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Preface

This dissertation marks a significant milestone in my academic journey in the field of
statistics. When I first embarked on this journey, I was intrigued by the ability of sta-
tistical tools to uncover complex patterns and provide clarity in the face of uncertainty.
At the same time, I became aware of all the ways in which statistics could be misused,
be it intentional or through ignorance, to reach unwarranted conclusions. This matter
is becoming more pressing with the increasing reliance on data analytics in modern
science and business. One of the most common problems is that researchers often
repeatedly analyze data and change or halt data collection based on interim results.
Such practices invalidate the conclusions drawn by traditional statistical methods. In
response, the field of anytime-valid inference has emerged, which comprises methods
that lead to reliable statistical conclusions regardless of whether inference is made at
the start, during, or at the end of data collection. This thesis contains a number of
results on the construction of such methods.

The intention behind this work is not to portray anytime-valid methods as the ul-
timate or all-encompassing solution. Instead, the aim is to provide a candid overview
of their strengths and weaknesses, along with a comparison to established methods
whenever applicable. It is my hope that this dissertation will equally encourage re-
flection, critique, and new insights; ultimately leading to further advancement of the

field of anytime-valid inference.
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1 Introduction

Statistical procedure and experimental design are

only two different aspects of the same whole....

R. A. Fisher, The Design of Experiments

At the core of science is a systematic process of inquiry, where observations lead
to hypotheses, experiments provide evidence in favor of or against these hypotheses,
and this in turn shapes our understanding of the world around us. To illustrate the
complexities of this process, imagine that you frequently play table tennis with a friend.
After some time, you get the feeling that you are not equally matched and decide to
test this by playing a game against each other. A choice presents itself: one approach is
to play until a fixed number of rallies has been played, another is to follow the official
rules (first to 11, minimum of two-point difference), and a third option is to play
until, for whatever reason, either of you has had enough. Whichever option is chosen,
the outcome of the match will offer evidence in favor of or against the hypothesis
that you are (not) equally matched. Once again, this requires deliberation. Would
you consider winning by a single point to be evidence in favor of your hypothesis?
Or should the difference in points be more extreme before you believe that you are
not equally matched? In this analogy, the match represents an experiment and the
questions about its outcome mirror the subsequent statistical analysis. The first match
type listed above corresponds to experiments in which the number of data points to be
collected is fixed in advance. The second option relates to experiments where the data
collection plan is decided in advance, but the total number of data points collected is
variable (you could win 11-0, or a closer game might end 12-10). Finally, the third
variant corresponds to experiments without a predetermined sampling plan, that is,
where experimentation may be stopped at any point in time. The analysis of data

collected from this type of experiment lies at the heart of this thesis.



1.1 Hypothesis Testing

The remainder of this introduction serves to further outline this problem and con-
textualize the results that are given in the subsequent chapters. The structure is as
follows: First, we introduce the general problem of statistical hypothesis testing, lead-
ing up to an explanation showing that experiments with a variable sample size require
different statistical methodology than those with a fixed sample size. Next, we discuss
one of the repercussions of not taking this into account properly. Following this (in
Section, a review is provided of the first statistical methods that were designed to
be used with a fixed data collection plan, but without a fixed sample size. Then, an
introduction to the theory of hypothesis testing for experiments without any sampling

plan is given. Finally, we give an overview of the content of this thesis.

1.1 Hypothesis Testing

A statistical hypothesis test is a data-driven method that is used to decide whether a
hypothesis of interest, called the null hypothesis, can be falsified. The way in which
hypothesis tests are used is comparable to a proof by contradiction. For example,
suppose that you want to verify the claim that you and your friend are not equally
good at table tennis. You would then take the null hypothesis to be the assumption
that this claim is false, that is, that you are equally good. After collecting data (playing
a match), a hypothesis test is used to determine whether the null hypothesis is still
plausible in light of the results. If the outcome of the test is that the null hypothesis
can be falsified, then the data are so incompatible with the null hypothesis that you
should no longer believe it to be correct. This would happen if, for example, one of
you wins by a landslide. You can then proceed as if your original claim were true,
that is, as if you are not equally good at table tennis. This is commonly referred to
as “rejecting” the null hypothesis. The other possibility is that the data do not give
sufficient reason to doubt the null hypothesis (for example, if the match is very close),
in which case you fail to reject the null hypothesis. This does not mean that the null
hypothesis is true: absence of evidence is not evidence of absence. In this case, you
can therefore not be sure about your original claim.

Of course, the conclusion drawn by a hypothesis test is useful only if it does not
lead to too many mistakes. To quantify how often a hypothesis test is wrong, the
null hypothesis is translated to a probabilistic model, which we denote by Hy. This
translation allows probabilistic statements about the data to be made. For example,
in the table tennis example above, the null hypothesis postulates that you and your

friend are equally good. One way of modeling this is by saying that both of you are
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equally likely to win each point. If this model were actually true, then the probability
that the difference in points is at least four in a match with a total of five points is
equal to 0.375, or 37.5%. This follows because there are five ways in which the score
could end up being 4-1 and only one way in which the score could be 5-0, and similarly
for 1-4 and 0-5. Under H, all of these scores have associated probability %5, so the
total probability of this happening is 12 x %5 = 0.375.

Such statements allow us to only consider hypothesis tests such that, if Hg were
actually true, the probability of seeing data for which the test would reject Hg is not
too high. What qualifies as too high should be determined by the experimenters be-
forehand and is referred to as the significance level a; common values include 0.1, 0.05
and 0.01. False rejections of the null hypothesis are also called type-I errors, so the
above can be summarized as follows: the probability of making a type-1 error should
be smaller than «. If this is true for a certain hypothesis test, we say that the test is
valid at the significance level a. Returning to the example, if a match with five rallies
is played, one might define a hypothesis test by rejecting the null hypothesis whenever
the difference in points is four or more. This test has a type-I error probability of 0.375
according to the above reasoning. That is, even if the null hypothesis were true, this
test would reject it with a probability of 37.5%. Therefore, it is not a valid hypothesis
test at any significance level a < 0.375. To obtain a smaller type-I error probability,
one can consider a test that only rejects the null hypothesis if the difference in points
is more extreme than four. In fact, it is a standard result in statistics that, for a fixed
sample size of n, rejecting when the difference in points exceeds 1.96 x /n gives a
type-1 error probability of approximately 0.05. For n = 5, this amounts to rejecting
the null hypothesis whenever the difference in points is greater than 1.96 x /5 ~ 4.4,

which only happens when the score is 5-0 in favor of either player.

The type-I error probability of this test is calculated under the assumption that
the sample size is fixed beforehand and that the data are only analyzed once. Such
methods will be referred to as fixed-sample methods. Now, suppose that the null
hypothesis is true but that you have a certain incentive to reject it nonetheless. If the
sample size n has not been fixed beforehand, you could adopt a technique known as
optional stopping: continue to play—increase the sample size—until the difference in
points first exceeds 1.96 x y/n. It follows from a standard result in probability theory
that this will surely happen infinitely often. Hence, you are certain to come to a point
at which the difference in points exceeds 1.96 x \/n. By stopping at such a point, the
hypothesis test will suggest to reject the null hypothesis, even though it is true. The

intuition is that, even if you and your friend are equally matched, one of you will at
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some point reach a long enough lucky streak to be able to reject the null hypothesis.
This immediately disqualifies the use of fixed-sample methods whenever n is not fixed
in advance. The problem is neither that the method for data collection is invalid nor
that the hypothesis test is incorrect. They are simply not compatible. The test is
designed for a fixed sample size, while the experiment follows a sequential sampling
plan. The latter would be valid if the rejection rule were adjusted accordingly. That

is, serial data require different statistical methods from data collected in a batch.

1.2 Optional Stopping in Academia

One of the first documented cases of optional stopping was when researchers saw it
unfold in the study of extrasensory perception, studies to prove that the sixth sense
exists (see e.g |Greenwood, |1938; |Greenwood and Greville) [1939; [Feller| |1940). It has
since been the subject of continuous debate among statisticians and has, more criti-
cally, been referred to as “sampling to a foregone conclusion” (Anscombe, 1954). The
problem is that researchers, either aware or unaware, might engage in optional stop-
ping and still report that they have conducted a fixed-sample hypothesis test at some
significance level «, while the true type-I error probability can be much higher. This
results in frequent controversies stemming from statistical investigations in various
fields. For example, an article published in 2018 in a Nature journal showed that
activation of certain neurons in animals suppresses REM sleep (Weber et al. [2018)).
This conclusion was based on hypothesis tests designed for a fixed sample size, yet the
authors state that “we continuously increased the number of animals until statistical
significance was reached to support our conclusions.” This sparked some debate on
social media among statisticians (Barnett} |2018]), but it only came to light because
the authors were transparent regarding their methodology.

An example in which there was no such transparency was when a team of re-
searchers supposedly showed the benefits of power posing (Carney et al.,|2010). They
reported that assuming a powerful position helped boost confidence, increase testos-
terone, and decrease cortisol. Five years later, another research group tried to replicate
their findings with a larger sample size, and while they indeed found that power pos-
ing increased subjective feelings of power, they found no significant effect on hormonal
levels (Ranehill et al.,[2015)). In light of this and other failed replication attempts (see
e.g. |Simmons and Simonsohnl, 2017)), the first author of the original article eventually
disassociated herself from the claims in the article and mentioned optional stopping as

one of her concerns: “We ran subjects in chunks and checked the effect along the way.
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It was something like 25 subjects run, then 10, then 7, then 5”7 (Carney, 2016, fact
5). Unfortunately, these are not isolated incidents. In 2012, 56% of participants in a
survey of more than 2000 psychologists admitted to “deciding whether to collect more
data after looking to see whether the results were significant” (John et al., 2012).
This compromises the reliability of results derived from statistical analyses and,
in turn, might cause a distrust of statistics in general. [Feller| (1940) eloquently puts

¢

it as follows: “..statistics makes claim to mathematical rigor, and still its practical
applications are often disputed or rejected as absurd. I fear it may sometimes produce
a feeling that mathematics is, after all, ‘one of those rational and scientific paths,
which is nothing more than a narrow, short, and dirty dead end, at the end of which
one hits their nose ingloriously’” (second part translated from French). Rather than
taking such a bleak point of view, statisticians have recently emphasized the need
to develop tools that can accommodate optional stopping. That is, to focus on the
development of methods that can handle serial data collection without losing type-I

error control (see e.g. [Ramdas et al., [2023)).

1.3 Sequential Methods

The first developments of methods that were designed for experiments with a variable
sample size were based on a simple observation: There are situations where one can
reach the same conclusions as when using fixed-sample methods but with a strictly
smaller sample size. For example, for a fixed sample size of n = 20, the table tennis
hypothesis test described above would reject the null hypothesis if the difference in
points is greater than or equal to 9. Now suppose that after 15 points the score is 15-0.
At this point, the game might as well be stopped, since no matter how it plays out,
the null hypothesis will always be rejected. That is, the sample size can be strictly
reduced while making the exact same decisions (a similar realization is already present
in early work on lot inspection by Dodge and Romig}, {1929, p. 626).

This insight led to the idea that it might be beneficial to directly design hypoth-
esis tests that incorporate serial data collection. The culmination was the develop-
ment of a widely applicable sequential method: the sequential probability ratio test
(SPRT) (Wald, 1947). The SPRT works by updating a single number, the probability
ratio, that represents the evidence in favor of or against the null hypothesis after each
collected data point. Based on this number, the SPRT prescribes whether to collect
another data point or to stop and draw conclusions about the null hypothesis. In this

way, the total number of data points that will be collected in an experiment is variable
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and depends on the data that are observed. However, if one were to repeatedly follow
this procedure, the average sample size that is needed to reach a conclusion is smaller
than the average sample size that would be needed to draw similar conclusions using
any other method (fixed-sample and sequential alike). That is, the SPRT achieves the
optimal expected sample size.

This was a highly desirable feat because, in the intended applications, data col-
lection was extremely costly or even destructive. Indeed, the SPRT was developed in
the context of World War II and, as such, its applications included testing whether
ordnance (artillery, ammunition, explosives, etc.) was faulty or not (see also [Wallis|
1980). The caveat to this cost efficiency is that the probability of falsely rejecting the
null hypothesis is only bounded by the prescribed significance level « if the SPRT’s
sampling plan is followed to a tee. If one deviates from it, then the type-I error prob-
ability might still be higher, so the SPRT does not fix the problems with optional

stopping that were outlined in the previous section.

1.4 Anytime-Valid Inference

The problem of optional stopping was specifically addressed in work by, among others,
Robbins| (1952, [1970)), Darling and Robbins| (1968), and |Lai| (1976]). They developed
hypothesis testing methods for which the type-I error probability remained below the
prespecified level of significance regardless of the data sampling rule that was employed.
Their methods are now referred to as anytime-valid. Similarly to the SPRT, anytime-
valid methods are based on a test statistic that can be thought of as a measure of
evidence against the null hypothesis at a certain time. This test statistic is updated
after observing each data point. If the total evidence is large enough at some point,
the null hypothesis is rejected. The key difference from the SPRT is that anytime-valid
methods do not prescribe whether or not to collect more data. Instead, this choice is
left to the experimenters. In particular, they might choose to keep collecting data until
the test statistic gives enough evidence to reject the null hypothesis. The probability
that this will ever happen if the null hypothesis is actually true, is smaller than a. As
such, anytime-valid methods are unaffected by optional stopping.

For a long time, anytime-valid methods made up only a minor segment of the area
of sequential analysis. A shift occurred when interest in them took off in recent years,
as demonstrated by the mere existence of this thesis. The key year for this shift was
2019, when at least four breakthrough articles on the subject were made available
online (Wasserman et al.| (2020); [Shafer| (2021)); Vovk and Wang| (2021); |Grinwald
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et al| (2024); all of these articles first appeared on ArXiv in 2019). In addition to
these breakthroughs, the surge of interest may partly be caused by what is known as
the replication crisis, which refers to the widespread phenomenon that many scientific
studies cannot be reliably replicated or reproduced. One of the many facets of this
problem is that the number of scientific conclusions based on false-positive results is
much higher than one might theoretically expect. As argued in Section [I1] this could
be caused by practices such as optional stopping. Therefore, anytime-valid methods
are sometimes presented as a partial solution to the replication crisis. Furthermore,
anytime-valid methods might be more appealing now than they used to be because
technological advances have transformed the way data is collected and stored (Cukier
and Mayer-Schoenberger} [2013; [Sagiroglu and Sinanc) [2013). Datasets used to be
collected manually and stored on paper, film, or other analogue media with careful
thought as to what was stored and what was not. Today, the standard in many
fields—finance, commerce, and many more—has become storing data digitally, and as
much of it as possible. Think of stock prices, the amount of time customers spend
at a certain webshop, or atmospheric conditions at various points in time. These are
all examples of data that are inherently serial, and digital records allow them to be
accessed easily and at all times. Anytime-valid methods enable researchers to analyze
these data in real time and draw conclusions accordingly without breaking the type-I

error control, that is, without making too many mistakes.

1.5 Contributions of This Thesis

In the discussion of hypothesis testing so far, only one type of error has been considered:
false rejection of the null hypothesis. If this were the only basis on which hypothesis
tests are evaluated, then one should be content with never rejecting the null hypothesis,
and the experiment might as well not have been performed. Therefore, to determine
whether testing methods are actually useful, it is custom to consider a second type of
mistake: failure to reject the null hypothesis when it is actually false. This is commonly
referred to as a type-II error. For a fixed significance level «, the typical approach
for fixed-sample methods is to find the hypothesis test that minimizes the probability
of making a type-II error, among all methods with a type-I error probability below
a. Equivalently, one can consider maximizing one minus the probability of making
a type-II error, which is referred to as the power of the test. Which test has the
most power will depend on the specific hypotheses under consideration and should be

determined on a case-by-case basis.
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For anytime-valid tests, the concept of power is ambiguous. Indeed, the advantage
of anytime-valid tests lies in the fact that they can be used with an unknown data
sampling rule. One might keep collecting data forever, in which case the null hypothesis
will almost certainly be rejected if it is false, or one might stop after a single data
point, making it highly unlikely to be rejected. Due to this ambiguity, it is customary
to consider optimality criteria different from power for anytime-valid methods. To
this end, Koolen and Griinwald| (2022)); |Grinwald et al.| (2024) propose to consider
anytime-valid tests that are based on log-optimal test statistics. A formal definition of
this concept, as well as a rigorous introduction to the theory of anytime-valid testing,
is given in Chapter [2] As is the case for power, the criterion of log optimality gives
an abstract notion of how optimal tests can be found. In practice, actually finding
them is not a straightforward exercise. This thesis is concerned with the criterion of
log-optimality and finding log-optimal test statistics for a variety of hypotheses. We
now give a brief overview of all the chapters.

Log Optimality

Grinwald et al.| (2024]) show that, under certain conditions, there exists a log-optimal
test statistic that takes the form of a likelihood ratio—an object that is well studied
in the classical literature on testing. However, when these conditions are not met,
the log-optimality criterion cannot fully differentiate between different test statistics.
That is, there are settings for which a wide range of test statistics all seem equally good
when judged by this criterion. One can even construct examples where a certain test
statistic always provides more evidence against the null hypothesis than another, yet
both statistics seem equally good according to the log-optimality criterion. Chapter [3]
discusses a way to redefine the log-optimality criterion in such situations to avoid this.

Optimal test statistics are shown to still take on the form of likelihood ratios.

Exponential Families

Many common statistical models, such as the normal, Bernoulli, and Poisson model,
are instances of exponential families. The latter are collections of probabilistic models
with a specific form that offers great mathematical convenience for a variety of objec-
tives. As such, exponential families are used to model data by researchers in a wide
range of scientific fields for many different applications.

An example is for k-sample tests, where k groups of data (or samples) are observed

and the goal is to test whether they have the same distribution, under the assumption
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that this distribution comes from a certain exponential family. In Chapter [4] three
different test statistics for this problem are studied. The first is the log-optimal test
statistic for a specific alternative, which, as it turns out, cannot always be computed
efficiently. The second test statistic is generally suboptimal but can always be easily
evaluated. Finally, the third test statistic is designed to be robust against misspeci-
fication of the exponential family. That is, it is still valid if the data have the same
distribution in all groups but this distribution is not a member of the exponential
family. For small effects, that is, if the distributions of the different streams under the
alternative are not too different, it is shown that all three statistics give a surprisingly
similar amount of evidence.

Although the third statistic mentioned is robust against misspecification of the
exponential family, the first two are not. This means that if those statistics are used
but the model is wrong, then the type-I error probability is not guaranteed to be
below the desired significance level. Similar reliability issues can occur with many
statistical tools when the underlying models are misspecified. It is therefore important
to test whether the exponential family is well specified, that is, whether the data could
indeed have been generated by a specific exponential family. This problem is studied
in Chapter Conditions are given under which log-optimal test statistics are easy
to compute. We furthermore discuss a variety of exponential families for which these
conditions hold, so that anytime-valid tests can be constructed to test whether they

are well specified.

Model-X

An important task in many branches of science is to detect whether there is an as-
sociation, or dependence, between a response and an explanatory variable. Consider,
for example, testing whether a certain medication (explanatory variable) has an im-
pact on a patient’s health (response). Often, there are also other variables that could
potentially impact the response (e.g. age) and therefore need to be controlled for.
These variables are called covariates. To capture this in a hypothesis testing setting,
one needs to construct a probabilistic model for the data. The difficulty with that is
that there is often little prior information about what the explanatory variable and
response will behave like. However, in specific cases, it is known how the explana-
tory variable should be modeled conditional on knowledge of the covariates. The
assumption that this conditional distribution is known, is referred to as the model-X

assumption. For example, in many clinical trials, the medication is administered to



1.5 Contributions of This Thesis

patients in a randomized manner, irrespective of the covariates. Therefore, the dis-
tribution of the explanatory variable (whether the medication has been administered
to a certain patient) conditional on the covariates (that patient’s characteristics) is
known: It is fully characterized by the randomization. Chapter [6] shows that, under
the model-X assumption, it is possible to construct anytime-valid tests of indepen-
dence without further assumptions on the way in which the data are generated. In

particular, log-optimal test statistics for specific alternatives are derived.

Group Invariance

Transformations of the data often do not have any meaningful effect from a statistical
point of view. For example, changing the units of some measurement from kilometers
to miles should generally not impact the information that can be extracted from the
data. It is therefore an accepted principle that statistical inferences should exhibit
certain invariance properties. In particular, if the data are not impacted by a certain
transformation, then the conclusions drawn from a hypothesis test should also not
be. Tests that have this property are referred to as invariant, and similarly for the
corresponding test statistics. Anytime-valid tests that are invariant are the subject
of Chapter [8] In particular, conditions are given under which the log-optimal test
statistic is invariant. That is, the conclusion that will be reached by the optimal test
will not depend on irrelevant aspects of the data.

However, it is not always entirely clear which facets of the data are actually ir-
relevant, that is, which transformations have a meaningful impact on the data. For
example, it is a common assumption that changing the order of the data points does
not have a meaningful effect on any important aspects of the data. However, there are
also situations where, for example, seasonal effects are lost by reordering the data. Car-
rying out analyses under the assumption that certain transformations do not impact
the data, while in reality they do, might cause researchers to draw wrong conclusions.
It is therefore also important to be able to test whether certain transformations have
an effect on the data. General methodology to construct anytime-valid tests for this
purpose is discussed in Chapter [} Furthermore, conditions are shown under which

the corresponding test statistics are log optimal.
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2 Preliminaries

In this chapter, the theory of anytime-valid testing is formally introduced. Specifically,
we will define what it means for a test to be anytime valid, discuss test statistics that
are commonly used to construct anytime-valid tests, and define appropriate notions of
optimality for those statistics. The concepts that are most relevant to the subsequent
chapters will be reiterated there; the aim here is solely to sketch the context in which
the results should be understood. We will therefore leave the measure-theoretic details
implicit for the most part.

Throughout, X, X5,... denotes the data that are observed in a certain experi-
ment. The purpose of said experiment is to test the null hypothesis Hy. That is,
the random variables X7, X5, ... are assumed to be independent and identically dis-
tributed (i.i.d.)ﬂ following an unknown probability distribution on, and taking values
in, the sample space X. The null hypothesis H is a collection of distributions on X
and the objective is to collect evidence against the claim that one of these distributions
generated X1, Xo,.... The strength of this evidence is defined relative to an alterna-
tive hypothesis 1, which is a collection of plausible distributions on X" for when H is
not true. For the sake of brevity, we will use X™ as shorthand for (X1,...,X,) for all
n € N, where we use the convention N = {1,2,...}. Furthermore, a stopping time 7 is
defined as a random variable that takes values in NU{oo}, such that the event {7 = n}
is o(X™)-measurable for all n € N. The intuition is that 7 denotes the sample size
at which the experiment is stopped, and the event {7 = n} being o(X")-measurable
means that the decision to stop at time n may only be based on the data available up
to that timeE| The set of all stopping times will be denoted by 7.

IThe assumption that data are ii.d. is made purely for ease of exposition. It is not actually
required for most of the theory discussed here.

2More generally, there could be a filtration F = (F,),en on X, such that F, represents all
information available at time n. For example, researchers might make the decision to ignore part of
the data, or to add e.g. randomization. This would result in F being a poorer or richer filtration than
o(X™), respectively. In this section, we only consider the case F,, = o(X™) for simplicity’s sake.

11



2.1 The E-Family

The main goal in anytime-valid testing is to construct a sequence of decision rules
with a type-1 error probability (the probability of rejecting Hy if it is actually true)

that is uniformly bounded over time.

Definition 2.1 (Anytime-valid sequential test). A sequential test is a sequence (¢, )nen
of functions ¢, : X™ — {0,1}. A sequential test is said to be anytime valid at signifi-
cance level a € (0, 1) if the following holds:

Q(EAn e N: ¢, (X™) =1) < afor all Q € Hyp. (2.1)

In this definition, ¢,(X™) = 1 indicates that the null hypothesis is rejected after
observing the first n data points and ¢, (X™) = 0 means that there is not enough
evidence to reject the null. Inequality ensures that the type-I error probability of
an anytime-valid test (¢, )nen is smaller than «, even if the experimenter uses the most
aggressive stopping rule, that is, if they continue to collect data until ¢, (X") = 1.
However, the latter is a choice, not a requirement; the test would keep the type-I
error guarantee if the experimenter chooses any other moment to stop collecting data.
To emphasize that the type-I error guarantee also holds for other stopping rules, an
equivalent definition of anytime-validity (see e.g. [Howard et al., 2021, Lemma 3) is
given by

Qd-(XT)=1)<aforall T € T and Q € H,. (2.2)

In particular, anytime-valid tests are also valid under sampling rules that do not
require the experimenter to reanalyze after each data point. That is, one might choose
to first collect a batch of data points of size n; € N, then compute ¢,, (X™) and
choose whether to collect another batch of some size no € N or not. If so, then
GOy 1np (X™1T2) is computed, etc.

The output of a decision rule (that is, to reject or not) is generally based on a nu-
merical measure of evidence against Hy. The guarantee in , or equivalently ,
will only hold if this measure is chosen appropriately. Appropriate measures of evi-

dence are the subject of the next section.

2.1 The E-Family

One of the central statistics in the construction of anytime-valid tests is the e-statistic.

Definition 2.2 (E-statistic). For fixed n € N, an e-statistic is any nonnegative statis-
tic E such that £ = E(X™) and Eg[E] <1 for all Q € Ho.

12



Chapter 2  Preliminaries

Here, Eq[-] is used to denote the expected value under (). E-statistics are also
known as e-variables. Both terms will be used interchangeably in the following chap-
ters. Furthermore, the realization of an e-statistic will be referred to as an e-value.

Intuitively, it should not occur frequently under the null hypothesis that we observe
a large e-value. Large e-values can thus be interpreted as evidence against the null
hypothesis. To turn this evidence into a hypothesis test, we can apply Markov’s
inequality to see Q(E > 1/a) < a. It follows that the test defined by 1{E > 1/a}
has a type-I error probability that is bounded by «. However, this test is only defined
after observing the first n data points, and thus requires the sample size to be fixed.
A first step to turn this into a sequential procedure is to realize that, if £ and E’
are independent e-statistics, then E - E’ is again an e-statistic because Eg[E - E'] =
Eq[E] - Eqg[E’] <1 for any Q € Ho. We can thus consider each data point separately,
define an e-statistic on each data point, and then multiply the e-statistics to get a
measure of the total evidence. That is, let E; = F;(X;) be an e-statistic for each 4,
then the product []"_, E; is again an e-statistic for any n € N, because the X,’s are
independent. This idea can be generalized to allow dependence between the e-statistics

by considering past-conditional e-statistics.

Definition 2.3 (Past-conditional e-statistic). A past-conditional e-statistic at time
n € N is a nonnegative statistic E = E(X™") s.t. Eg[E | X" 1] <1 forall Q € Hoﬂ

Here, the expectation is to be read unconditionally for n = 1. The intuition is that
the past-conditional e-statistic at time n measures the evidence against Hg in round
n conditional on the past data. The total evidence at time n is then measured by the
product S, = [[\-, E;. It follows from the law of total expectation that S,, is again an
e-statistic. However, a stronger property also holds: the cumulative product (S, )nen

forms a test supermartingale with respect to Hp.

Definition 2.4 (Test supermartingal@. A test supermartingale for Hg is a sequence
(M,,)nen of nonnegative statistics M,, = M,,(X™) such that Eg[M;] <1 and Eg[M,, |
X1 < M, forn > 1 and all Q € Ho.

3In this definition, the relevant randomness in a past-conditional e-statistic originates from X,
only, whereas the randomness in a ‘regular’ e-statistic may come from n data points. However, as
we will see in Section it might be that X, = (Y1,..., Ym) for some sequence of data Y1,...,Ym.
Then, in round n, we could compute a statistic E = E(Y1,...,Yy) such that either Eg[E] < 1
or Eg(E | Xn~1] < 1 for all Q € Ho, corresponding to a regular or a past-conditional e-statistic,
respectively. Past-conditional e-statistics can thus be seen as e-statistics with an additional property.

4Conventionally, (test) supermartingales are defined with respect to a single distribution. However,
the composite definition given here is particularly useful in the context of anytime-valid testing (see
e.g. [Ramdas et al, (2023), who call them composite test supermartingales).

