framework for studying consistency. We develop a framework for studying the con-
sistency of invariance-based randomization tests using the language of group representation
theory. In our framework, we have a compact topological group (e.g., permutations, rotations)
that acts linearly on the data space. We assume that under the null hypothesis, the distribution
of the data is invariant under the action of the group. In the standard randomization test, we
sample several group elements chosen at random from the Haar measure on the group, and
apply them to the data. This test rejects the null hypothesis when a chosen test statistic is
larger than an appropriate quantile of the values of the test statistic applied to the randomly
transformed data.

2. Consistency results. We develop consistency results for the invariance-based random-
ization test, assuming the data has been sampled from signal-plus-noise models. We consider
sequences of signal-plus-noise models where the signal equals zero under the null hypoth-
esis. We study broad classes of test statistics satisfying the weak requirement of so-called
Y-subadditivity. This includes, for instance, suprema of linear functionals of the data, norms
and seminorms, concave nondecreasing functions in one dimension, and convex functions of
bounded growth. Further, this class is closed under conic combinations, taking maxima, and
compositions with one-dimensional nondecreasing subadditive functions.

We develop a general consistency result, showing that if the sequence of alternatives is
such that the value of the test statistic is large enough, then the randomization test rejects
with probability tending to unity. We compare this to the corresponding result for the deter-
ministic test based on the same the statistic. The consistency threshold for the randomization
test is inflated slightly by a signal-noise interference effect. By randomly transforming the
signal, we create additional noise, inflating the effective noise level in the randomized statis-
tic compared to its distribution under the null. However, we later show that in many examples
this inflated noise level can be controlled. As part of our consistency theory, we extend to the
setting with nuisance parameters, which allows us to handle problems such as two-sample
testing.

3. New proof techniques. Our proofs are based on novel approaches. For the proofs of
the general consistency result, we proceed by a series of reductions, first reducing from the
quantile of the randomization distribution to its maximum, then from considering several ran-
dom transformations to only one transform, and then reducing from a dependent transformed
signal and noise to independent ones, via a “deterministic separating sequence’” argument.

4. Examples. We illustrate our results in several important examples. We show that our
results provide consistency conditions for invariance-based randomization tests in a number
of problems, including sparse vector detection, low-rank matrix detection, sparse detection
in linear regression, and two-sample testing.
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For sparse vector detection, we consider two settings: where the noise vectors for the
different observations are independent and sign symmetric (but not necessarily identically
distributed), and where they are rotationally symmetric (spherical). For both cases, we ob-
tain general consistency results, and some matching lower bounds. Specifically for the sign
symmetric case where the entries of the noise are independent and identically distributed ac-
cording to a subexponential distribution, our upper bound for the signflip randomization test
matches a lower bound that we obtain. For spherical noise, we obtain general upper bounds
as well as specific examples for multivariate ¢ distributions. We also provide similar results
for two sample testing.

For low rank matrix detection, we consider the case where each of the columns of the noise
matrix has an independent spherical distribution. We obtain a general consistency guarantee
for the randomization test based on the operator norm test statistic, using rotation transforms.
We show that this result is rate optimal for the special case of normal noise.

For sparse vector detection in linear regression, we study detection based on the £+, norm
of the least-squares estimator. We assume that the noise entries of each observation are in-
dependent and sign-symmetric. We provide a consistency result for the associated signflip
based randomization test, in terms of geometric quantities determined by the feature matrix;
namely the suprema of two associated Bernoulli processes.

As a general conclusion, we think it is perhaps surprising that invariance-based randomization
tests can sometimes detect signals at the same rate as the optimal tests that assume knowledge
about the exact noise distribution. We support our claims with numerical experiments. These
experiments can be reproduced with the code provided at https://www.github.com/dobriban/
randomization_test, also provided in the Supplementary Material (Dobriban (2022a)).

Note on terminology. We follow the terminology of “randomization tests” from Ch. 15.2
of the standard textbook by Lehmann and Romano (2005): “the term randomization test will
refer to tests obtained by recomputing a test statistic over transformations (not necessarily
permutations) of the data.” This does not consider tests based on randomization of treat-
ments; see, for example, Hemerik and Goeman (2020), Onghena (2018) for discussion. In
particular, Hemerik and Goeman (2020) suggest using “randomization tests” only when the
treatments are randomized, and suggest using “group invariance tests” for the type of tests
we consider. For consistency with the standard textbook by Lehmann and Romano (2005),
we will simply use the terminology “invariance-based randomization tests” or “randomiza-
tion tests.” Another well-known example of randomization occurs with discretely distributed
tests, to ensure exact type I error control; our work is unrelated to this issue.

Some notations. For a positive integer m > 1, the m-dimensional all-ones vector is denoted
as 1,, = (1, 1,..., I)T. We denote [m] :={1,2,...,m}, and for j € [m], the jth standard
basis vector by e; = (0, ..., 1,...,0), where only the jth entry equals unity, and all other en-
tries equal zero. The variance of a random variable X is denoted as Var X or Var[X]. For two
random vectors X, Y, we denote by X =, Y that they have the same distribution. For an in-
dexm=1,2,..., and two sequences (dm)m>1, bm)m>1, am S by (and a,, = O (by,)) means
that a,, < Cb,, for some C > 1 independent of m, but possibly dependent on other problem
parameters as specified case by case. We write a,,, 2 b, (or a,, = Q (b)) when by, < ay,,, and
ap ~ by, (o1 ay, = O(by,)) when a,, S by, S ap,. For a vector v e R™, and p € (0, 00), [[v]|,
denotes the £, norm. Unless otherwise specified, ||v]|| denotes the Euclidean or £, norm,
[lv]l = |lv|l2. For a matrix s, the norm ||s||2,0c is the maximum of the column ¢, norms of
s. For two subsets A, B of a vector space, A+ B={a+b:a € A,b € B} denotes the
Minkowski sum. For a p x 1 vector v, let M = diag(v) be the p x p diagonal matrix with
the entries M;; = v;. A function f : V > V', where V, V' are two vector spaces, is an odd

function if f(—v) = — f(v) for all v € V. A Rademacher random variable is uniform over
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the set {£1}. For a probability distribution O and a random variable X ~ O, we may write
probability statements involving X in several equivalent ways, for instance for the probabil-
ity that X belongs to a measurable set A, we may write: P(X € A), Px(A), Po(X € A),
Px~o(X € A), Q(X € A), or Q(A). Further, if Q belongs to a collection of probability mea-
sures H (e.g., a null or an alternative hypothesis), then we may also write Py (A) to denote
Q(A) for an arbitrary Q € H.

1.1. Related works. There is a large body of important related work. Here we can only
review the most closely related ones due to space limitations; see Section 1 of the Supple-
mentary Material (Dobriban (2022b)) for additional related works. The idea of constructing
a statistical test based on randomly chosen permutations of datapoints in a dataset dates back
at least to Eden and Yates (1933), Fisher (1935); see Berry, Johnston and Mielke (2014),
David (2008) for historical details. General references on permutation tests include Anderson
and Robinson (2001), Ernst (2004), Good (2006), Hemerik and Goeman (2018a), Kennedy
(1995), Pesarin (2001a), Pesarin and Salmaso (2010a), Pesarin and Salmaso (2012). These
tests have many applications, for instance, in genomics (Tusher, Tibshirani and Chu (2001))
and neuroscience (Winkler et al. (2014)). For more general discussions of invariance in statis-
tics, see Eaton (1989), Giri (1996), Wijsman (1990); for a general probabilistic reference, see
also Kallenberg (2006).

Two-sample permutation tests date back at least to Pitman (1937), and have recently been
studied in more general multivariate contexts (Kim, Balakrishnan and Wasserman (2020)).
This problem brings special considerations such as issues with using balanced permutations
(Southworth, Kim and Owen (2009)).

For the theoretical aspects of invariance-based randomization tests, Lehmann and Stein
(1949) develop results for testing a null of equality in distribution Hy,0 : X =4 &m Xm Where
a transform g,, € G, is chosen from a group G,, acting on the data. They show that all
admissible tests have constant rejection probability equal to the level over each orbit, that
is, are similar tests. They use this to show that the most powerful tests against simple al-
ternatives with density f;, reject when f,,(X,,) is greater than the appropriate quantile of
{fin(gmXm), &gn € Gm}. They use the Hunt-Stein theorem to derive uniformly most powerful
(or most stringent) invariant tests from maximin tests for testing against certain composite
alternatives. These are related to our results, but we focus on consistency against special
structured signal-plus-noise alternatives instead of maximizing power in a finite sample.

The seminal work by Hoeffding (1952) considers general group transforms, including
signflips, for testing symmetry of distributions, but focuses on permutation groups for most
part. The main results center on power and consistency of tests. For consistency, Theo-
rem 2.1 in Hoeffding (1952) states that for a test statistic f;, such that f,,(x) > 0 and
EG,,~0m fm(Gmx) < ¢ where G, ~ Q,, denotes that the group element is distributed ac-
cording to the probability measure Q,, on G,,, we have g1_q ,(x) <c/a, @ € (0, 1), where
q1—a.m 1s the 1 — ath quantile of the distribution of f,,(G,,x) when G,, ~ Q. Then, if
fm — oo under a sequence of alternatives, the test that rejects when fy, > g1—¢ m (x) is con-
sistent, that is, has power tending to unity. These conditions are distinct from ours. Specifi-
cally, his conditions require the test statistic to be pointwise bounded (for each datapoint x,
they require that Eg,,~g,, fn(Gmx) < c), whereas we make assumptions that need to hold
with high probability, over the randomness in the data and the random transform. Thus, the
two types of conditions are different. Our conditions seem to be more direct. His Theorem
3.1 requires establishing limiting distributions of test statistics, which may be challenging or
impossible in certain cases.

For asymptotic power of certain special invariance-based randomization tests, one can
obtain results based on contiguity, see, for example, Example 15.2.4 in Lehmann and Ro-
mano (2005). In this line of work Albers, Bickel and van Zwet (1976), Bickel and van Zwet
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(1978) have studied asymptotic expansions of the power of distribution-free one-sample and
two-sample tests, using Edgeworth expansions, showing that the deficiency (in the sense of
Hodges and Lehmann) of appropriate linear rank tests and permutation tests compared to
optimal nonparametric tests can often be quite small, and even tend to zero in certain cases.
However, we are interested in problems where the contiguity of the alternatives may be un-
known, or hard to establish.

For permutation tests, Dwass (1957) shows that it is valid to randomly sample permu-
tations—as opposed to using all permutations—to construct the randomization test. Hemerik
and Goeman (2018b) provide a general type I error control result for random group transfor-
mations under exact invariance, and apply it to false discovery proportion control. See also
Hemerik, Solari and Goeman (2019). Hemerik and Goeman (2018a) extend this in various
forms, including to sampling transforms without replacement, and giving rigorously justified
formulas for p-values.

There are a number of works studying the power properties of invariance-based random-
ization tests. We have already discussed the fundamental work by Hoeffding (1952). Pesarin
and Salmaso (2010) develop finite-sample consistency results for certain combination-based
permutation tests for multivariate data, when the sample size is fixed and the dimension tends
to infinity. They focus on one-sided two-sample tests, and discuss Hotelling’s T-test as an
example. Pesarin and Salmaso (2013) characterize weak consistency of permutation tests for
one-dimensional two-sample problems. They study stochastic dominance alternatives assum-
ing the population mean is finite and without assuming existence of population variance.

Pesarin (2015) develops some further theoretical aspects of permutation tests. This in-
cludes consistency properties (Property 9), for two-sample tests under some nonparametric
assumptions, and alternatives specified by an increased mean of the test statistic. These have
different assumptions than the results in our paper, focusing on two-sample problems (while
we have general invariance), and nonparametric models (while we focus on parametric ones).

One one of the most closely related papers is that of Kim, Balakrishnan and Wasserman
(2020b). They study permutation tests, which are a special case of group invariance tests. The
examples in our work mostly concern signflip-based and rotation tests. Two-sample testing
is studied in both works, but under different assumptions: we study testing the equality of
means in a location model, whereas they study testing the equality of two distributions, such
as multinomials and distributions with Holder densities. Thus, our results are not directly
comparable. For instance, our minimax optimality for two-sample testing involves location
families with i.i.d. subexponential noise, whereas their examples are multinomial distribu-
tions and Holder densities.

Recent work (posted publicly after our paper) by Koning and Hemerik (2022) develops
a framework for improving the power of randomization tests by choosing appropriate sub-
groups of transformations. Further, they include results showing that the ¢-test is equivalent
to a randomization test where the randomization is performed under the entire orthogonal
group. In this light, properties of the ¢-test also rely on such minimal information; and this
may shed some light on the useful properties of randomization tests that we study.