13



2.1 The E-Family

The fact that the cumulative product of past-conditional e-statistics forms a test
supermartingale for H, follows from Eq[S, | X1 = n—1Eq[Ey | X <8,
for all @ € Hg and n > 1. Here, the last inequality follows from the definition of the
past-conditional e-statistic at time n. Furthermore, we have Eg[S1] = Eg[E4] < 1 for
all Q € Ho by definition, so that (S, )nen indeed forms a test martingale. Conversely,
any test martingale (M, )nen can be decomposed into past-conditional e-statistics
by considering E,, = M, /M,_1. Depending on the situation, it can be easier to
consider test supermartingales as a whole or to think in terms of the decomposition
in past-conditional e-statistics. The most well-known examples of e-statistics and test
supermartingales are likelihood ratios. To illustrate this, suppose that Ho = {@} and
Hq, = {P} for some P and Q under which data are i.i.d. and that have densities p and
q with respect to a common background measure. Then the likelihood ratio process
between P and @ is defined as (M, )nen with M,, = p(X™)/q(X™). This process is a
test martingale for Hy, which can be shown as follows

Eq[M, | X"~ =

p(X"™h) [p(Xn)

sorn e o] e

where the density in the denominator is canceled against that of the expectation. The
process (M, )nen can be decomposed into (past-conditional) e-statistics by defining,
for each n € N, B, = p(X,,)/q(Xp).

Test supermartingales are useful for sequential testing because any test super-

martingale (M, )nen for Hy satisfies
Q(EAn eN: M, > 1/a) <« for all Q € Ho, (2.3)

which is an immediate implication of Ville’s inequality (Ville, |1939)). That is, the prob-
ability that a test martingale ever grows large is bounded under the null hypothesis.
In particular, applying this to the cumulative product of past-conditional e-variables,
it follows that the sequential test (¢, )nen defined by ¢, (X™) = 1{S,, > 1/a} is any-
time valid at level a. That is, we can monitor the cumulative product over time and
reject the null hypothesis as soon as it exceeds 1/a. However, as alluded to below
equation , it is not necessary to monitor the test martingale after each data point
to have a bounded type-I error probability. We might, for example, choose to collect
data in blocks and only compute the test martingale on a new block of data rather
than after each individual data point. In fact, inequality is a consequence of a

more general property: any test supermartingale (M, )nen with respect to Q € Ho

14
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satisfies Eq[M;] < 1 for any stopping time 7 € 7, which follows from Doob’s optional
stopping theorem (Williams| 1991, Section 10.10). Combined with Markov’s inequal-
ity, it follows that Q(M,; > 1/a) < a. We can recover inequality by applying
this to 7* = inf{n € N : M,, > 1/a}. This suggests that it is not necessary to have
the extra structure of a test supermartingale (decomposability into past-conditional e-
statistics) to define an anytime-valid test. All we need is a process that, when stopped,

has expected value bounded by one. This idea gives rise to e-processes.

Definition 2.5 (E-process). An e-process is a sequence (E,,),en of nonnegative statis-
tics B, = E,(X™) such that Eq[E;] <1 for all 7 € T and all Q € Ho.

Similar to the discussion above, the definition of an e-process ensures that Q(E, >
1/a) < a for any Q € Hy, so that an anytime-valid test can be defined by (¢ )nen
where ¢,(X™) = 1{E,, > 1/a}. It should be clear that any test martingale is also an
e-process, however, the other way around is not necessarily true. Ramdas et al.| (2022])
show that it is possible to define a nontrivial e-process for a certain problem for which

no nontrivial test martingales exist.

2.2 Optimality

Whenever the null hypothesis is not true, we would actually like to gather evidence
against it—that is, to obtain a large e-value. One idea is to use the e-statistic that is
expected to grow as fast as possible when the alternative hypothesis H; is true. There
are many ways to define what this means exactly; here, the approach of |Grinwald
et al| (2024)) is followed. To this end, assume first that the alternative hypothesis is
simple, that is, H; = {P}.

Definition 2.6 (Log-optimal e-statistic). For a fixed n, the log-optimal e-statistic is
the maximizer of E — Ep[ln E] over all e-statistics £ = E(X").

Here, Ep[ln E] can be understood as the expected rate at which evidence is accumu-
lated per batch of n data points, if one uses the e-statistic E. To explain, suppose that
we partition the data into blocks of size n and calculate the same e-statistic on each
block, that is, Fy = E(Xy,...,X,),Ey = E(Xp41,-..,Xon), etc. The total evidence
after m blocks of data will be measured by [~ E;. If the alternative P is true, then
by the law of large numbers, it will P-a.s. hold that [[\", E; = exp(mEp[In E]+o(m)).
That is, the accumulated evidence will grow exponentially fast in the number of blocks

at a rate of Ep[ln E]. The log-optimal e-statistic is defined to maximize this rate. For
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2.2 Optimality

this reason, it is also known as the growth-rate optimal (GRO) e-statistic. When

applied to blocks of size n = 1, the cumulative product ([T, E;)men defines a test

martingale, so that this procedure can be used for anytime-valid testing.
Alternatively, we can directly define the log-optimal e-process as the dynamic coun-

terpart of the log-optimal e-statistic (Koolen and Griinwald), |2022)).

Definition 2.7 (Log-optimal e-process). For a fixed randomized stopping time 7,
the log-optimal e-process is the maximizer of (E,)nen — Exnp-[ln E,(X™)] over all

€-processes.

Here, a randomized stopping time 7 is a process 7 = (7, )nen Where 7, = 7,,(X") €
[0, 1] gives the conditional probability of stopping after having seen data X™. That is,
for randomized stopping times, the choice to stop after n data points need not be de-
termined deterministically by X™, but may be randomized. Furthermore, P” denotes
the distribution induced by 7 together with the alternative P. Randomized stopping
times are needed because, for regular stopping times, the log-optimal e-process might
remain zero until that specific stopping time is reached. This is undesirable if, for
whatever reason, we decide to employ a stopping time different from the one with
respect to which was optimized, because we might then be left without any evidence.

The motivation of the log-optimality criterion for e-processes is through repeated
testing. That is, instead of thinking about using the same statistic on different blocks of
data, we can think about using the same e-process and stopping rule over independent
repetitions of the same experiment. By a similar argument as above, the rate at which
evidence is accumulated over repetitions of the experiment is given by (E,)nen —
Exnpr[ln E,(X™)] and the log-optimal e-process is defined to maximize this rate.

For the stopping time 7 = n, the log-optimal e-process coincides with the log-
optimal e-statistic at sample size n. However, which e-process is log optimal generally
depends on the stopping rule and can be difficult to compute—if it is even known how
to do so (see e.g. Koolen and Griunwald, [2022] Section 4.5). To avoid this dependency
and complexity, it is common to consider test martingales that are the cumulative
product of log-optimal e-statistics instead. In general, it is unclear whether this is an
effective approach; for example, if no nontrivial test martingales exist, it is doomed
to fail. Remarkably, however, there are settings where the resulting test martingale
is also the log-optimal e-process with respect to any stopping time, randomized or
not (Koolen and Grinwald, 2022, Theorem 12). As we will see, this is true in the
contexts of Chapters [@H{7] Although these chapters are framed from the perspective
of finding log-optimal e-statistics (with the exception of Chapter @, the optimality
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results they contain therefore also hold with respect to (randomized) stopping times.

So far, all of the optimality criteria were defined for a simple alternative. There
are multiple ways in which they can be adjusted to handle composite ;. One such
approach is the method of mixtures (see e.g. Robbins| [1970)). That is, one can first
consider the log-optimal e-statistic or e-process against each of the elements of H;
separately. These can then be combined by taking a convex mixture, which will
result in a valid e-statistic or e-process that can be used as a measure of evidence for
the entire alternative. To further illustrate, suppose that H; = {P;, P>}, and that
Ey and E, are the log-optimal e-statistics for P, and P, respectively. That is, for
j € {1,2}, E; maximizes Ep,[In E;] over all e-statistics. Then for any w € [0, 1], the
mixture wk) + (1- w)Eg is an e-statistic. This mixture e-statistic serves a measure of
evidence against Hg relative to both P; and P» simultaneously. The mixture weight
w can either be chosen to reflect some prior belief as to which of the alternatives is
more likely, or, if no such information is available, it can be set to w = 1/2.

Alternatively, in the case of the multiplication of conditional e-statistics, one can
make use of prequential plug-in estimates (see e.g. |[Robbins and Siegmund} 1974)).
That is, at each time, the (smoothed) maximum likelihood (or any other estimator)
under the alternative can be computed on the basis of previous data. Then, the log-
optimal e-statistic with respect to that estimate can be constructed. For example,
let us again consider H; = {P1, P»} and suppose that P; and P, have densities p;
and po with respect to some background measure. After n — 1 rounds, we can use
these densities to determine which of the alternatives maximizes the likelihood, that
is, j, = arg max;eq 9} Pj (X"1). Then EAﬁ-n (X,,) can be used as test statistic at time
n, so that the total evidence equals [, Ejl (X;). This can be seen as an estimate of
the evidence we would have accumulated if we had known the true distribution and
used the log-optimal e-statistic for that distribution.

The method of mixtures and prequential estimation have in common that they
can be efficiently implemented as long as the log-optimal e-statistic for each alterna-
tive can be computed. The problem of finding log-optimal e-statistics for a simple
alternative is therefore important even when the true alternative one has in mind is
composite. This problem is at the heart of Chapters Another method of deal-
ing with composite alternatives is by taking a worst-case approach. That is, one can
consider the maximizer of infpecy, Ep[ln E] over all e-statistics E. This requires a
fundamentally different analysis, because it cannot be implemented based on the log-
optimal e-statistic for fixed alternatives. However, a specific instance where it can be

applied efficiently is discussed in Chapter [8]
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2.3 From Experiment to Meta-Analysis

2.3 From Experiment to Meta-Analysis

The setup so far has suggestively been framed as a single experiment. However, there is
no restriction on what X,, represents for a certain n € N. For example, each X,, could
correspond to a sequence of data collected in an experiment to test Hy. In this case,
considering an anytime-valid test on X, Xs,... corresponds to performing a meta-
analysis—combining the results—of all the different experiments. Viewed in this light,
the above theory reveals a straightforward method of conducting meta-analyses: all
experimenters should report an e-value and the results should be multiplied. Moreover,
there might be multiple layers of anytime-validity here: within each sub-experiment,
data might again be serial. That is, the data might be given by X,, = (Y, 1,..., Y0 7, ),
where Y}, 1,Y,, 2,... denotes the data in the nth experiment and 7, is the stopping
time for that experiment. If, for each experiment n, the researchers base their results

on a conditional e-process E, »,, = En(Yy1,...,Y, m), that is, such that Eg[E, -,

X"l <1 for all Q € Ho, then the stopped e-process defines a past-conditional e-
statistic for time n to use in the meta-analysis. The total evidence can therefore be
measured as [, E; r,.

To illustrate, suppose that some institute conducts a small-scale trial to test the
efficacy of a certain drug or vaccine. Due to the limited scope of the trial, no significant
conclusions could be drawn based on the results. However, the results might seem
promising enough for the institute itself or another to conduct a second trial. By
definition, this introduces a sequential dependence between the trials, making it very
difficult to combine the results through standard meta-analysis techniques (Ter Schure
and Grunwald, [2019). However, if an e-process E1 = (E1.,)nen was used in the first
trial and a conditional e-process E2 = (Fs n)nen is used in the second trial, then the
total evidence can be measured by multiplying the stopped e-process from the first
trial with the e-process from the second trial. The total evidence can then be updated
and analyzed (that is, reject the null if it exceeds 1/«) after each new observation of
the second trial, while retaining type-I error guarantees. Note in particular that this
guarantee does not require the number of patients in either trial to be specified upfront.
Furthermore, this reasoning can be extended to multiple trials, that is, we might
add a third trial, and then a fourth, etc. Hence, e-processes enable straightforward
combination of results from separate studies (see [Ter Schure and Grinwald| (2022)) for

more details).
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3 On the Optimality of

E-statistics

In the previous chapter, we defined the log-optimal, or GRO, e-statistic in the context
of anytime-valid testing. In this chapter, we shift the focus to the properties of the
GRO e-statistic, independent of that specific context. In particular, we discuss the
form of the GRO e-statistic, as well as limitations of Definition [2.6

To this end, it has recently been shown that, for testing simple alternatives against
composite null hypotheses, there is a one-to-one correspondence between the GRO
e-statistic and the reverse information projection (RIPr). The latter is an object
that arises in information theory and is defined as the measure in the null that is
closest to the alternative in information divergence. However, the RIPr as well as the
GRO e-statistic are not uniquely defined when the infimum information divergence
between the null and alternative hypothesis is infinite. We show that in such scenarios,
under some assumptions, there still exists a measure in the null that is closest to the
alternative in a specific sense. Whenever the information divergence is finite, this
measure coincides with the usual RIPr. It therefore gives a natural extension of the
RIPr to certain cases where the latter was previously not defined. This extended
notion of the RIPr is shown to lead to optimal e-statistics in a sense that is a novel,
but natural, extension of the GRO criterion. We also give conditions under which the
(extension of the) RIPr is a strict sub-probability measure, as well as conditions under
which an approximation of the RIPr leads to approximate e-statistics. For this case
we provide tight relations between the corresponding approximation rates.

Throughout this chapter, we assume that the null hypothesis is convex, which is
not true for most models used in practice. However, from the perspective of testing
with e-statistics, it does not matter whether one considers a given model or its convex

hull, because taking the convex hull does not change the set of all e-statistics.
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3.1 Introduction

3.1 Introduction

We write D(v||A) for the information divergence (Kullback-Leibler divergence, (Kull-
[back and Leibler| [1951} [Csiszar, [1963; [Liese and Vajdal, [1987))) between two finite

measures v and A given by

D(v||A) = Am<$>¢”*“m—A@» if v <\

00, else.

For probability measures the interpretation of D(v||A) is that it measures how much
we gain by coding according to v rather than coding according to A if data are dis-
tributed according to v. Many problems in probability theory and statistics, such
as conditioning and maximum likelihood estimation, can be cast as minimization in
either or both arguments of the information divergence. In particular, this is the
case within the recently established and now flourishing theory of hypothesis testing
based on e-statistics that allows for optional continuation of experiments (see Sec-
tion [3.2.3)) (Griinwald et all, [2024; [Ramdas et all, [2023; [Vovk and Wang], [2021} [Shafer],
12021} Henzi and Ziegell [2022)). That is, a duality has been established between optimal

e-statistics for testing a simple alternative P against a composite null hypothesis C

and reverse information projections (Grinwald et al., 2024). Here, the reverse infor-

mation projection (RIPr) of P on C is — if it exists — a unique measure @ such that
every sequence (Qn)nen in C with D(P||Q,) — infgee D(P||Q) converges to Q in a
particular norm [1999; |Csiszar and Matus) [2003)). [Li| (1999) showed that whenever
C is convex and D(P||C) := infgee D(P||Q) < oo, the RIPr Q exists and the likelihood
ratio between P and Q is an e-statistic (this result is restated as Theorem below).
|Grunwald et al.| (2024) showed (restated as Theorem below) that it is even the

optimal e-statistic for testing P against C. However, it is clear that the RIPr cannot

be defined in this way if the information divergence between P and C is infinite, i.e.
D(P||C) = oo. This leaves a void in the theory of optimality of e-statistics. In this
chapter we remedy this by realizing that even if all measures in C are infinitely worse
than P at describing data distributed according to P itself, there can still be a measure

that performs best relative to the elements of C. To find such a measure, we consider

the description gain (Topsege, 2007) given by

4Q’
dQ

D(PIQ - )= [ w(55) 4P - (@@ - @) (3.1)
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whenever this integral is well-defined. If the quantities involved are finite then the

description gain reduces to
D(P|Q ~ Q) = D(P|Q) - D(P|Q"). (3-2)

In analogy to the interpretation of information divergence for coding, the description
gain measures how much we gain by coding according to @’ rather than Q if data are

distributed according to P. Furthermore denote
D(P||Q ~ C) := sup D(P||Q ~ Q"),
Qec

where undefined values are counted as —oo when taking the supremum. If there exists
at least one Q* € C such that P < @Q*, then D(P||Q ~ C) is a well-defined number
in [0, 00] for any @ € C. This quantity should be seen as the maximum description
gain one can get by switching from ) to any other measure in C. Intuitively, if there
is a best descriptor in C, nothing can be gained by switching away from it. Indeed, in
Proposition we show that infgoec D(P||Q ~» C) is finite if and only if it is equal to

Zero.

3.1.1 Contents and Overview

Below, in Section we start by giving an overview of existing results on both the
reverse information projection and e-statistics, which we define and briefly motivate,
and the growth-rate optimality (GRO) criterion, a natural replacement of statistical
power within the context of e-value based hypothesis testing. Section |3.3|states Theo-
rem [3.5] our first central result. It shows that — under very mild conditions — there

exists a unique measure Q such that every sequence (Qn)nen in C with
D(P||Qy ~C) =0

converges to @ in a specific metric which we define. Thus, Theorem may be viewed
as a generalization of Li’s result stated below as Theorem We refer to Q as the
RIPr, as it coincides with the original notion of the RIPr whenever the information
divergence is finite. The remainder of Section [3.3] provides further discussion of this
result, as well as an example showing that our extended notion of the RIPr can be
well-defined whereas the RIPr was previously undefined. In the specific case that all

initial measures are probability measures, both Li’s original result and ours leave open
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3.2 Background

the possibility that Q may be a strict sub-probability measure, integrating to less than
1. In Sub-Section [3.3.I] we give a further example showing that this can indeed be the
case, and we provide, via Theorem a condition under which Q is guaranteed to
be a standard (integrating to 1) probability measure. Sub-Section then extends
the greedy algorithm of [Li and Barron| (1999) and |Brinda] (2018)) for approximating
the RIPr in settings where D(P||C) < oo to settings where the information divergence
might be infinite.

In Section we turn to e-statistics. It contains our second central result, Theo-
rem which shows that whenever our extended notion of the RIPr Q exists, the
likelihood ratio of P and Q is an optimal e-statistic according to the criterion of Defini-
tion [3:11] which can be seen as a strict generalization of GRO, the standard optimality
criterion for e-statistics. As such, this result may be viewed as a generalization of a
result of |Grinwald et al.| (2024)) stated below as Theorem After illustrating the re-
sult by an example, Sub-Section [3.4.2) provides another technical result, Theorem [3.16]
which relates approximations in terms of information gain, to approximations in terms
of e-statisticity: conditions are given under which a sequence Q1,Qs,... converging
to Q in terms of information gain at a certain rate also satisfies that the likelihood
ratio between P and @1, Qo, ... converges to an e-statistic, and tight bounds on the
corresponding rates are given. After a discussion of related work, the chapter ends
with a summary and ideas for future work in Section [3.5] All proofs are delegated to
Appendix [A7T] Appendix [A2] provides a general method for constructing RIPrs that
are strict sub-probability measures. Finally, Appendix provides a discussion on

the assumption of convexity that we will make throughout.

3.2 Background

3.2.1 Preliminaries

We work with a measurable space (2, F) and, unless specified otherwise, all measures
will be defined on this space. Throughout, P will denote a finite measure and C a set
of finite measures, such that P and all @ € C have densities w.r.t. a common o-finite
measure p. These densities will be denoted with lowercase, i.e. p and ¢ respectively.
We will assume throughout that C is convex, i.e. closed under finite mixtures. In
Section [3:4.1] and in more detail in Appendix [A-3] we discuss how our results would
be affected if we were to adopt stronger notions of convexity like o-convexity (closed

under countable mixtures), or Choquet-convexity (closed under arbitrary mixtures).
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Chapter 3 On the Optimality of E-statistics

Furthermore, we assume that there exists at least one Q* € C such that P <« Q*. This
assumption is needed to ensure that D(P||Q ~ C) is a well-defined number in [0, o]

for any @ € C.

3.2.2 The Reverse Information Projection

As mentioned briefly above, the reverse information projection is the result of min-
imizing the information divergence between P and C. If C is an exponential family,
this problem is well understood (Csiszar and Matus, 2003]), but we focus here on the
case that C is a general convex set. In this setting, the following theorem establishes
existence and uniqueness of a limiting object for any sequence (@ )nen in C such that
D(P||Q,) — D(P||C) whenever the latter is finite. This limit (i.e. Q in the following)

is called the reverse information projection of P on C.

Theorem 3.1 (Li(1999)). If P and all Q € C are probability measures s.t. D(P||C) <

00, then there exists a unique (potentially sub-) probability measure Q such that:

1. We have that Ing, — Inq in Li(P) for all sequences (Qn)nen n C such that
Tim_ D(P]Qu) = D(P|C).

2. [JoIn % dP = D(P||C),

3. fﬂ%dc)glﬁ)mzmec.

3.2.3 E-Statistics and Growth Rate Optimality

The e-value has recently emerged as a popular alternative to the p-value for hypoth-
esis testing (Ramdas et all [2023; [Henzi and Ziegel, 2022). Unlike the p-value, it is
eminently suited for testing under optional continuation — and more generally, when
the rule for stopping or continuing to analyze an additional batch of data is not under
control of the data analyst, and may even be unknown or unknowable. It can be
thought of as a measure of statistical evidence that is intimately linked with numerous
ideas, such as likelihood ratios, test martingales (Ville, [1939) and tests of random-
ness (Levin, [1976). Formally, an e-value is defined as the value taken by an e-statistic,
which is defined as a random variable E : Q — [0, 0o] that satisfies fQ EdQ <1 for
all @ € C (Vovk and Wang, |2021)). The set of all e-statistics is denoted as &c. Large
e-values constitute evidence against C as null hypothesis, so that the null can be re-
jected when the computed e-value exceeds a certain threshold. For example, the test

that rejects the null hypothesis when E > 1/a has a type-I error guarantee of « by

23



3.3 The Reverse Information Projection

a simple application of Markov’s inequality: Q(E > /o) < o [, FdQ < a. For all
further details, as well as an extensive introduction to the concept, and how it relates
to optional stopping and continuation, we refer to |Grinwald et al.| (2024) and the
overview paper by |[Ramdas et al.| (2023)).

In general, the set & of e-statistics is quite large, and the above does not tell us
which e-statistic to pick. This question was studied by |Grunwald et al.| (2024) and
a log-optimality criterion coined GRO (Growth-Rate Optimality) was introduced for
the case that the interest is in gaining as much evidence as possible relative to an
alternative hypothesis given by a single probability measure P. GRO is a natural
replacement of statistical power, which cannot meaningfully be used in an optional
stopping/continuation context. This criterion can be traced back to the information-
theoretic Kelly betting criterion by Kelly| (1956) and is further discussed at length
by [Shafer| (2021); Ramdas et al.| (2023)); |Grinwald et al.| (2024), to which we refer for

more discussion.

Definition 3.2. If it exists, an e-statistic £ € & is Growth-Rate Optimal (GRO) if

it achieves

/hlEdP: sup /lnEdP.
Q Ecéc JQ

The following theorem establishes a duality between GRO e-statistics and reverse
information projections. For a limited set of testing problems, it states that GRO

e-statistics exist and are uniquely given by likelihood ratios.

Theorem 3.3 (Griinwald et al.| (2024), Theorem 1). If P and all Q € C are probability
measures such that D(P||C) < 0o, p(w) > 0 for all w € Q, and Q is the RIPr of P on

C, then E = ig is GRO with rate equal to D(P||C), i.e.

sup /lnEdP:/lnEdP:D(PHC).
Ee&c JQ Q

Furthermore, for any GRO e-statistic E, we have that E = E holds P-almost surely.

3.3 The Reverse Information Projection

In this section, we state a result analogous to Theorem [3.1]|in a more general setting.
Rather than convergence of the logarithm of densities in Lq(P), we consider conver-

gence with respect to a different metric on the set of measurable positive functions,
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ie. M(Q,Rs0) ={f:Q— Ryo: f measurable}. For f, f' € M (2, Rsq) we define

m3(f, f) = %/an (;) +In (j:) dp, (3.3)

where f := (f+f))/2. This is a divergence that can be thought of as the averaged
Bregman divergence associated with the convex function y(z) = z — 1 — In(z). In
particular, this means that for @, Q' € C such that P < Q and P < @', we have that

mh(a.4) = 1 D(PIQ ~ @) + L D(P|Q = Q). (34)

Chen et al.| (2008)) study averaged Bregman divergences in detail for general v, and
they show that the function

m? (z,y) = %v(m) + %v(y) - (x ;L y)

is the square of a metric if and only if In (v”(z))” > 0. In our case, In(y"(z))” =
2272, so this result holds. This can be used together with an application of the
Minkowski inequality to show that the triangle inequality holds for the square root
of the divergence , ie. mp, on M (Q,Rsg). It should also be clear that for
frg € M(Q,Rsg) if f = g everywhere, then mp(f,g) = 0. Conversely mp(f,g) =0
only implies that P(f # ¢g) = 0. This prevents us from calling mp a metric on
M (2,R~y), and we therefore define, analogous to £P and LP spaces, M (22, Rs¢) as
the set of equivalence classes of M (2, R5() under the relation ‘~’ given by f ~ g &
P(f # g) = 0. By the discussion above, mp properly defines a metric on M (©,R~).
In the following we will often ignore this technicality and simply act as if mp defines
a metric on M (Q,R5¢), since we are not interested in what happens on null sets of
P.

Considering convergence with respect to mp will be useful for our analyses in the
following. In particular, we will exploit on numerous occasions that mp can be inter-
preted as a symmetrized version of the description gain, as described in Equation .
However, other than mathematical convenience, there is no fundamental difference be-
tween considering convergence with respect to mp and convergence of the logarithms
in L1 (P), as considered in Theorem Indeed, Lemma in Appendix shows
that the two types of convergence are equivalent. It is also this result from which the

following proposition follows.

Proposition 3.4. The metric space (M (2, R~q), mp) is complete.
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3.3 The Reverse Information Projection

Everything is now in place to state the main result.

Theorem 3.5. If infgee D(P||Q ~ C) < oo, then there exists a measure Q that
satisfies the following for every sequence (Qp)nen in C such that D(P||Qn ~~ C) —
infgec D(P||Q ~ C) as n — oo:

1. ¢ — 4 inmp.

2. If P' is a measure such that |infgec D(P||Q ~ P')| < oo, then

/ /
/ In dli dP = lim In dp dP.
o dQ d

n— oo Q n

3. For any Q € C,

dpP L.
/Q 1699 < PO + Q(@) ~ iminf 0,(2).

Theorem is a special case of Theorem when P and all Q) € C are probability
measures such that D(PJ|C) < oco. This follows because Equation implies that
minimizing D(P||Q ~ Q') over @ is equivalent to minimizing D(P]||Q) and because
convergence of the densities in mp is equivalent to convergence of the logarithms in
Li(P) by Lemma in Appendix We therefore refer to ) as the reverse
information projection of P on C, thereby extending the definition of the latter (we
refrain from the term ‘generalized RIPr’, because it has already been used for the
RIPr whenever it is not attained by an element of C (Csiszar and Matus, [2003) or
when the log score is replaced by another loss function (Griinwald and Mehtal 2020)).
However, the density of the measure @ is only unique as an element of M (2, R<0),
since convergence of the densities holds in mp. This causes no ambiguity here, so that
we simply refer to it as ‘the’ RIPr.

Note that Theorem [3.5 implies that if there exists a @ € C with D(P||Q ~ C) =0,
then @ is the RIPr of P on C. This matches with the intuition that the maximum
gain we can get from switching away from the ‘best’ code in C should be equal to zero.

The following result establishes this more formally.
Proposition 3.6. The following conditions are equivalent:
1. There exists a measure P’ such that D(P|| P’ ~ C) is finite.

2. There exists a measure Q) in C such that D(P||Q ~» C) is finite.
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Chapter 3 On the Optimality of E-statistics

3. There exists a sequence of measures @, € C such that D(P|Q, ~ C) — 0 for

n — 0o.
Consequently, whenever infgoee D(P||Q ~~ C) < 0o, it must actually be equal to zero.

To show that the reverse information projection exists, it is therefore enough to
prove that one of these equivalent conditions holds. Which condition is easiest to check

will depend on the specific setting, as exemplified by the following propositions.

Proposition 3.7. Suppose that C is the convex hull of finitely many distributions,
that is, C = conv({Q1,...,Qn}), then for any probability measure P with P < @Q; for
at least one i, it holds that D(P|| X3 Q; ~ C) < cc.

Example 3.1. Let C be a singleton whose single element @ is given by the standard
Gaussian and let P be the standard Cauchy distribution. Since the Cauchy distribu-
tion is exponentially heavier-tailed than the Gaussian, we have that D(P|C) = oo.

However, since both distributions have full support, it follows that
D(P||Q ~ C) = D(P||Q ~ Q) =0.