In context. To further put our work in context, we can make the following comparisons:

e The vast majority of works only provide theoretical results for the behavior of randomiza-
tion tests under the null hypothesis (Eden and Yates (1933), Fisher (1935), Hemerik and
Goeman (2018a), Pitman (1939)).

e The seminal work of Hoeffding (1952), already discussed above, provides consistency
conditions that are distinct from ours; and does not discuss any of the specific problems
that we study. The power analysis based on contiguity (Lehmann and Romano (2005))
does not apply to many of the problems we study. As detailed above, the consistency and
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minimax optimality analyses from Kim, Balakrishnan and Wasserman (2020b), Pesarin
(2015), Pesarin and Salmaso (2010), Pesarin and Salmaso (2013) all concern different
setups from and/or special cases of our results.

Scientific context. For an even broader scientific context, we emphasize that random-
ization tests are ubiquitous in modern science. Their proper use is crucial for reproducible
results; and failure to use them correctly can result in irreproducible results, false scientific
discoveries, and ultimately a waste of resources. Here are some examples:

e In neuroscience, the analysis of fMRI data requires testing hypotheses about the activation
of regions in the brain. It has been observed that inferences based on models such as Gaus-
sian fields with parametric covariance functions can have massively inflated false-positive
rates (Eklund, Nichols and Knutsson (2016)). To mitigate this problem, it has been pro-
posed to use randomization methods such as permutation methods (for two-sample prob-
lems) or random sign flips (for one-sample problems) to set critical values. Further ran-
domization methods have been proposed for other problems such as general linear models
(Winkler et al. (2014)), or brain network comparison (Simpson et al. (2013)).

The ultimate goal is to report reliable discoveries, which involves analyzing data not
from the null distribution, but rather from an alternative distribution that contains signals.
Our work can shed light on when randomization tests can succeed in such an analysis of
data containing signals.

e In genetics and genomics, hypothesis testing is routinely performed to identify associations
between observed phenotypes and genotypes, or between genotypes, etc. Randomization
tests, and in particular permutation tests, are widely used to set critical values, in methods
such as transmission disequilibrium tests, etc, and are broadly available in popular software
such as PLINK; see, for instance, Churchill and Doerge (1994), Epstein et al. (2012),
Purcell et al. (2007). Randomization tests are also used for more sophisticated tasks such
as gene set enrichment analysis (Barry, Nobel and Wright (2005), Efron and Tibshirani
(2007), Subramanian et al. (2005)).

2. General framework.

2.1. Setup. We consider a sequence of statistical models, indexed by an index parameter
m — 00. We observe data X, from a real vector space V,,, for instance, a vector or a matrix
belonging to Euclidean space R””. We assume that we know a group G, of the symmetries of
the distribution of the data. See Section 3 of the Supplementary Material (Dobriban (2022b))
for a discussion of how such symmetries can arise in practice. A group G, has a multiplication
operation “-” that satisfies the axioms of associativity, identity, and invertibility. For instance,
we could have that the entries of X,, are exchangeable (corresponding to the permutation
group), symmetric about zero (corresponding to the group of addition modulo two) or that
the density of X, is spherical (corresponding to the rotation group).

In addition, to transform the data, we have a group representation o, : G, — GL,, (Viy),
acting linearly on X,, € V,, via g Xy := pm(gm) - Xm. The group representation “repre-
sents” the elements of the group G, as invertible linear operators V,, — Vj, belonging to
the general linear group GL,,(V,,) of such operators. The group representation p,, preserves
the group multiplication operation, that is, 0, (gm&,,) = Pm(&m) Pm (g,,) for all g, &, € G,
and p,,(eg, ) = Iv,,, where eg,, is the identity element of the group, and Iy, is the identity
operator on V,,. For general references on representation theory, see Eaton (1989), Fulton
and Harris (2013), Hall (2015), James and Liebeck (2001), Knapp (2013), Serre (1977), etc.
For group representations in statistics, see Diaconis (1988). We will use basic concepts from
this area throughout the paper.
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Null hypothesis of invariance, and randomization test. 'We want to use the symmetries of
the noise distribution to detect the presence of nonsymmetric signals. Under the null hypoth-
esis, we assume that the distribution of the data is invariant under the action of each group
element g, € Gt X =a &m X,,.' We study the following invariance-based randomization
test (sometimes also called a group invariance test), which at various levels of generality
has been considered dating back to Eden and Yates (1933), Fisher (1935), Hoeffding (1952),
Lehmann and Stein (1949), Pitman (1937). We sample G,1, ..., Gk i.i.d. from G, (in a
way specified below), and reject the null if for a fixed test statistic f;, : V;,, — R;,, the fol-
lowing event holds:

(D Em = {fm(Xm) > q1—a(fm(Xm)a S (Gm1Xm), ..., fm(GmKXm))}v

for the 1 — «oth quantile g;_, of the numbers f,, (X)), fin(Gm1Xm)s -+ fin(Gmg Xm)
and some o € (0, 1]. Specifically, let G,,0 = Iy, be the identity operator on V,,, and
faoy =< fo) < -+ < fk+1) be the order statistics of f,,(GmiXm),i € {0,1,...,K}. Let
k=T[( —a)(K + 1)]. Rejecting the null if f,,(X,;,) > f) is guaranteed to have level at
most «, see, for example, Theorem 2 in Hemerik and Goeman (2018a) for an especially clear
and rigorous statement.

Noise invariance and robustness. The advantage of randomization tests compared to a
rejection region of the form f,, (X,,) > ¢, for a fixed ¢;, is that it does not require the manual
specification of the critical value ¢,,. The critical value needs to account for the set of distri-
butions included the null hypothesis, which may be a very large nonparametric family. In this
case, it might be challenging to set the critical value to ensure type I error control. Random-
ization tests avoid this problem by relying on the symmetries of the noise distributions. To
wit, randomization tests are valid under any null hypothesis for which the distribution of the
noise is invariant under the group. This effectively amounts to the test only depending on the
collection of orbits, which form a maximal invariant, see Sections 3 and 4 in Eaton (1989)
for examples.

Thus our model can be semiparametric, where the nuisance parameter—the distribution of
the noise—is infinite-dimensional and is only restricted by an invariance condition. We may
add further assumptions on the noise, to enable cleanly stated consistency results, in which
case the model may become parametric.

For instance, for the rotation group O (p.,), we get spherical distributions, which have a
density p;, (X)) = (| Xmll2) with respect to a o-finite dominating measure on R”” only
depending on the Euclidean norm of the data X,, (Fang, Kotz and Ng (2018), Fang and
Zhang (1990), Gupta and Varga (2012)). This is a nonparametric class that includes in partic-
ular distributions such as the multivariate ¢, multivariate Cauchy, scale mixtures of spherical
normals, etc. In particular, it includes heavy tailed distributions, for which tests based on the
normal assumption can have an inflated type I error. As another example, consider a station-
ary field X,, ; = (X;)iey, for some index set J. Suppose G, acts on J, and induces an action
on X,, ; viaits regular representation, thatis, (gnXm, j)i = X el For instance, we can have
a discrete-time stationary time series where J = Z, and G,, = (Z, +). In this example, any
translation of the time series keeps the distribution invariant.

While sometimes it is possible to construct test statistics whose distribution does not de-
pend on a broad set of null hypotheses (see, e.g., Section 4.3 “Null robustness” in Eaton
(1989)), this may not be possible when the null hypothesis has a great number of nuisance

IThis is called the “Randomization hypothesis,” Definition 15.2.1 in Lehmann and Romano (2005). Using the
terminology of Bickel et al. (1993), Section 6.3, it is an example of a “nonparametric group model.”
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parameters. For example, this holds for null hypotheses where each noise entry is indepen-
dent with a probability density only assumed to be symmetric around zero, in which case
sign-flip based methods are applicable; see, for example, Example 15.2.1 of Lehmann and
Romano (2005), and also Hemerik, Goeman and Finos (2020), Hong, Sheng and Dobriban
(2020).

Haar measure. 1In the definition of the randomization test, G, . .., G,k are choseni.i.d.
from the uniform (Haar) measure on G,,,, which is assumed to exist. We refer to Section 2 in
Folland (2016) for details; see also Eaton (1989), Fulton and Harris (2013), Wijsman (1990).
Thus, G, is assumed to be a compact Hausdorff topological group with the Borel sigma-
algebra generated by the open sets. For brevity, we will sometimes refer to such groups as
compact groups. The Haar probability measure Q,, on G, is the unique probability measure
such that Q,, (G, € A) = Qi (G € g, A) for all g/, € G, and for all Borel sets A. See for
example, Theorems 2.10 & 2.20 in Folland (2016). Thus, in particular, we have the equality
in distribution G, =4 G g, for G, ~ Q. and any fixed g,, € G.

Choice of K. We remark that, as is well known, choosing K larger, and k as above, can
generally lead to a more precise control of the type I error. Indeed, for a given K, the smallest
type I error control guaranteed by the randomization test is 1/(K + 1), and there are only K
possible values of k € [K] to control the type I error more generally. Thus, for a larger K,
we expect that we can control the type I error more accurately. Indeed, we observe this in our
experiments. Intuitively, we generally also expect larger K to lead to higher power; and we
also observe this in experiments. However, we are not aware of a general theoretical result to
this extent.

Alternative hypothesis: Signal-plus-noise model. To study the consistency of the test,
we will consider a sequence of alternative hypotheses in the signal-plus-noise model with a
deterministic signal s, and a random noise N,

Xm=S8n+ Npy.

The null hypothesis is specified by Hyq : s, = 0p,,, in which case X, = Ny,. The alternative
hypothesis H,,; is specified by a set ®,,1 C V,, of signals s, € ®,,1. We call ®,, = {0}U®,,
the parameter space. The alternative hypothesis is decisively not invariant under G,,. In fact,
one can view the test statistic as detecting deviations from invariance.

We view the signal-plus-noise model as quite broad, and we will study a variety of ex-
amples as special cases. The breadth of the model arises from two aspects: First, one can
choose the signal parameter space ®,, to be quite general, for instance, a linear subspace, a
union of linear subspaces, a convex cone, etc. Second, one can model the family to which
the distribution of the noise N, belongs; and our theory will rely on the symmetries of these
distributions. Further, from classical asymptotic statistics, we know that asymptotically any
sufficiently regular parametric model is well approximated by a normal observation model,
which can be viewed as a signal-plus-noise model like ours if the noise distribution does not
depend on the signal.

However, the scope of this model is limited in a few ways. It assumes a specific “structural
model” for the data, and it is essentially a submodel of a multidimensional location family.
For instance, it requires the distribution of the noise to be functionally independent on the
unknown paramater s,,. In some cases, this may be approximately achieved via appropriate
variance-stabilizing transforms. In our analysis, this is currently needed to be able to formu-
late consistency conditions based on only one global distribution of the noise. If the noise
distribution can vary in parameter space, we expect that the behavior of randomization tests
could be more complex. We discuss this and further limitations of our work in Section 4.
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2.2. General consistency. Our basic idea to establish consistency of randomization tests
is to find conditions under which the test statistic under the alternative is much larger than the
randomized test statistic, that is, (informally) fi, (s + Nim) > fin (Gmlsm + Ni]). We wish
to do this by introducing only broadly applicable assumptions. The first key step is to find a
lower bound on f, (s, + Ny,;). To achieve this, we make assumptions of f,.

For a given constant i > 0, we consider ¥ -subadditive test statistics, that is, functions
fm : Vin = R such that for all a, b € V,,,

V- fla+b) = fla)+ f(b).

Note that typically ¥ < 1. In the current argument, we will use that f;, (s, + Npy) >
W fn(Sm) — fm(—Ny). This allows us to lower bound the value f,, (s, + Ny,) of the test
statistic by a main term ¥ f;, (s,,,) depending only on the signal, and an error term — f,, (—N,)
depending only on the noise (which we will also control). We will use a similar argument to
upper bound the randomized test statistic f;,, (G [sm + Ni]). These conditions are enough
to guarantee the consistency of tests of the form f;,,(X;,) > ¢, for appropriately chosen “or-
acle” critical values ¢,, (which are not practically implementable in general); and we will
compare the resulting conditions later in this section.
Examples of subadditive functions include:

1. Given any set W, C V,;,, the suprema of linear functionals

fu() = sup wyx,
wm€Wn,
assumed to be finite-valued functions, are 1-subadditive. These are the sublinear functionals
on V,,, see, for example, Section 5.4, Ch. 7, and specifically Exercise 7.103 in Narici and
Beckenstein (2010). In particular, affine functions f(x) = w " x + ¢ are 1-subadditive for any
w € V,, and any ¢ > 0.

2. For instance, for any norm | - || on V,, (with the dependence on m suppressed), we
can take f;,(x) = ||x|| by choosing W, = {wy, : ||l wm ||« < 1}, the unit ball in the dual norm
- Ml of I - I

3. When V,, = R is one-dimensional, for any concave nondecreasing function c :
[0, 00) — R such that ¢(0) >0, f: R+ R given by f(x) = c(|x|) is 1-subadditive. Ex-
amples include f(x) = |x|? for g € (0, 1]. See Section 4 of the Supplementary Material
(Dobriban (2022b)) for the argument.