By Theorem (1), Q is therefore the reverse information projection of P on C.
This example can be extended to composite C by considering all mixtures of the
Gaussian distributions A(—1,1) and A(1,1) with mean +1 and variance 1. Propo-
sition guarantees the existence of a reverse information projection although the
information divergence is still infinite because a Cauchy distribution is more heavy
tailed than any finite mixture of Gaussian distributions. Symmetry implies that the
reverse information projection must be equal to the uniform mixture of A'(—1,1) and

N(1,1), which coincides with the result one would intuitively expect.

Proposition 3.8. Assume that C is a convex set of probability measures that has finite
minimax regret and with normalized mazximum likelihood distribution Q* € C. Then
for any probability measure P that is absolutely continuous with respect to Q*, it holds
that D(P||Q* ~ C) < oc.

For an extensive discussion on minimax regret in the present coding context, as well
as the normalized maximum likelihood distribution (also known as Shtarkov distribu-
tion), see e.g. |Griinwald and Harremoés| (2009); van Erven and Harremoés| (2014). In
short, the minimax regret is defined as infgec supg ec wen In ¢'(w)/q(w). This quantity
is known to be finite if and only if the normalized maximum likelihood distribution

Q*, defined as ¢*(w) = suwpqec q(u))/(fQ SUpgec qdu), is well-defined. One-dimensional
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exponential families with finite minimax regret have been classified by |Grinwald and
Harremoés| (2009).

3.3.1 Strict Sub-Probability Measure

We return now to the familiar setting where P is a probability measure and C a convex
set of probability measures. It is easy to verify that the RIPr Q of P on C is then a
sub-probability measure. This follows because we know that there exists a sequence
(Qn)nen in C such that ¢, converges point-wise P-a.s. to ¢ and Fatou’s Lemma tells

us

/ qgdp = / liminf ¢, dpp < lim inf/ Gndp = 1. (3.5)
Q Q n—oo n—oo Q

It is not clear a priori whether this can ever be a strict inequality. For example, if the
sample space is finite, the set of probability measures is compact, so the limit of any
sequence of probability measures (i.e. the reverse information projection) will also be
a probability measure. The following example illustrates that this is not always the
case for infinite sample spaces, and it can in fact already go wrong for a countable
sample space with D(P||C) < cc.

Example 3.2. Let Q = N and F = 2%, Furthermore, let P denote the probability

measure d; concentrated in the point ¢ = 1 and C the set of distributions @ satisfying

o0

) 1
Z -q(i) = 9

i=1

S| =

This set is defined by a linear constraint, so that C is convex, and for any @ € C, we

have

implying that ¢(1) < /2. It follows that D(P||Q) = —In(q(1)) > In(2). The sequence
plymg q q q

Q. = 2’:;_22 01 + 5,50, satisfies @, € C and

2n — 2
D(P||Qn) =1n —

— In(2).

Consequently, it must hold that D(P||C) = In(2). The sequence Q,, converges to the
strict sub-probability measure (1/2)d;, which must therefore be the RIPr of P on C.

A more general example, which can be seen as a template to create such situa-
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tions, is given in Appendix The common theme is that C is defined using only
constraints of the form ", f1(i)q(i) = ¢, where f; is some positive function such that
lim,, o f1(n) = 0. Since C only contains probability measures, there is the additional
constraint that ) . fo(i)q(i) = 1, where fy denotes the constant function fy = 1. This
function fy dominates all other constraints f; in the sense that lim; o f1(9)/f5(:) = 0,
but is itself not dominated by any of the constraints in the same manner. It turns out
that this is the precise condition that dictates whether or not a constraint has to be
respected when taking point-wise limits of elements in C. Indeed, as shown in the the-
orem below, any constraint on C that is dominated by another constraint in the sense
described above cannot be violated by taking point-wise limits. Therefore, if we add
a restriction to C that dominates the constant function 1, i.e. that is defined by some
function f; with lim,,_,~ f1(n) = oo, then the RIPr cannot be a strict sub-probability

measure.

Theorem 3.9. Take Q =N, F =2V, and let C be a convez set of probability measures.
Suppose that for fo, fi : N = Rsq, we have that )", fo(i)q(i) < Ao and Y, f1(i)q(i) =
A1 forall Q € C. If Q) denotes a sequence of measures in C that converges point-wise

to some distribution Q*, and fo dominates f1 in the sense that

. fi)
Am ey =0 (36)

then

Z f1G) - q" (3) = Ay (3.7)

3.3.2 Greedy Approximation

So far, we have discussed the existence and properties of the RIPr of P on C. However,
there will be many situations where it is infeasible to compute this exact projection,
as it requires solving a complex minimization problem. For example, if C is given
by the convex hull of some parameterized family of distributions, the reverse infor-
mation projection might be an arbitrary mixture of elements of this family, and the
minimization problem need not be convex in the parameters of the family. To this
end, |Li and Barron| (1999) propose an iterative greedy algorithm for the case that C
is given by the o-convex hull (all countable mixtures, see Appendix of a param-
eterized family of distributions, i.e. C = o-conv({Qp : 6§ € O}), and D(P||C) < .
The algorithm starts by setting Q1 := Qp,, where 6 minimizes D(P]|Qy,), and then
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iteratively defining Qr := (1 — o) Qr—1 + @ Qo,,, where o, = 2/(k+1)E| and 6}, is chosen
to minimize D(P[|Qy). It is shown that, if sup, 4, ¢, log9:(*)/g,, ., is bounded, then
D(P||Qx) converges to D(P||C) at rate 1/k. Later, Brinda| (2018]) showed that the
condition that the likelihood ratio has to be uniformly bounded in x can be relaxed to
the condition that below is finite. In both of these previous works, it is simply
assumed that a minimizer in each step exists, though it need not necessarily be unique.
We will do likewise in the following, where we give an adaptation of the algorithm that

works when the KL divergence is infinite.

Algorithm 1 Greedy Approximation of the RIPr

: Fix Q* € C s.t. |inf969 fQ log q*/qe dP| < o0
: Let Q1 = Qg,, where 6, = arg min D(P||Qg ~ Q)
0'cO

N =

3: for k=2,3,... do

4: Choose ay = kiﬂ and 0 = argming cg D(P||(1 — ) Qr—1 + arQe ~ Q)
5 Let Q= (1 —ay)Qo, , + Qo

6: end for

Proposition 3.10. Suppose that infgec D(P||Q ~ C) < oo, let (Qr)ken be the output
of Algom'thm and let Q be any measure in C, so that ¢ = Y 5o, qo - w@(0) for some
probability mass function wg on a countable ® C ©. If D(P||Q" ~ Q") is finite for
all @', Q" € C, then it holds that

(k)
D(PIQs — @) < L,

where bg)(P) is given by

L G2 - wo(f
/ 1+ sup  log SUPpeo 90 \ 2oco %2 ol )dP <
Q 6 c{0;}k_, 4o~ q

’ 2 ° 9
sup/ <1+ sup log qa) Loeor Gy Wl )dP. (3.8)
Q

QeC 0*,0c0 qo~ C]2

It follows that if bg) is uniformly bounded over all @ € C, in particular if 1} is
finite, then D(P||Qy ~» C) converges to zero, i.e. Q) converges to the RIPr of P on C,

at rate 1/k. The former holds under the strong, but often imposed assumption that the

11i actually proposes to either minimize over ay or use o = 2/3 and ap = 2/k for k > 2; the
formulation given here is a slight simplification by |Brinda, (2018)).
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likelihood ratios in C are uniformly bounded; for example when C is given by the o-
convex hull of Gaussian densities restricted to a cube (Li, |1999, Example 1). However,
might also be finite under weaker assumptions. For example, consider the set of
Gaussian mixtures as in Example that is, C = {w - N(=1,1) + (1 —w) - N(1,1) :
w € [0,1]}. It can be seen that bg(P) < oo for all @ € C whenever P has a finite
first moment. Moreover, if the latter holds, then bg(P) is uniformly bounded over all
Q € C where C' = {w- N (-1,1)+(1—w)-N(1,1) : w € [¢,1—¢|} for some ¢ € (0, 1/2).

Whereas Proposition [3.10] is a satisfying theoretical result, we must concede that
Algorithm [I] might not be the fastest to implement in practice. This arises from the
fact that the objective D(P||(1 — ag)Qr—1 + ax Qe ~> Q) need not be convex in ¢'.
One might therefore have to resort to an exhaustive search over a discretization of
the parameter space. On top of that, there is no guarantee that the information gain
is easily computable. As an alternative for the case that © is finite and D(P||C) <
00, one might use the iterative algorithm proposed by |Csiszar and Tusnady| (1984,
Theorem 5). A big advantage of the latter is that their recursive update step has
an explicit formula, which makes each iteration considerably faster. The downside is
that, whereas convergence in terms of KL is guaranteed, it is unclear at what rate
this happens in general. Furthermore, proving convergence of their algorithm in the

setting where D(P||C) = oo seems far from a straightforward exercise.

3.3.3 Discussion

The results in this section might be regarded as a generalization of large parts of
Chapters 3 and 4 in Li’s Ph.D. thesis (Li, [1999) and in fact the tools in this section
were initially developed to clear up some ambiguity around the proof of Theorem [3.1]
Part [I{ as provided by Li. That is, |Li| states that for all sequences (@, )nen in C such
that lim, . D(P||Q») = D(P||C) it holds that Ing, — Ing in L;(P). However,
the proof thereof refers to his Lemma 4.3, which only shows existence of one such a
sequence. Then, in Lemma 4.4, Li also shows that if Q is such that log ¢, — log§ in
Ly (P) for some sequence (Qp)nen that achieves lim, ., D(P||@.) = D(P]|C), then
it must hold that D(P||Q) = D(P||C). However, it is a priori not clear whether
every sequence (Qn)nen that achieves lim,_,o D(P||@y) = D(P]|C) has such a limit.
Moreover, it is never shown that, if it exists, this limit must be the same for every such
sequence. Note that it is not at all our intention here to criticize Li’s fundamental and
ground-breaking work. Li’s is one of those rare theses that have had a major impact

outside of their own research area: being a thesis on information-theory, it served
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as the central tool and inspiration for papers on fast convergence rates in machine
learning theory (van Erven et al. 2015; |Griinwald and Mehtaj, [2020)), and also for
Grinwald et al.| (2024), which led to a breakthrough in (e-based) hypothesis testing.
Our aim is merely to indicate that Theorem [3.5]ties up some loose ends in Li’s original,

pioneering results.

3.4 Optimal E-Statistics

In this section, we assume that P and all Q € C are probability measures, and we
are interested in the hypothesis test with P as alternative and C as null. To this end,
Theorem [3.5] shows that — whenever it exists — the likelihood ratio of P and its RIPr
is an e-statistic. A natural question is whether the optimality of the RIPr in terms
of describing data distributed according to P carries over to some sort of optimality
of the e-statistic, as is true for the GRO criterion in the case that D(P||C) < co. It
turns out that this is true in terms of an intuitive extension of the GRO criterion.
Completely analogously to the coding story, we simply have to change from absolute

to pairwise comparisons.

Definition 3.11. For e-statistics E, E’ € &z, we say that F is stronger than E’ if the

following integral is well-defined and nonnegative, possibly infinite:

/Q In (5) dp, (3.9)

where we adhere to the conventions In(%/c) = —oo and In(¢/0) = oo for all ¢ € Rsg.
Furthermore, an e-statistic £* € & is a strongest e-statistic if it is stronger than any
other e-statistic F € &¢.

The notion of optimality in Definition [3.11] comes down to the simple idea that
if one e-statistic E is stronger than another e-statistic E’, then repeatedly testing
based on E eventually becomes more powerful than repeatedly testing based on E’
in the sense that there is a higher probability of rejecting a false null-hypothesis. Let
us explain in more detail what we mean by this. Suppose that we conduct the same
experiment N times independently to test the veracity of the hypothesis C, resulting in
outcomes wi, .. .,wy. For any given e-statistic £ € &, we have that Hf\il E(w;) is still
an e-statistic, not just for fixed N but even if N is a random (i.e. data-dependent)
stopping time. So, as indicated before, it can be used to test C with type-I error

guarantees. Yet, for two e-statistics E, E' € &, the law of large numbers states that
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if P is true, it will almost surely hold that

H?:l E(w:) E
m =exp|n o ln ﬁ dP —+ O(n) .
It follows that if the integral [, In (Z/E") dP is positive then with high probability E
will, for large enough n, give more evidence against C than E’ if the alternative is true,
i.e. a test based on E will asymptotically have more power than a test based on E’.
Since we assume throughout that there exists a Q* € C such that P <« Q*, it

follows that for any e-statistic F we must have P(F = oco) = 0, which simplifies any

subsequent analyses greatly.

Proposition 3.12. Assume that C is a set of probability measures and that P is a
probability measure. If there is an E' € & such that supgcg, [ In (E/E") dP < oo,
then a strongest e-statistics exists. Furthermore, if E1 and Es are both strongest e-
statistics then E1 = Eo holds P-a.s.

The strongest e-statistic in Definition [3.11] can be seen as a generalization of
the GRO e-statistic, because if [,In EdP and [, In E'dP are both finite, (3.9) can
be written as the difference between the two logarithms, that is, [,In(E/E') dP =
JoInEdP — [,In E'dP. In this case, finding the strongest e-statistic therefore cor-
responds to maximizing fQ In EdP over all e-statistics, thus recovering the original
GRO criterion. As an extension of that case, we prove that whenever the RIPr exists,

it always leads to the strongest e-statistic.

Theorem 3.13. Suppose that both P and all Q € C are probability measures and that
infgec D(P|Q ~ C) < 0. If Q denotes the RIPr of P on C, then E = dP/aq is the

strongest e-statistic.

The likelihood ratio between P and its RIPr is in fact the only e-statistic in the
form of a likelihood ratio with P in the numerator, as the following proposition shows.
Though the statement is more general, the proof is completely analogous to part of
the proof of Lemma 4.1 by |Li (1999).

Proposition 3.14. Suppose that C is a set of probability measures and that P is a
probability measure. If there exists a measure Q* € C such that 4P/aQ* € &¢, then
D(P||Q* ~ C) =0, i.e. Q* is the RIPr of P on C.

We now return to Example [3.1] where the GRO criterion is not able to distinguish
between e-variables, but we are able to do so with Definition and Theorem [3.13

33



3.4 Optimal E-Statistics

Example 3.1 (continued). In the case that P is the standard Cauchy and C = {Q},
where @ is the standard Gaussian, it is straightforward to see that the likelihood ratio

between P and @ is an e-statistic, i.e.

| Ggae= [ ap=1.

However, for the growth rate it holds that

/an (35) dP = D(P||Q) = .

The same argument can be used to show that for any 0 < ¢ < 1, we have an e-
statistic given by ¢dP/d@, which still has infinite growth rate. The GRO criterion
in Definition [3.2] is not able to tell which of these e-statistics is preferable. However,
since @ is the RIPr of P on C, it follows from Theoremthat dP/4q is the strongest
e-statistic, and in particular it is stronger than ¢dP/d@ for all 0 < ¢ < 1.

3.4.1 Convexity

In the discussion above, the null hypothesis C is assumed to be convex, which does
not hold for many of the null hypotheses commonly employed in statistics, such as
the set of all Gaussian distributions with varying mean and/or variance. However, it
follows from the Fubini-Tonelli theorem that the set of e-statistics on C equals the set
of e-statistics on the convex hull of C. The same is true if the convex hull is replaced
by the o-convex hull where countable mixtures are allowed or by the Choquet-convex
hull where arbitrary mixtures are allowed (see Appendix for precise definitions).
Therefore, if there exists a strongest e-statistic for testing the alternative P against
any of these notions of the convex hull, then that is also the strongest e-statistic for
testing P against the original null hypothesis, regardless of whether that was convex.
It follows from Theorem [3.13] that, to find the strongest e-statistic, it suffices to find
the RIPr of P on any of the notions of the convex hull. In particular, if RIPrs exists on
more than one of these, they must coincide; on the other hand, none of the three RIPrs
may exist, and our results also do not rule out the possibility that the RIPr exists on
just one or two of the three convex hulls. To witness, in Appendix [A-3] we give an
example (Example in which the RIPr of P on the o-convex hull exists, whereas
the RIPr of P on the convex hull does not. At the same time, there are constraints:
Theorem [A78]in Appendix [A73]implies that if the RIPr on the convex hull of C exists,
then the RIPr on the o-convex hull of C also exists (and then they must be equal).
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Things become much more clear-cut if the RIPr Q of P on a certain notion of the
convex hull exists and is an element of that set. In that case, Q is also the RIPr of P
on any stronger notion of the convex hull. Indeed, the different levels of convex hulls
are nested, and their corresponding sets of e-statistics coincide, so this follows directly
from Proposition [3.14}

Corollary 3.15. Let C denote a set of probability measures (not necessarily convex)
and let P denote a probability measure. If the RIPr of P on the convex hull of C exists
and is given by Q € conv(C), then Q is also, (a) the RIPr of P on the o-conver and,
(b), on the Choquet-convez hull of C. Similarly, if Q € o-conv(C) is the RIPr of P on
o-conv(C), then (¢) Q is also the RIPr of P on the Choquet-convex hull of C.

Further details regarding convexity are presented in Appendix [A:3] In particular,
Theorem in the latter gives an analogous result to Corollary [3.15] Part (a), for
the case that P and C are not restricted to be probability measures, and the RIPr is

not assumed to be attained in the set.

3.4.2 Approximation

In Section|3.3.2] we discussed an algorithm that provides an approximation of the RIPr
for scenarios where it is not possible to explicitly compute the latter. However, the
convergence guarantee given by Proposition [3:10]is in terms of the information gain.
That is, if @y is the approximation of the projection after k iterations, then under
suitable conditions it holds that D(P||Qy ~» C) — 0. This is not enough if we want
to use such an approximation for hypothesis testing: we need that »/q, gets closer and
closer to being an e-statistic. The following theorem gives a condition under which

this is true.

Theorem 3.16. Assume infgce D(P||Q ~~ C) < o0, fiz Q,Q’ € C, set § :== D(P||Q ~
C) and suppose that there exists B € (0,00] such that ||9'/q|l14p < oo. If B < 1 or
D(P| Q" ~ C) < K¢, then it holds that

!
/EdQ': ‘idP:Ho(CB.a%) as § — 0, (3.10)
Q4 o9

B—1
where Cg = ||4'/q|l145 if B <1 and Cg = K255 ||d'/q||145 otherwise.

Here, we use || f]|, for p € (0,00] to denote the £7(€2, P) norm of a function f €
M(Q,Rxp), ie. ([, (f)PdP) i Explicit values for the constants in (3.10) can be
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found in the proof in the appendix. In particular, Theorem [3.16]implies the following:
if there are C,d8y > 0 such that ||7'/q|]a < C for all Q" € C and all Q € C with
D(P||Q ~ C) < dg, then any sequence Q1,Qs,... with D(P||Qy ~» C) — 0 will have
supgce fo@/andP =1+ 0(6;/2), where §;, = D(P||Qx ~ C). This gives an easy to
check condition for the convergence of r/q, to an e-statistic. ~This square-root rate
of convergence cannot be improved in general without an extra assumption, even if
all likelihood ratios are bounded, i.e. ||9'/g||cc < co. This can be seen by taking P
and @ to be Bernoulli distributions with parameter 1/2 and 1/2 4+ € respectively, C
the set of Bernoulli distributions with parameters in [1/4,3/4] and @’ Bernoulli 1/4.
Then § = D(P||Q ~ C) = 26%(1 + o(1)) yet [,4/qdP = 1+ 4e(1 + o(1)). But if
likelihood ratios are bounded and we additionally consider @)’ in a ‘neighborhood’ of
Q (i.e. D(P||Q" ~ C) < K§), then a linear rate is possible as shown in Theorem
by letting 3 tend to infinity; the rate then interpolates between 6/2 and § depending
on the largest 8 for which the (1 4+ §)-th moment exists. Furthermore the following
example shows that in general bounds on the integrated likelihood ratios are necessary

for the convergence to hold at all.

Example 3.3. Let Q represent the family of geometric distributions on 2 = Ny and
let C = conv(Q). The elements of Q are denoted by Qg with density go(n) = 0™(1—6),
where 6 € [0,1) denotes the probability of failure. For simplicity, assume that P € Q
so that the reverse information projection of P on C is equal to P. Take for example
P = Qy),, then for any 6,6" € [0,1)

oo / n Y
/qe’dp: (19) 11-9
a 2.\26) 219

=6 if ¢ < 20;

I
)|
Bl

(3.11)
0, otherwise;

whereas

o] 1 n+1
DPIo) = (5)  (-nios(zs) ~ og2(1 - )
n=0

1/2

=1
19

log 2
+0g?7

Now consider a sequence 1/3 < 01 < 03 < f3... that converges to 1/2. Then by the
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above,
D(P||Q¢,) — 0 = D(P][C).

We also see that for all ¢ and all 8" € [26;,1), we have

/ 9 gp = 0,
Q 40,

i.e. for all i we have supgr¢(.1) J, 9'/a0,dP = o0.

3.4.3 Related Work

The results on the existence of optimal e-statistics displayed in this section bear sim-
ilarities with work concurrently done by [Zhang et al| (2024). In particular, they show
that if C is a convex polytope, then there exists an e-statistic in the form of a likeli-
hood ratio between two unspecified measures. Since a convex polytope contains the
uniform mixture of its vertices, which can be shown to have finite information gain,
this also follows from our Proposition[3.7] However, the techniques used to prove their
results appear to be of a completely different nature than the ones used in this chap-
ter, as they rely mostly on classical results in convex geometry together with results
on optimal transport (and with these techniques, they provide various other results
incomparable to ours).

In the case of compact alternative they furthermore discuss a property which
they refer to as nontrivial e-power. That is, if the alternative is a convex polytope
A, then at least one of their e-statistics in the form of a likelihood ratio satisfies
infpeg fQ In EdP > 0. We now show that the existence of such an e-statistic also
follows from our results. In fact, if A is any convex set (not just a polytope) such
that inf pe 4 D(P]|C) < oo, then (as|Zhang et al.| (2024]) point out) a similar result is
already implied by |Grinwald et al.|(2024) as long as the infimum is achieved on the
left. Indeed, they show that the likelihood ratio of the distribution that achieves the
infimum and its RIPr is an e-statistic that has nontrivial e-power. This leaves the case
that inf pe 4 D(P||C) = co. Indeed, the current work implies that also in this case, an
e-statistic with nontrivial (in fact, infinite) e-power exists, as long as 4 is a convex
polytope. That is, if we use P* to denote the uniform mixture of the vertices of A,

then for any vertex P € C, we have that

*

* iqp
/ w9 ap > / In 2— dP > D(P||C) — In(n),
o d o dQ*

37



3.5 Summary and Future Work

where Q* denotes the RIPr of P*. It follows that infpe fQ In % dP = oo, so that
the e-statistic given by the likelihood ratio of P* to its RIPr has “nontrivial e-power”.
However, more work is needed to determine whether such constructions are in any
way optimal and whether the restriction that A is a convex polytope can be relaxed.

Second, after the first version of this manuscript was made available online, a follow-
up paper appeared by Larsson et al.| (2024]). They show that, under no conditions on P
and C whatsoever, there exists an e-statistic E* that is the strongest e-statistic in the
sense of Definition This e-statistic, which they call ‘the numeraire’, gives rise to
a measure Q* such that dQ"/ap = 1/g*. Whenever the conditions of Theorem [3.5/hold,
Q* coincides with the reverse information projection of P on C, so that it provides (in
their words) “[...] a natural definition of the RIPr in the absence of any assumptions
on C or P” We refer to their work (Larsson et all|2024) for all further details.

3.5 Summary and Future Work

We have shown that, under very mild conditions, there exists a measure that achieves
the minimax description gain over a convex set of measures C relative to a measure
P. Whenever the information divergence between P and C is finite, this measure
coincides with the reverse information projection of P on C. As such, it provides a
natural extension of the reverse information projection to cases where the the minimax
description gain is finite, while the information divergence is infinite. In the context of
hypothesis testing, this extended notion of the RIPr can be used to define an e-statistic
for testing the simple alternative P against the composite null C. This e-statistic is
optimal in a sense that is a natural, but novel extension of the previously known
GRO optimality criterion for e-statistics. We have shown an example where GRO is
unable to differentiate between e-statistics, whereas our novel criterion can, so that
it is a strict extension. Additionally, we discussed an algorithm that can be used to
approximate the reverse information projection in scenarios where it is not explicitly
computable and show under what circumstances this also leads to an approximation
of the optimal e-statistic.

The results presented thus far suggest various avenues for further research of which
we discuss two. First, Theorem is formulated for general measures so one may
ask for an interpretation of the RIPr in the case that P and C are not probability
measures. If € is finite and A is a measure on {2, then we may define a probability
Po (A(w)), where Po (A(w))

measure Po()) as the product measure Po(A) = @,,cq
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denotes the Poisson distribution with mean A(w). With this definition we get
D(P|Q ~ Q') = D(Po(P)||[Po(Q) ~ Po(Q")).

Furthermore, it can be shown that if the RIPr Q of P on C exists and is an element of
C, then Po(Q) is also the RIPr of Po(P) on the convex hull of ¢’ := {Po(Q)|Q € C}.
Consequently, Po(P)/pPo(Q) can be thought of as an e-statistic for C’. More work is
needed to determine whether this interpretation has any applications and if it can be
generalized to arbitrary €.

Second, even if D(P]|C) = oo, the Rényi divergence D, (P||Q) (see e.g. van Erven
and Harremoeés (2014)) may be a well-defined nonnegative real number for o € (0, 1)
and @ € C. These Rényi divergences are jointly convex in P and @ (van Erven and
Harremoes| 2014) and for each 0 < o < 1 one may define a reverse Rényi projection
Qo of P on C (Kumar and Sason, 2016). |[Larsson et al| (2024) show that one may
use this projection to define an e-statistic that is optimal for a polynomial rather
than a logarithmic utility function — the theory is developed in completely analogous
fashion to the logarithmic/standard Kullback-Leibler information case. We conjecture
that the projections Qo will converge to the RIPr for a tending to 1, which might lead

to further applications.
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4 k-Sample Tests With Ex-

ponential Families

The discussion of the correspondence between log-optimal e-variables and the reverse
information projection in the previous chapter leads us to consider the problem of
finding the reverse information projection in concrete settings. This is complicated
because the reverse information projection is generally an element of the convex hull
of the null hypothesis, so it could be any mixture of elements of the null. However,
in this chapter we show that there are certain k-sample tests for which the reverse
information projection lies in the null hypothesis itself, that is, is not a mixture.

In particular, we consider the problem of testing whether k samples of data are
drawn from the same element of an exponential family, the alternative being that they
come from different elements of the same exponential family. We show that for some
exponential families, there exists an e-variable that is a likelihood ratio between the
alternative and an element of the null. The denominator of this likelihood ratio must
be the reverse information projection by Proposition so this e-variable is GRO.
We also propose two other e-variables for when this is not the case, thus consider-
ing three e-variables in total: the GRO e-variables for (1) the null itself, and (2) a
larger nonparametric null, as well as (3) an e-variable arrived at by conditioning on
the sum of the sufficient statistics. (2) and (3) are always efficiently computable, and
extend ideas from [Turner et al. (2024) and |Wald| (1947) respectively from Bernoulli
to general exponential families. We provide theoretical and simulation-based com-
parisons of these e-variables in terms of their logarithmic growth rate, and find that
for small effects all four e-variables behave surprisingly similarly; for the Gaussian
location and Poisson families, e-variables (1) and (3) coincide; for Bernoulli, (1) and
(2) coincide; but in general, whether (2) or (3) grows faster under the alternative is

family-dependent. Finally, we discuss algorithms for numerically approximating (1).
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4.1 Introduction

E-variables (and the value they take, the e-value) provide an alternative to p-values
that is inherently more suitable for testing under optional stopping and continuation,
and that lies at the basis of anytime-valid confidence intervals that can be monitored
continuously (Grinwald et all 2024; [Vovk and Wang, [2021} |Shafer| [2021; [Ramdas
et all) 2023; [Henzi and Ziegel, 2022; |Griunwald, [2023). While they have their roots
in the work on anytime-valid testing by H. Robbins and students (e.g. (Darling and
Robbins, [1967))), they have begun to be investigated in detail for composite null hy-
potheses only very recently. E-variables can be associated with a natural notion of
optimality, called GRO (growth-rate optimality), introduced and studied in detail by
Grinwald et al.| (2024). GRO may be viewed as an analogue of the uniformly most
powerful test in an optional stopping context. In this chapter, we develop GRO and
near-GRO e-variables for a classical statistical problem: parametric k-sample tests.
Pioneering work in this direction appears already in Wald| (1947): as we explain in
Example his SPRT for a sequential test of two proportions can be re-interpreted
in terms of e-values for Bernoulli streams. Wald’s e-values are not optimal in the
GRO sense — GRO versions were derived only very recently by [Turner et al.| (2024);
Turner and Griunwald| (2023)), but again only for Bernoulli streams. Here we develop
e-variables for the case that the alternative is associated with an arbitrary but fixed
exponential family, M, with data in each of the k groups sequentially sampled from a
different distribution in that family. We mostly consider tests against the null hypoth-
esis, denoted by Ho(M) that states that outcomes in all groups are i.i.d. by a single
member of M. We develop the GRO e-variable Sqro(aq) for this null hypothesis, but
it is not efficiently computable in general. Therefore, we introduce two more tractable
e-variables: Sgro(ip) and Sconp- The former is defined as the GRO e-variable, for the
much larger null hypothesis that the k groups are i.i.d. from an arbitrary distribution,
denoted by Ho(1ID): since an e-variable relative to a null hypothesis H is automati-
cally an e-variable relative to any null that is a subset of Ho, Sgrom) is automatically
also an e-variable relative to Ho(M). Whenever below we refer to ‘the null’, we mean
the smaller Ho(M). The use of Sgro(up) rather than Sgro(aq) for this null, for which
it is not GRO, is justifiable by ease of computation and robustness against misspeci-
fication of the model M. However, exactly this robustness might also cause it to be
too conservative when M is well-specified. The third e-variable we consider, Sconp,
does not have any GRO status, but is specifically tailored to Ho(M), so that it might

still be better than Sgromp) in practice. Finally, we introduce a pseudo-e-variable
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Spseuno(Mm), Which coincides with Sgro(aq) Whenever the latter is easy to compute; in
other cases it is not a real e-variable, but it is still highly useful for our theoretical

analysis.

Results Besides defining Scro(at), Scro@m) and Sconp and proving that they achieve
what they purport to, we analyze their behavior both theoretically and by simulations.
Our main theoretical results, Theorem [£.12|and [.I3|reveal some surprising facts: for
any exponential family, the four types of (pseudo-) e-variables achieve almost the
same growth rate under the alternative, hence are almost equally good, whenever the
‘distance’ between null and alternative is sufficiently small. That is, suppose that the
(shortest) ¢o-distance between the k dimensional parameter of the alternative and the
parameter space of the null is given by . Then for any two of the aforementioned
e-variables S,5’, we have E[log S — log S’] = O(§*), where the expectation is taken
under the alternative. Here, E[log S| can be interpreted as the growth rate of S, as
explained in Section

While Sgrom) and Sconp are efficiently computable for the families we consider,
this is generally not the case for Sgro(a), since to compute it we need to have access
to the reverse information projection (RIPr; (Li, [1999; |Grinwald et all [2024)) of a
fixed simple alternative to the set Ho(M). In general, this is a convex combination of
elements of Hy(M), which can only be found by numerical means. Interestingly, we
find that for three families, Gaussian with fixed variance, Bernoulli and Poisson, the
RIPr is attained at a single point (i.e. a mixture putting all its mass on that point)
that can be efficiently computed. Furthermore, in these cases Sgro(a) coincides with
one of the other e-variables (Sqro(ip) for Bernoulli, Sconp for Gaussian and Poisson).
For other exponential families, for k = 2, we approximate the RIPr and hence Sgro(m)
using both an algorithm proposed by Li (1999) and a brute-force approach. We find
that we can already get an extremely good approximation of the RIPr with a mixture
of just two components. This leads us to conjecture that perhaps the deviation from
the RIPr is just due to numerical imprecision and that the actual RIPr really can be
expressed with just two components. The theoretical interest of such a development
notwithstanding, we advise to use Sconp O Sgro(up) rather than Sgro(aq) for practical
purposes whenever more than one component is needed for the RIPr, as their growth
rates are not much worse, and they are much easier to compute. If furthermore
robustness against misspecification of the null is required, then Sgroqp) is the most

sensible choice.
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Method: Restriction to Single Blocks and Simple Alternatives The main
interest of e-variables is in analyzing sequential, anytime-valid settings: the data ar-
rives in k streams corresponding to k groups, and we may want to stop or continue
sampling at will (optional stopping); for example, we only stop when the data looks
sufficiently good; or we stop unexpectedly, because we run out of money to collect new
data. Nevertheless, in this chapter we focus on what happens in a single block, i.e. a
vector X* = (Xi,..., X}), where each X; denotes a single outcome in the j-th stream.
By now, there are a variety of papers (see e.g. |Griinwald et al.| (2024); Ramdas et al.
(2023)); Turner et al.| (2024)) that explain how e-variables defined for such a single
block can be combined by multiplication to yield e-processes (in our context, coin-
ciding with nonnegative supermartingales) that can be used for testing the null with
optional stopping if blocks arrive sequentially — that is, one observes one outcome
of each sample at a time. Briefly, one multiplies the e-variables and at any time one
intends to stop, one rejects the null if the product of e-values observed so-far exceeds
1/« for pre-specified significance level a.. This gives an anytime-valid test at level «:
irrespective of the stopping rule employed, the type-I error is guaranteed to be below
«. Similarly, one can extend the method to design anytime-valid confidence intervals
by inverting such tests, as described in detail by Ramdas et al.| (2023)). This is done for
the 2-sample test with Bernoulli data by [Turner and Grinwald| (2023); their inversion
methods are extendable to the general exponential family case we discuss here. Thus,
we refer to the aforementioned papers for further details and restrict ourselves here
to the 1-block case. Also, [Turner et al.| (2024); [Turner and Griinwald| (2022) describe
how one can adapt an e-process for data arriving in blocks to general streams in which
the k streams do not produce data points at the same rate; we briefly extend their
explanation to the present setting in Appendix [B:I] Finally, we mainly restrict to
the case of a simple alternative, i.e. a single member of the exponential family under
consideration. While this may seem like a huge restriction, extension from simple to
composite alternatives (e.g. the full family under consideration) is straightforward
using the method of miztures (i.e. Bayesian learning of the alternative over time)
and/or the plug-in method. We again refer to |Griinwald et al.| (2024)); Ramdas et al.
(2023) for detailed explanations, and |Turner et al.| (2024) for an explanation in the
2-sample Bernoulli case, and restrict here to the simple alternative case: all the ‘real’
difficulty lies in dealing with composite null hypotheses, and that, we do explicitly and

exhaustively in this chapter.
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Related Work and Practical Relevance As indicated, this chapter is a direct
(but far-reaching) extension of the papers Turner et al. (2024); Turner and Griunwald
(2023)) on 2-sample testing for Bernoulli streams as well as Wald’s (1947)) sequential
two-sample test for proportions to streams coming from an exponential family. There
are also nonparametric sequential (Lhéritier and Cazals, |2018) and anytime-valid 2-
sample tests (Balsubramani and Ramdas, |2016; [Pandeva et al., 2022) that tackle a
somewhat different problem. They work under much weaker assumptions on the al-
ternative (in some versions the samples could be arbitrary high-dimensional objects
such as pictures and the like). The price to pay is that they will need a much larger
sample size before a difference can be detected. Indeed, while our main interest is
theoretical (how do different e-variables compare? in what sense are they optimal?),
in settings where data are expensive, such as randomized clinical trials, the methods
we describe here can be practically very useful: they are exact (existing methods are
often based on chi-squared tests, which do not give exact type-1 error guarantees at
small sample size), they allow for optional stopping, and they need small amounts of
data due to the strong parametric assumptions for the alternative. As a simple illus-
tration of the practical importance of these properties, we refer to the recent SWEPIS
study (Wennerholm et al., 2019) which was stopped early for harm. As demonstrated
by [Turner et al.| (2024), if an anytime-valid two-sample test had been used in that
study, substantially stronger conclusions could have been drawn.

We also mention that k-sample tests can be viewed as independence tests (is the
outcome independent of the group it belongs to?) and as such this chapter is also
related to recent papers on e-values and anytime-valid tests for conditional indepen-
dence testing (Shaer et al., [2023; |Duan et al., [2022)); see also Chapter @ Yet, the
setting studied in those papers is quite different in that they assume the covariates
(i.e. indicator of which of the k groups the data belongs to) to be i.i.d.

Contents In the remainder of this introduction, we fix the general framework and
notation and we briefly recall how e-variables are used in an anytime-valid/optional
stopping setting. In Section we describe our four (pseudo-) e-variables in detail,
and we provide preliminary results that characterize their behavior in terms of growth
rate. In Section [£.3] we provide our main theoretical results which show that, for all
regular exponential families, the expected growth of the four types of e-variables is
of surprisingly small order ¢4 if the parameters of the alternative are at fo-distance &
to the parameter space of the null. In Section we give more detailed comparisons

for a large number of standard exponential families (Gaussian, Bernoulli, Poisson,
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exponential, geometric, beta), including simulations that show what happens if § gets
larger. Section [£.5] provides some additional simulations about the RIPr. All proofs,

and some additional simulations, are in the appendix.

4.1.1 Formal Setting

Consider a regular one-dimensional exponential family M = {P, : p € M} given
in its mean-value parameterization (see e.g. (Barndorfl-Nielsen| [1978) for more on
definitions and for all the proofs of all standard results about exponential families that
are to follow). Each member of the family is a distribution for some random variable
U, taking values in some set U, with density p,,.(y] relative to some underlying measure
pu) which, without loss of generality, can be taken to be a probability measure. For

regular exponential families, M is an open interval in R and p,[;7) can be written as:

Pusiu)(U) = exp (M) - H(U) — A(M())) (4.1)

where A(p) maps mean-value y to canonical parameter 3, t(U) is a measurable function
of U and A(f3) is the log-normalizing factor. We furthermore have y = Ep, [t(U)]. The
measure py] induces a corresponding (marginal) measure p := ppx] on the sufficient
statistic X := t(U), and similarly the density induces a corresponding density

Pu = Pyyx) on X, i.e. we have

Pu(X) = Puix)(X) = exp (A(p) - X — A(A(w)) - (4.2)

All e-variables that we will define can be written in terms of the induced measure
and density of the sufficient statistic of X; in other words, we can without loss of
generality act as if our family is natural. Therefore, from now on we simply assume
that we observe data in terms of their sufficient statistics X rather than the potentially
more fine-grained U, and will be silent about U; for simplicity we thus abbreviate p,,[x)
to p, and p;x] to p. Note that exponential families are more usually defined with a
carrier function h(X) and p set to Lebesgue or counting measure; we cover this case
by absorbing h into p, which we do not require to be Lebesgue or counting.

The data comes in as a block X* = (X1,..., X}) € X*, where X is the support of
p. To calculate our e-values we only need to know X* € X* and under the alternative
hypothesis, all X;, j = 1...k are distributed according to some element P, of M. In

our main results we take the alternative hypothesis to be simple, i.e. we assume that
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= (u1,..., 1) €M is fixed in advance. The alternative hypothesis is thus given by
simple H, : X1 ~ P, ,Xo ~ P,,,..., X} ~ P,, independent.

Note that we will keep p fixed throughout the rest of this section and Section[£:2] This
is without loss of generality as g is defined as an arbitrary element of M¥, so that all
results stated for p hold for any element of M¥. The extension to composite alternatives
by means of the method of mixtures or the plug-in method is straightforward, and done
in a manner that has become standard for e-value based testing (Ramdas et al., 2023)).

Our null hypothesis is directly taken to be composite, for as regards the null, the
composite case is inherently very different from the simple case (Ramdas et al., [2023;
Griinwald et al., 2024). It expresses that the X* are identically distributed. We
shall consider various variants of this null hypothesis, all composite: let P be a set of
distributions on X, then the null hypothesis relative to P, denoted Ho(P), is defined
as

composite Ho(P) : X1 ~ P,Xo ~ P,..., X} ~ P iid. for some P € P.

Our most important instantiation for the null hypothesis will be Hy = Ho(M) for
the same exponential family M from which the alternative was taken; then Ho(M)
is a one-dimensional parametric family expressing that the X; are i.i.d. from P, for
to € M. Still, we will also consider Ho = Ho(P) where P is the much larger set of
all distributions on X. Then the null simply expresses that the X* are i.i.d.; we shall
abbreviate this null to Ho(1ID). Finally we sometimes consider Ho = Ho(M') where
M’ C M is a subset of P, € M with 4 € M for some sub-interval ¥ C M. The

statistics that we use to gain evidence against these null hypotheses are e-variables.

Definition 4.1. We call any nonnegative random variable S on a sample space §)

(which in this chapter will always be Q = X*) an e-variable relative to H if it satisfies

for all P € Hy - Ep[S] < 1. (4.3)

4.1.2 The GRO E-Variable for General H,

In general, there exist many e-variables for testing any of the null hypotheses intro-
duced above. Each e-variable S can in turn be associated with a growth rate, defined
by Ep, [log S]. Roughly, this can be interpreted as the (asymptotic) exponential growth
rate one would achieve by using S in consecutive independent experiments and mul-

tiplying the outcomes if the (simple) alternative was true (see e.g. (Grinwald et al.|
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2024}, Section 2.1) or (Kelly, [1956)). The Growth Rate Optimal (GRO) e-variable is
then the e-variable with the greatest growth rate among all e-variables. The central
result (Theorem 1) of |Griinwald et al.| (2024) states that, under very weak conditions,
GRO e-variables take the form of likelihood ratios between the alternative and the re-
verse information projection (Li, [1999) of the alternative onto the null. We instantiate
their Theorem 1 to our setting by providing Lemma [{.2] and [£:4] both special cases of
their Theorem 1. Before stating these, we need to introduce some more notation and

definitions. For g = (u1,. .., ug) we use the following notation:

k
Pu(X*) = Hpm(Xi)-

Whenever in this text we refer to KL divergence D(Q||R), we refer to measures @) and
R on X*. Here Q is required to be a probability measure, while R is allowed to be a
sub-probability measure, as in (Grinwald et al., [2024). A sub- probability measure R
on X* is a measure that integrates to 1 or less, i.e Joex dR(x) < 1.

The following lemma follows as a very special case of Theorem 1 (simplest version)

of (Grunwald et al.| (2024), when instantiated to our k-sample testing set-up:

Lemma 4.2. Let P be a set of probability distributions on X* and let conv(P) be its

convex hull. Then there exists a sub-probability measure Py with density p§ such that

D(PUIF;) = ,_inf _ D(P,|P). (4.4)

Py is called the reverse information projection (RIPr) of P, onto conv(P).

Clearly, if P§ € conv(P) (the minimum is achieved) then Pg is a probability
measure, i.e. integrates to exactly one. We show that this happens for certain specific
exponential families in Section [£:4] However, in general we can neither expect the
minimum to be achieved, nor the RIPr to integrate to one. Lemma [£.4] below, again a
special case of (Grunwald et al., 2024, Theorem 1), shows that the RIPr characterizes
the GRO e-variable, and explains the use of the term GRO in the definition below.

Definition 4.3. Sgpo(p) is defined as

SGRO(P) = 7*()(’“) (4.5)

where pf; is the density of the RIPr of P, onto conv(P).
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Lemma 4.4. For every set of distributions P on X, Scrocp) is an e-variable for
Ho(P). Moreover, it is the GRO (Growth-Rate-Optimal) e-variable for Ho(P), i.e. it
essentially uniquely achieves

sup Ep, [log S]
s
where the supremum ranges over all e-variables for Ho(P).

Here, essential uniqueness means that any other GRO e-variable must be equal
t0 Sgro(p) With probability 1 under P,. This in turn implies that the measure Fj
is in fact unique, as members of regular exponential families must have full support.
Thus, once we have fixed our alternative and defined our null as Ho(P) for some set of
distributions P on X, the optimal (in the GRO sense) e-variable to use is the Sgro(7)

e-variable as defined above.

4.2 The Four Types of E-Variables

In this section, we define our four types of e-variables; the definitions can be instan-
tiated to any underlying 1-parameter exponential family. More precisely, we define
three ‘real’ e-variables Sqro(at), Sconns Sero(n) and one ‘pseudo’ e-variable Spspupo(t)s
a variation of Sgro(aq) Which for some exponential families is an e-variable, and for

others is not.

4.2.1 The GRO E-Variable for #,(M) and the pseudo e-variable

We now consider the GRO e-variable for our main null of interest, Ho(M). In prac-
tice, for some exponential families M, the infimum over conv(M) in is actually
achieved for some P, € M. In this easy case we can determine Sgro(nrq) analytically
(this happens if Sgro(a) = Seseupo(m), see below). For all other M, i.e. whenever the
infimum is not achieved at all or is in conv(M)\ M, we do not know if Sgro(a1) can be
determined analytically. In this hard case will numerically approximate it by SéRO( M)
as defined below. First, for a fixed parameter py € M we define the vector (ug) as the

vector indicating the distribution on X* with all parameters equal to p:

(po) == (po, - - -, po) € M* (4.6)
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Next, with W a distribution on M, we define

pw = /p<m>(X'“)dW(uo) (4.7)

to be the Bayesian marginal density obtained by marginalizing over distributions in
Ho(M) according to W. Clearly, if W has finite support then the corresponding
distribution Py has Py € conv(M). We now set

Sl — pH(Xk)
GRO(M) * P (Xk)
0

where W is chosen so that pwy is within a small e of achieving the minimum in (4.4)),
ie. D(Puy, .l Piy,) = inf peconvim) D(Puy ... [|P) + € for some 0 < ¢ < e. Then,
by Corollary 2 of |Griinwald et al.| (2024]), S(’}RO( ay Will not be an e-variable unless

.....

¢/ = 0, but in each case (i.e. for each choice of M) we verify numerically that

sup, en Ep,, ., [S] = 1+ 0 for negligibly small §, i.e. d goes to 0 quickly as €
goes to 0. We return to the details of the calculations in Section [4.5]
We now consider the ‘easy’ case in which Fj = P, for some p € M. Clearly, we

must have pg := argmin, ey D(Pp||Py,,)). An easy calculation shows that then

po =

k
Z - (4.8)

x| =

Definition 4.5. Spspino(a) is defined as

S — Pu(X¥)
PSEUDO(M) - — m
0

Spseupo(m) 18 not always a real e-variable relative to Ho(M), which explains the
name ‘pseudo’. Still, it will be very useful as an auxiliary tool in Theorem [£.12] and

derivations. Note that, if it is an e-variable then we know that it is equal to Sgro(a1):
Proposition 4.6. Spsupoa) s an e-variable for M iff Spspupo(a) = Sero(Mm)-

The proposition above does not give any easily verifiable condition to check if
Spsrupo(Mm) 18 an e-variable or not. The following proposition does provide a condition

which is sometimes easy to check (and which we will heavily employ below). With pf
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as in (4.8]), define
k
Flpo) = VARP, . [X] — kvaRp, [X].
=1

Proposition 4.7. If f(ug) > 0, then Spspupoay 95 not an e-variable. If f(ug) <0,
then there exists an interval M C M with ug in the interior of M so that Spspupo(m)
an e-variable for Ho(M'), where M' = {P, : p € M'}.

4.2.2 The GRO E-Variable for H,(1ID)

Recall that we defined H((1ID) as the set of distributions under which X;, j =1,...k,
are i.i.d. from some arbitrary distribution on X. By the defining property of e-
variables, i.e. expected value bounded by one under the null , it should be clear
that any e-variable for Ho(1ID) is also an e-variable for Ho(M), since Ho(M) C
Ho(1ID). In particular, we can also use the GRO e-variable for H(1ID) in our setting
with exponential families. It turns out that this e-variable, which we will denote as

Sero(mn), has a simple form that is generically easy to compute. We now show this:

Theorem 4.8. The minimum KL divergence inf pecony(21, (1)) D(Pul|P) as in Lemma
is achieved by the distribution Pg on X* with density

el

k k
po(@®) =T 7> v ().
j=1" i=1

Hence, Sgro(iny, as defined below, is the GRO e-variable for Ho(IID).

Definition 4.9. Sgroqmp) is defined as

S ._ p“(Xk)
GRO(IID) == T P
_H (i Z Dy, (XJ)>
Jj=1 =1

The proof of Theorem extends an argument of [Turner et al. (2024]) for the
2-sample Bernoulli case to the general k-sample case. The argument used in the
proof does not actually require the alternative to equal the product distribution of k
independent elements of an exponential family — it could be given by the product of
k arbitrary distributions. However, we state the result only for the former case, as

that is the setting we are interested in here.

o1
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4.2.3 The Conditional E-Variable

So far, we have defined e-variables as likelihood ratios between P, and cleverly chosen
elements of either Ho(M) or Ho(1ID). We now do things differently by not considering
the full original data X7, ... X}, but instead conditioning on the sum of the sufficient
statistics, i.e. Z = Zle X;. It turns out that doing so actually collapses Ho(M)
to a single distribution, so that the null becomes simple. That is, the distribution of
XF* | Z is the same under all elements of Ho(M), as we will prove in Proposition
This means that instead of using a likelihood ratio of the original data, we can use a

likelihood ratio conditional on Z, which ‘automatically’ gives an e-variable.

Definition 4.10. Setting Z to be the random variable Z := Zle X, Sconp is defined

as
pu (X" | 2)

Py (XE~H ] 2)
with po € M and (X) the sufficient statistic as in (4.2)).

Sconp 1=

Proposition 4.11. For all p' = (u},...,u}) € M* , we have that p, (zF1 | Z = 2)
depends on p' only through A\; == )\(y;) —XNup), j=1,...k—1, i.e. it can be written
as a function of (M1,..., x—1). As a special case, for all o,y € M, it holds that
Pluoy (@™ | Z) = p<%>(xk | Z). As a direct consequence, Sconp s an e-variable for

HO(M))

Example 4.1. [The Bernoulli Model] If M is the Bernoulli model and k& = 2,
then the conditional e-variable reduces to a ratio between the conditional probability
of (X1, X2) € {0,1}? given their sum Z € {0,1,2}. Clearly, for all uj, uh € M= (0,1),
we have p,r 0 ((0,0) | Z = 0) = pur 0 ((1,1) | Z = 2) = 1, 50 Scoxp = 1 whenever
Z =0 or Z = 2, irrespective of the alternative: data with the same outcome in both
groups is effectively ignored. A nonsequential version of Sconp for the Bernoulli model
was analyzed earlier in great detail by |Adams| (2020).

Furthermore, for any ¢ € R, we have that M, := {(1], 15) : A(p1) —M(u2) = ¢} is the
line of distributions within M2 with the same odds ratio log(u1 (1—p2)/((1—p1)uz)) = c.
The sequential probability ratio test of two proportions from [Wald| (1947) was based
on fixing a ¢ for the alternative (viewing it as a notion of ‘effect size’) and analyzing
sequences of paired data X(1), X(9),... with X(;) = (Xj1,X;2) by the product of

conditional probabilities

pe(Xeiy | Z(s))

= S) Xl )
po(X(i) | Z(i)) (OND( )
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thus effectively using Sconp (here, we abuse notation slightly, writing p.(x | z) when
we mean p,: . (¢ | z) for any pi, py € Mc). It is, however, important to note that this
product was not used for an anytime-valid test but rather for a classical sequential

test with a fixed stopping rule especially designed to optimize power.

4.3 Growth Rate Comparison of Our E-Variables

Above we provided several recipes for constructing e-variables S = S* whose definition
implicitly depended on the chosen alternative p. To compare these, we define, for any
nonnegative random variables St and S, St = S% to mean that for all u € M*, it
holds that Ep, [log S'] > Ep, [log S5]. We write S{* > S if S} = S, and there exists
€ M* for which equality does not hold. From now on we suppress the dependency
on p again, i.e. we write S instead of S*. We trivially have, for every underlying

exponential family M,

SPSEUD()(M) = SGRO(M) = SGRO(IID) and SGR()(M) = Sconn- (4.9)

We proceed with Theoremandbelow (proofs in the Appendix). These results
go beyond the qualitative assessment above, by numerically bounding the difference
in growth rate between Spspupo(am) and Sgroun) (and, because Sgro(aq) must lie in
between them, also between these two and Sgro(a)) and Sespupo(ar) and Seonp Tespec-
tively. Theorem and are asymptotic (in terms of difference between mean-
value parameters) in nature. To give more precise statements rather than asymptotics
we need to distinguish between individual exponential families; this is done in the next
section.

To state the theorems, we need a notion of effect size, or discrepancy between the
null and the alternative. So far, we have taken the alternative to be fixed and given
by w, but effect sizes are usually defined with the null hypothesis as starting point.
To this end, note that each P, € Ho(M) corresponds to a whole set of alternatives
for which P, is the closest point in KL within the null. This set of alternatives
is parameterized by M) (ug) = {1}, .. S, €M %Zle Wi = po}t, as in . We
can re-parameterize this set as follows, using the special notation (ug) as given by
. Let A be the set of unit vectors in R*¥ whose entries sum to 0, i.e. a € A iff
,/Z?Zl o =1 and Z?:l a; = 0. Clearly p € M®)(ug) if and only if p1,...,u, €M
and p = (uo) + da for some scalar § > 0 and o € A. We can think of ¢ as expressing
the magnitude of an effect and « as its direction. Note that, if & = 2, then there
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are only two directions, A = {a;,a_1} with a; = (1/v/2,-1/v/2) and a_; = —ay,
corresponding to positive and negative effects: we have py — o = V2§ ifa=aq and
p1— pe = —V/2-60 if @ = a_1, as illustrated later on in Figure Also note that, for
general k, in the theorem below, we can simply interpret J as the Euclidean distance

between p and (po).

Theorem 4.12. Fiz some pg € M, some a € A and let p = (uo) + dax for 6 > 0 such
that p € MK (po). The difference in growth rate between Spspupoar) and Sero(up) 5

given by
1 7(0))°
IE:P‘L [1Og SPSEUDO(M) — log SGRO(HD)] = 3 / (]}E((O)))dp(x) 6t +o0 (54) =0 (54) )

(4.10)

k
where f,(6) = 2% Duorses (@) = 3 pu,(x) and [ is the second derivative of f., so
i=1

that f(0) = kpp,(x) and (with some calculation) f1/(0) = %pu(x) | =10 -

As is implicit in the O(:)-notation, the expectation on the left is well-defined and
finite and the integral in the middle equation is finite as well. The theorem implies that
for general exponential families, Sqro(up) is surprisingly close (O(3*)) to the optimal
Sero(m) in the GRO sense, whenever the distance § between H; and Ho(M) is small.
This means that, whenever Suro(at) 7 Seseupo(m) (80 Sero(a) 1s hard to compute and
Spspupo(M) 18 not an e-variable), we might consider using Sgro(p) instead: it will be
more robust (since it is an e-variable for the much larger hypothesis Ho(1ID)) and it
will only be slightly worse in terms of growth rate.

Theorem @ is remarkably similar to the next theorem, which involves Sconp
rather than Sgpoqm). To state it, we first set Xp(zF=1 2) = 2 — Zf;ll x;, and we
denote the marginal distribution of Z = Zle X; under P, as Pz, noting that its
density py[z) is given by

Pua() = [ pu et ) dota ), (411)
where p is extended to the product measure of p on X*~1 and
C(z) = {xk_l cxF X (b 2) € X}. (4.12)

Theorem 4.13. Fiz some puo € M, o« € A and let p = {uo) + dax for 6 > 0 such that
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ne M(k)(,uo). The difference in growth rate between Spspupoam) and Sconp 8 given by

1 [ (g2(0)’° 4 4 4
EPu [IOg SPSEUDO(M) — log SCOND] = g/mdp[z] (2)-0*+o (5 ) = 0(5%),

(4.13)

where g.(0) = Puo)+as;z)(2) and piz denotes the measure on Z induced by the

product measure of p on X*; an explicit expression for g’ (0) is

k
/C( )p(#0> (=) Z [T’ (o) (x5 — o) — I(po)] dp(z™~1),

j=1
where I(p) denotes the Fisher information for p and I'(u) is its first derivative.

Again, the expectation on the left is well-defined and finite and the integral on the
right is finite. Comparing Theorem to Theorem we see that f,(0), the sum
of k identical densities evaluated at z, is replaced by g¢.(0), the density of the sum of
k i.i.d. random variables evaluated at z.