4. Convex functions of bounded growth: If f : RP? — R is convex and satisfies
Yf(2x) <2f(x), then f is y-subadditive. Indeed, f(a) + f(b) >2f(la+b]/2) =¥ f(a+
b) by convexity and bounded growth. For instance, f(x) = ||x||§,1, for g > 1 satisfies f(2x) =
29 f (x), thus it is 2! ~¢-subadditive.

Nonexamples include functions of very fast growth, for instance, f : R — R, f(x) =
exp(x). However, for the purposes of hypothesis testing, only the acceptance and rejection
regions are relevant; and thus even for test statistics that are not subadditive, one may—on
a case-by-case basis—find subadditive test statistics with the same acceptance and rejection
regions; where our theory can be applied. For instance, instead of the exponential map above,
one may consider the identity map as a monotone transform. Further, subadditive maps have
a number of closure properties, being closed under:

1. Conic combinations: If f; : V; [0, 00), j € [J] are v ;-subadditive, then for any
t; >0, j €J], Xjersy 7 fj is minjers) ¥ j-subadditive.

2. Maxima: If f; : V; = [0,00), j € [J] are ¥ j-subadditive, then maxc(y) f; is
J! min e[y ¥ j-subadditive.
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3. Compositions with 1-D functions: if fi : [0, 00) — R is nondecreasing and -
subadditive; and f; : R? i [0, co) is 1-subadditive, then fio f; : R? > R is yr;-subadditive.
Indeed,

fio lx+y) < fil L) + L] <7 [ f10 o)+ fio L))

Our first theorem is a general consistency result for randomization tests with i -subadditive
test statistics.

THEOREM 2.1 (Consistency of randomization test). Consider a sequence of models in-
dexed by m > 1, m € N, such that the data X,, € Vy, follow a p,,-dimensional signal-plus-
noise model X,, = s;, + Ny, where s, € ©,, is deterministic and N,, is a random noise
vector. Test the sequence of null hypotheses Hyq : s, = 0 against a sequence of alternative
hypotheses H,,1 with signal vectors s, € O for a fixed level a € (0, 1]. Reject the null
hypothesis using the randomization test (1). Let f,, be r-subadditive. Assume the following:

1. Noise invariance. The distribution of the noise is invariant under Gy,: Ny =4 gmNm for
all gm € Gy

2. Signal strength. There is a sequence (t,)m>1, and for any sequence (Sy)m>1 such that
for all m > 1, s, € O, there is another sequence (;m)mzla that may depend on s,
o =t (Sm), such that for all large enough integers m,

) Fon(m) > U 2t Csm) + ¥ (W™ 4 1)t
Further, as m — oo:

(a) Noise level. We have P(f,(Nyy) <ty) — L and P(fin(—Np) <tn) — 1.

(b) Bound on randomized statistic. The test statistics evaluated on the randomized
signal fall below t,,(s,), that is, for any sequence (Sm)m>1 such that for allm > 1, s, €
®m1 b

PGm’\’Qm (fm(Gmsm) < fm(sm)) — 1.

Under condition 1, the randomization test has level at most a. Under conditions 1& 2, the
randomization test is consistent, that is, for the event &,, from (1), for any sequence (sp)m>1
such that s, € Op1 for allm > 1,1imy, 00 PG,,,.....Grug ~0m, N (Em) = 1.

Some comments on the assumptions are in order:

1. The noise invariance condition is required to ensure the exact type I error control, as
discussed above.

2. Our analysis relies on comparing the size of the test statistic on the data and the
randomized data. The subadditivity assumption allows us to reduce this to comparing the
size of the test statistics on the signal, the noise, and the randomized signal. The remaining
conditions are meant to capture high-probability deterministic bounds on the statistic over
the randomness in the remaining stochastic quantities: the noise and random group elements.

3. The sequence f,, controls the size of the statistic f;,, evaluated on the noise N,,. The
sequence , (s,;,) controls the size of the statistic evaluated on the randomized signal G, s,,.

See Section 4 of the Supplementary Material (Dobriban (2022b)) for the proof, which is
novel. For the consistency result, we proceed by a series of reductions, first reducing from
the quantile test to a max-based test, then from considering several random transformations
to only one transform, and then reducing from a dependent transformed signal and noise to
independent ones. In particular, our proof relies on the existence of a “separating sequence,”
which deterministically separates the values of the test statistic f;;, (X,,) from the randomized
versions f, (G, X,;,). For completeness, we record this result below.
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PROPOSITION 2.2 (Separating sequence). Under the conditions of Theorem 2.1, assume
only Condition 1, without v -subadditivity and without Condition 2. Suppose in addition that
there is a separating sequence (f,,)m>1 such that fp(X,) > t, and fu(GuXy) <t with
probability tending to unity as m — oo. Then, the randomization test is consistent.

See the end of Section 4 of the Supplementary Material (Dobriban (2022b)) for the proof,
which is already contained in the proof of Theorem 2.1. While our analysis relies on the
existence of a deterministic separating sequence, it turns out that this is not necessary for the
consistency of randomization tests, and we provide a discussion at the end of Section 4 of the
Supplementary Material (Dobriban (2022b)).

Conventions. To lighten notation, we will often omit the dependence of 7, (s,,) on s,
writing simply 7,,. Further, when it is clear from context what the sequence of tests is, we
will simply say that the “test is consistent,” as opposed to saying that the “sequence of tests
is consistent.”

Consistency of deterministic test. As mentioned, 1 -subadditivity is enough to guarantee
the consistency of deterministic tests of the form f,,(X,,) > ¢, for appropriately chosen
deterministic critical values ¢,,. We state this result below and compare it as a “baseline”
result with the conditions for the consistency of randomization tests.

PROPOSITION 2.3 (Consistency of deterministic test). In the setting of Theorem 2.1,
suppose that condition 2(a) holds, along with the following condition:

1. Signal strength. There is a sequence (t,)m>1 such that for all large enough integers
m>1,

3) FnGsm) > 29 1.

Then, for any sequence (Cp)m>1 such that ¢,, < ty, for all m > 1, the sequence of determin-
istic tests that rejects when f,(X,;,) > Cp is consistent, that is,

Tim Py (fn(Xn) > En) = 1.

See Section 4 of the Supplementary Material (Dobriban (2022b)) for the proof. To ensure
type I error control at level «, the sequence of critical values (¢, )m>1 needs to be chosen such
that supp. H, P ( fm(Xm) > ¢m) < a. As we discussed, this can be difficult when the class of
null hypotheses is large and has many nuisance parameters. Thus, the test with deterministic
critical values may not be practically implementable. However we can still consider it as an
idealized “baseline,” to understand the conditions on the signal strength that our approach
provides to ensure consistency. Comparing the conditions for data signal strength, (2) and
(3), and recalling that typically ¢ < 1, we see that the requirement for the randomization test
is stronger. The factor in front the noise level ¢, is larger, and in addition the randomization
test also has the additional term v ~27,, controlling the size of the randomized signal.

Thus, our requirements for the randomization test are more stringent. However, as ex-
plained above, the deterministic test requires a method to set the critical value, which may
be very hard or impossible in practice in certain problems where the null hypothesis is very
large. Specifically, every distribution in the null hypothesis leads to a constraint for the critical
value; and thus, in general, makes setting the critical value more challenging.
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Nuisance parameters. We next develop a generalization of our consistency results allow-
ing nuisance parameters. This allows handling problems such as two-sample testing where
the global mean is a nuisance. Let X,, = v, + s, + Ny, where v, is a nuisance parame-
ter, s, € ©,, is the signal. Suppose v, belongs to a known linear space Uy, v, € Uy,. We
can reduce this to the previous setting by projecting into the orthogonal complement of U,.
Let P, = Py;1 be the orthogonal projection operator into the orthogonal complement of U,.
Then P,y = 0, s0 by projecting with P,,, we have

Py X = Pyusm + PuNy,.

Let X m = P, X,, be the new observation, §m = P,,s,, be the new signal, and ]Vm = P, N,
be the new noise. Then, this reduces to the standard signal-parameter model, with the signal
parameter space O, = P, 0, = {PusSn : Sm € On}, and a new induced noise distribution.

2.3. Review of tools to obtain concrete results. To analyze concrete examples, we will
rely on a few technical tools, reviewed in the following sections.

2.3.1. Rate optimality. In this section, we review some basic results on minimax rate
optimality for hypothesis testing that we will use, focusing on Ingster’s (or the chi-squared)
method (Ingster (1987), Ingster and Suslina (2012)). This result allows randomized tests ¢ :
Vin 10, 1], where ¢ (x) is the probability of rejecting the null for data x. Denote the set of
all level « € (0, 1) tests by

@ (o) = {¢ V> [0,1]: sup Ep[o] 501}.
PGHMO

Define the minimax type II error as

Rn,= inf sup Ep[l—4].
" et perr ¢

Suppose that P,,0 € Hyo and Py, ..., Puym, € Hpyi. Define the average likelihood ratio
between Py and Py, ..., Pnu, as
Ml’ll
Lm — L Pmi (Xm)

where ppi, i € [M,,,] U {0} are, respectively, the densities of P,,;, i € [M,,]U {0} with respect
to a common dominating sigma-finite measure on V,,. Then, it is well known (see, e.g.,
Ingster and Suslina (2012), and Section III.B of Banks et al. (2018) for a very clear statement)
that to achieve consistency, that is, to have R,, — 0, we must have lim,,_, o, Varp, ([L;] =
0.

A further key result holds when the null distribution Py, is N (0, I pn) and the alternative
H,,1 contains distributions of the form N (s,,, I pm)s fOT Sy € Opyq. Consider a prior I, on
®;,1. Then we have—see, for example, Ingster and Suslina (2012) or Lemma 1 of Banks et
al. (2018)—for two independent copies S, S’ ~ IT,,,

) Varp, (L] =Es g~1, exp(STS').

2.3.2. Tail bounds of random variables. We recall some well-known tail bounds for ran-
dom variables. Suppose that for all m > 1 and i € [m], Z; are i.i.d. random variables with
a probability distribution 7. Let Fy (f,n) = P(ln~! Y1 Zi| > 1), with Z; ~ 7 i.i.d. for all
i €[n].

There is a vast number of well-known results on tail bounds of sums of i.i.d. random
variables under a variety of conditions; see, for example, Boucheron, Lugosi and Massart
(2013), Petrov (2012), Vershynin (2018), etc. Each of these can be used together with our
framework to obtain consistency results. In a very rough order of increasing generality:
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1. The tail of sums of subexponential random variables (including sub-Gaussian
and bounded variables) can be controlled via Bernstein-type inequalities, which lead to
Fr(t,n) < Cexp(—cn min{t, t?}) for some C, ¢ depending only on 7 (Vershynin (2018)).
Bernstein-Orlicz random variables interpolate between sub-Gaussian and subexponential ran-
dom variables (van de Geer and Lederer (2013)).

2. There are various Orlicz norms for random variables, and corresponding tail bounds,
for instance, for random variables with tail decay of order roughly exp(—x%), a > 0 (which
have all polynomial moments but for @ < 1 have no moment generating function) (Chamakh,
Gobet and Szabd (2020)), or of order roughly exp(—In[x + 1]¢) for x > 0 (which have
all polynomial moments but no moment Ex~, exp(]X|¢), ¢ > 0 (Chamakh, Gobet and Liu
(2021)).

For instance, the results of Chamakh, Gobet and Liu (2021) imply the following.
Consider ¥ : R = R*, W(x) = exp(In[x + 1]¢) — 1, and for a random vector Z,
the W-Orlicz “norm™ ||Z|ly = inf{c > 0 : EW(|Z||/c) < 1}. Then, for ii.d. random
variables Zi,...,Z, ~ m, with finite W-Orlicz norm and finite variance, Fy(t,n) <
2exp(— ln[Cn;,,/ 2t + 1]¢) for some C depending on 7, see the remark after Corollary 2.3
of Chamakh, Gobet and Liu (2021).

3. For random variables with finitely many polynomial moments, one has Khintchine-
type inequalities (Boucheron, Lugosi and Massart (2013), Petrov (2012)), as well as
Rosenthal- and Fuk-Nagaev-type inequalities (Marchina (2019), Rio (2017)).

4. For more heavy-tailed random variables with only a variance, Chebyshev’s inequality
applies to the sample mean, but there are tighter tail bounds for other mean estimators, see,
for example, Catoni (2012), Lugosi and Mendelson (2019), Lugosi and Mendelson (2021).

2.3.3. Bernoulli processes. Here we review the definition of Bernoulli processes, which
we will use later in our consistency results. For any positive integer ¢, a subset T of R?, and
a vector b = (b1, ..., by) of independent Rademacher random variables, the map ¢ — t'h,
with ¢t € T, is referred to as a Bernoulli process (also called a Rademacher process, espe-
cially in learning theory) see, for example, Boucheron, Lugosi and Massart (2013), Talagrand
(2014).