Corollary 4.14. With the definitions as in the two theorems above, the growth-rate

difference Ep, [log Sconp — log SGRO(“D)} can be written as

L[ [ (f0) (g2(0))* " PP
3 (/x T(O)dp(m) - /Z gz(())dp[z](z)> -0 +0<6 ) =0 (5 ) (4.14)

4.4 Growth Rate Comparison for Specific Exponen-

tial Families

We will now establish more precise relations between the four (pseudo-) e-variables
in k-sample tests for several standard exponential families, namely those listed in
Table and a few related ones, as listed at the end of this section. For each family
M under consideration, we give proofs for which different e-variables are the same,
ie. S =5 where 5,5 € {SaroMm)s Sconns Sero(un) Seseupo(m) }- Whenever we can
prove that Sgpoar)y # S for another e-variable S € {Scoxn; Scro(un)}, We can infer
that Sqro(am) = S because Sgpo(aq) is the GRO e-variable for Ho(M). Whenever both
Sconp and Sgro(p) are not equal to Sgro(aq), we will investigate via simulation whether
Scro(ip) = Scoxp Or Vice versa — our theoretical results do not extend to this case.
All simulations are carried out for the case k = 2 in the chapter. Theorem and
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Theorem show that in the neighborhood of 6 = 0 (u1, ..., pux all close together),
the difference Ep, [log S — log §'] is of order 6* when 5,5 € {Saro(rm), Sessuno(r)
Sero(un)» Sconn }- Hence in the figures we will show (Ep, [log S —log S'))Y/4 ] since then
we expect the distances to increase linearly as we move away from the diagonal, making
the figures more informative.

Our findings, proofs as well as simulations, are summarised in Table [} For each
exponential family, we list the rank of the (pseudo-)e-variables when compared with
the order ‘>’ The ranks that are written in black are proven in Appendix [B.4] while
the ranks in blue are merely conjectures based on our simulations as stated above. The
results of the simulations on which these conjectures are based are given in Figure [41]
Furthermore, the rank of Spsupo(aq) is colored red whenever it is not an e-variable
for that model, as shown in the Appendix. Note that whenever any of the e-variables
have the same rank, they must be equal p-almost everywhere, by strict concavity of the
logarithm together with full support of the distributions in the exponential family. For
example, the results in the table reflect that for the Bernoulli family, we have shown
that Spseunom) = Saro(Mm) = Scerom) and that Spspupo(am) = Sconn. Also, for the
geometric family and beta with free 8 and fixed «, we have proved that Spspupo(a) 18
not an e-variable, that Sero(at) 7# Scro(up) and that Scro(at) # Sconn, S0 that it follows
from that SPSEUD()(M) > SGRO(M)7 SGR,()(M) - SGRQ(HD) and SGR()(M) = Sconp- Then
the findings of the simulations shown in Figure suggest that Sgro(un) = Sconp for
beta with free f and fixed o and in Figure @ suggest that Sconp > Sgro(up) for
geometric family, but these are not proven. Figure shows that Sgro(p) = Scoxp
for Gaussians with free variance and fixed mean. Finally, Figure shows that
for the exponential, there is no clear relation between SGRO(HD) and Sconp. That is,
Scro(ip) grows faster than Scoxp for some pui1, ...,y € M, and slower for others, which
is indicated by rank (3) — (4) in the table.

Finally, we note that for each family listed in the table, the results must extend to
any other family that becomes identical to it if we reduce it to the natural form .
For example, the family of Pareto distributions with fixed minimum parameter v can
be reduced to that of the exponential distributions: if U ~ Pareto(v, «), then we can
do a transformation X = ¢(U) with ¢(U) = log(U/v), and then X ~ Exp(a). Thus,
the k-sample problem for U with the Pareto(v, o) distributions, with « as free param-
eter, is equivalent to the k-sample problem for X with the exponential distributions;
the e-value Sgro(r) obtained with a particular alternative in the Pareto setting for
observation U coincides with Sgro(aq) for the corresponding alternative in the expo-

nential setting for observation X = ¢(U), and the same holds for Sgpo(up) and Scop.
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Figure 4.1: A comparison of Saro(un) and Sconp for four exponential families. We evaluated
the expected growth difference on a grid of 50 x 50 alternatives (u1,u2), equally spaced
in the standard parameterization (explaining the nonlinear scaling on the depicted mean-
value parameterization). On the left are the corresponding heatmaps. On the right are
diagonal ‘slices’ of these heatmaps: the red curve corresponds to the main diagonal (top left -
bottom right), the blue curve corresponds to the diagonal starting from the second tick mark
(10th discretization point) top left until the second tick mark bottom right. These slices are
symmetric around 0, their value only depending on § =| p1 — p2 | /V2 =| 1 — u | V2,
where ug = (pu1 + p2)/2 and ¢ is as in Theorem
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Exponential Family SPSEUDO(M) SGRO(M) SCRO(IID) Sconn
Bernoulli (1) (1) (1) (2)
Gaussian with free mean and fixed variance (1) (1) (2) (1)
Poisson (1) (1) (2) (1)
beta with free 8 and fixed « (1) (2) (3) (4)
geometric (1) (2) (4) (3)
Gaussian with free variance and fixed mean (1) (2) (3) 4)
Exponential (1) (2) (3)-(4)  (3)-(4)

Table 4.1: The ranks of the four different e-variables when compared with the relation ‘>’.
The ranks in black are proved in Appendix [B-4] while the ranks in blue are conjectures based
on the simulations in Figure @ The rank of Srspupo(am) is denoted in red whenever it is not
an e-variable, as shown in Appendix @

Therefore, the ordering for Pareto must be the same as the ordering for exponential in
Table Similarly, the e-variables for the log-normal distributions (with free mean

or variance) can be reduced to the two corresponding normal distribution e-variables.

4.5 Simulations to Approximate the RIPr

Because of its growth optimality property, we may sometimes still want to use the
GRO e-variable Sgro(ar), even in cases where it is not equal to the easily calculable
Spseupo(m)-  To this end we need to approximate it numerically. The goal of this
section is twofold: first, we want to illustrate that this is feasible in principle; second,
we show that this raises interesting additional questions for future work. Thus, below
we consider in more detail simulations to approximate Sgro(a) for the exponential
families with Sgroat) # Seseuno(m) that we considered before, i.e. beta, geometric,
exponential and Gaussian with free variance; for simplicity we only consider the case
k = 2. In Appendix we provide some graphs illustrating the RIPr probability
densities for particular choices of u1, po; here, we focus on how to approximate them,

taking our findings for k = 2 as suggestive for what happens with larger k.

4.5.1 Approximating the RIPr via Li’s Algorithm

Li (1999) provides an algorithm for approximating the RIPr of distribution @ with
density ¢ onto the convex hull conv(P) of a set of distributions P (where each P € P
has density p) arbitrarily well in terms of KL divergence. At the m-th step, this
algorithm outputs a finite mixture P, € conv(P) of at most m elements of P. For

m > 1, these mixtures are determined by iteratively setting P, := aPy,—1) + (1 —
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a)P’, where o € [0,1] and P’ € P are chosen so as to minimize KL divergence
D(QllaPyp-1) + (1 — a)P’). Here, Py is defined as the single element of P that
minimizes D(Q||Py). It is thus a greedy algorithm, but Li shows that, under some
regularity conditions on P, it holds that D(Q||P(y)) — inf peconv(py D(Q||P). That is,
Py approximates the RIPr in terms of KL divergence. This suggests, but is not in
itself sufficient to prove, that suppep Ep[q(X)/p(m)(X)] — 1, i.e. that the likelihood
ratio actually tends to an e-variable.

We numerically investigated whether this holds for our familiar setting with k = 2,
Q is equal to P, for some p = (1, pi2) € M2, and P = Ho(M). To this end, we applied
Li’s algorithm to a wide variety of values (u1, u2) for the beta, exponential, geometric
and Gaussian with free variance. In all these cases, after at most m = 15 iterations, we
found that sup, ey Ep,, . [Pu1 .2 (X1, X2)/q(m) (X1, X2)] was bounded by 1.005: Li’s
algorithm convergences quite fast; see Appendix [B.5] for a graphical depiction of the
convergence and design choices in the simulation.

(note that, since we have proved that Sgro(am) = Sessuno(m) for Bernoulli, Poisson
and Gaussian with free mean, there is no need to approximate Sgro(rq) for those

families).

4.5.2 Approximating the RIPr via Brute Force

While Li’s algorithm converges quite fast, it is still highly suboptimal at iteration
m = 2, due to its being greedy. This motivated us to investigate how ‘close’ we
can get to an e-variable by using a mixture of just two components. Thus, we set
pa(a®) == ap(u) (@¥) + (1 = @)p(ue,) (z*) and, for various choices of p = (u1, p2),
considered

pu(X ")

S == 4.15
A A (X) #15)

as an approximate e-variable, for the specific values of a € [0,1] and o1, o2 that
minimize

sup Ep [SAPPR]-
(ro)
o €M

(in practice, we maximize po over a discretization of M with 1000 equally spaced grid
points and minimize «, w1, o2 over a grid with 100 equally sized grid points, with
left- and right- end points of the grids over M determined by trial and error).

The simulation results, for & = 2 and particular values of p1, s and the expo-
nential families for which approximation makes sense (i.e. Sgro(rm) 7 Seseuno(Mm))

are presented in Table We tried, and obtained similar results, for many more
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Distributions (1, p2) o (o1, to2) su;;[ Ex, Xon Py 0y [Sarer]
Ho€
beta (0.5,0.25) 0.22 (0.24, 0.81) 1.0052
Exponential (0.5,0.25) 0.56 (0.35, 0.51) 1.0000

Gaussian with free variance

and fixed mean (0.5,0.25) 0.37 (0.5, 0.5) 1.0000
Exponential (12, %) 0.51 (0.62, 0.31) 1.0047
geometric (B,2) 047 (1.84,2.97) 1.0008

Gaussian with free variance 10 5
and fixed mean (12,2)  0.08 (3.64,2.73) 1.0002

Table 4.2: For given values of p = (1, u2), we show «, po1 and po2 for the corresponding
two-component mixture apug; (X1)Pugy (X2) + (1 — @)Ppugs (X1)Pues (X2) arrived at by brute-
force minimization of the KL divergence as in Section and we show how close the
corresponding likelihood ratio Saper is to being an e-variable

parameter values; one more parameter pair for each family is given in Table in
Appendix The term sup,, ey E Plug) [Sappr] is remarkably close to 1 for all of these
families. Corollary 2 of |Griinwald et al.| (2024) implies that if the supremum is exactly
1, i.e. Syppr is an e-variable, then S,ppr must also be the GRO e-variable relative to
P,,. This leads us to speculate that perhaps all the exceedance beyond 1 is due to
discretization and numerical error, and the following might (or might not — we found

no way of either proving or disproving the claim) be the case:

Conjecture For k =2, the RIPr, i.e. the distribution achieving

i D(P,
Q"c‘corgl(l?ilo(/\/[)) (NI,M2”Q)

can be written as a mixture of just two elements of Ho(M).

4.6 Conclusion and Future Work

In this chapter, we introduced and analyzed four types of e-variables for testing
whether k groups of data are distributed according to the same element of an ex-
ponential family. These four e-variables include: the GRO e-variable (Sgro(m)),
a conditional e-variable (Scowp), a mixture e-variable (Sgroqn)), and a pseudo-e-
variable (Spspupo(a)). We compared the growth rate of the e-variables under a sim-
ple alternative where each of the k£ groups has a different, but fixed, distribution

in the same exponential family. We have shown that for any two of the e-variables
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S, 8" € {Saro(Mm)» Sconns Saro(in)» Seseuvo(m) }» we have Eflog S — log S'] = O(6*) if the
fo distance between the parameters of this alternative distribution and the parameter
space of the null is given by 6. This shows that when the effect size is small, all
the e-variables behave surprisingly similar. For more general effect sizes, we know
that Sgro(a) has the highest growth rate by definition. Calculating Sqro(aq) involves
computing the reverse information projection of the alternative on the null, which
is generally a hard problem. However, we proved that there are exponential fami-
lies for which one of the following holds Spspuno(am) = Saro(M)s Scono = Saro(m) OF
Sero(m) = Saro(m), Which considerably simplifies the problem. If one is interested in
testing an exponential family for which is not the case, there are algorithms to estimate
the reverse information projection. We have numerically verified that approximations
of the reverse information projection also lead to approximations of Sgro(aq). However,
the use of Scoxp OF Sgro(p) might still be preferred over Sgroaq) due to the compu-
tational advantage. Our simulations show that depends on the specific exponential
family which of them is preferable over the other, and that sometimes there is even

no clear order.
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5 Simple E-Variables for

Exponential Families

In the previous chapter, we observed that in certain k-sample tests, there exists an e-
variable in the form of a simple-vs.-simple likelihood ratio—a likelihood ratio between
the alternative and a single element of the null. Equivalently, the reverse information
projection is sometimes a distinct element of the null hypothesis rather than a convex
combination. In such cases, the GRO e-variable is easy to compute. Moreover, while
it was not mentioned explicitly in the previous chapter, Koolen and Griinwald| (2022,
Theorem 12) show that the cumulative product of such ‘simple’ e-variables is also the
log-optimal e-process, further justifying their use for applications where the sample
size is not fixed beforehand.

In this chapter, we provide a general condition under which simple e-variables exist
when the null hypothesis is a composite, multivariate exponential family. Simple e-
variables were previously only known to exist in quite specific settings, but we offer a
unifying theorem on their existence for testing exponential families. We start with a
simple alternative (Q and a regular exponential family null. Together these induce a
second exponential family Q containing (), with the same sufficient statistic as the null.
Our theorem shows that simple e-variables exist whenever the covariance matrices of
Q and the null are in a certain relation. A prime example in which this relation holds
is testing whether a parameter in a linear regression is 0. Other examples include some
k-sample tests, Gaussian location- and scale tests, and tests for more general classes
of natural exponential families. While in all these examples, the implicit composite

alternative is also an exponential family, this is not required in general.
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5.1 Introduction

Exponential families play a central role in statistical modeling, as they include the
Bernoulli-, Gaussian-, Poisson-, and many more models. An important task is to test
whether these models are well-specified, that is, whether observed data are indeed
distributed by an element of an exponential family; or more specifically whether a
specific parameter in an exponential family is 0 or not — the latter including linear
regression testing as a special case. Many classic tests are well-suited for this pur-
pose (Anderson and Darling, [1954; |Lilliefors, [1967; |Stephens, [1974)). However, the
vast majority of these methods are based on p-values, and thus designed for fixed
sample size experiments. Here, we are instead interested in hypothesis tests that are
based on e-values (Griinwald et al., [2024), which is the value taken by an e-variable.
The most straightforward example of e-variables are likelihood ratios between simple
alternatives and simple null hypotheses. E-variables for composite hypotheses, and in
particular ‘good’ e-variables, are generally more complicated. However, e-variables in
the form of a likelihood ratio with a single, special element of the null representing
the full, composite null sometimes still exist. We refer to such e-variables as ‘simple’
e-variables. As we shall see below, their existence is intimately tied to properties of
the reverse information projection (RIPr).

Simple e-variables, if they exist, can easily be computed, and are known to be
optimal in an expected-log-optimality sense (Koolen and Griinwaldl 2022} |Griinwald
et all [2024)). That is, if we combine evidence from a repeated experiment where
data is collected using a fixed stopping rule, then using the simple e-variable will
asymptotically result in the most evidence against the null, among all e-variables;
details can be found in Section [5.1.4] As such, it is desirable to find out whether
or not simple e-variables exist in specific settings. The main result of this chapter,
Theorem provides a set of equivalent conditions under which simple e-variables

exist for exponential family nulls.

5.1.1 Main Result and Overview

Here we briefly describe Theorem assuming prior knowledge on e-variables and
exponential families, and we provide an overview of the rest of the chapter — all
relevant definitions and explanations are given in Section [5.1.2H5.1.4] We fix a regular
multivariate exponential family null P for data U with some sufficient statistic vector
X = t(U) and a distribution @ for U, outside of P, and with density ¢q. As our
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most important regularity condition, we assume that () has a moment generating
function and that there exists P~ € P with the same mean of X, say pu*, as Q. It
is known that P,- is the Reverse Information Projection (RIPr) of @ onto P (Li,
1999)), that is, it achieves minpep D(Q||P). Denoting the density of Py« by pp-, it
follows by Theorem 1 of |Grinwald et al| (2024) that ¢(U)/pp-(U) would be an e-
variable in case infpeconyv(p) D(Q|P) = minpep D(Q|P). Our theorem establishes
a sufficient condition for when this is actually the case. It is based on constructing
a second exponential family Q with densities proportional to exp(87t(U))q(U) for
varying B: Q contains @) and has the same sufficient statistic as P. In some cases,
but not all, @ may be thought of as the composite alternative we are interested in.
Letting ¥, (p) and 34 (p) denote the covariance matrices of the P, € P and @, € Q
with mean g, Theorem below implies the following: under a further regularity
condition on the parameter spaces of P and Q, simple e-variables exist whenever
Y, (p) — X4 (p) is positive semidefinite for all p in the mean-value parameter space of
Q (additionally, three equivalent conditions will be given). If this happens, then we
may further conclude that for every element @), of the constructed Q, the likelihood
ratio ¢,/ (U)/pu (U) is an e-variable, where P, is the element of P to which @, is
projected. An example pair (@, P) to which the theorem applies is when, under @,
U ~ N(m,s?) for fixed m,s? and P = {N(0,02) : 02 > 0} is the univariate (scale)
family of normal distributions. This situation is illustrated in Figure[5.I]and is treated
in detail in Section[5.4:3] and extended to linear regression testing — arguably our most
important application — in Section

We stress that, while our approach starts with a simple alternative @, the results
are still applicable if one is interested in a composite alternative H,. To this end, take
any @ € H; and use our main result to determine whether a simple e-variable with
respect to @ exists. If one exists for every @, an e-variable for the full alternative can
easily be constructed either by the method of mixtures or the prequential (sequential
plug-in learning) method (Ramdas et al., [2023)).

Things conceptually simplify in this composite alternative case if H; can be pa-
rameterized as Hi = {Q(a) : § € O} in such a way that for each Q € H;, the associated
family Q constructed from P and Q is equal to Q) for some 6. As is suggested by
Figure [5.1] this happens, for example, in the Gaussian scale example of Section [5.4.3]
if we consider as alternative H; the full Gaussian family. We can start with any
Q = N(m,s?) and generate Q which then coincides with some Q%) corresponding
to a specific sloped line in the figure. Together, all these sloped lines span H;. In

fact, it turns out that a natural choice of H; that partitions into Q%) is possible in all
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(m.s%)

— (-3.0,9.0)
— (2.0,4.0)
— (5.0,5.0)

0 10 20 30

o_2

Figure 5.1: The family Q for various (m,s?). The coordinate grid represents the param-
eters of the full Gaussian family, the horizontal line shows the parameter space of P, the
sloped lines show the parameters of the distributions in Q, and the dashed lines show the
projection of (m, s?) onto the parameter space of P. For example, we may start out with Q
expressing U ~ N(m, 52) with m = —3.0, 5% = 9.0, represented as the green dot on the green
line. Its RIPr onto P is the green point on the yellow line. The corresponding family Q,
constructed in terms of @) and P, is depicted by the green solid line. The theorem implies
that the likelihood ratio between any point on the green line and its RIPr onto the yellow
line is an e-variable; similarly for the red and blue lines.

our examples, and that this H; is itself an exponential family in all these examples.
Nevertheless, we stress that in general our method does not in any way require H; to
be an exponential family — only P is required to be so.

A specific interpretation of the result is obtained when restricting to the
1-dimensional case. The best squared-error predictor of X sampled according to
has Q-expected squared error prediction equal to VARg[X] = Eq(X — p*)?. If X is
really sampled from ¢ but we think it comes from P, and want to make the best
P,,--expected squared error predictions, we would predict with the mean, which is still
K", but we assess our squared error as VARp,. [X] whereas the real expected squared
error is still VARg[X]. Thus, in the 1-dimensional case, in the situation that our result
does not hold, there is a mismatch between () and its projection P,- in the sense
that the closest approximation we can provide to ) promises a better squared-error
prediction than can be obtained with @ itself. Our result says that if the mismatch
does not occur, then we cannot get closer to () by convexifying P.

The proof of Theorem is based on convex duality properties of exponential
families. In the remainder of this introductory section, we fix notation and definitions
of exponential families and e-variables. In Section [5.2] we show how, based on the

constructed family Q, one can often easily construct local e-variables, i.e. e-variables
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with the null restricted to a subset of P. Then, in Section we present our main
theorem, extending the insight to global e-variables. Section [5.4] provides several
examples. This includes cases for which simple e-variables were already established,
such as certain k-sample tests (Turner et all 2024) (see also Chapter |4)) or — in an
unpublished master’s thesis — the linear regression model (De Jong, 2021)), as well as
cases for which it was previously unknown whether simple e-variables exist, such as
for a broad class of natural exponential families. Theorem can thus be seen as a
unification and generalization of known results on the existence of simple e-variables,
leading to deeper understanding of why they sometimes exist. Section [5.5] provides
the proof for Theorem [5.3] Finally, Section [5.6] provides a concluding discussion and

points out potential future directions.

5.1.2 Formal Setting

We study general hypothesis testing problems in which the null hypothesis P is a
regular (and hence full) d-dimensional exponential family. Here and in the sequel, we
will freely use standard properties of exponential families without explicitly referring
to their definitions and proofs, for which we refer to e.g. (Barndorff-Nielsen, 1978}
Brown,, 1986}, [Efron, [2022). Each member of P is a distribution for a random element
U, that takes values in some set U, with a density relative to some given underlying
measure v on Y. The sufficient statistic vector is denoted by X = (X7,...,Xy) with
X, = t;(U) for given measurable functions ti,...,ts. We furthermore define M, to
be the mean-value parameter space of P, i.e. the set of all pu such that Ep[X] = pu
for some P € P. For any p € M,, we denote by P, the unique element of P with
Ep,[X] = p, so that P = {P, : p € Mp}. As usual, this parameterization of P is
referred to as its mean-value parameterization. Furthermore, we use ¥, to denote
the variance function of P. That is, for all p € M,, X,(p) is the covariance matrix
corresponding to P,.

Since P is an exponential family, the density of any member of P can be written,

for each fixed u* € M,, as

d
pﬁ;mu):WeXp ;ﬁjmu) Py (1), (5.1)

where Z(B; pu*) = [exp(>_ B,t;(u))pu- (u)dv, and B € R? such that Z,(8; u*) < oo.
Therefore, P can also be parameterized as P = {Pg,, : 8 € By, - }, where By« C R?
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denotes the canonical parameter space with respect to u*, i.e. the set of all 8 for which
Zy(B; 1) < oo. We use B,(p'; u*) to denote the B € By, .« such that Ep, . [X] = p'
and set p,(-; p*) = ,3;1(-; p©*) to be its inverse. B, (-; u*) maps mean-value parameters
to corresponding canonical parameters and py,(-; p*) vice versa. Note that py+ = po -,
and that we can see from the notation (one versus two subscripts) whether a density
is given in the mean- or canonical representation, respectively.

The reason for explicitly denoting the mean p* of the carrier density, which is
unconventional, is that it will be convenient to simultaneously work with different
canonical parameterizations, i.e. with respect to a different element of M,, below.
These are all linearly related to one another in the sense that for each pi, pus € M,
there is a fixed vector « such that for all 8 € B, ,,, it holds that pg.,, = Pg4~;u,- This
can be seen by taking v = —8,(p2; 1), since one then has

d d

1
PBipy (U) = m exp ;(@' +75)t5(u) | exp j; =75t (W) | Py (w)
Zy(—yi 1) -
= — g e (Bj + 73t () | P—yipur (w) (5.2)
ZBi) | 2 g
1 d
= m exp Z(ﬁj +95)t5 (1) | P () = Ptryips (u).

5.1.3 The Composite Alternative Generated by A Simple One

We are mostly concerned with testing the null hypothesis P against simple alterna-
tive hypotheses of the form {Q} for some distribution @ on U. In particular, we will
consider distributions @ that admit a moment generating function and that have a
density g relative to the underlying measure v. While the former is a strong condition,
it holds in many cases of interest. For our analysis, it will be beneficial to define a sec-

ond exponential family Q for U with distributions (g~ and corresponding densities

d
(Jﬁ;u*(u):Zq(ﬂl;u*)'eXP ;ﬁmm - q(u), (5.3)

where p* is the mean of X under @, and Z,(8; p*) is the normalizing constant. The
notational conventions that we use for Q will be completely analogous to that for P,

e.g. Bq( 1), pg(,p*), 3q, etc. Since @ is assumed to have a moment generating
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function, the canonical domain By ,~ is nonempty and contains a neighborhood of 0.
Similarly, the mean-value space M, is also nonempty and contains a neighborhood of
p*. We further have the following: if we take any other Q' € Q, say Q' = Q, for
' € Mg, then the ‘constructed’ family around @', i.e. {gg,u : B € By} coincides
with Q (as was the case for P, by (5.2)).

We may think of the null P and the generated family Q as two different exponential
families that share the same sufficient statistic. Moreover, as we shall see below, there
are many examples where their mean-value spaces are equal, that is, M, = M,. In this
case P and Q are “matching” pairs: they share the same sufficient statistic as well as

the same set of means for this statistic.

5.1.4 E-variables

We use e-variables to gather evidence against the null hypothesis P. An e-variable
is a non-negative statistic with expected value bounded by one under the null, i.e. a
non-negative statistic S(U) such that Ep[S(U)] < 1 for all P € P. We give only a
brief introduction to e-variables here and refer to e.g. (Griinwald et al., |2024} [Ramdas
et al.,[2023)) for detailed discussions. The realization of an e-variable on observed data
will be referred to as an e-value, though the two terms are often used interchangeably.
Large e-values give evidence against the null hypothesis, since by Markov’s inequality
we have that Q(S(U) > 1) < « for any e-variable S(U) and @ € P. The focus here
is on a static setting, where e-variables are computed for a single block of data (i.e.
one observation of U). However, the main application of e-variables is in anytime-
valid settings, where data arrives sequentially and one wants a type-I error guarantee
uniformly over time. Indeed, it is well-known that the product of sequentially com-
puted e-variables again gives an e-variable, even if the definition of each subsequent
e-variable depends on past e-values, which leads to an easy extension of the methods
described here to such anytime-valid settings (Ramdas et al.; 2023} |Griinwald et al.
2024).

Since large e-values give evidence against the null, we look for e-variables that
are, on average, ‘as large as possible’ under the alternative hypothesis. In particular,
we study growth-rate optimal (GRO) e-variables, an optimality criterion embraced
implicitly or explicitly by most of the e-community (Ramdas et al., [2023). |Griinwald
et al| (2024) define the GRO e-variable for single outcome U, relative to a simple
alternative {Q}, to be the e-variable S that, among all e-variables, maximizes the

growth-rate Eyg(log S(U)] (also known as e-power (Wang et al., |2024; Zhang et al.l
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2024)). In a celebrated result, [Griinwald et al. (see also Chapter [3and (Larsson et al.
2024)) show that the GRO e-variable is given by:

q(U)
pwq(U)7

(5.4)

where p.., denotes the reverse information projection of ) on the convex hull of the null
P. The reverse information projection of @ on conv(P) is defined as the distribution
that uniquely achieves inf peconv(py D(Q||P), which is known to exist whenever the
latter is finite (see Chapter [3for further details). Here, D(Q||P) denotes the Kullback-
Leibler (KL) divergence between @ and P, both defined as distributions for U. In this
chapter, all reverse information projection will be on conv(P), so we will not explicitly
mention the domain of projection everywhere (i.e. referring to it simply as ‘the reverse
information projection of @’). The growth rate achieved by the GRO e-variable is given
by
q(U)

Perg(U)

However, due to the fact that, with the exception of the Bernoulli and multinomial

o |los 20| = D(@IP-y) = _int | D(QIP) (55)

models, exponential families are not convex sets of distributions, finding the reverse
information projection can be quite challenging (Lardy, [2021). In this chapter we

provide a simple and easily verifiable condition under which

inf D(Q||P) = min D(Q||P 5.6
pedd o (QIIP) = min D(Q|P), (5.6)
that is, the infimum is achieved by an element of P, so that the problem greatly
simplifies.
In that case, the GRO e-variable simply takes on the form of a likelihood ratio
between () and a particular member of P, i.e.
q(U)
’ 5.7
p(U) (5.)
which we will refer to as a simple e-variable relative to Q. We will frequently use the
fact (following from Corollary 1 of (Griinwald et al., 2024, Theorem 1)) that there can
be at most one simple e-variable with respect to any fixed alternative, i.e. of the form

(5.7). This is captured by the following proposition.