In this case, for any function class F, = {f,* = (fm,1>---, fmn,)}, such that each f, ; :
RPm — R is an odd function, and any random vectors Ny, = (N1, ..., N »,,) that are mu-
tually independent and sign-symmetric, that is, Ny, j =4 —N, ; for all j € [n,], for i.i.d.
signflips b1, ..., b,,,, conditional on N, ; € {:I:N,?”} for fixed N,?“., [ € [n;], the random-
ization distribution (b1 Ny, 1, ..., bn, Nm.n,,) for test statistics of the form

fm(Nm)= sup me,i(Nm,i)

Sm€Fm j=1

is a Bernoulli process. Indeed, one can take g = n,, and the index set T = {( fin.1 (N,()l’l), e
St Ny 0 D) 5 S € Fa).

The fundamental result for bounding expectations of suprema of Bernoulli processes is
the Bednorz-Latala theorem (Bednorz and Latata (2013)), see also Proposition 5.14 & Theo-
rem 5.1.5 in Talagrand (2014) for an expository presentation. Consider a subset 7' of RY for
some g > 0 and a vector b = (b1, ..., by) of i.i.d. Rademacher random variables. Then, for
Z ~N(0, 1), the Bernoulli complexity of T is characterized as

b(T) ::Esupth Ninf{E sup 11 Z+ sup (|t : T C T + Tz}.

teT teT) teT,

2This may nor may not satisfy the triangle inequality, see Chamakh, Gobet and Liu (2021) for discussion.
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In turn, the Gaussian complexity Esup, .7, t T Z is characterized up to constants by the generic
chaining (Talagrand (2014)).

Further, Bernoulli processes concentrate around their mean with a sub-Gaussian tail: as-
suming T C B(ty, o) (where B(x, r) is the £, ball of radius r centered at x), for any u > 0,

P(‘supth - b(T)’ > u) < cexp(—cu®/o?),
teT
for a universal constant ¢, see Theorem 5.3.2 in Talagrand (2014). We define the infimum of
the radii of all ¢, balls containing the set 7' as the radius r(7") of T. Further, for any scalar /,
we denote

(5) UN(T, 1) :=b(T)+1-r(T).

The above results imply that, for any sequence of positive integers (g,)m=>1, any sequence
of sets (Tn)m>1 with T,,, C R%", and any sequence (/;,)>1 such that /,, > 0 for all m and
ln — 00 as m — o0, P(sup;cr, t"b<UT(Tp, 1) — 1.In principle, these results provide
basic tools to control the tails of Bernoulli processes. However, they can require some work to
use in specific cases; thus, more specific results (which we will discuss later) are of interest.

3. Examples. In this section, we apply our theory to several important statistical prob-
lems. Our results allow us to determine consistency conditions in a broad range of settings.
Beyond the examples below, we also provide results for two-sample testing in Section 2 of
the Supplementary Material (Dobriban (2022b)).

3.1. Detecting sparse vectors. Our first example is the fundamental statistical problem
of sparse vector detection. We make n,, noisy observations X, ;, i = 1,...,n, of a signal
vector §,,. We assume that the signal vector is either zero, or “sparse” in the sense that it
has only a few nonzero coordinates. We are interested to detect—or test—if there is indeed
a nonzero signal buried in the noisy observations. This is challenging due to the potentially
large and unknown level of noise. Randomization tests can be useful, because they do not
require the user to know the level of noise. Indeed, they only require one to know some
symmetries of the noise, and automatically adapt to the other nuisance parameters such as
the noise level.

Formally, we observe n,, vectors X,, ; =Su+ Np.i, i =1, ..., n, of dimension p,,, which
are sampled from a signal-plus-noise model. We arrange them into an n,, X p, matrix X,,,
which has the form X, = 1,,, snT1 + N,,. We are interested to detect “sparse” vectors s,,; more
specifically, we are interested to test against s, with a large £, norm ||s;, || co. We use the test
statistic fu (Xm) =ny 111, X lloo-

3.1.1. Sign-symmetric noise. Based on specific assumptions on the noise, various differ-
ent randomization tests are valid. To illustrate our theory, we will make the relatively weak
nonparametric assumption that the noise vectors (N, ;)ic[n,,] are mutually independent, and
the distribution of each noise vector N, is sign-symmetric, independently of all other noise
vectors, that is, for any vector b € {1}, (N1, ..., Nmn,,) =d (b1 Nm 1, ..., bny Nionyy)-

We consider the randomization test from equation (1), where we randomly flip the sign of
the datapoints K times using diagonal matrices By, ;, i =1, ..., K, with i.i.d. Rademacher
entries on the diagonal. We have the following result.

PROPOSITION 3.1 (Consistency of randomization test for sparse vector detection). Let
Xmi=5m+ Nni, i=1,...,ny, where s,, are py-dimensional signal vectors and Ny, ;,
i=1,...,ny, are mutually independent vectors such that Ny, ; =q —Np ;. As m — oo, the
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sequence of randomization tests (1) of the sequence of null hypotheses s, = 0, with statistics
fn(Xm) = n,;l I I,Im Xmlloo and randomization distribution uniform over n,, X n,, diagonal
matrices with independent Bernoulli entries is consistent against the sequence of alternatives
With Sy € Op1, if there is a sequence (ty,)m>1 such that with probability tending to unity,
||n,;] Zf’gl Nu.illoo < tm, and for any sequence () m>1 such that for allm > 1, s;, € 1,

(6) iminf 15l

m— 00 t’n

See Section 5 of the Supplementary Material (Dobriban (2022b)) for the proof. Roughly
speaking, this result shows the consistency of the signflip-based randomization test when
the signal strength is at least “twice above the noise level,” as formalized in equation (6).
Intriguingly, Proposition 2.3 leads to the same condition; thus suggesting that the additional
noise created by randomization may be small in this case. However, of course, the two results
provide only sufficient conditions; not necessary ones.

Obtaining specific consistency results. Therefore, obtaining specific consistency results
boils down to controlling ||n_1 Z"”’ Np.illoo, the £oo norm of a mean of potentially non-
i.i.d. random vectors. This can be accomplished under a variety of conditions, and has been
widely studied in the areas of concentration inequalities and empirical processes. We need to
find #,, such that ||n,;l Z?gl Np.illoo <ty holds with probability tending to unity.

Consider first the simplest setting: for all m > 1 and i € [m], N, ; are i.i.d. and have
pm 1.1.d. coordinates sampled from a probability distribution 7. Then by a union bound,
the required condition holds with probability least 1 — p,, Fr (ty; ny), where Fr(t,n) =
P(|n_1 Z;’:l Zi| > t), with Z; ~ m i.i.d. for all i € [n]. To ensure consistency, it is thus
enough if f, is such that limy,,_, oo pym Fr (tn; 7)) = 0. The tail bounds from Section 2.3.2
imply the following:

1. For subexponential random variables (including sub-Gaussian and bounded
variables), Bernstein-type inequalities imply limy,_—co pmFr(tm;nm) = 0 if 1, ~
(1og pm)/ny,, assuming t,, < 1.

2. For random variables with a finite W-Orlicz norm and finite variance, where W :
R > R*, W(x) = exp(In[x + 1]¢) — 1, the results of Chamakh, Gobet and Liu (2021)

imply that 1imy,_ oo pm Frr (s 1) = 0 if ,, ~ exp[(1og pp) <1/ /Tim.

Non-i.i.d. noise vectors with possibly dependent entries. Beyond the simplest setting of
ii.d. noise vectors with i.i.d. entries, one can consider more general, nonidentically dis-
tributed noise vectors with possibly dependent entries. The sign-symmetry requirement
Ny :=Nm1s.-.s Nun,y) =d G1Nm 15 ... bp, Ny p,) for the Va11d1ty of the randomization
test is equivalent to taking an arbitrary random vector N, 0 — = (N, 0 .. g m) and then

multiplying each N,?L j» J € [nm], by an independent Rademacher random variable.

To bound the tail of such a test statistic f,(N,,) for an arbitrary noise distribution, one
general approach is to first condition on the “orbit” of N,, under the signflip group, G(N,,) =
{(WiNm1, ... Un,, Nin,,)s v € {£1}"}, apply a bound accounting for the random signflips
(possibly using bounds on Bernoulli processes), and finally control the resulting tail bound
over the unconditional distribution of N,,.

Rate-optimality. Next, using tools from Section 2.3.1, we discuss certain rate-optimality
results for the randomization tests discussed in this section. In the setting of Proposition 3.1,
consider Py, specifying the distribution of the noise N, and Py € Hy1, i =1, ..., My,.
Then

My, —_ T My nm
1 pmj(xm) 1 me(X "mSmj ’ pm,i,O(Xm,i_ mj)

L, =— S I
" My, i=1 Pm0o(Xom) M =1 Pmo(Xm) ]X;ll_ll Pm.i,0(Xm.,i)
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Suppose all N, ; have equal distribution, with p,, 1.i.d. coordinates with density 7. Let M, =
Pm, and Sy; = Ty, - €, where e; is the jth standard basis vector, and 7,, > 0 will be chosen
below. Then

L, = L %i’_m[ T[(Xmi,j _Tm).
Thus,
1 (Xl — 1 Z— ntm
Pm =1 n(Xm,i,l) Pm n(Z)

Under appropriate regularity conditions in parametric statistical models
n(Z —ty)
n(Z)

where I, = [ 7’ (x)2 /m(x)dx is the Fisher information of 7 (see, e.g., Polyanskiy (2019),
Theorem 7.12.). Consistency requires that lim,, .~ Varp, ,[L;;] = 0o, so that for any C >
0, imy,— 0o (1 + I, 1,121) /log(Cpy, + 1) > 1. Thus, the minimal signal strength required for
detection is at least ~ /log(py)/nm. For subexponential random variables, this shows that
the signflip randomization test is rate-optimal in this case.

To summarize this discussion, we can formulate the following result:

2

Varzwn[ ] = (7 (- =), ) = Iy - T2 4 0(T2),

PROPOSITION 3.2 (Rate-optimality of signflip test for sparse vector detection). Under
the assumptions of Proposition 3.1, suppose that Ny, ;,i =1, ..., ny, have i.i.d. entries from
a distribution 1 that is subexponential and symmetric about zero, with a finite Fisher infor-
mation. Let ©,1(ty) = {sm € RP" . ||spllco = T }. The sequence of signflip-based random-
ization tests (1) of the sequence of null hypotheses s, = 0 from Proposition 3.1 is consistent
against the sequence of alternatives with sy € ©,1(ty) when T, = C/1og(pm)/nm for a
sufficiently large constant C > 0. Moreover, when t,, = 0(s/102(pm)/nm), there is no con-
sistent sequence of tests of s, = 0 against s, € O,,1(Ty,).

3.1.2. Spherical noise. We also study the case of spherical noise. Since the symmetry
group of the noise is larger, it turns out that is enough to have a single observation X,, =
Sm + Ny € RP to obtain a consistent test for a reasonable signal strength. We consider the
randomization test from equation (1), with a randomization distribution that rotates the data
K times using uniformly chosen rotation matrices O,,; € O(py), i =1,..., K. Thus, in
contrast to the previous section where each data point was transformed individually via a
sign flip, here the single data vector X, is transformed via an arbitrary rotation.

PROPOSITION 3.3 (Consistency of orthogonal randomization test for sparse vector de-
tection). Let X,,, = sy, + Ny, where X, Sy, Ny, are pp,-dimensional vectors and Ny, has
a spherical distribution. As m — 00, the sequence of randomization tests (1) with statis-
tics || Xmlloo and randomization distributions uniform over O (p,,) is consistent against the
sequence of alternatives with s, € ©,1, if there is a sequence (ty, 2)m>1 such that with prob-
ability tending to unity, || Ny |2 < tm.2, and for any sequence (Sym)m=>1 such that for all m > 1,
Sm € Ont,

1/2

21
% lim inf llsm lloo/( ngm)l/2 o1

"% (smll2 + 2tm,2)/ pm
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See Section 5 of the Supplementary Material (Dobriban (2022b)) for the proof.

This condition is a form of relative sparsity: the maximal absolute coordinate ||s;; |00 1S
large compared to the £2 norm |5, |2 and to the noise level ||N,,||2. Proposition 2.3 leads
to the condition liminf,,;,— o ||Si|lco/ | Vmllco = 2. Now, one can check (and we do in the
proof) that [[Nylloo =a INmll2 - | Zmlloo/ | Zim |2, where Zy, ~ N (O, I},,). Moreover, as we

also check in the proof, || Z lleo ~ (210g p)'/? and || Z, |12 ~ / . Hence, the condition for
the deterministic test is (roughly)

li ||Sm||oo/(210g pm)l/2
lm 72
m—)oo ztm 2/p /

We can see that the condition is milder that (7) (compare the denominators); but may be
asymptotically equivalent if ||s,,; |2 = 0(t.2).-

Obtaining consistency results. Therefore, obtaining specific consistency results boils down
to controlling || Ny, ||2, the £, norm of a spherically invariant random vector. This distribution
can be completely arbitrary. We give a few examples of such random vectors in Table 1,
including normal, multivariate ¢, and multivariate Cauchy distributions. See Fang, Kotz and
Ng (2018), Chapter 3, for more examples.

1. For Z, ~ N(0,1p,), we have ||Zm||% ~ Xzzwm' By the chi-squared tail bound in

Lemma 8.1 of Birgé (2001), when T', ~ x2

2
P(Fm/pm >142 2 4 —x> <e ™,
Pm  Pm

Hence, for any sequence (/;;)n>1 such that /,, > 0 for all m and [, — o0 as m — oo, Fl
1/ 2 (U HEDN [1+ O((Ln/pm)'/*)]) with probability tending to unity. Thus, we can take

2 = 1/2(11/2 A [1 + O((lm/Pm)l/z)])‘

2. For a multivariate Cauchy distribution (and more generally a multivariate ¢ distri-
bution with d;,, > 1 degrees of freedom), by the chi-squared tail bound in Lemma 8.1 of
Birgé (2001), when I'), ~ Xdzm’ I'm/dm > 1 —24/x/d, with probability at most exp(—x).
Hence, for any sequence (/,;)m>1 such that [, > 0 for all m and [,, — 00 as m — oo,

/2

1/ TN < a1 A1+ O /dw)/*)]) with probability tending to unity. Thus, we can
take
Pt > Uil > AL+ O U/ pi) D)D)
fm,2 = 4\

(Unl> AL+ O (U /dm) ']
See Section 5 of the Supplementary material (Dobriban (2022b)) for a discussion of rate-
optimality.

TABLE 1
Classical examples of spherical distributions, for random vectors Z € R?, for p > 0. The densities are given up
to constants independent of the argument z € RP , and the distribution of ||Z ||2 is given in terms of classical
distributions such as the chi-squared distribution with p degrees of freedom ( Xp 2), and the F-distribution with p
and d > 0 degrees of freedom (F),

Distribution Density Distribution of || Z ||2
N 1 ~ —11zI12/2 2

orma exp(—llzll5/2) Xp
Multivar. Cauchy ~(1+ IIZII%)_(‘IH'I)/2 p-Fpi

Multivar. ¢ with d d.o.f. ~ 1+ ||Z||%/d)_(f”'*'d)/2 p-Fpa
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F1G. 2.  Evaluating the power of the randomization test in comparison with the deterministic test as a function
of signal strength in sparse vector detection. Left plot: rotation test; right plot: signflip test. See the text for details.

Numerical example. 'We support our theoretical result by a numerical example. We generate
data from the signal-plus-noise model X, = s,, + N,,, where N,, ~ N (0, I, ), with p,, =
100 and s,, = (1, 0,0,...,0)" with the signal strength parameter y taking values over a
grid of size 20 spaced equally between O and 4 - /log p,,,. We evaluate the power of the
deterministic test based on || X, || 0, tuned to have level equal to « = 0.05. The critical value
to is set so that Py (| X lloo = to) = 0.05, and thus equals z, = @~ ([(1 — ) /77 +1]/2),
where @~ is the standard normal quantile function, that is, the inverse of the standard normal
cumulative distribution function. In this case, the noise has rotational symmetry. This model
can also be viewed as having sign symmetric noise (Section 3.1.1), with n,, = p;,, and with
each N, ;,i =1, ...,n, being a one-dimensional standard normal random variable.

We evaluate the power of the randomization test based on K = 19 and K = 99 random
orthogonal rotations as well as the same number of random signflips, with « = 0.05. Since the
two randomization tests are appropriate under different observation models, we emphasize
that this experiment does not aim to compare the two types of randomization methods. We
repeat the experiment 1000 times and plot the average frequency of rejections.

On Figure 2, we observe that, as expected, the randomization tests correctly controls the
level (under the null when u = 0). Moreover, the power of all tests increases to unity over
the range of signals considered, and the deterministic test has only slightly higher power than
the randomization tests. In particular, the randomization tests achieve power almost equal to
unity at almost the same point as the deterministic test. This is aligned with our results, and
supports our claims that the randomization tests are near-optimal. Further, we also observe
that the power with K = 99 random transforms is slightly higher.

Heavy tailed example. One of the the strengths of randomization tests is that they seam-
lessly apply to heavy tailed noise. To illustrate this, we repeat the above experiment with
t-distributed noise entries (with three and five degrees of freedom, respectively) instead of
normal noise, and using the signflip randomization test. On Figure 3, we observe that the
power of the randomization test increases over the range studied; but since the ¢ distribution
has heavier tails than the normal, the power increases at a slower rate than in our previous
experiment, especially for the ¢ distribution with three degrees of freedom.

3.2. Detecting spikes/low-rank matrices. A second example is the important problem of
detecting low-rank matrices, which is fundamental in multivariate statistical analysis, includ-
ing in PCA and factor analysis; see, for example, Anderson (1958), Dobriban (2020), Hong,
Sheng and Dobriban (2020), Johnstone (2001), Johnstone and Onatski (2020), Johnstone and
Paul (2018), Muirhead (2009).

Here the data X, is represented as an n,, X p, matrix, where often n,, is the number of
samples/datapoints, and p,, is the number of features. We are interested to detect if there is
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FIG. 3.  Evaluating the power of the randomization test for t-distributed noise. Left plot: t distribution with three
degrees of freedom; right plot: t distribution with five degrees of freedom. See the text for details.

a latent signal in the highly noisy observation matrix; and we model this by a matrix with a
large operator norm. Formally, X,, =s,, + N,,, where s,,,, N;,, are n,, X p, matrices, and we
use the operator norm test statistic fy, (X;n) = | Xy llop = Omax(Xn). This is just one of the
many possibilities. One could consider other yr-subadditive test statistics; and in particular
norms, such as the maximum absolute entry, max; j | X, ;j|, or generalized Ky Fan norms
of the form X > (X5_, 07 (Xm)$)V/¢, where o1(Xpn) > ... 0nyapy (Xm) > 0 are the singular
values of X,,, x > 1, and ¢ > 1 (Li and Tsing (1988)).

As in the previous sections, there are many possible models for the structure of the noise
and its corresponding group of invariances. For illustration, we only study one of them here.
We consider a model where the columns of N, are independent, and each has a spherical
distribution. As in the general theory, we consider a sequence of such signal-plus-noise ma-
trices, for a sequence of signals s,,. We can then randomize via independent uniform rotations
of the columns. Recall that ||s,, ||2,00 is the maximum of the column ¢, norms of s,,.

PROPOSITION 3.4.  Let the observations follow the matrix signal-plus-noise model X, =
Sm + Ny, where X, Sy, Ny are ny, X pp,-dimensional matrices and each column of Ny,
is independent, with a spherical distribution. As ny,, py, — 00 such that co < ny,/pm < ci1
for arbitrary fixed 0 < co < c1, the sequence of randomization tests (1) with test statis-
tics || Xmllop and randomization distributions uniform over the direct product of orthogonal
groups Gy, = O () ® O(ny) ... ® O(ny,,) rotating the columns of the data is consistent
against the sequence of alternatives with s, € Oy 1, if there is a sequence (t,,,2)m>1 such that
with probability tending to unity, | N ||l2.00 < tm.2, and for any sequence (Sy)m>1 such that
forallm > 1, s, € Oy,

1/2 1/2
Ismllop/(ant > + pal®)

lim inf 0

meoee (”sm”Z oo + 2ty 2)/”

> 2.

See Section 5 of the Supplementary Material (Dobriban (2022b)) for the proof. One can
verify that Proposition 2.3 implies that the deterministic test based on || 8, |« 1S consistent
when

1/2 12

. ||Sm ||op/(n
limin 1/2

> 2.

When N, ~ N (0, I,,,, ® Ip,,,), one can verify that we can take t,,2 = np 12 (1+o0p(1)),
thus the condition in Proposition 3.4 can be verified to simplify to

timinf[llsm lop/ (1, + p?) W= 1.
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More generally, suppose that Ny, = [V, 1 Om. 15 - -+ Vin, py, Om, p, 1, Where vy, i € [pp]
are i.i.d. from a distribution with cdf F,, and O, ,,,;, i € [py] are i.i.d. according to the Haar
measure on the orthogonal group O(py,). Then the condition on #,, » is that P (maxfgl Vim; <
tm2) = Fy(ty2)P" — 1. Consider any sequence (/;,)n,>1 such that /,, > 0 for all m and
Iy — 0 as m — oo. Then, we can take ¢, 2 = F,;l(l — I/ Pm).

See Section 5 of the Supplementary Material (Dobriban (2022b)) for a rate-optimality

result.

3.3. Sparse detection in linear regression. We consider the fundamental linear regression
problem Y,, = X;, B + &m, Where g, is random. The null hypothesis is that 8,, = 0, and we
are interested to detect “sparse” alternatives in the same way as in Section 3.1, that is, vectors
Bm with a large £, norm.

We can directly view this as a signal plus noise model, where s, = X, 8,,. However, the
most direct approach of using a test statistic such as f;,;,(¥;,) = || Y |loo leads to a condition
for consistency that depends on the £, norm X, 8,, as opposed to §;, only. Instead, we write
the ordinary least squares (OLS) estimator ,ém as

Bm =X;;1Ym = PXm,Bm +X;1r18m,

where X };1 is the pseudo-inverse of X,,, and Py, is the projection into the row space of X,,.
Formally, this is the OLS estimator if n,, > p,, and X,, has full rank; otherwise it is the
minimum £, norm interpolator of the normal equations X ; Y — X Bm) = (0. We can view
this as a signal-plus-noise model with observation X, = ,3m, signal s,, = Px,, Bm, and noise
Ny = X,Tnsm. If n;y, = py and X, has full rank, s, = B,,, but in general this approach only
provides information about the projection of ,, into the row span of X,,. We are interested
to detect sparse signals using the test statistic f, (,3m) = 3,,1 loo-

As before, there are many possibilities for the structure of the noise. As in Section 3.1.1,
we consider coordinatewise sign-symmetric noise, assuming that for any vector b € {£1}",

(Em1s---s€mmn,) =d b1&m 15 - -, by, €m n,, ). We consider the randomization test from equa-
tion (1), where we randomly flip the sign of the data K times using diagonal matrices By, ;,
i=1,..., K, with i.i.d. Rademacher entries on the diagonal. For any n,,-dimensional vector
v, define the matrix

(8) X (v) =[X] diag(v); — X diag(v)].

For j=1,..., pp, let [le]j,- be the jth row of X,Tn. Let

©) T(Xp) = {diag([X},]; ) Xmw : w € RP", wlloo < 1, j € [pnl}.

Define the vector |&,,| = (lem 1], -- -, |8m’nm|)T. Recall U™ from (5). Below, || M|l0o.00 =

SUP|jy o<1 |Mv]| o is the induced matrix norm, which is also the maximum of the £; norms
of the rows of M.

PROPOSITION 3.5. Let the data (X, Yy) follow the linear regression model Y,, =
XmBm + em, where Yy, is an ny,-dimensional vector of outcomes, X,, is and ny, X pp-
dimensional observation matrix, and B, is an unknown py,-dimensional vector of regression
parameters. Let €, have independent entries ey, i, 1 = 1,..., Ry, such that &, ; =4 —&m.;i.
The sequence of randomization tests (1) of the null hypothesis Px, B, = 0 with test statistics
| Bm |loo, Where ,ém =X ,1,1 Yy, and randomization distributions uniform over n,, X n,, diagonal
matrices with independent Bernoulli entries is consistent against the sequence of alternatives
with Px, Bm € On1, if there are two sequences (L) m>1 and (ty)m=>1 such that the following
hold:
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1. Iy, > 0 forall m and 1, - o0 as m — oo,
2.ty > 0 for all m and, with U™ from (5) and X, from (8),

P(U+(Xm(|8m|)» lm) < fm) — 1,

3. for any sequence (Px,,fm)m>1 such that for all m > 1, Px, B € Op1, with T (X,;,)
from (9),

+
liminf(||PX ﬁmnool_U (T<X'”)’l’")> > 1.
m— 00 m 2tm

See Section 5 of the Supplementary Material (Dobriban (2022b)) for the proof. This re-
sult bounds ||X;18m||oo by an “asymmetrization” argument first, by conditioning on |&,|
and using the Bernoulli/Rademacher randomness over the signs of the entries of &,,. How-
ever, in specific cases when more is known about the distribution of ¢&,,, one may ob-
tain simpler results by directly bounding this quantity. For instance, when &, ~ N (0, I,,,,),
X ,Lem ~N(@, X ,L(X L)T), and under certain structural conditions on X,,, one may be able
to derive sharp bounds for the required maximum || X ;';,8m||oo of a correlated multivariate
Gaussian random vector.

For comparison, one can verify that Proposition 2.3 implies that the deterministic
test based on ||,3m loo 18 consistent when the (at least as liberal) condition
liminf,,_ || Px,, Bmlloo/(2tm) > 1 holds. See Section 5 of the Supplementary Material
(Dobriban (2022b)) for a discussion of rate-optimality.