Proposition 5.1. Fiz a probability measure @ on U. If there exists a simple e-variable

relative to Q, then it must be the GRO e-variable for testing P against alternative {Q}.
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A big advantage of simple e-variables—besides their simplicity—is that their opti-
mality extends beyond the static setting. That is, suppose we were to observe indepen-
dent copies Uy, Us, ... of the data and assume that a simple e-variable of the form
exists. As alluded to before, we can measure the total evidence as [[;-, ¢(U;)/p(U;),
which defines an e-variable for any fixed n € N. Instead of thinking of this as multipli-
cation of individual e-variables, one can think of it as a likelihood ratio of Uy, ..., U,.
Propositionthen implies that [[; ¢(U;)/p(U;) is the GRO e-variable for testing P
against {@Q} based on n data points. This statement shows that for any fixed sample
size m, the best e-variable (in the GRO sense of is the simple likelihood ratio.
Moreover, for applications where the sample size is not fixed beforehand, |[Koolen and
Grunwald| (2022, Theorem 12) show that a more flexible statement is also true: if 7
is any stopping time that is adapted to the data filtration, then ¢(U™)/p(U7) is also
a maximizer of E[ln S;] over all processes S = (S, )nen with E[S;] < 1. While we will
not explicitly consider this type of sequential optimality in the following, it is one of
the main motivating factors behind this work.

We assume throughout this chapter that, for any considered alternative @, there
exists a p* € M, such that Exg[X] = p*. By a standard property of exponential
families, the KL divergence from @ to P is then minimized by the element of P with
the same mean as Q. If holds, then P,,~ must therefore be the reverse information

projection of Q. It follows that, if a simple e-variable with respect to @ exists, then it

is given by q(U)/pu~(U).

5.2 Existence of Simple Local E-Variables

Here we will show how the family Q is related to the question of whether the likelihood
ratio ¢(U)/pu~(U) is a local GRO e-variable around p*. We say that a nonnegative
statistic S(U) is a local e-variable around p* if there exists a connected open subset B,
of By,u+ MBy,y+ containing 0 such that S is an e-variable relative to P’ = {Pg : B8 € B, },
ie. SuPges . Ep,,,.[S] < 1. If S also maximizes Eq[ln S(U)] among all e-variables
relative to P’, then we say that S is a local GRO e-variable with respect to Q. A
local (GRO) e-variable may not be an e-variable relative to the full null hypothesis
P, but it is a an e-variable relative to some smaller null hypothesis, restricted to
all distributions in the null with mean in a neighborhood of pu*. Investigating when
local e-variables exist provides the basic insight on top of which the subsequent, much
stronger Theorem [5.3] about ‘global” e-variables is built. As stated in Section[5.1.3] we

may view P and Q as two families with the same sufficient statistic, only differing in
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their carrier, which for P is p,« = po,u~ and for Q is go,u» = ¢ = qpu~: we can and will
denote the original @) also by Q.
Define the function f(-; p*) : Bp.us N By — R as

Ap~ (U)
Dp~ (U)

F(B ") = log B, . [ } —log Zy(B; ") —log Zy(B "), (5.8)
where the equality comes from the fact that we can rewrite the density in the numerator
as qu~(U) = Zg(B; 1) exp(zj-l:1 Bit;(w))"'qp,u (U) and similar for the density in the
denominator. It should be clear that the function f(-;p*) is highly related to the
question we are interested in. Indeed, gu+(U)/pu-(U) is a local e-variable relative
to P’ = {Pg : B € B,.} if and only if SuPgep , f(B;u*) < 0. Equivalently, since
f(0; u*) = 0, we have that g,-/py~ is a local e-variable around p* if and only if there
is a local maximum at 0. To investigate when this happens, a standard result on

exponential families gives the following:
VIB;in*) =Eq,,. [X] —Ep,,. [X] (5.9)

In particular, it follows that Vf(0; u*) = p* — p* = 0. Thus, gy~ /pu- is a local e-
variable around p* if and only if the d x d Hessian matrix of second partial derivatives
of f(:; "), is negative semidefinite in 0. By (5.8)-(5.9) and using a convex duality

property of exponential families, this is equivalent to
I,(0; p*) — I,(0; ™) = 3, (u™) — Zy(p™) is positive semidefinite,

where I, and I, denote the Fisher information matrix in terms of the canonical pa-

rameter spaces of P and Q, respectively. We have thus proven our first result:

Proposition 5.2. ¢, (U)/pu~(U) is a local e-variable around p* (and therefore, by
Proposition a GRO local e-variable) if and only if X,(pu*) — X,(pn*) is positive

semidefinite.

The surprising result that follows below essentially adds to this that, if for every
1* €My, qu-/pp- is a local e-variable, then also for every pu*, we have that gy« /pp- is

a full, global e-variable!

72



Chapter 5 Simple E-Variables for Exponential Families

5.3 Existence of Simple Global E-Variables

The theorem below gives eight equivalent characterizations of when a global GRO
e-variable exists. Not all characterizations are equally intuitive and informative: the
simplest ones are Part 1 and 3. To appreciate the more complicated characterizations
as well, it is useful to first recall some convex duality properties concerning derivatives
of KL divergences with regular exponential families (see e.g. (Grinwald, [2007, Section
18.4.3):

Bp(ps 1*) = VuD(Pul|Pu-), (5.10)
d2
(' (W), = dpandga; D (Pull Pac). (5.11)

and analogous for Q. That is, the gradient of the KL divergence in its first argument
at p is given by the canonical parameter vector corresponding to p, and the Hessian

is given by the Fisher information, i.e. the inverse covariance matrix.

Theorem 5.3. Let P be a regular exponential family with mean-value parameter space
M,. Fiz a distribution Q for U with Eq[X] = p* for some p* € M, C RY and
consider the corresponding Q as defined above. Suppose that M, is convex, Mgy C Mp,

and By, € By for all p € My. Then the following statements are equivalent:
1. X,(p) — Xq(p) is positive semidefinite for all p € M.
2. Byl i) = By(ps )" - (= ') <0 for all p, p' €My,
5. D(QullQu) = D(Pul|Pr) for all i’ € ,.
4. log Z,(B; ) > log Zy(B; ) for all p € My, B € By
5. qu(U)/pu(U) is a global e-variable for all p € M.
6. qu(U)/pp(U) is the global GRO e-variable w.r.t. Q, for all p € M,.
7. qu(U)/pu(U) is a local e-variable for all p € M,.
8. qu(U)/pu(U) is a local GRO e-variable w.r.t. Q,, for all pu € M,.

Note that the canonical parameter space of a full exponential family is always
convex, but the mean-value space need not be (Efron, [2022). Still, in all examples we
consider below, the constructed family Q will in fact be a regular exponential family,

and then the convexity requirement must hold.
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In the one-dimensional case, the first statement simplifies to o2 (p) > o7 (p) for all
i € M,. Similarly, the second statement reduces to Bq(u; 1) > Bp(w; 1) for all p e M,
such that g > p and Bg(p;p') < Bp(u;p/) for all p € M, such that p < g for all
W€ M.

Using standard properties of Loewner ordering, it can be established that X, (u) —
¥4 (p) is positive semidefinite if and only if X' () =X, (1) is (see e.g. Agrawal, 2018).

Therefore, recalling ([5.10)) and ((5.11]), statement in Theorem can be thought of as
a condition on the second derivative of D(P,||Py+)—D(Qu|/Qpu-), whereas statement

refers to its first derivative, and statement [3] to the difference in KL divergence itself.
It is somewhat surprising that signs of differences between the second derivatives and
separately signs of differences between the first derivatives are sufficient to determine

signs of difference between a function itself.

5.3.1 Simplifying Situations

In some special situations, the conditions needed to apply Theorem [5.3| may be signif-
icantly simplified. We now identify two such situations, embodied by Proposition [5.4
and Corollary [5.5] that will be useful for our examples below.

First, we note that it is sometimes easy to check that either M, = M, or By« =
By;u+. The following proposition shows that, in the 1-dimensional setting, this is
already sufficient to apply the theorem (we do not know whether an analogous result

holds in higher dimensions):

Proposition 5.4. Let P be a 1-dimensional reqular exponential family with mean-
value parameter space M, C R. Fiz a distribution Q for U with Eq[X] = p* for
some p* € M, and consider the corresponding Q as defined above. Suppose that for all
€ My, we have o2(p) > 02(p), i.e. the first condition of Theorem holds. Then:

1. If My =M, then for all p/ € My, By, C By, i€, Theorem is applicable.

2. If for some p € My, we have that B, = By, then My C M,. Hence if for all
1 € My, we have that By, = By, then Theorem[5.3 is applicable.

The proof is simple and we only sketch it here: for part 1, draw the graphs of
Bp(p; i) and By (p; 1) as functions of p € My, noting that both functions must take
the value 0 at the point y = p/. Using that 1/02(u) is the derivative of 8, (y; p/) and
similarly for o2 (), the function Sy (u; /) must lie above B, (u; ') for p > 4/, and
below for p < p/. Therefore the co-domain of 3, must include that of 5,. The second
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Chapter 5 Simple E-Variables for Exponential Families

part goes similarly, essentially by flipping the just-mentioned graph of two functions
by 90 degrees.

Second, we note that in practice we often have a composite alternative Hi in
mind such that the union of the set of families Q that can be constructed from P
and any Q € H; in fact coincides with H;. This is the case in the examples of
Section [5.4.1} [5.4:3] -4-3] and [5.4:4] The following immediate corollary of Theorem [5.3]
simplifies the analysis in such cases (although we will only explicitly need to invoke
it in Section . While in that section, H; will itself be an exponential family, we

stress that in general, this need not be the case: to apply the corollary it is sufficient

for H1 to be a union of exponential families.

Corollary 5.5. Let P be a d-dimensional reqular exponential family as before with
mean-value parameter space My, and let H1 = Jyeg Q) where each Q) is a d-
dimensional reqular exponential family with the same sufficient statistic as P and with
mean-value parameter space Mge) and canonical parameter spaces B((J?BL for p € Mée).
Suppose that, for each @ € O, for each Q € Q9| the corresponding set Q as constructed
above in terms of P and Q, happens to be equal to Q9 and satisfies the pre-condition
of Theorem i.e. Mge) is convez, Mﬁf) CM,, and By, C B,(Z?L for all p € M((Ie). Then
we have, with ng) (density q;(f)) denoting the element of Q9 with mean w, for all

0 ec0O:

(©)
For all p € M((IG) : Q;T(UU)) is the global GRO e-variable w.r.t. QE?) &

For all p € M((IG) () — Eée)(u) is positive semidefinite.

Here Eée)(u) denotes the d x d covariance matriz of the element of Q) with mean-

value parameter vector p.

5.4 Examples

In this section we discuss a variety of settings to which Theorem can be applied.
In some cases, this gives new insights into whether simple e-variables exist, and in
others it simply gives a reinterpretation of existing results. The examples are broadly
divided in terms of the curvature of the function f(; u*), as defined in (5.8). Instances
where f(-; pu*) is constant will be referred to as having ‘zero curvature’, those with a
constant second derivative as having ‘constant curvature’, and ‘nonconstant curvature’

otherwise.
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5.4.1 Zero Curvature: Gaussian and Poisson k-sample tests

In Chapter [@ we studied GRO e-values for k-sample tests with regular exponential
families. In that setting, data arrived in k& € N groups, or samples, and the null
hypothesis was that all of the data points are distributed according to the same element
of some exponential family. That is, let U = (Y1,...,Y) for Y; € Y, so that U = Y*
for some measurable space ). Furthermore, fix a one-dimensional regular exponential
family on Y, given in its mean-value parameterization as Psrarr = {Py : t € Msrarr}
with sufficient statistic tsparr(Y). The composite null hypothesis P considered in the
Y, iid.

hand, the simple alternative @ that was considered in Chapter [4] is characterized by

k-sample test expresses that Yi,.. P, for some pt € Mgpagr. On the other

w = (p1,..., ;) € M5, ., and expresses that the Yi,...,Y} are independent with
Y; ~ P,, for i = 1...k. It was shown that, for the case that Psprr is either the

Gaussian location family or the Poisson family,

k
Hi Y;
sw=11 pee)

9

k
oo 1
) Wlth/’(‘: EZM“
i=1

is a simple e-value relative to ), and that its expectation is constant as the null varies.
That is, for any g’ € Mgrarr, it holds that

Evp, xxp, [S{U)] = 1. (5.12)

This finding can now be re-interpreted as an instance of Theorem|[5.3] as we will show in
detail for the Poisson family; the analysis for the Gaussian location family is completely
analogous. In the Poisson case, tsmarr(Y) = Y, so that P defines an exponential family
on U with sufficient statistic X = Zle Y; and mean-value space M, = R*. The latter
follows because the sum of Poisson data is itself Poisson distributed with mean equal
to the sum of means of the original data. Under the alternative, the mean of the
sufficient statistic is given by p* := ]EQ[Ele Y] = Zle i, so that the elements of
the auxiliary exponential family Q as in can be written as

k
W(Yl,...,mzZq(ﬂlm-exp<ﬁ2m>-q(Yl,...,m. (5.13)
’ i=1

Note in particular that Q is, by construction, a one-dimensional exponential family
with sufficient statistic Ele Y;, which does not equal (yet may be viewed as a subset

of) the full k-dimensional exponential family from which @ was originally chosen. The
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Chapter 5 Simple E-Variables for Exponential Families

normalizing constant Z,(3; u*) is equal to the moment generating function of X under

@, which is given by

Zy(B; 1) = Eq = exp (u*(e” = 1))

w(50)

i=1

It follows that i

dy;

i=1

d * *
= —log Z,(B; pn*) = p*e’,

EQB;M* dB

which shows that mean-value space of the alternative is again given by M, = R*.
Therefore, via Proposition the assumptions of Theorem [5.3] are satisfied. The

element of P with mean p* is given by P x --- x Py, so that

Under P,-, the sufficient statistic Zle Y; has the same distribution as under @,
so that Z,(8;u*) = Z4(8; 1*). Consequently, f(-;pu*) as in is zero, so that its
second derivative is zero, and condition [I] of Theorem is verified. It follows that,
qu~(U)/pu+(U) is the global GRO e-variable with respect to @ ,-.

5.4.2 Constant Curvature: Multivariate Gaussian Location

Suppose that P is the multivariate Gaussian location family with some given nondegen-
erate covariance matrix ¥, and let () be any Gaussian distribution with nondegenerate
covariance matrix ;. Note that in this case we have that X = U, i.e. the sufficient
statistic is simply given by the original data. The family Q, generated from @ and
P as in , is the full Gaussian location family with fixed covariance matrix X,.
For both P and Q, the mean-value and canonical spaces are all equal to R?, so that
Theorem [5.3] applies to the pair P and Q. Furthermore, the covariance functions are
constant, since ¥, (pn) = ¥, and 3, (p) = 3, for all p € R Tt follows that, if ¥, — %,
is positive semidefinite, then X, (u) — ,() is positive semidefinite for all p € R%.
In that case, Theorem shows that the simple likelihood ratio ¢, /p, is the GRO
e-value w.r.t. Q,, for every p € R%. The growth rate is given by

9 (U)
Pu(U)

Eg {log ] = Diavss(Z%; 1),
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5.4 Examples

where Dgauss(B) := 3 (—logdet(B) — (d — tr(B))), i.e. the standard formula for the
KL divergence between two multivariate Gaussians with the same mean.

In the case that ¥, — 3, is negative semidefinite, the simple likelihood ratio does
not give an e-value; the GRO e-value for this case can also be derived however and

will be reported on in future work.

5.4.3 Nonconstant Curvature: Univariate Examples

We now discuss three examples with nonconstant curvature. In the first two, Theo-
rem[5.3|can be used to show the existence of simple e-variables. All three are univariate
in nature; in the separate Section [5.4.4] we provide the example of linear regression,

which has nonconstant curvature but is multivariate.

More k-Sample Tests

Besides the Gaussian and Poisson case, Chapter [f]identified one more model that gives
rise to a k-sample test with a simple e-value: the case that Pypapr is the Bernoulli
model. The difference with the Gaussian location- and Poisson family is that the
involved e-value does not have constant expectation 1 here. Nevertheless, this result
for the Bernoulli model can also be cast in terms of Theorem using a different

argument.

1.00

0.75
uﬂ

- — (0.2,0.4)

=3 U.
— (0.5,0.9)
— (0.8,0.2)

0.25

0.00 0.25 0.50 0.75 1.00
M1

Figure 5.2: The family Q for various pu*. The coordinate grid represents the parameters
of the full 2-sample Bernoulli family, the straight line shows the parameter space of P, the
curved lines show the parameters of the distributions in Q, and the dashed lines show the
projection of pu* onto the parameter space of P.

Again, P is an exponential family on U/ that states that the k samples are i.i.d.

Bernoulli, which has sufficient statistic X = Zle Y;. Its mean-value space is given
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Chapter 5 Simple E-Variables for Exponential Families

by M, = (0,k), since the sum of k i.i.d. bernoulli random variables with parameter
u has a binomial distribution with parameters (k, ). Under the alternative @, the
k samples are independently Bernoulli distributed with means given by u € (0,1)%,
in which case the sum has mean p* = Zle ;. When constructing the family Q as
in , it can be verified that Qs .+ is the product of Bernoulli distributions with

means
6’8M1 eﬂuk (5.14)
L—pi+ePu’ 71— +ePuy ) '

This family of distributions is illustrated in Figure [5.2]for different choices of p*. Seen
as a function of 3, all entries in behave as sigmoid functions, so that the sum
takes values in (0, k). It follows that the mean-value space of Q is given by M, = (0, k),
which equals M, — ana also, the canonical spaces are all equal to R. Furthermore, the

normalizing constant Z,(5; p*) of Q must be given by

k

Zy(Bin*) = [0 = ps + pae?).
i=1
We will now verify that item [] of Theorem [5.3] is satisfied by doing a similar
construction for arbitrary p € (0,k). The element in P with mean p corresponds to
Bernoulli parameter p/k, so that we have

exp (ﬂZY)

Zp(ﬂQ ) IEP N

=1

Furthermore, there is a corresponding p’ € (0,1)* such that Ele wi = pand p' can
be written as (5.14) for a specific 8. Repeating the reasoning above gives
k
Zy(Bim) = [ [ = wf + pie?).

i=1

By concavity of the logarithm, it holds that

log Z,(8; p) = klog (1 £ + £e”) > Zlog — i+ phe”) = log Zy(B; p).

We can therefore conclude that ¢(U)/p,-(U) is the GRO e-variable with respect to Q.
Several other exponential families for k-sample testing, such as exponential distri-

butions, Gaussian scale, and beta, were investigated in Chapter [4 but none of these
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gave rise to a simple e-value. Parts 1-4 of Theorem provide some insight into what

separates these families from the Gaussian location, Poisson, and Bernoulli.

Gaussian Scale Family

Another setting in which Theorem [5.3] applies is where P equals the Gaussian scale

family with fixed mean, which we take to be 0 without loss of generality. That is,

P ={P,2: 0> € M,} where P,2 is the normal with mean 0 and variance o2, i.e.

1
e 52Ut (5.15)

p(;?(U) =

210
We will substantially extend this null hypothesis, and hence this example, in Sec-
tion For now, note that P is an exponential family with sufficient statistic
X = U? mean-value parameter o? and mean-value space given by M, = R*. The

canonical parameterization of the null relative to any mean-value o2 € M, is given by

ppio2(U) = Zp(ﬂl;UQ) LU \/%67(]2/(202) (5.16)

with canonical parameter space B2 = (—00,1/(20?)).
As alternative, we take @@ to be a Gaussian distribution with some fixed mean
m # 0 and variance s2. We use m and s? instead of  and o2 here to avoid confusion
with the mean-value parameters of P. The expected value of X under @) is given by
0*? = Eg[X] = s + m?. The family Q = {Qp : 8 € B,,+2} as defined by

therefore becomes:

1 2 1 2

_ BU —c(U—m)
ox2(U) = =—— - ¢ € 5 5.17
QB;O' ( ) Zq(,g,a'*2) ms ( )
where ¢ = 1/(2s?), with By.,«2 = (—oc,¢). Comparing (5.16) and the above confirms
that Q is an exponential family that has the same sufficient statistic, namely U?, as

P, but different carrier.

The normalizing constant Z, can be computed using (for example) the moment

generating function of the noncentral chi-squared.

Zq(B;0%%) =Eq [65U2] =Eq {6552(%)2} =(1-28s")""?exp (1 T;§s2> :

where we use that (U/s)? has noncentral chi-squared distribution with one degree
of freedom and noncentrality parameter m?/s2. Plugging this back in (5.17) shows
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that gg ,+2 is a normal density with mean c¢m/(c — ) and variance 1/(2(c — 8)) =
s2/(1 — 2Bs?%). This gives

2c2m? — (B —c)

Eq,...[U% = e

(5.18)
The mean-value parameter space of Q is thus given by M, = {IEQW}*2 [U?],8 <c} =R*
which is equal to M,. Thus, this constructed family does not equal the natural choice of
composite alternative that @ was also chosen from, i.e. the (two-dimensional) set of all
Gaussians with arbitrary variance mean unequal to zero. However, it does correspond
to a specific one-dimensional subset thereof, as was illustrated in Figure [5.1] in the
introduction.

Since M, = M,, we get, via Proposition that a simple e-variable w.r.t. @ exists
if, for all ¢ > 0, we have that VARp ,[U?] > VARq ,[U?. We now show this to be
the case. We have

VAR, [U%] = 20" = 2(Ep , [U?))* = 2(Eq_,[U?))*.

It is therefore sufficient to check whether, for all 0 > 0, it holds that VAR ,[U?] <
2(Eq_, [U?])%2. We can either verify this using existing results by noting that, no matter
how m and s? were chosen, U? has a noncentral y2-distribution under each Q,2, for
which it is known that the inequality holds. We can also easily verify it explicitly
now that we have already found an expression for Z,(3;0*?): since there is no more
mention of the null hypothesis, it is equivalent to check whether for each 8 € By »2
we have

2
VARQﬁ;U*Z [UQ} S 2 (EngasQ [U2]> °
To this end, the variance function in terms of 5 can be computed as

402m2 —(B—-0¢)
dﬁ 2(8 - ¢)?
Comparing this to ((5.18)) shows that the condition above indeed holds, from which we

can conclude that q(U)/py+2(U) is an e-value.

VARQ, ..[U%] = — logZ (B;0*?) = (5.19)

Finally, note that even though the mean-value parameter spaces of P and Q are
equal, the canonical spaces are not: By,.,«> is a proper subset of B,,,«>. More generally,
for any 0’2 > 0 different from the 0*? we started with, the canonical spaces B,.,2 and
By,;2 both change but remain unequal. Still, Proposition @ ensures that we will have
Bpior2 C Byior2
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NEFS and their Variance Functions

In this section, we consider the setting where P is a one-dimensional natural expo-
nential family (NEF) and @ is also an element of an NEF. This setting is particularly
suited for the analysis above, because the constructed family Q can be seen to equal
the NEF that Q) was chosen from. We therefore do not differentiate between the simple
or composite alternative in this section. Furthermore, NEFs are fully characterized
by the pair (¢2(u),M), where M is the mean-value parameter space and o2(u) is the
variance function as defined before. A wide variety of NEFS and their corresponding
variance functions have been studied in the literature (see e.g.|Morris| [1982; |Jgrgensen)
1997} [Bar-Lev et al.| 2024) and this can be used in conjunction with Theorem to
quickly check on a case-by-case basis whether any given pair of NEFs provides a simple
e-variable.

For example, let P = {Py , : A € R"} be the set of Gamma distributions for U with
varying scale parameter A and fixed shape parameter r > 0. The sufficient statistic
is given by X = U and its mean under P, , equals r), so the mean-value parameter
space is M, = RT. The variance function is given by Jg(u) = p?/r. If we set Q to
Py« v for specific \*,7" € RT, then Q is the set of Gamma distributions with fixed
shape parameter /.

Similarly, let P be the set of negative binomial distributions with fixed number of
successes n € N and let @) be any Poisson distribution, so that Q equals the Poisson
family. The variance functions are given by o2(u) = p?/n + p and o7 (1) = p, respec-
tively. It is trivially true that o7(u) > o7 (u) for all g, so Theorem [5.3| reveals that
a simple e-variables exists with respect to any element of the Poisson family. More
generally, we may look at the Awad-Bar-Lev-Makov (ABM) class of NEFs (Bar-Lev
and Ridder} |2021; |Awad et al., 2022; |Bar-Lev and Ridder}, 2023) that are characterized

by mean-value parameter space M = RT and variance function
20 N _ AN _
oi(p)=p 1+g ,8>0,r=0,1,2,...

This class was proposed as part of a general framework for alternatives to the Poisson
model (which would arise for » = 0) that are zero-inflated and over-dispersed. The case
r = 1 recovers the negative binomial distribution and r = 2 is called the generalized
Poisson or Abel distribution. As was the case for the negative binomial distribution,
it follows from Theorem that simple e-variables exist for testing any of the ABM
NEFs against the Poisson model.

Much more generally, consider the Tweedie-Bar-Lev-Enis class (Bar-Lev, [2020)) of
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NEFs that have mean-value space M = RT and power variance functions
o*(p)=ap’, a>0, p>0, y>1.

We require v > 1 because there are no families of this form with v € (0,1) and while
there are families in this class with v < 0, they are not regular and therefore beyond
the scope of this chapter. The cases v = 1 (Poisson) and v = 2 (Gamma families,
with a depending on the shape parameter) were already encountered above. If we test
between two of such families, say P with o7 (u) = apu™ and Q with o7 (u) = agu
that share the same underlying sample space, there do not exist simple e-variables in
general. Indeed, we have that o2 () > o7 (p) if and only if 7~ > ag/a,, which, for
certain combinations of parameters, does not hold for all ;4 € M. Since this condition
might hold for some p but not for others, this suggests that there may be cases where
we find local e-variables that are not global.

Let us investigate this for (a,,7,) = (1,2) and (aq,7) = (1/2,3), which corre-
sponds to the family of exponential distributions and the family of inverse Gaussian
distributions with shape parameter A := aq_l = 2 respectively. In this case, it holds
that o2(p) > o2(p) < p < a;'. It follows from the analysis in Section that
4, (U)/pu(U) is a local e-variable for i < a,'. However, since the condition does not
hold for all u we cannot use Proposition (or, equivalently, because, as we will see,
the preconditions for Theorem do not hold), this need not necessarily also be a

global e-variable. In fact, the expected value under p' € M is given by

<1 /A Mr—p)? =z
:|:/O E Wexp <—2,U,2£E+/1,_,U/ d.]?, (520)

which diverges for p/ > (1/u — A/(2u?))~1. The latter is vacuous for u < \/2, which
means that for such p we might still get a global e-variable. For p € (A/2,\), this

. (U)
p#(U)

Euy~p,, [

shows that we will get a local e-variable that is not a global e-variable. These different
regimes are illustrated in Figure For p > 1, the lines stop when the integral
in starts diverging. To see how the potential divergence (for large enough p/, in
the regime 1 < p < 2) plays out in terms of the function f in , consider for example
@ = 3/2. Then, as is immediate from the definition of exponential distributions and
the inverse Gaussian density with A = 2 we have gg,,(x) o exp((f — 4/9)x)h(z)
with % the probability density on R* given by h(x) = \/1/(mz3) exp(—1/x), whereas
Ppy X exp((B —2/3)x). We see that B,,, = (—00,6/9) and By, = (—00,4/9). Thus,
as 5 14/9, we get that log Z,(5) converges to a finite constant whereas log Z,(5) 1 oo,
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so that f(B, 1) — oo, with f the function in (5.8]), as it should.

1.25

1.00
©
=075 "
= = 05
= ol
£ 050 - 13
g — 4
w

0.25

0.00

0 2 4 6

W

Figure 5.3: The expected value of q,(U)/p,(U) under the null P, for varying u'.

5.4.4 The Linear Model

We now show that Theorem allows us to conclude that simple e-variables exist
for the linear model, i.e. standard linear regression with Gaussian noise, where the
null hypothesis P is a subset of the alternative 7{; obtained by setting the regression
parameter of a control random variable to 0, as soon as we allow the variance in P to be
a free parameter. This was shown directly, without associating a specific family Q to
‘P, in an unpublished master thesis . De Jong’s treatment involved a lot
of hard-to-interpret calculus, much of it discovered by trial-and-error. The advantage
of the present treatment is that Theorem clearly guides the reasoning and suggests
what formulas to verify. The setting is really a vast extension of that of Section [5.4.3

which is (essentially) retrieved if below we set d = 0. Interestingly, e-variables for

linear models were already derived by |[Pérez-Ortiz et al.| (2024) and [Lindon et al.|
(2024)), based on right-Haar priors. The current approach provides a different type

of e-variable which has the advantage that it does not require the variance under the

alternative to be equipped with a right-Haar prior: while for convenience we give the
treatment below for H; with the variance 02 being left a free parameter, we can freely
apply the results to any Hj C H;, in particular with H} restricted to densities with a
fixed variance. The price to pay is that the e-variables derived below, while growth-
optimal for the fixed Q € H; relative to which they are defined, will in general not
be GROW (worst-case growth optimal, see (Griitnwald et al.l [2024))) in the worst-case
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over all distributions in H; when o2 varies within H;.
Assume then that data arrives as a block of outcomes together with given covariate
vectors, i.e. U= ((Y1,21),...,(Yn,T,)) with ¥; € R and @; = (2i0,Ti1,--.,2ia)’ €

R4*1. Define the conditional normal distributions G~ with corresponding densities

1 1 2
ny .__ n ny __ —— (Yi—v;)
9oy (Y") =gy (Y™ | 2") = 7(27r02)”/2 e 207 (5.21)
with Y= (’707717 s 7’7d)T € Rd+1 and
vi =~ x;. (5.22)

Here and in the sequel, sums without explicitly denoted ranges are invariably taken
to be over ¢ = 1..n and we omit the conditional ™ from the notation, since they are
fixed throughout the following analysis.