4. Discussion. We developed a set of results on the consistency of randomization tests.
While we think that our results are quite powerful, they also have limitations to be addressed
in future work. A limitation is the restriction to signal plus noise models. This is needed in
the current proof technique; in fact our entire approach is based on this structure. However,
to broaden the scope of our results, it would be important to extend to more general statistical
models.
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SUPPLEMENTARY MATERIAL

Supplementary technical material (DOIL: 10.1214/22-A0S2200SUPPA; .pdf). The sup-
plementary technical material contains the proofs of all technical results, additional results
on two-sample testing, further related work and discussion.

Code supplement (DOI: 10.1214/22-A0S2200SUPPB; .zip). The code supplement con-
tains the scripts used to produce the numerical experiments from the paper.
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SUPPLEMENTARY MATERIAL

1. Additional related works. Here we discuss additional related works, which were not
included in the main text due to space limitations.

A number of invariance-based randomization based tests have been developed for linear
and generalized linear models (Freedman and Lane, 1983; Perry and Owen, 2010; Winkler
et al.,, 2014; Hemerik, Goeman and Finos, 2020; Lei and Bickel, 2021). The works by
Anderson and Legendre (1999); Winkler et al. (2014) review and compare a number of
previously proposed permutation methods for inference in linear models with nuisance
parameters. Hemerik, Thoresen and Finos (2020) show empirically that permutation tests
can control type I error even in certain high dimensional linear models. Hemerik, Goeman
and Finos (2020) develop tests for potentially mis-specified generalized linear models by
randomly flipping signs of score contributions.

Other specific problems where invariance-based randomization tests have been developed
include independence tests (Pitman, 1937), location and scale problems (Pitman, 1939),
parallel analysis type methods for PCA and factor analysis (Horn, 1965; Buja and Eyuboglu,
1992; Dobriban, 2020; Dobriban and Owen, 2019), and time series data, where Jentsch and
Pauly (2015) randomly permute entries between periodograms to test for equality of spectral
densities. In addition, randomization based inference has been useful to study factorial
designs (Pauly, Brunner and Konietschke, 2015), regression kink designs (Ganong and Jiger,
2018), and linear mixed-effects models (Rao, Drikvandi and Saville, 2019).

Most works assume exact invariance of the distribution. Romano (1990) studies the
behavior of invariance-based randomization tests beyond the exact group invariance frame-
work. This work shows that asymptotic validity holds in certain cases, and fails in others.
Canay, Romano and Shaikh (2017) relax assumptions to only require a form of limiting
invariance in distribution. They show that the group randomization test has an asymptotically
correct level.

Chung and Romano (2013) develop general permutation tests with finite-sample error
control based on studentization. Further studies include discussions of conditioning on
sufficient statistics (Welch, 1990), combination methods (Pesarin, 1990), and others (Janssen
and Pauls, 2003; Kim, Balakrishnan and Wasserman, 2020).

Beyond permutation tests, flipping signs is considered in many works, see e.g., Pesarin
and Salmaso (2010). Following Wedderburn (1975), Langsrud (2005) discusses rotation
tests in Gaussian linear regression. This approach assumes data X,,, ~ N(0,I, ® X,),
and computes the values of test statistics on Xr = R, X,,, where R,, are uniformly
distributed orthogonal matrices over the symmetric group O(py,). This is applied to testing
independence of two random vectors, as well as to more general tests in multivariate linear
regression. Perry and Owen (2010) extends the method to verify latent structure. Solari, Finos
and Goeman (2014) argues for the importance of this method in multiple testing adjusting
for confounding. The theoretical aspects of rotation tests for sphericity testing of densities
are discussed briefly by Romano (1989), Proposition 3.2.

Toulis (2019) develops residual invariance-based randomization methods for inference in
regression. This work considers a general invariance assumption €,, =4 gm&m for the noise
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Em, for all group elements g,,, € G,,. For ordinary least squares (OLS), it considers the test
statistic t(&,,) = a' (X}, X;n) 71X, gmém, where &, are the OLS residuals, and a is a vector.
This work discusses many examples, including clustered observations such that the noise is
correlated within clusters, proposing to flip the signs of the cluster residuals.

2. Two-sample testing. We study a two-sample testing problem, which is a classical and
fundamental problem of exceeding importance in statistics, see e.g., (Lehmann and Casella,
1998; Lehmann and Romano, 2005). We study this for illustration purposes only, as there are
well-established tests. We do not claim that randomization tests are better, merely that they
are applicable, and it is of interest to understand what they lead to.

We consider permutation based randomization tests, valid when the entries of the noise
are exchangeable. For a given integer m > 1 and dimension p,,, let (f,,),cr»~ be a location
family of densities on RP. Let || - [|gs be a norm on RP. Let &,,; ~ fo,, sampled from
the location family at the all-zero vector be iid for i € [n], and €, ; ~ fo,, also be iid for

PROPOSITION 2.1.  Let Zp 1,5 -+ s Zmny ~ Jum» Ym1,---> Ymm, ~ fu be independent
observations, and test the null hypothesis that i, = i, against the alternative that P 7

h,. Consider the randomization test (1) with test statistic ||Zm — Y, ||gem, where Z,, =

-1 - v —15" ",
Nyt 2 oi™y Zmyg and Yy, = (ng,) 1> Yo .
For a randomization distribution uniform over the symmetric group of all permutations
Snn » the sequence of randomization tests (1) of the sequence of null hypotheses ji,, = [,
is consistent against the sequence of alternatives with (i, (1,,) € Om1, if

1. as m — 00, Ny, + 1, — 00,
2. there is a sequence (tp,)m>1 such that

n’ n
1 m 1 m
2 Emi T D Emal Stw | =L,
m =1 =1 Rom
where p,.i,€1, i~ fo,., 1 € [nm], J € [n,] are iid.
3. for any sequence (fim,, [t )m>1 such that for all m > 1, (fim,, fil,,) € Oma1,
, —
liminf £ = pom[leere > 9.

m—ro0 m

See Supplement 5.5 for the proof. As for the one-sample test for sparse detection,
Proposition 2.3 leads to the same condition; thus suggesting that the additional noise due
to randomization is small. The condition looks similar to the one we obtained for the one-
sample test; however this concerns a different randomization distribution (permutations), and
thus requires a different analysis. Bounding ¢,,, depends on the conditions we impose on the
location family, on the growth of the dimension and sample sizes, and on the specific norm
used. For instance, in certain cases one may use Orlicz-norm based concentration inequalities
(see e.g., Section 3.1.1 for examples), which can be adapted to the norm || - ||gem .

Following the approach from Section 3.1.1, for || - ||gem = || - ||oo» the same results
stated there apply by assuming the same conditions on the noise vectors for both samples,
and by bounding the noise vectors of the two samples separately. For instance, if the
entries of e,,4, © € [ny], €, ,, @ € [n],] are iid sub-exponential, then we can take ¢,, ~

\/(log Pm)/ min (1, n;n) .
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Fig 1: Evaluating the power of the permutation and deterministic versions of the ¢-statistic
(left) and the difference-in-means statistic (right) as a function of signal strength in two-
sample testing. See the text for details.

Rate-optimality. It is straightforward to see that the lower bound technique from Section
3.1.1 generalizes, and leads to a bound of the order 7, = \/(log pn)/ min(ny,,n.,). Indeed,
when n,,, < nl,, one can take ji,, j = 0 and piy, ; = 7o, - €, for j € [ny,] in the construction of
the alternatives in Ingster’s method, and it is straightforward to see that the desired conclusion
holds by the same calculation as in Section 3.1.1. This shows that for noise with iid sub-
exponential entries, the signflip based randomization test is rate-optimal. To summarize:

PROPOSITION 2.2 (Rate-optimality of permutation test for sparse two-sample testing).
Under the assumptions of Proposition 2.1, suppose that ep,; ~ fo, for i € [ny)], and
€ ~ fo,, for i € [ny,], each with iid entries following a sub-exponential distribution .
Let O©,,1(Tim) = { (i, pih,) € RPm X RP™ < ||y, — il |loo = T} The permutation test of
the sequence of null hypotheses ji, = p., from Proposition 2.1 is consistent against the
sequence of alternatives with (fim, jil,) € Om1(Tm) when T, = C\/log(pp,)/ min(n,, nl,)
for a sufficiently large constant C' > 0. Moreover, when

Tm =0 (\/log(pm)/min(nm,n’m)> ,

there is no consistent sequence of tests of iy, = i, against (fm, fih,) € Om1 (Tm), m > 1.

Numerical example. We support our theoretical result by a numerical example, using
tests based on the two-sample ¢-statistic and the difference in means for two-sample testing.'
We generate data from the Gaussian signal-plus-noise model Z,, ; ~ N (s, 1), for i € [n,y,],
and Yy, ; ~ N(0,1), for i € [n],], where s,,, = i, with the signal strength parameter y taking
values over a grid of size 20 spaced equally between 0 and 3. We take n,,, = n/, = 15. We
evaluate the power of the deterministic tests based on the two-sample ¢-statistic, and the mean
difference of the two samples, tuned to have levels equal to o = 0.05. We also evaluate the
power of their randomization versions based on K = 99 random permutations. We repeat the
experiment 100,000 times and plot the average frequency of rejections.

On Figure 1, we observe similar phenomena to those mentioned before: the randomiza-
tion tests correctly control the level, and the power of all tests increases to unity over the
range of signals considered. The powers of the tests are very close.? In this experiment,

'We thank a referee for suggesting this experiment.
ZWe note that similar observations have been made by Lehmann (2009).
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the permutation version of the two-sample t-test has a slightly higher power than the
deterministic ¢-test, however this is reversed for the difference in means.>

3. Practical Considerations. When are invariance based tests applicable in practice?
When can one invoke the group invariance hypothesis? We think that this is a challenging
applied statistics problem, and we provide some discussion here.* When a data analyst is
performing a hypothesis test, and they have reason to think that under the null hypothesis the
distribution of the data is (nearly) unchanged under some operation, then one can invoke a
group invariance condition. Suppose for instance that the data analyst thinks that under the
null hypothesis, the data is equally likely to have come in any order — then one can invoke
permutation invariance. However, suppose that the data comes in predefined clusters (such as
strata, or classes based on some key distinguishing property), and under the null hypothesis
it is only reasonable to think that that data is equally likely to appear in any order in some
specific clusters. Then one can use permutation invariance only over the permutations within
those clusters.

This type of reasoning is more readily justifiable when testing a point null. In that case,
since we only consider one distribution, assumptions can be justified with greater ease.
However, if we consider composite null hypotheses, such as those in two-sample testing,
then it becomes much more challenging to justify invariance assumptions.

However, one difficulty is that formally testing (evaluating) invariance assumptions can
be very difficult, especially if the invariance groups are large (for instance suppose that we
only have one observation; then it is impossible to test that its density is symmetric around
zero).> In our view these type of decisions can be quite application-specific. Further, there are
a number of books and reviews on group invariance and permutation tests in statistics, and
the interested statistical data analyst can study them for additional insights (see e.g., Pesarin,
2001; Ernst, 2004; Pesarin and Salmaso, 2010, 2012; Good, 2006; Kennedy, 1995; Eaton,
1989; Wijsman, 1990; Giri, 1996, etc.).

4. Proofs for the general theory.

4.1. Proof of Y-sub-additivity in Section 2.2. Let z,y € R and suppose first that 0 < z <
y- Then, by concavity, c(y) = c(z[z/y]+ [z +yl[1—2/y]) = c(z)(@/y) + c(z+y) (1 —=z/y),
or equivalently, c(x + y) < [ye(y) — ze(x)] /[y — x]. Thus, c¢(z + y) < ¢(x) + ¢(y) follows if
zc(y) < ye(x). By concavity again, and also using that ¢(0) > 0, we have ¢(z) = c(y[x/y] +
01 —x/y]) = c(y)(z/y) + c(0)(1 —x/y) = c(y)(z/y), as required. Next, if 0 < z = y, then
the above argument used for y = 2x shows that ¢(z) > ¢(2x)/2, thus c(x + y) = ¢(2x) <
2¢(x) = ¢(x) + c(y). This finishes the argument when x,y > 0. The same argument applies
when z,y < 0.

The remaining case is when x,y have opposite signs. We can assume without loss of
generality that x < 0 < y and that |y| > |z| (otherwise we can consider (—z,—y)). Then
flx+y)=c(lz+y|) =clz+y)=cly — |z|) <c(y) + c(|z]), where the last inequality
follows because ¢ is non-decreasing, and also as 0 < ¢(0) < ¢(|z]).

3This may appear to be a bit surprising, and we have double checked it experimentally with an alternative
implementation.

“We thank a reviewer for raising this question.

SThis does not contradict that the randomization tests considered in the paper can be viewed as tests of
invariance. Indeed, our claim here is that generally ascertaining invariance is difficult. The tests considered in
this paper can have power to detect certain deviations from invariance, but in general they may not universally
detect all deviations from invariance.
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4.2. Proof of Theorem 2.1. Control of type I error. The first claim, about the level/Type
I error control, is discussed at various levels of generality in many works. The textbook
result, e.g., Problem 15.3 in Lehmann and Romano (2005) considers finite groups, and for
infinite groups (e.g., Problem 15.1 in the same reference), assumes that we average over the
full group. See also more general statements in theorem 2 in Hemerik and Goeman (2018a)
and theorem 2 in Hemerik and Goeman (2018b). We provide a simple argument to show a
key required exchangeability claim, which extends the above results allowing for compact
topological groups at a full level of generality, and applies to random sampling of a finite
number of group elements. This is crucial for our results, because we use continuous groups
such as orthogonal groups in many of our examples.