We focus on the most common case in which one of the covariates, x; o, has a
special status and we want to test whether the corresponding coefficient vy is equal
to 0.  We thus want to design an e-variable for testing any simple alternative @
taken from the full alternative hypothesis H; vs. the null P, where H; and P are

respectively given by:

Hi ={Gorny Y ERT 7y £0,0 >0} ; P={Gy~:vER™ 75 =0,0>0}.
(5.23
We make the standard assumption that n > d + 1 and that the matrix (x1,..., 2,

~— — —

has maximal (i.e. d+ 1) rank. Now define the transformed parameters \ := —1/(20?
and B = (B1,...,B4)" with, for j = 1..d, B; := v;/0? and 0 := v /0? and set t;(Y") =
> Yiz; ;. Rewriting the likelihood in terms of this new parameterization and
the t;, denoting the resulting densities by f)(\f%, we see that

d
ff}a(y”) = gorn(y") =exp | XD _yZ +0t(y") + > Bit; (") | - ha(y")ha(o,v)
j=1
(5.24)

for some function h; not depending on the parameters and he not depending on the
data y". Let, for § € R, Q) be the set of distributions Ff\gg with densities figg. We
see that for each § € R, Q) is a (d+1)-dimensional exponential family with sufficient
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statistic vector

(Z Y2, 0(Y"), ... ,td(Y”)) . (5.25)

and mean-value parameter space Mge) = (0,00) x R?. The original parameter vector
corresponding to (), B) is (02,~) with 0% := —1/(2)\) and v = (0%0,02831,...,0%54)

and the corresponding mean-value parameter vector is

W= <n02 + Z v, Z-Ti,ll/i7 ce Zl'z‘,dl/i)T- (5.26)

with v; as in . Observe that H; = UaeR\{o} 00 and P = 9O, For expository
convenience, we slightly deviated from our previous notation here by having a canonical
parameter space vector of the form (A, 8) rather than 8 = (81,...,84); thus 8 is d-
dimensional but g still represents a full (d + 1)-dimensional mean-value parameter.

Having established that Q(®) and P are, indeed, exponential families, we will now
show that Theorem [5.3]in the form of Corollary [5.5] is applicable to them. Thus, fix
arbitrary Q° € H;. We must have that Q° € Q") for some 6° and the density of
@° can be written as f;\goéo or equivalently as g,o 4o With 0°, 4° and v° related to
6°,\° and B° in the same way as before, in particular v = v°Tx; (we can now see
how this example extends Section [5.4.3} using the notation from that example, i.e. m
the mean of U and s? its variance under @, weset n=1,d=0,x; =1,y =75 =m
and 0°% = s?).

Simple differentiation gives that the element in P that minimizes KL divergence,

*2

i.e. achieves minpep D(Q||P), is given by P = Gy« o+~ with parameters ¢** and

~* = (0,77,...,7;) where v* is a Euclidean projection and ¢*? is related to this
projection via
1 d
*2 s 2
o = min -E Y; — T
This link to Euclidean projection implies, upon setting v} := ~*Tx; the following

easily derivable consequences:

forall j € {1,...,d}: Zy,fl'i’j:zl/:xi,j
0_*2 — 0_02 + % Z(V:« _ VZ-O)QZO'OQ + % (Z V;«Q _ ZV'?Q) \ (527)

where we note that ([5.27) may be seen as versions of the standard normal equations

in linear regression analysis. Again we define \*, 8*, u* correspondingly as above, in
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particular p* is given in terms of o* and v* via ([5.26) .
We now simply follow the steps needed to apply Theorem [5.3]in the form of Corol-
lary First, we reparameterize P in terms of the specific canonical parameterization

in which (A, 8) = 0 must correspond to G+ 4+. We obtain:

Pr i (") = (/\ﬁ - exp AZymLZﬁJ N A Y, (528

with Z,(A, B; p*) the normalizing constant, defined for all (A, B) € B,,,» where
BP?I—"* = {(A?IB) : Zp()‘vﬂvu*) < OO} - (_OO, —A*) X Rd.

We see that this family coincides with P. Similarly, relative to our fixed (6°,\°, 8°)

we define the family with densities

d
0°) ., 1 n 0°) ( n
g W) = —ger———exp [ A w2+ Y Bt (") | AL je (™), (5:29)

with normalizing constant Zq (/\ B; 1*). We see that this family coincides with Q(¢°)
and has canonical parameter space B((I u)* = (—00,—\°) x R%,

To apply Corollary [5.5) . we need to verify that for each choice of 6°, we have (i)
Mg R« M,, and (ii) for each p € M( R , we have that By, C B(e ). We already verified
M((J R M, implying (i), further above. As to (ii), note that the inclusion holds
for p = p* since, using (5.27), —\* = (1/20*?) < (1/20°%) = —\°. We next note
that for each 6° € R, there is a 1-to-1 correspondence between the choice (A\°, 8°) €
(—00,0) x R? used to determine f §2°go and the resulting p* € M,,. We thus see that we
can obtain the desired inclusion for arbitrarily chosen p € M, by picking (A°, 8°) such
that p* becomes equal to this p. This shows that (ii) holds for all p € M, = M,(Jgo).
Corollary now gives the following for all *y € R? with 7§ # 0, all 6° > 0, we have
that goo 4o (Y")/gox - (Y") = f)\o ﬂo(Y")/f)\* g-(Y™) is the GRO e-variable relative
t0 Goo 4o if 3 (1) — 25190) (p) is positive semidefinite for all u € R%. But this condition
is readily established to hold: we do so in Appendix
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5.5 Proof of Theorem 5.3

To get some intuition first, we note that the distributions Pg and Qg indexed by the
B in the definition of f(8;u*), i.e. , are difficult to compare in the sense that
they do not necessarily have any properties in common. In particular, Pg generally
does not achieve minpep D(Qgl|P), so that Pg and g do not have the same mean.
This suggests to replace f(B; u*) by a function g(pu; u*) on the mean-value parameter
space and also to re-express f(B;u*) < 0, the condition for being an e-variable, by
a condition on g — and this is what we do in the proof of Theorem inside the
proof below we establish, using well-known convex duality properties of exponential

families, that this can be done with function and condition, respectively, given by:

g(p; p*) = D(Ppl|Pu-) — D(Qul|Qp-), (5.30)
g(pp) <0. (5.31)

IN

This condition on g corresponds to item [3]in Theorem[5.3] The key insight for showing
the suitability of g is the following well-known convex-duality fact about exponential

«, we have:

families: for all p, u’ € My, all B € By,

—log Zy(B; 1) = D(Py, (g |1 Pw) — BT pp(B; ') < D(Pu||Pur) — B . (5.32)

This can be derived as follows:

DG@WWM&O—DGLRU=k%%2éﬁ$»+ﬂﬁ%@uﬂ—ﬁﬂmwm
(s 1)

B L) 7 85 1) = )= (8, i)~ B)
B (1 (85 1) — ) = D(Pol | Pry )
(Np( K) = n).

= log

We now prove the chain of implications in the theorem.
(1) = (2) Let p,p/ € M, and denote p(a) := (1 — a)u’ + ap. By assumption of

convexity, we have that p(a) € M, for all @ € [0,1]. Furthermore, define h(a) =
(Bp(pa(a); ') = By(m(); w) T (p(ar) — p'), so that h(0) = 0 and h(1) = (By(p: p') —
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Bq(p; )T (1 — p'). The derivative of h is given by

dhta) = (Bl ) = Bute)ss)) () )

The chain rule gives

L)) = 5 () (1~ ),

where we use (5.10]) and (5.11]) together with the fact that the Jacobian of the gradient
of a function equals the transpose of its Hessian. The derivative of B,(p(a); ') can

be found with the same argument, so we see

%h(a) = (25 (@) = 27 (@) (1 — 1)) ((a) — 1)

m(@)))(p(e) = p') + —h(a).  (5.33)

If 3, (1) — Xq(p) is positive semidefinite for all g, then X! () — X! () is negative
semidefinite (as discussed below the statement of Theorem [5.3). In this case, the first
term in is negative and, since h(0) = 0, the second term is also negative on
[0,1]. It follows that h is decreasing when X,(u) — X,(p) is positive semidefinite, so
that (B (i 1) — By(s )T (1 — 1)) <0, as was to be shown,

(2) = (3) We use a similar argument as was used to prove the previous implication, so
let p, ' € My and denote p(o) = (1—a)p’+ ap as before. Define h(a) := g(p(a); p').
Using the chain rule of differentiation together with , we see that the derivative
of h is given by

(o) = (By(p(0); 1) — Bylp(e); 1) (1 — ')

da
= (Bylanle: 1) — Bylpu(); 1) (1) — ).
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If item (2) holds, then we have that -Lh(a) < 0. Furthermore, since h(0) = 0 and
h(1) = D(P,||Py) — D(Qu||Qu ), we see that item implies that

D(PMHPH’) - D(QM”QM') <0,

as was to be shown.

(3) = (4) Assume that D(P,||Py) — D(Qul|Qu) < 0 for all p, " € My. Together
with (5.32)) this gives, for all p, " € Mg, all B € By,

D(Pup(,@;u’)”Pu’) - ,BTHp(ﬁ; M/) < D(PMHPW) - IBTN < D(QH”QM') - ﬂT,J"
(5.34)

Applying this with g = p,(8; 1’) and re-arranging gives
_D(Py.p(ﬁ;u’) ||P/.L’) + IBTHp(/By ll'/) > _D(Quq(ﬁ;u’) ||Qu’) + ﬂTl"’q(/Ba N/)a (535)

which, by the equality in key fact (5.32)) is equivalent to log Z,(8; ') > log Z,(8; i'),
which is what we had to prove.

Remaining Implications (4) = (5) now follows by the equality in and the
definition of an e-variable. (5) = (6) follows from proposition (6) = (7) follows
because a global e-variable is automatically also a local one, and (7) = (8) again
follows from Proposition Finally, (8) = (1) has already been established as
Proposition O

5.6 Conclusion and Future Work

We have provided a theorem that, under regularity pre-conditions, provides a general
sufficient condition under which there exists a simple e-variable for testing a simple
alternative versus a composite regular exponential family null. The characterization
was given in terms of several equivalent conditions, the most direct being perhaps
the condition ‘¥, (@) — ¥,(p) is positive semidefinite for all g € M, A direct follow-
up question is: can we construct GRO or close-to-GRO e-variables, in case either
the regularity pre-conditions or the positive definiteness condition do not hold? The
example of Section [5.4.3] and in particular Figure [5.3] indicated that in that case,

many things can happen: under some p € My (green curve), g,,/p,, still gives a global
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simple e-variable; for other p (blue), it gives a local but not global e-variable; for yet
other p (pink), it does not give an e-variable at all.

Nevertheless, it turns out that if the pre-regularity conditions hold and the ‘op-
posite’ of the positive semidefinite condition holds, i.e. if ¥,(pn) — E,(p) is negative
semidefinite for all ;¢ € My, then there is again sufficient structure to analyze the prob-
lem. The GRO e-variable will now be based on a mixture of elements of the null,
but the specific mixture will depend on the sample size: we now need to look at i.i.d.
repetitions of U rather than a single outcome U. We will provide such an analysis in
future work.

Another interesting avenue for future work is to extend the analysis to curved ex-
ponential families (Efron, [2022). While we do not have any general results in this
direction yet, the analysis by |[Liang| (2023)) suggests that this may be possible. |Liang
considers a variation of the Cochran-Mantel- Haenszel test, in which the null hypothe-
sis expresses that the population-weighted average effect size over a given set of strata
is equal to, or bounded by, some ¢. This can be rephrased in terms of a curved ex-
ponential family null, for which [Liang (2023|) shows that a local e-variable exists by
considering the second derivative of the function f(8;p*) as in , just like in the
present chapter but with 8 representing a particular suitable parameterization rather
than the canonical parameterization of an exponential family. The local e-variable is
then shown to be a global e-variable by a technique different from the construction
of Q we use here. Still, the overall derivation is sufficiently similar to suggest that it
can be unified with the reasoning underlying Theorem Finally, the analysis of the
linear model in Section [5.4.4] suggests that the results may perhaps be extended to say
something about existence of generalized linear models without assuming a model-X
condition (see Chapter @ — a situation about which currently next to nothing is

known.
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6 Tests of Conditional Inde-
pendence Under Model-X

In Chapters [ and [5} we discovered that there exist simple-vs.-simple likelihood ratios
that are e-statistics (hence GRO) for certain parametric hypothesis tests involving
exponential families. This considerably simplifies the problem of finding the GRO
e-statistic in such cases. Furthermore, the discussion of the GRO e-statistic for the
large nonparametric null in Section [£.2.2]—called Sro(up) there—reveals that this can
also occur for nonparametric null hypotheses. In this chapter, we continue the investi-
gation of nonparametric problems by studying tests of conditional independence of a
response Y and a predictor X given a random vector Z. Although we do not make any
assumptions on the rest of the distribution, our test depends on the availability of the
conditional distribution of X given Z, or at least a sufficiently sharp approximation
thereof. This is known as the model-X setting. Within this setting, we derive a general
method for constructing e-statistics to test conditional independence. This method
leads to GRO e-statistics for simple alternatives, because it gives an e-statistic in the
form of a simple-vs.-simple likelihood ratio. Furthermore, we prove that our method
yields tests with asymptotic power one in the special case of a logistic regression model.
A simulation study is done to demonstrate that the approach is competitive in terms
of power when compared to established sequential and nonsequential testing methods,

and robust with respect to violations of the model-X assumption.
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6.1 Introduction

A fundamental task in many areas of research, such as economics, genetics, and phar-
macology, is to find out whether there is an association between a response Y and an
explanatory variable X, given a vector of covariates Z. Mathematically, absence of
such an association is defined as conditional independence (CI) between X and Y given
Z, denoted by X 1L Y | Z (Dawid, [1979). A standard way to tackle these problems
is to assume a (semi)parametric model on Y given X and Z, encoding the depen-
dence between Y and X in a model parameter. For example, in the logistic model
the probability that a binary random variable Y equals one is regressed on (X, Z),
and the regression coefficient corresponding to X is zero if and only if X 1 Y | Z.
Within these parametric models, there are well established methods to test conditional
independence, such as the likelihood ratio test for generalized linear models (McCul-
lagh and Nelder|, |1989). However, all of these tests have in common that they fail to
uphold a type-I error guarantee when the model assumptions are not satisfied. If Z
is continuously distributed such error inflation is in fact unavoidable: unless further
assumptions on the distribution of (X,Y,Z) are imposed, there exist no nontrivial
tests of CI which maintain type-I error guarantees (Shah and Peters, |2020)).

However, |Candes et al.| (2018) show that given additional knowledge, i.e. the dis-
tribution of X conditional on Z, nontrivial tests of conditional independence can be
designed without further assumptions on the distribution of (X,Y, Z). This has been
dubbed the Model-X (MX) setting, and the condition that the distribution of X con-
ditional on Z is known is called the Model-X (MX) assumption, though there are
settings where the MX ‘assumption’ is known to be true. Perhaps the most prominent
example is a randomized clinical trial, where the distribution of treatment/control is
imposed by the researchers. Another example is conjoint analysis, which is a survey-
based experiment where respondents are asked to express a preference between multi-
ple hypothetical products with different attributes. These attributes are randomized
according to a distribution chosen by the researchers, with the aim to find out whether
one or more of the attributes have an influence on consumer preference (see e.g. Ham
et al.| (2024)). Furthermore, |Candeés et al.| (2018)) show that there are ample scenarios
where at least an accurate estimate of the conditional distribution of X given Z is
known, while also acknowledging that the MX assumption might not be appropriate
if this is not the case.

Under the MX assumption, |(Candes et al.| derive the conditional randomization

test (CRT), which has nontrivial power to detect CI. Recently, much effort has gone
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into relaxing the MX assumption and improving the robustness of the CRT under

misspecification of the conditional distribution of X | Z (Katsevich and Ramdas|,
[2022} [Li and Liu, 2023} [Niu et al [2024)). The CRT and most of its extensions have in

common that they are based on p-values computed on batches of data, and therefore

designed for fixed sample size experiments. In this chapter, we focus on anytime-valid
tests for CI under MX. Anytime-valid tests allow for more flexibility when testing
compared to the nonsequential CRT and also allow covariate adaptive designs, where
the distribution of X does not only depend on Z, but also on past data, such as

in response-adaptive sampling schemes. Previous work on anytime-valid tests of CI

under MX has been done by [Duan et al| (2022), who propose tests for the case that

X is binary. Their approach is based on pragmatic game-theoretic principles, whereas

in this chapter, we aim to describe and theoretically analyze anytime-valid tests for

CI for general X. |Shaer et al.| (2023) have worked on an extension of the work by

Duan et al(2022) concurrently, and we discuss their work and the connections to this
chapter in Section
Our hypothesis tests are based on the concept of e—statistic&ﬂ (Griinwald et al.

2024; Ramdas et al) 2022; Vovk and Wang, |2021)). E-statistics have been intro-

duced as an alternative to p-values that is inherently more suitable for testing under

optional stopping and continuation (Grinwald et al) 2024} |Vovk and Wang), 2021}
Ramdas et all |[2020). While they have their roots in the work on anytime-valid test-
ing by H. Robbins and students (e.g. (Darling and Robbins, [1967))), interest in them
has exploded in recent years; see, for example, also [Shafer| (2021)); |Griinwald| (2024]).

E-statistics can be associated with a natural notion of optimality, called GRO (growth-

rate optimality) by |Grinwald et al.| (2024), which may be viewed as an analogue of

statistical power in an optional stopping context. We derive a general method for con-
structing e-statistics for conditional independence testing under model-X and show
that the method that we propose is optimal in this GRO sense for testing conditional

independence against point alternatives under MX. This result should be seen as an

anytime-valid analogue to the result by [Katsevich and Ramdas| (2022)), who use the

Neyman-Pearson lemma to derive test statistics for which the conditional randomiza-
tion test is the most powerful conditionally valid MX CI test. Furthermore, we show
that under misspecification of the distribution of X given Z, our method retains type-I
error sequentially just as well as the CRT does for blocks of data (Berrett et al.| [2020)).

Finally, we discuss in detail an application to the setting where Y is binary, where we

use logistic regression to construct an anytime-valid test of conditional independence.

1 E-statistics are commonly known as e-variables; we use the former to stress data dependence.
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Under the MX assumption, this test is valid even if the logistic model assumptions are
not satisfied, and when they are, it is guaranteed to have asymptotic power one.

The rest of this chapter is structured as follows. In Section [6.2] we discuss the
necessary theoretical background. This includes an introduction to the conditional
randomization test in Section[6.2.Tland to e-statistics in Section[6.2.2] In Section[6.3]we
discuss in detail our anytime-valid method of testing conditional independence under
MX. This includes an analysis of optimality in Section [6.3.1} a bound on the worst-
case rejection rate in Section and an application to binary response variable in
Section[6.3.3] We compare our method to established tests of conditional independence
in a simulation study in Section [6.4] This includes a comparison in terms of type-I
error (Sections and Appendix and in terms of power (Section [6.4.2). Our
method is further highlighted by an application to a real-world data set in Section [6.5
This chapter is concluded with a discussion of our results in Section [6.6] All proofs
are deferred to Appendix [D.2

6.2 Background

In this section, we give a brief introduction to the conditional randomization test, as
well as to e-statistics. Throughout this section, as well as the rest of the chapter, we
assume that the data consists of independent and identically distributed (i.i.d.) tuples
D; = (X,,Y;,Z;) € D:= X xY x Z. In the section on the CRT, we assume that data
comes in as a single block D™ = (Dy,...,D,) of n € N data points, so that i above
ranges from 1 to n. In contrast, in the section on e-statistics, we assume that the
data comes in sequentially as a stream (D, )nen. We use the notation fy|x z(y | =, 2)
to denote the conditional density of Y given X and Z evaluated at (z,y, z) when the
joint density of (X,Y,Z) is f, and analogous notation for other conditional densities,

e.g. fx|z(z | z) for the density of X given Z.

6.2.1 The Conditional Randomization Test

The conditional randomization test by [Candes et al.| (2018) works under the MX
assumption, i.e. that the distribution of X | Z is known. This holds, for example,
when X corresponds to a randomized treatment in a clinical trial, since the researchers
specify the randomization mechanism themselves. |Candes et al. (2018) give other
examples where the this distribution is at least known to a much higher precision

than the joint distribution of (X, Y, Z) because much more samples of pairs (X, Z) are
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available than data including Y. We let @), denote the distribution of X given that
Z = z. We are interested in testing X 1 Y | Z, which in the MX setting corresponds
to the null hypothesis

where P (D) denotes the set of all probability distributions on D, and Py is a short-
hand for the conditional law of X given Z. The starting point of the CRT is to choose
any test statistic T : D™ — R that measures the dependence of X and Y given Z, so
that larger values of T' indicate stronger dependence. Since the conditional distribu-
tion of X given Z is known, one can simulate independent new realizations X ji~ Qz,
j=1,...,M,i=1,...,n, so that under the null hypothesis Xj” = (X1, Xjn)
and X" have the same distribution conditional on Y and Z". Hence the triplets
(XJ”,Y",Z”), j=1,...,M,and (X", Y", Z") are exchangeable, and

1+ M YT(Xp, Y, Z2) > T(X", Y™, Z")}

X" Y™ 7n) —
pM( ) ) ) 1+M

(6.2)

is a “Monte Carlo” p-value for the null hypothesis (6.1). More precisely, for any
distribution P € H,,
P(par(X", Y™, Z") < a) < o

In the case that the distributions @), are not known exactly, but only some estimate
QZ, an obvious question is how robust a test based on Qz may be. Berrett et al.| (2020,
Theorem 4) show that

A

Plpu(X™,Y", 2" <a | Y™, Z") < at drv (@, Q%) (6.3)

where @)%, is the product of the distributions Qz,, 7 = 1,...,n, and drv the total
variation distance. Precise estimation of conditional distributions in total variation
distance is admittedly a challenging problem, but also not completely unrealistic, as
discussed among others by [Berrett et al.| (2020, Section 5.1). We furthermore give a
brief discussion of available literature on estimation in terms of KL divergence at the
end of Section [6.3.1] and a bound on KL gives a bound on total variation.

There remains the question how to choose the statistic 7. |[Katsevich and Ramdas
(2022)) show that for a point alternative with density f for (X,Y,Z), using the con-
ditional density fy|x,z of Y given (X, Z) as statistic T leads to the most powerful

97



6.2 Background

conditionally valid test against Hy. This result suggests that a reasonable method is
to use an estimator fy| x,z of the true conditional density as statistic. Importantly,
any estimation error does not lead to a loss of type-I error guarantee, but only to a
decrease in power, as the p-value in is valid for any statistic. Alternatively, one
could use any measure of conditional independence, e.g. the absolute value of the fitted
coefficient in a lasso regression model, as originally proposed by |Candes et al.| (2018)).
A downside to this method is that it is computationally expensive, as it requires a
lasso model to be fit for the original data as well as for all the simulated data points.
Liu et al.| (2021) propose a “leave-one-covariate-out” variant of these lasso statistics,

which is significantly less computationally demanding, while leading to similar power.

6.2.2 E-Statistics, Test Martingales and Anytime-Valid Tests

An e-statistic is any function of the data S, : D™ — [0, 00) such that Ep[S,(D")] <1
for all P € Hg. An e-statistic evaluated on a realization of the data will be referred to
as an e-value. Previously, e-statistics and e-values have appeared in the literature as
likelihood ratios (although the concept is vastly more general than such ratios), partic-
ular Bayes factors and betting scores (Shafer},2021)). Large e-values constitute evidence
against the null hypothesis, since P(S,(D") > 1/a) < a by Markov’s inequality, so
that the type-I error of the test 1{S,(D") > 1/a} is bounded by «. However, such a
test is defined for a block of data D™. In a sequential setting, one instead observes a
stream of data (Dy,)nen. We therefore define, more generally, a sequence of conditional
e-statistics as a sequence of statistics (E,,(D™))nen, such that Ep[E,(D") | D71 <1
for all n € N and P € Hy. For n = 1, the expectation is supposed to be read uncon-
ditionally. Intuitively, the conditional e-statistic at time n measures the evidence in
round n against Hg conditional on the past data, and the cumulative product of these
conditional e-statistics S, (D") = [[;_, E;(D?) is a measure of the total accumulated
evidence against the null hypothesis. Formally, the sequence (S,,(D™)),en of cumula-
tive products forms a nonnegative supermartingale with starting value bounded by 1,
a so-called test martingale, i.e. Ep[S,41(D"*) | D" < S,(D") for all P € Hy and
n € N, and Ep[S;(D;)] < 1. By Ville’s inequality (see e.g. [Shafer] [2021)), such test

martingales satisfy for any a > 0
P(3neN: S,(D")>1/a) <. (6.4)

A sequential test can thus be defined by monitoring S, (D") and rejecting if it exceeds

1/c. The inequality (6.4]) ensures that this test retains type-I error control, no matter
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how we choose the moments to peek at S, (D"). In fact, is easily derived from a
more basic property: (S, (D")),en satisfies Ep[S,(D7)] < 1 for any stopping time 7,
that is, the stopped process S.(D7) is again an e-statistic, both for data dependent
and externally imposed stopping rules (Griinwald et all 2024] Proposition 2). Tests
with this property will be referred to as anytime-valid tests.

Perhaps the most prominent example of a test martingale is the likelihood ratio
process L, = [[i=; p1(Y;)/po(Y;) for testing the null hypothesis that independent
(Y)nen stem from a distribution with density po against the alternative density p;.
Tests based on likelihood ratio processes (L, )nen are called sequential probability
ratio test (SPRT) and have first been studied by [Wald| (1947)), though Wald, like most
of the subsequent sequential analysis literature, uses them with reject/accept rules
different from ours (e.g. one rejects if the value exceeds (1 — 8)/a instead of 1/a)
that preclude optional stopping and require specific stopping times/rules. We refer
to |Grunwald et al.| (2024, Section 7) for further discussion of related literature on
sequential testing.

Under violations of the null hypothesis, one would hope that an e-statistic or test
martingale attains high values, which gives evidence to reject the null hypothesis. This
requires a suitable analogue of power, or notion of optimality, for e-statistics. We fol-
low |Grinwald et al.| (2024); Shafer| (2021) and try to find e-statistics that maximize
the logarithmic expected value under the alternative. That is, suppose the alternative
hypothesis is given by a single distribution #; = {P*}, then the growth-rate optimal
(GRO) e-statistic is defined as the e-statistic that maximizes S,, — Ep«[log S, (D™)]
over all e-statistics. At first glance, this notion of optimality seems counterintuitive
for sequential tests, since it is defined for individual e-statistics and not test mar-
tingales. Really, one would hope to find a test martingale (S,)n,en that maximizes
Ep«[log S-(D7)] simultaneously for all stopping times 7. Remarkably, in the special
setting of this chapter, the sequence of GRO statistics that we will consider for a point
alternative does have exactly this property, as follows from Theorem 12 of Koolen
and Grinwald| (2022)), providing additional justification for our focus on GRO. This is
discussed briefly in Appendix
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6.3 Conditional Independence Testing
With E-Statistics

The conditional randomization test and its permutation version by Berrett et al.| (2020)
are defined for batches of data D™. We show here how to create e-statistics for
sequential testing with a stream of data (D, )neny under the MX assumption. Our
method can be seen as a broad generalization of an e-statistic introduced in the proof
of the main theorem of [Turner et al.| (2024]), who essentially handle the case that Y
and X are both Bernoulli.