Let Ty = fim(Npm), and T; = f(GmilNp,) for i = 1,..., K. Note that due to noise

invariance, 7T;, ¢ = 0,..., K are exchangeable when N,,,G,1,...,Gni are all considered
random: the random variables in the vector L = (N, Gp1 Ny, - - ., Ginie Ny ) are exchange-
able.

LEMMA 4.1.  The random vectors { Ny, Gi1 Npy - « o Gruic Ny } are mutually exchange-
able.

PROOF. To see this, we will show that L = (Ny,, G Ny - - ., Ginie Ny ) has the same
distribution as B = (G, Np, Gt Ny - - -, G N ), where G, ~ @y, is independent of
Niy, Gty ...y G Denote Gy, Ny, = N/ . Then this is equivalent to the statement that L
has the same distribution as (N/,, G, 1 G, NL, ..., G G ENL ).

Let G, = GiGl, for i =1,..., K. Since N,, =4 N}, the above claim follows from
because the vectors (Gp1,...,Gmk) and (G, ..., G, ;) have an identical distribution.
For simplicity, we show this for K = 2. The proof for the more general case is very similar.

We can write for i # j, Qu(G,; € M;, G, ; € Mj) = Qu(GmiGy,' € My, GGl €
M;) = Qum(Gmi € G M;, Gy € G M;). Now, let us condition on G,,. Then, we can
write using the independence of G, G that Qp, (Gi € G Mi, G € G M| Gy,) =
Qm(Gmi € G M;| Gr) Qi (Gimj € GM;| Gyy,). Recall that G ~ @, are iid from the
Haar/uniform probability measure on G,,. Using the left-invariance of the Haar measure, we
have @, (Gmi € GnMi| Gr) = Qun(Gmi € M| Gry) = Qu(Gmi € M;), and similarly for
J. Hence, we find, using again the independence of G,,;, G,; that

Qm(G;m € M;, G;nj € Mj) =Qm(Gmi € Mi)Qm(ij € Mj)
= Qm(Gmi € M;,Gyj € Mj).

This shows that the joint distribution of (Gy1,...,Gmi) and (G4, ..., G ;) is the same
for K = 2. The same argument works for K > 2. This finishes the proof. O

One can then finish the proof of type I error control as in the proof of theorem 2 in Hemerik
and Goeman (2018b).

Consistency. Now we move to the part about consistency. We will consider a slight variant
of the invariance-based randomization test, where for a fixed K > 1 we reject the null when

(D S (Xim) > max (fn(GmiXm), - s fmn(Gmx Xm)) s

and where each G,,;, i = 1,..., K is chosen uniformly at random over G,,,. The type I error
probability over the random X,,, and G,,; of this test is at most 1/(K + 1), see Theorem 2.1.
The consistency of this test implies the consistency of the quantile-based test. Specifically,
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given any a € (0,1), choose any positive integer K such that 1/(K + 1) < a. Let R, i
denote the event (1) and let R,, , denote the event (1). Then, R,, x C Ry, and hence
Py, (Rm k) < Ph,,, (Rm,qo). We will show that Py, (R, k) — 1. Thus, it will follow that
Py (Rma) — 1. Therefore, it is enough to study the test (1). A simplification is given by
the following lemma.

LEMMA 4.2. Suppose K is fixed. Then we have
P(fon(Xim) > 185 (G Xom)) > 1
if and only if we have P(fp (X)) > fi(GmXm)) — 1 for a single G, ~ Q.

PROOF OF LEMMA 4.2. Consider the events A; = { fin(Xm) < fin(GmiXm)}. By taking
complements, it is enough to show that P(UX | A;) — 0 if and only if P(A4;) — 0.

Since G ,,; have the same distribution for all ¢ € [k], we have P(A;) = P(A;) for all i, j.
Moreover, since A1 C U{ilAi, we have by the union bound that

2 P(A;) < P(UE, 4)) ZP = K- P(Ay).

Hence, as K is bounded, we have P(UX | A;) — 0iff P(A;) — 0. O

Thus, for consistency to hold, it is enough to show that with probability tending to unity,
S (X)) > (G Xom).

Now, fin(GmXm) = fin(GmSm + GmNy,). We have the following:

LEMMA 4.3 (Independence Lemma). If ¢, INy =g N for any fixed g, € G, then
G L G Ny, when Gy ~ Q.

PROOF OF LEMMA 4.3. We can write, for a measurable set A

P(GmNm S A| Gm = ng) = P(ngNm S A| Gm = ng)
= P(gmoNm € A) = P(N,, € A).

Since this expression does not depend on g0, the distribution of G,,, N,,, does not depend on

the value of G, ; thus G,,, Ny, is independent of G,,. ]

This implies that for G,,, IV,, sampled independently, G, s + G Ny, has the same
distribution as G, S, + Ny, Therefore, f, (G Xm) =4 fin(GmSm + Nim ), and it is enough
to give conditions for the potentially stronger condition that there is a deterministic sequence
of critical values ¢/, such that

3) Pt (fi(GmSm + Ni) < t1,) + P,y (fon (X)) > £7,) = 2.
By v-subadditivity, we can write
(4) fm(Xm):fm(5m+Nm)>wfm(5m)_fm(_Nm)‘

Since t,, is such that P( fy,,(—Ny,) < t;n) — 1, we conclude that P(f,, (X)) = ¥ fin(sSm) —
tm) — 1. Hence, if fi,(8p) > w71t (8m) +tm], then the desired condition Py, (fm(Xm) >
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tr,) — 1 holds, provided that Py, (fm(GrmSm+Nm) < t;,,) — 1. By ¢-subadditivity again,
we can write

fr(Gmsm + Nm) < wil[fm(Gmsm) + fm(Nm)]-

Now, with probability tending to unity, f,,,(GmSm) + fm(Nm) <t + tn. Hence, taking
t! ="ty + t.,] finishes the proof.

Proof of Proposition 2.2. The proof of this result consists of the proof of Theorem 2.1,
until equation (3). The assumption about the separating sequence ensures precisely that this
condition holds, and thus finishes the proof.

Comments on the proof. The sequence (t,)m>1 can be viewed as a “separating
sequence", which deterministically separates the values of the original test statistic f,,, (X, )
from the randomized test statistic f, (G, X, ). The current proof technique relies crucially
on the existence of this sequence. However, randomization tests may be consistent even if
such a sequence does not exist; thus, this step is not always sharp.

Consider for instance a sequence of observations (X, )m>1, and test statistics defined by
a sequence of norms || - || defined on their respective sample spaces (where the dependence of
the norm on m is suppressed for readability). Suppose that randomization tests are consistent,
and that there is a separating sequence (t/,,)m,>1 such that || X,,|| > ¢, and |G X || < 8],
both hold with probability tending to unity as m — oco.

Consider now a new observation model, where the observation X/, equals X,, with
probability 1/2, and equals A,,X,, with probability 1/2; where (A;,),>1 is a certain
deterministic sequence of positive scalars. We choose A,,, such that there is no separating
sequence for X, . This can be accomplished by first choosing two sequences (Ay1)m>1,
(Am2)m>1 of positive scalars, such that | X, || < A1 and |Gy, Xo || > A2 with probability
tending to unity as m — oo. The existence of A,,; is clear, while for A,,2, we only
need that GG, X, # 0 with probability tending to unity, which is a mild condition that
holds in all examples we have considered. Then, we can take A,, = A;2/Am1, and it
follows that, with probability tending to unity, |Gy, (AmXnm)|| > || X ||. Hence, there is a
deterministic sequence (¢, )>1, specifically ¢/, = A,,1, such that with positive probability,
|G X, || >t and t!}, > || X],||, and thus there is no deterministic separating sequence for
X,,. However, the random separating sequence that equals ¢/ when X,,, = X, and At
otherwise, shows that the randomization test is consistent when the observation is X/ .

This shows that the current separating sequence approach is only sufficient and not
necessary for the consistency of randomization tests.

4.3. Proof of Proposition 2.3. As in the proof of Theorem 2.1, it is enough to give
conditions for the analogue of (3), i.e., that there is a deterministic sequence of critical values
t/. such that

P (fr(Nem) < 1) + Prt,y (frn(Xim) > 1) = 2.

By condition 2(a) of Theorem 2.1, we can take t,, = t,,,, and Py, , (fim(Nm) <t),) — 1. By
-subadditivity, we have (4). Thus, we only need that v f,,, (S,) — tm, > tim,, Which is true by
(3). This shows that we can take ¢, < t,, and finishes the proof.

5. Proofs and discussion for the examples.

5.1. Proof of Proposition 3.1. Since || - || is a norm, it is 1-subadditive. Thus, the
condition from Theorem 2.1 reads 1, {|1,) sy oo > i (Sm) 42t Moreover, n |1, s loo

= ||Sm|lco- The requirement on t,,,t,, is that with probability tending to unity, one has
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[t S0 Ninilloo < tm, and for Rademacher random variables by, ;, i € [ny,], with
probability tending to unity, ||} >0 bimiSmlloo = [t Yo bl + [|8m oo <t

By Hoeffding’s inequality, for any C' > 0, P(|n,;,! > 0 by il = C) < 2exp(—2n,C?).
Hence, we can take #,,, = (@ /[27m])"/? - || 8m |0, for any sequence (., )m>1 With a,, — co.
Thus, the condition is that for all m large enough,

[[$mllo0 > (am/[2nm])1/2 Nsmlloo + 2tm.
This requires that a,,/[2n,,] < 1, which we can ensure holds for all large enough n,, by
taking a,, to grow sufficiently slowly. For such large n,,, the condition is
2tm,
— (am/[2nm])Y/?

Clearly, this holds when a,, grows sufficiently slowly, for instance when a,,, = logn,,, if

Jsmlloe > 7

5.2. Proof and discussion of Proposition 3.3.

5.2.1. Proof of Proposition 3.1. Since || - || is a norm, it is 1-subadditive. Thus, the
condition from Theorem 2.1 reads |[$,m|/oo > tm(5m) + 2tm. The requirement on t,,, t,, is
that with probability tending to unity, || Ny, ||eo < tm, and for Oy, ~ O(py,), with probability
tending to unity, ||Osm|lco < tm.

Now, for a normal random vector Z,,, ~ N (0, I, ), we have ||Opsm oo =a | Zm||co /|| Zm |2
|| $m ||2. For Z,,, ~ N(0, I, ), using standard chi-squared concentration of measure (Boucheron,
Lugosi and Massart, 2013), we have ||Z,,]2 = p}r{2(1 + op(1)). Moreover, |[Zp]|c <
(1 + op(1))+/2logp,, with probability tending to unity. Hence, we can take &, = (1 +
op(1))(2[0g ] /pm)'"? - [|sm |2 Similarly, | Ninlloo = |OmNimlloo =a | Zmlloo/ | Zm|lz -
INimll2 = (1 + 0p(1))(2[10g pin] /Pm)"/? - || Nun -

Thus, the condition is that there is a sequence t,,, 2 such that P(|| Ny, |2 <ty 2) — 1 and
for all m large enough,

Ismlloo > (14 0p(1))(2[log pm] /pm) " - (lsmll2 + 2tm.2) -

This holds when
1/2
lim it 5 lloe/ (2108 Pm) 75> L

"7 ([lsmll2 + 2tm,2) /pm

5.2.2. Discussion of rate-optimality. In this case, obtaining explicit lower bounds on
detection thresholds is much more difficult. We are not aware of any results in this direction
under the full level of generality of our model, and thus we discuss the difficulties here.
Suppose that the noise distribution has density p,, with respect to the Lebesgue measure;
since the distribution is rotationally invariant, we have pp,(Ny,) = T (|| Nm||,) for some
density 7, on [0, 00). The chi-squared method shows that to achieve consistency, one must
have

T (|| T — 3mH2)2

lim dx,, = oco.
m=0o0 [y  eRpm T ([|Tm l3)

For instance, if the noise is distributed as a multivariate ¢ distribution with d,, degrees of
freedom, with density ¢y, (1 + ||2][2)~®n+dn)/2 where cp = T[(pm + dim)/2]/[T(dm/2)
(7d,, )P/?], then we must show that, with e,, = (p,, + dyn) /2,

: 1+ [|#m]3/dm >e
lim ¢ / ( dz,, = 00.
m=oo " o cgom \(L+ |[Zm — sm13/dm)? "
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By changing variables to x,, — s, using the rotational invariance of the density, denoting
Vm = ||$m]|, we can express the integral as an expectation with respect to X,,, distributed as
a multivariate ¢ distribution with d,,, degrees of freedom as

E <1 4 Yml2Xmp, + Zm)>em .
dm + [ X5

However, there does not appear to be a simple way to evaluate, or obtain sharp bounds on,
this expectation, showing the difficulty of obtaining lower bounds for this problem.

5.3. Proof and discussion of Proposition 3.4.

5.3.1. Proof of Proposition 3.4. Since the maximal singular value is a norm, it is 1-
subadditive. Thus, the condition from Theorem 2.1 reads || |lop > tm(Sm) + 2tm. The
requirement on t,,,t,, is that with probability tending to unity, ||Np,|lop < tin, and for
Om,1,---Omp, ~ O(ny,), with probability tending to unity, ||[Oy,,15m,15 - - - ; Omp,. Smp,. | llop
<t

Now, for iid normal random vectors Z,, ; ~ N (0,1,.), i € [pm]. we have Oy, i5m i =4

Zmi/| Zm,ill2 - ||Sm,il|2- Thus,
| [Om,lst; S Om,pmsm,pm] op
= [l[Zm1/[1Zmlle - small2; -5 Zmpo /| Zmp,ll2 - 1Smp,ll2]llop-
Further, for any matrix M = [mq;ms;...;m,, | and scalars d;, i € [py,],
|[dim;dama;. .. dmmyp, ]llop < miax\di| || M||op-
Now, from standard concentration inequalities we have P(|||Z,||/ nl? — 1| >46+

1//m) < 2exp(—n,,02/2). This follows from the Lipschitz concentration of Gaussian
random variables, see e.g., Example 2.28 in Wainwright (2019), and from the fact that the
mean of the x(n,,) random variable || Z,, ;|| is bounded as \/n,, — 1 < E||Z,, ;|| < \/Tum, see

exercise 3.1 in Boucheron, Lugosi and Massart (2013).

| Zin illo/nat® = 1] = 6+ 1//fim) <
2 exp(log prm — nmd?/2). So, max;—1. p,. |||Zmz||2/n,17»{2 — 1| —p 0 as long as there is a
sequence & = &, such that &,, — 0 and n,,62, — 2logp,, — oo. This holds if logp,, =

Taking a union bound, we find that P(max;—1 ..

o(ny,). Then, we also have that max;—1,.._p,, \n,l,{Q/HZmng —1]—p0.
Thus denoting Z,, = [Zm.1; - - - ; Zm,p,, ], With probability tending to unity,

11Zm1 /1 Zmallz - smill2; -5 Zmpn /N1 Zimpiall2 - [$m.pn 2] llop

<(1+ OP(l))HSmHZOO/”}w{Q : HZmHOP'

It is well known that as n,,, p;, — oo such that ¢y < 1y, /pm < ¢1 for some 0 < ¢y < ¢, we
have almost surely that || Z,||op < (1 + 0p(1))(y/7m + +/Pm). This follows from (Davidson

and Szarek, 2001, Theorem 2.13). Hence, we can take t,,, = (1 + 0p(1))||sm||2.00 (v/Tom +
1/2

Now, due to the distributional invariance of IV,,,, we have

[Nmllop =a [l[Zma /[ Zmalle - [ Nom,1ll2i- -5 Zimp,, /

Hence, using the same argument as above, for any sequence t,, 2 such that ||y, ||2,00 <
tm,2 With probability tending to unity, we can take t,, = (1 + op(1))(\/om + /Dm) -

|Zm,pm 2 ||Nm7pm 2]”0p
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tm,2/ ni/?. Thus, a sufficient condition is that there is a sequence t,, 2 such that P(|| Ny, ||2,00 <
tm,2) = 1 and
[smllop > (1 +o0p(1))[1 + (pm/nm)l/z] *(Ismll2,00 + 2tm,2) -
This holds when
lsomlon/ (® + pri”)

lim inf e
7 ([Ismll2,00 + 2tm,2) /1

> 1.

This finishes the proof.

5.3.2. Rate-optimality. Suppose that N,,, ~ N (0,1, ® I, ), andlet ©,,1 = {\/1m/2-
7-uv',v € R u € RP» |lu| = ||v|]| = 1}. Suppose without loss of generality that n,, <
Pm; otherwise flip the roles of n,, and p,,. Consider a prior II,, on ©,,; such that u =
[v;0p,. —n,.|, and v follows a distribution IT/,. Based on (4), we have

Varp,  [Ly| =Es g1, exp(STS')

= EuvTvu/(U/)TNHm exp(an2/2 : uTu/,UT’U/)

=Ey, v~ exp (nm72/2 . (vTv')Q) .

This has the exact same form as the expression studied in Theorem 1 of Banks et al. (2018).
From that result, it follows that, if IT/, is uniform over {£1}""/,/n,, and 7 < 1, then
Varp,  [Ly] < C for a constant C' < oo not depending on n,,. This shows a lower bound
of order 7 2, n% 2, Meanwhile, our upper bound simplifies to 7 < n% 2, showing that rando-
mization tests are rate-optimal in this case.

To summarize:

PROPOSITION 5.1 (Rate-optimality of rotation test for low-rank matrix detection).
Under the assumptions of Proposition 3.4, suppose that Ny, ~ N (0,1, ® I, ), and
let ©p1(Tm) = {sm = \/Min(Ny, prn) /2 T - uv T, 0 € R u € RP=||ul| = [jv]| = 1}.
The sequence of rotation tests (1) of the sequence of null hypotheses s,, = 0 from
Proposition 3.4 is consistent against the sequence of alternatives with s, € Opm1(Tm)

when T,, = C\/min(nm,,pm) for a sufficiently large constant C > 0. Moreover, when
Tm = 0( min (7, pm)> there is no consistent sequence of tests of sp,, = 0 against

Sm € ®m1 (Tm)

5.4. Proof and discussion of Proposition 3.5.

5.4.1. Proof of Proposition 3.5. Since the map Y,, — HXLYmHOO is a quasi-norm, it is
1-subadditive. Thus, the condition from Theorem 2.1 reads || Px,, Bmllco > tm + 2tm. The

requirement on t,,, %, is that with probability tending to unity, | Xinsmﬂoo < tm, and for
B,, = diag(bm,1,--,bmp,, ) with iid Rademacher entries by, ;, i € [py,], with probability
tending to unity, ||X;ranXmﬁmHOo <t

Let (I;,)m>1 be any sequence such that [,, > 0 for all m and l,, — co as m — 0.
Now, conditional on the vector |e,,| = (lem,1ls-- - [Emm, ), X)h&m is an n,,-dimensional
Bernoulli process over the rows of the matrix X, (|,,|). Thus, conditional on |,,|, we have

HX;LrLgmHoo < U (Xn(lem]), lm) with probability going to unity, see (5). Thus, it is enough
to take ¢, to be an upper bound of this quantity with probability tending to unity.
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Next, writing B,,, = diag(b,,),
HXrTanXmﬁmHoo < HXrTanXmHoo,oo ’ ||5MHOO
= max] \[Xjn]z + B Xonl[1 - [ Bm [l oo

JE[Pm

= max || X, diag([X},];.) - bmll1 - [ Bmloo
JE[Pm

:H/Bm”oo sup 'UTbm'

VET(Xm)

Thus, it is enough if ¢, = UT(T(X,), ). Thus, a sufficient condition is that there is a
sequence (l,;)m>1 such that [,,, > 0 for all m and [,,, = co as m — oo, and a sequence
(tm)m>1 such that P(UT (X, (leml), lm) < tm) — 1 and

UN(T(Xpm),lm)
2tm

> 1.

. 1-
liminf || Px,, Bm | oo
m— 00

This finishes the proof.

5.4.2. Discussion of rate-optimality. There is a large literature on optimal hypothesis
testing for linear regression, see for instance Ingster, Tsybakov and Verzelen (2010); Arias-
Castro, Candes and Plan (2011); Mukherjee and Sen (2020); Carpentier and Verzelen (2021)
and references therein. These works essentially only study iid Gaussian (or sub-Gaussian)
noise, and make varying assumptions on the design matrix and signal strength. In general it
appears quite difficult to make a direct comparison to our assumptions. For instance the work
of Arias-Castro, Candes and Plan (2011) (their Theorem 2) implies that if [X,,]; . is the j-th
row of X, and (¢, )m>1 is a sequence such that ¢, > 0 for all m and ¢, — 0 as m — oo,
then if X,! X, is normalized to have unit diagonal entries, if for all i € [p,], [{j € [pm] :
|[Xm]]T [(Xomli.| = em(logpm) ™} = O(pd,) for all § > 0, and if the regression coefficient
Bm can be any 1-sparse vector, then it is required that lim inf,,, o0 || Bin|/co/v/210g Py, = 1 in
order for any test to have non-vanishing detection power. The main assumption is that for any
feature, the number of other features with correlation above the level ¢, (log p,,,) ~* is smaller
than any positive power of p,,. This assumption does not appear to be easily comparable to
our conditions. Indeed, our conditions require (among others) to bound || X,},||so, Where
Xhem ~ N (0, X)Ln(X,J%)T), which does not appear to be directly related to the conditions
from Arias-Castro, Candes and Plan (2011). Thus, our conditions under which the randomi-
zation test works appear to be different from the ones that have been studied before for rate
optimality in this problem. Since our main goal in this paper was to develop a general frame-
work that enables proving consistency results for randomization tests, we view it as beyond
our scope to fully elucidate the relationships between our conditions and those variously
proposed in the literature. We would like to emphasize that our consistency results cover
settings where the noise for every observation is assumed to be merely independent and
symmetrically distributed, potentially heteroskedastic and heavy-tailed. This goes beyond
the settings in which lower bounds have been proved for this problem.

5.5. Proof of Proposition 2.1. We can write Z, ; = iy + €m, i, fOr i € [n,,], where
€m,i ~ fo,, areiid. Similarly, we can write Y, ; = i, + €7, ;, for i € [ny, ], where e, ; ~ fo,,
are also iid. We can arrange the datapoints as the rows of a matrix. This model has a signal-
plus-noise form with nuisance fim « = Ln,, 4/, - u, and signal S = [0, ; Ly ] A, where
A = fip, — -
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We can follow our general approach for problems with nuisance parameters, see Section
2. Let P, be the projection in the orthogonal complement of the span of the nuisance. We
project

Xy = [Zm,l; ceey Zm,nm§Ym,1§ Yy nm]

to f(m = P, X, and we obtain a standard signal-plus-noise model f(m = Sm + Nn. Since
P = Inptnr, = Lngtns, L oy /(om 4 10,), we have

X = [In,4n, = Loy +ns, 1I,H+n;n/(nm + 1)1 X = X — 1nm+nianT1-

Also
i _ 5T —[—p/ . ! T
Sm = Pmsm = Sm = ln, +n;, Sm, = [ Lo, n - 1nin]/(nm + 1) - By
We can write the test statistic ||V, — Zy ||rem as [|[w ! X ||gem , Where w = [~ 1, /nyn; 1 /0]

Note that P,,,w = w.

The test statistic is clearly 1-subadditive. Thus, the condition from Theorem 2.1 reads
| A |[Rem > tm + 2ty,. The requirement on t,,, ty, is that with probability tending to unity,
|wT Ny ||gem < tim, and for a umformly random permutation matrix II, of n, + n,, entries,
with probability tending to unity, ||w " I1,,,5. ||rem < Im

Now,
HwTﬁhmel:HwTA@mRWI:HY;;—Zmem
Mo Nm
= H 125ml—n;n128m7iHRpm.
i=1
Also,
- 'rL n
HwTHmsmHRm = wTHmw % HAmHRP"’ :
Nm

Consider the random variable U = w " IT,,,w, where the randomness is due to the random
permutation matrix II,,,. Let d = n,,, + n/, be the dimension of w. Now, if 7, : [d] — [d]
denotes the permutation represented by II,,,
EU? EwTHmw wTHmw EZU}Z (HWiWa, ()
ij
= Z wiwiBwr, )W, (j)-
ij

If i = j, then Ewy (jywr,, (jy = Bw} ;) = |lwl?/d. If i # j, then, since 3=, wy =0,

. Ll
Wrr,, (i) W () = dd—1) Z wrwy = 0
k;ﬁl

Thus,

2
= Sl v

i#£]

:”’IUH4 14‘ 1 :HwH4
d dd-1)) d-1
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Now, we can check that ||w||? = % Therefore, by Chebyshev’s inequality,
P - 5 1) = P > 1)
N + 14,
B2/ |[wl*) _ 1
h 12, (N + b, — 1)12,
[Am [|zpm

Thus, if 1,,, — 0o, we can take &, = I, - i Thus, a sufficient condition is that

N0, —1)1/2°
there is a sequence (I,,)m>1 such that [,,, > 0 for all m and [,,, — oo as m — oo, and a

sequence (£, )m>1 such that P(||(n),) =1 37 Erni = T 2oy EmillRrm < tm) — 1 and

[Am[|rem
(N +ml, — 1)1/2

This requires that n,, + n,, — oco. Then, we can take [,,, to grow sufficiently slowly, and the
above condition holds if

HAmHRZMn

m

lim inf > 2.
m—00

This finishes the proof.
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