Theorem 6.1. Let h, : D — [0,00), n € N, be nonnegative measurable functions
such that h,, is determined after seeing data D™~ '. Then the sequence (EhCZ(Dn))neN

defined by
hn(Xna Yn; ZTL)

) = -
" fX hn(l’,Yn,Zn) dQZT,(:E)
is a sequence of conditional e-statistics for the null hypothesis (6.1)). Consequently,
the sequence (SS1(D™))nen defined by SSH(D™) =T, ESN(D;) is a test martingale.

Ey!(D (6.5)

To be explicit, the general workflow of our method is as follows. At each time
n=1,2,..., a test function h, is chosen, usually depending on the past data D"!.
After seeing the data point D, the conditional e-statistic (6.5 is computed and the
cumulative product is updated according to Spr (D™) = Spi_, (D" 1) E,?i (Dy). For a
test at level a, one could stop and reject the null hypothesis as soon as S1H(D") > 1/«
for the first time.

Remark. At this point, it should be noted that the MX assumption is stronger than
needed within our sequential setup: the MX assumption requires that the data points
(Xn,Yn, Z,) are iid. and that the distribution of X,, given Z, is given by @z, .
However, in our sequential setting it would actually be allowed for the distribution
of (X, Y, Z,) to depend on the data D"~ !. At each time n, we would use in the
denominator a distribution @)z, pn-1. It should be clear that the resulting sequence
of random variables still defines a test martingale, but with respect to the altered
null hypothesis that V;, I X,, | Z,,D" ! and X,, | Z,, ~ Qz, pn—1 for all n € N.
Clearly, the assumption that Q7 pr-1 is known (or can be estimated with high preci-
sion) is not realistic in many settings with temporal dependence. One example where
this extension would be useful are clinical trials with so-called covariate- or response-

adaptive designs, where the allocation of patients to a treatment depends either on the
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imbalance of treatment/control in certain covariate groups or on previously observed
responses from patients (Robbins| (1952} [Pocock and Simon) [1975; |Zhang et al., 2007)).
To avoid cluttering notation, we will not explicitly denote this potential past data

dependence, but it is good to keep in mind.

In most cases in practice, one has to resort to simulations to approximate the inte-
gral in the denominator of . That is, one simulates M independent X Tyene ,f( A ac-
cording to @z, and replaces the integral by the empirical mean vail b (Xiy Yooy Z0) /M.
The following proposition shows that a slight modification of this procedure is guar-

anteed to yield an e-statistic.
Proposition 6.2. Let Xl, ... ,XM be independent with distribution Qz,. Then

hn(er YTL7 Z")
(X Yoy Zn) + S0 h( X, Yy Z0)) /(M + 1)

EfN(D,) =
satisfies Ep[EhCI(Dn) | D71 = 1, P € Ho, where hy, is as in Theorem and the
expectation is taken both over the data and Xi,...,Xnm.

In fact, the proof of Proposition only requires that X,,, X1,..., Xy are ex-
changeable, so it will also be applicable in many situations where data is randomly
permuted. Furthermore, the naive approach without including h,,(X,, Y., Z,) in the

denominator is anti-conservative and does not define a sequence of conditional e-

statistics. Indeed, taking expectation over X,,, X1, ..., X,
hn(Xn,Yn,Zn) fh’ﬂ(‘r7yn7Zn) dQZﬂ(l’)
P M ~ an Zn Z M - 1,
Zi:l hn(Xza Yn7 Zn)/M Zi:l f hn(xu Ynu Zn) dQZn (LC)/M
(6.6)
Here we use that X,,, X1, ..., X are independent with distribution Q z,,, and invoke

Jensen’s inequality with the strictly convex function s — 1/s. Equality in holds
if any only if h,, is constant in x, and in that trivial case the e-statistic is equal to the
constant 1. In all our applications, we use the variant proposed in Proposition to

compute the e-statistics.

6.3.1 Optimality

In order to accumulate evidence against the null hypothesis, the functions h; in (6.5))
should measure the conditional (in)dependence between X and Y. This will ensure

that the test martingale (Syi(D")),en will grow if the null hypothesis is violated.
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Ideally, we would be able to choose a measure of conditional independence that requires
little to no assumptions on the distribution of (X,Y, Z). Many such measures have
been proposed in the literature, see e.g. [Fukumizu et al.| (2007); [Shah and Peters
(2020); |Azadkia and Chatterjee| (2021)). However, as far as we can tell, none of these
measures allow for a sequential decomposition. That is, they are defined for fixed
sample size n as a function T,, : D™ — [0, 00), but cannot be decomposed in a nontrivial
way as a product T,,(D") = [[i-; T;(D;). Our only option to use them in our test
martingale is therefore to set h;(D;) = T;(D*~*,D;) in (6.5). This would have two
major drawbacks: first, it would be computationally involved, because T; needs to
be recalculated entirely within the integral in the denominators in . Secondly, it
would generally be ineffective, because T;(D*~1, D;) will depend very little on D; for
large i, so h;(D;) will generally not be sensitive to changing X; to 2’ ~ Qz,. As a
result, the fraction in will be close to 1, preventing us from accumulating much
evidence against the null.

However, if we are willing to assume that under the alternative, the density of
(X,Y,Z) is given by f, then the conditional density fy|x,z itself is a measure of con-
ditional independence. Moreover, evaluating the density in n data points is equivalent
to taking the product of the density evaluated at all single data points ¢ =1,...,n, be-
cause the data stream is i.i.d. This gives a sequential decomposition as desired above.
Furthermore, |[Katsevich and Ramdas| (2022) have shown that an optimal conditionally
valid p-value based test can be achieved by running the CRT with the conditional
density fy|x,z as test function. It turns out that this choice also yields the GRO
e-statistic among all e-statistics defined on n observations, and the expectation of the
logarithm of this e-statistic is the conditional mutual information (Cover and Thomas,
1991)), an established conditional dependence measure which has also been applied for
conditional independence testing (Runge| |2018]). Note that the expectation is taken
over the entirety of the data, i.e. D™ = (X™, Y™ Z"), as opposed to the result by Kat-
sevich and Ramdas| (2022)) which only holds conditionally on (Y™, Z™); see their article
for a more thorough discussion.

Theorem 6.3. The GRO e-statistic for testing Ho as in (6.1) against the alternative
distribution with density f is given by

= yixz(Yi | X, Zi)
SCI DTL E i — 2 (67)
frix, Z H Ivix, Z E fY|Z(Y7? | Z;)

and achieves growth rate E[log SfYIXZ(D")] =nlf(X;Y | Z), where I;(X;Y | 2Z)
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denotes the conditional mutual information if (X,Y,Z) follows the distribution with
density f.

Remark. A simple application of Bayes theorem allows one to rewrite (6.7) to
Sng,Z(D") =Ty fxpy,z(Xi | Yi, Zi) ) fx12(Xi | Z;), which shows that the resulting
test martingale is in fact a likelihood ratio process. That is, it is the ratio between the
true density of X given (Y, Z) under the alternative and that under the null (whereas
the density in the denominator of does not have to correspond to the data gener-
ating distribution). The latter follows, because under the null fx|y 7 is equal to fx|z,
which we assume to be well-specified and equal the density of () z,. Hence the resulting
test for a simple alternative hypothesis f is in fact a generalization of the SPRT, where
the distribution under the null hypothesis changes with the variable Z;. It depends
on the application at hand which formulation, i.e. or conditional densities of X,
is more suitable for constructing a test. For example, we show in Section [6.3.3] that
for binary Y € {0,1} and (X, Z) € R? x R?, one can construct a test based on logistic
regression, which is often simpler than directly trying to find a suitable conditional

density of X given Y and Z, especially when p > 1.

The information inequality (Cover and Thomas| [1991)) implies that I;(X;Y | Z) >
0, with equality if and only if Y L X | Z, which shows that S]?J‘X’Z has nontrivial
power to detect deviations from conditional independence if f is the true density of
(X,Y,Z). Assuming a simple (point) alternative f is, of course, an unrealistically
strong assumption. We now proceed to develop a method that also gets uniform
growth rates for potentially large classes of alternative densities F by building on the
simple alternative case. The following result states that if we do not know the density
Jy|x,z, but instead use a different density gy |x z, the loss in expected growth rate is

directly related to a measure of distance between fy|x 7 and gy|x,z-

Proposition 6.4. For any conditional density gy|x,z, the following holds:

By [log B, (D)] = [;(X5Y | 2) - Bs[KL(fy x zllgvix 2l (65)

9y X,z

Since we are in a sequential setting, this proposition implies that if we do not know
the density f, we could try to estimate it, using estimates that improve as sample size
increases. That is, let fn be an estimator of fy|x z based on data D", and fo an initial
guess. The test martingale we use is then given by ]\, E?Iﬂ(D‘) It follows from
the combination of Theorem [6.3]and Proposition [6.4] that if the estimator is consistent
in a KL sense, then the expected growth per outcome converges to that of the GRO
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e-statistic.

Corollary 6.5. (i) Assume that = >7" | Ef[KL(fy‘X’ZHfi_l) | D71 a—soo> 0, then

n—

1 - CI i—1 a.s. .
ﬁ;Ef [logEﬂ_l(Di”D } — = I;(Y; X | 2).

(i) Assume that for some function b(n) : N — R with b(n) = o(n), we have

Ef lz Ef[KL(fY|X,Z||fi—1) | Dil]] < b(n). (6.9)

i=1

Then
1 b(n)
—-E —. 6.10
CEf - (6.10)

ZlogEfgIl(Di)] >I(X;Y | Z) -
i=1

Consequently, to achieve an asymptotic optimal growth rate, we need to use a
conditional density estimator fl that converges in KL divergence to f, where we may
assume f € F for some given set of densities F, i.e. our statistical model. Barron
(1998) showed that, for a wide variety of parametric and nonparametric models F, we
have convergence in information (his terminology for holding for all n) if we set
f,; to be the Bayes predictive density, under no further conditions, uniformly for all
f € F, as long as a suitable prior is used. This means that, for some fixed function b
holds uniformly for all f € F, so that also holds uniformly for all f € F:
we could put a infrer to the left of and the result would still hold. Thus, we
get the optimal growth rate (which itself can only be achieved by an oracle that knows
the ‘true’ f € F) up to an additive term of b(n)/n uniformly for all f € F. The rate
b(n)/n is then usually, up to log factors, equal to the minimax rate in squared Hellinger
distance. The same rates (potentially up to further log factors) are available for the
Bayesian posterior mean under a weak additional condition on the model introduced
by |Griinwald and Mehta| (2020) under the name witness-of-badness; it generalizes a
well-known earlier condition of[Wong and Shen| (1995); see also (Bilodeau et al., [2023)
for related results. In Section [6.3.3] we demonstrate our approach with F set to the
logistic regression model with X € RP and Z € RY, for which a result by |[Foster et al.
(2018)) in combination with (Barronl [1998) implies that, if we use the Bayes predictive
distribution as above, then b(n) can be chosen as O((p+q) logn) as long as the first four
moments of all components of X and Z exist, implying a parametric rate. However, in

our experiments in Section [6.4] rather than the Bayes predictive distribution, we use a
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(slightly regularized) MLE, since it can be computed much more efficiently. Although
we suspect that the MLE converges at the same rates as Bayesian methods under the
same weak conditions, the methods of the aforementioned papers cannot be used to
prove this, and instead in Proposition we show almost sure convergence of the

MLE, without rates, under a stronger subgaussianity assumption on (X, 7).

6.3.2 Worst-Case Bounds on Rejection Rate

Up to now, we have discussed the construction and properties of e-statistics when
the conditional distributions @, are known exactly. In this section, we prove a result
analogous to Theorem 4 of Berrett et al.| (2020) (see (6.3)) on the error rate of our
sequential test under the null hypothesis when the distributions @, are only approx-
imations. The approximation of @), will be denoted by QZ7 and the (approximate)

e-statistic at time n is given by

B D) = X Y Zu [ D)
A ha(e. Y 2y [ D) A0, ()

Here the nonnegative function h, depends on D"™~! since it can be constructed se-
quentially, for example by estimating the conditional density of Y,, given X,, and Z,
with all past data (X;,Y;,Z;), i =1,...,n — 1. Recall that @Q%. denotes the product
distribution of Qz,, i = 1,...,n, that is, for measurable A C A"

Q3 (4) = /X /X 1" € A}dQz, (21) -~ dQz, (),

In particular, Q%.(A) = P(X" € A| Z")=P(X" € A| Y™, Z") for P € Hy, due to
conditional independence of Y; and X; given Z;, ¢ = 1,...,n. The distribution Q%n is
defined in the same way as Q%, but with Q z, instead of Q) z,.

Theorem 6.6. Assume that hy,...,hy > 0 are measurable. For any N € N, a €
(0,1) and P € Ho,

L 1

P(3In<N: [[ESH(DY) > =

< nx H hi (D) > o

i=1

vV, ZN> < a+drv(QYn, QYx). (6.11)

Theorem [6.6] gives the same worst case bound on the rejection rate as Theorem 4
in Berrett et al.| (2020) for a sample size N, but optional stopping at any sample size
n < N is allowed. Berrett et al| (2020, Section 5.1) discuss conditions under which
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the total variation distance between QN ~ and Q o, which bounds the excess rejection
rate, is small. For example, they obtain an upper bound of the form Op(\/m)
when (X, Z) € R* follow a multivariate Gaussian distribution and the conditional law
of X | Z is estimated with an unlabeled sample of size m. Hence when m remains
constant but N diverges to infinity, the bound on the distance between Q and Q

becomes trivial. Furthermore, the discussion at the end of Section [6.3.1] on estimation
in terms of KL divergence (which bounds the total variation distance) can also be

applied to the estimation of Q..

6.3.3 Application to Logistic Regression

The general construction strategy for e-statistics and all results so far assume no
specific model for the outcome Y or covariates (X, Z). In this section, we consider
the special but important case of a binary outcome Y € {0, 1} which follows a logistic

regression model under the alternative, i.e. (X, Z) € RPT4 and Y equals y = 0,1 with

probability
exp(y(B' X ++'2))
X, Z) = 6.12
pe(y| ) ) 1—|—eXp(ﬁTX—|—'yTZ)7 ( )
with an unknown (p + ¢)-dimensional coefficient vector 8 = (B1,...,Bp, V1,---,Yq)-
Conditional independence of Y and X given Z holds if and only if f; =--- = g, = 0.

It turns out that in this setting, one can construct e-statistics which not only have
power on average, as in Corollary [6.5] but which even reject the null hypothesis with
probability one if it is violated and the sample size grows to infinity. At this point, it
is important to recall that the validity of the e-statistics does not require the logistic
model to be correctly specified: the validity only depends on the null hypothesis, which
is still the set of all distributions under which conditional independence holds in the
sense of , including many distributions that violate the logistic model assumption.
The result rather shows that if the logistic model is suitable (in the sense that, if the
alternative is true, then data are sampled from a distribution in this model), then the
e-statistic has guaranteed power to detect violations of conditional independence.

Following our general strategy, an e-statistic for testing CI is given by

o i, (Vi X 2)
S (D7) pra ;| ©. Z:) dQz (x)’

(6.13)

where 0, may be any estimator for § based on the first k samples, (X;,Y;, Z;), i =
., k. When the observations (X;,Y;, Z;), i € N, are independent and identically
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distributed, the growth rate optimal e-statistic is obtained if 6, = 6 for all k € N.
Nevertheless, the following proposition shows that tests based on S/ have asymptotic
power one when @}, is the maximum likelihood estimator. From now on, ||v|| = (v v)/2
denotes the Euclidean norm of a vector v, and we denote by (X, Z) the stacked vector
(X1,.., Xp, Z1,...,Zy). We will take (X,Y,Z) as a generic observation which has
the same distribution as (X;,Y;, Z;), ¢ € N, for writing probability statements about

elements of this sequence.

Proposition 6.7. Let (X;,Y;,Z;), i € N, be independent and identically distributed
such that (6.12)) holds with (f1,...,Bp) # 0. Assume furthermore that

(i) (a) (X,Z) satisfies P(u"(X,Z) # 0) > 0 for all uw € RPT2\ {0}, and (b) it is

subgaussian with variance parameter o2, that is

Elexp(u' (X, Z) — E[(X, Z)]))] < exp(||u]*0?/2), Vu € RPF,

(i7) 0,, in (6.13) is the logistic MLE based on data (X;,Y;,Z;), i =1,...,n, for all
n € N, with 0, arbitrarily defined but finite if the MLE does not exist.

Then ST satisfies lim inf,, o 1og(SST)/n > I[(X;Y|Z) > 0 almost surely.

Assumption (i)(a) ensures that the MLE converges almost surely at a fast rate,
as shown by |Qian and Field| (2002)). Instead of subgaussianity ((i)(b)) their result
requires only moment assumptions (which are implied by subgaussianity), but sub-

gaussianity is indeed required in our setting: see the proof of Proposition [6.7] given in

Appendix [D:2.6]

6.4 Simulations

To investigate the robustness and power of tests of conditional independence based on
e-statistics, we compare the e-statistic for binary Y to other methods applicable
in this setting. The covariate X is univariate, X € R, while Z = (1,Z,...,Z4-1)
is a g-dimensional vector containing an intercept term. The distribution of the vec-
tor (X, Zn,...,Z4—1) is the g-dimensional normal distribution with zero mean and a
Toeplitz covariance matrix, ¥; ; = 1/(1+[i — j|) for ¢, = 1,...,¢. Then Qz is the

Gaussian distribution with mean

pz =%1,571 _(Z1,... Zg1)" (6.14)
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where ¥_; _; is the submatrix (X; ;); j=2,... ¢ and X _; is the row vector (X1,2,...,21,4).
The conditional variance equals 02 = 1 — 21,_12:%_’712{_1. The binary response Y
has probabilities given by po(y | X,Z), y € {0,1}, as in , where the intercept
and the coefficients of Z, and ~v1,...,7,, are drawn independently and uniformly dis-
tributed on the interval [—1,1]. The coefficient of X, i.e. 5 = f1, is chosen in [0, 1],
with 0 corresponding to conditional independence of Y and X given Z. Below are
implementation details for all methods considered in the simulations. In the following
subsections, these methods are compared in terms of type-I error and power. A further
study on the robustness of the MX-based methods with respect to violations of the
MX assumption is given in Appendix

Conditional randomization e-statistic (E-CRT). The parameter vector 6 in
is re-estimated after each new observation with the maximum likelihood method,
starting from a minimal sample size of 5g+ 1, so that 5g observations are available for
the first parameter estimate. In addition, the probabilities Dg, (y | X, Z) are truncated
to [e,1 — ] for some small € > 0. This is to account for the fact that at small sample
sizes the MLE sometimes yields predicted probabilities in {0,1}. We also include an
oracle version of this e-statistic (E-CRT-O), which uses the true 6 starting from the
first observation, instead of the maximum likelihood estimator. For both variants,
the integral in the e-statistic is approximated by an average over 500 Monte Carlo

samples.

Conditional randomization test (CRT). The CRT is applied nonsequentially
with the likelihood of the logistic regression model as test statistic and 500 samples
for randomization. That is, X is sampled 500 times from the conditional distribution
given Z, the logistic regression model is re-estimated with this simulated covariate,
and the likelihood achieved with these models with simulated X is compared to the
likelihood achieved with the actual values of X.

The following methods are for testing whether the coefficient § in the logistic re-
gression model equals zero. Unlike the E-CRT and CRT, they are not based on the
MX assumption, but their type-I error guarantee does require that the true proba-
bilities of Y are given by the logistic model . A comparison is of interest since
these methods are, to the best of our knowledge, currently the only ones that allow

sequential testing in a logistic model.
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Running maximum likelihood (R-MLE). We apply the running MLE method
by [Wasserman et al.| (2020, Section 7), an instance of the generic method introduced
in that paper which they call universal inference. Parameter estimation is also started
with a minimum 5¢ observations, and we additionally investigate an L penalized ver-
sion for estimation under the alternative hypothesis, abbreviated as R-MLE-P, which,
like for the E-CRT, is to prevent predicted probabilities close to 0 or 1 due to di-
vergence of the MLE. In this second variant, the penalization parameter is chosen by
10-fold cross validation on the available data at the given time, with likelihood as opti-
mization criterion. The penalization parameter is only updated every 10 observations,

since the cross validation is computationally expensive.

Likelihood ratio test (LRT). The classical asymptotic likelihood ratio test for
the null hypothesis that 5 = 0 is applied with fixed sample size, and group sequential
versions of it with K equally sized groups and the methods by [Pocock| (1977) (LRT-
PK) and |O’Brien and Fleming| (1979) (LRT-OF).

The results shown in this section are for dimension ¢ = 4 of the covariate vector
(X, Z). A maximum sample size of n = 2000 is considered, after which the evaluation
is terminated independently of whether the null hypothesis is rejected. The sequential
methods apply the most aggressive stopping rule, namely, reject the null hypothesis
as soon as the test statistic exceeds 1/a once; more discussion on this is provided
in Section [6:4.2] All results, i.e. rejection rates and average sample sizes, are com-
puted over 800 simulations of the data generating process. The same simulation but
with higher dimension (¢ = 8) or with negative correlations between the covariates
(i, = (=1)"7/(1+|i— j|)) yields similar results. For the running MLE method, we
additionally tested whether not penalizing the coefficient of interest, 3, may achieve
higher power, which was not the case.

Simulations are performed in R 4.2 (R Core Team) [2022]), with the glm function
for maximum likelihood estimation in logistic regression, the package glmnet (Simon
et al., 2011) for L, penalized estimation, and the package ldbounds (Casper et al.,
2022)) for computing critical values for the Pocock and O’Brien-Fleming group se-
quential tests. Replication material for the simulations and the case study, as well as

additional figures, are available on github.com/AlexanderHenzi/eindependence.

6.4.1 Sequential Tests Under the Null

Table[6.1]shows the rejection rates of the different sequential methods with a maximum

sample size of n = 2000. The methods based on e-statistics and the running MLE
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E-CRT R-MLE R-MLE-P LRT-PK LRT-OF
a=0.01 0.0075 (0.0031) 0.0038 (0.0022) 0.0038 (0.0022) 0.0138 (0.0013) 0.0127 (0.0040)
a=0.05 0.0438 (0.0072) 0.0038 (0.0022) 0.0038 (0.0022) 0.0700 (0.0090) 0.0599 (0.0084)

Table 6.1: Rejection frequencies (and standard errors) of the different methods, with
implementation details as described in Section Frequencies are given in [0, 1], not in
percentages.

yield rejection rates below the nominal level. For the e-statistics, the chosen truncation
level is € = 0.05, but the rejection rate is also below « for € = 0, 0.01, 0.1. The group
sequential methods with K = 20 equally sized groups, each of size 100, are slightly

anti-conservative, and similar rejection rates are obtained for K =5, 10, 40.

6.4.2 Simulations Under the Alternative

We proceed to compare the different methods under violations of the null. This is
commonly done by comparing the achieved power at given sample sizes n for different
effect sizes 3, or the inverse of that function, i.e. the minimum sample size required to

achieve power 1 — 7,

For a fixed type-I error probability «, the test decision is ¢, = 1{max,,<n Sm > 1/a}
for anytime-valid tests based on (S, )nen, or ¢n = 1{p, < a} for a method based on
a fixed sample size p-value p,,. For an anytime-valid test, N(8,n) can be regarded
as the worst case sample size a researcher has to plan for in order to achieve power
1 —n; the actual sample size at rejection may be smaller thanks to optional stopping.
Therefore, we additionally consider the average sample size of the anytime-valid tests

when evaluation is terminated at the latest at N(3,n),
Nav(B,1) = Ep, [min(N (8, ), inf{n € N: S, > 1/a})].

The rationale is that — even though we have seen that anytime-valid methods retain
type-1 error validity under arbitrary stopping times — in practice, a natural way to
proceed with an anytime-valid test is to run the experiment until either a rejection or
a given upper bound on the number of samples is reached. The obvious choice for this
upper bound is N(8,7n), as it ensures that the test will have a power of 1 — 5. Then

Nav(8,1n) gives the average sample size of anytime-valid tests designed for power 1 —1.
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A comparison of the different methods in terms of N(8,n) and N,,(5,7) is given
in Figure [6.1] The group sequential methods are excluded from this figure and are
analyzed in more detail at the end of the section. The upper two panels of Figure
depict N(8,n) for 1 —n = 0.8, 0.95 as a function of the parameter § (for clarity note
that, as before, 8 stands for the parameter vector in ; we never use 1 — 3 for
power). It can be seen that N(8,7n) is higher for the anytime-valid methods than
for fixed sample size tests. This is to be expected: the sample size N(3,7) ensures
power 1 — 1, but the actual sample size of an anytime-valid test is random and often
smaller thanks to early stopping. The lower two panels of Figure [6.1] similarly show
N.yv(B,n) as a function of 5. It can be seen that the average sample size is not more
and sometimes even less than the sample size of the nonsequential tests. These results
suggest that the average sample size to reject the null hypothesis with the E-CRT is
not higher than the fixed sample size one would have to plan for with the CRT or LRT.
Similar observations have already been made for e-statistics in other settings, such as
comparisons with the t-test (Grinwald et al.,|2024)), Fisher’s Exact Test (Turner et al.,
2024)), or the logrank test (ter Schure et al., 2024).

Furthermore, the running MLE method requires much more data to achieve a
rejection than the other methods, even with the superior penalized estimation under
the null hypothesis. The large sample sizes required for the R-MLE to have a power
of 0.95 are mainly due to predicted probabilities close or equal to zero or one at
early stages, a problem which is remedied by using penalization, as already proposed
by |Wasserman et al.| (2020); even then, more data are required though. We again
emphasize that the running MLE methods are based on different assumptions than
the randomization based tests: they do not require the MX assumption, but are only
valid for a correctly specified logistic model. However, even when compared to the
classical likelihood ratio test, which requires almost the same sample sizes as the
CRT, one would have to plan for substantially higher sample sizes with the running
MLE methods.

For the conditional randomization e-statistics, we tested different levels of trunca-
tion [e, 1 — €] for the predicted probabilities. Truncating at a small level £ = 0.01, 0.05
is superior to no truncation, € = 0, since it prevents e-values close to or equal to
zero, but if the truncation level becomes too high, ¢ = 0.1, it limits the power of the
test for observations with predicted probability close to zero or one. See Figure
in Appendix for the case € = 0. The results shown in this and the next section
are for ¢ = 0.05. In principle, one could also apply a penalized estimator to remedy

convergence problems of the MLE, but truncation is computationally less demanding
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Figure 6.1: Sample sizes to achieve power 1 —n = 0.8, 0.95 with type-I error 0.05. For the
nonsequential methods (LRT, CRT), dashed lines show N(3,7) also in the lower panels for
better comparison. Simulations were conducted up to n = 2000, and no results are shown if
N(B,m) > 2000 for a given method, 8 and 7, i.e. if more than 2000 observations would be
required to achieve a power of 1 — 7.

as it does not require the selection of a penalization parameter.

Finally, in Figure the conditional randomization e-statistic is compared to
group sequential methods with the Pocock and the O’Brien and Fleming method with
K = 20 groups. We see that for small parameter § € {0.1,0.2} these methods achieve
a higher power than the e-statistics, but as already shown in Table the group
sequential methods do not control the rejection rate below the nominal level when
£ = 0. Also, the E-CRT yields slightly more rejections at small sample sizes than the
group sequential methods. As 3 increases, the conditional randomization e-statistics
tend to outperform the O’Brien and Fleming method, and achieve a rejection rate very
close to Pocock’s method. Even for large 3, the O’Brien and Fleming requires higher
sample sizes due to the fact that the method is designed to yield fewer rejections
with small samples. Different numbers of groups for the group sequential methods
give similar results, except for the fact that rejecting at small sample sizes becomes
impossible if the number of groups is small and the group size large. The performance
of the e-statistics compared to the group sequential methods is in line with the results
of ter Schure et al.| (2024) for survival analysis. Also in their study, group sequential
methods and alpha-spending approaches, which have to stop at a certain maximum
sample size, tend to achieve a higher power than open-ended tests based on e-statistics,

which do not require a finite upper bound on the sample size.
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Figure 6.2: Empirical distribution of the sample size at rejection, with level a = 0.05, for
the randomization based e-statistics and group sequential methods, and 8 € {0.1,0.2,...,1}.

6.5 Data Application

Berrett et al.| (2020) analyze conditional independence relations in the Capital Bike-
share data set. Code and data for their study are available on https://rinafb.
github.io/research/ and https://ride.capitalbikeshare.com/system-data.
The data set collects information on bike rides with the Capital bikeshare System
in Washington DC. One question in the analysis by |Berrett et al.| (2020) is whether
there is dependence of the duration of ride and the binary variable member type,
distinguishing casual users from people who purchased a long-term membership, con-
ditional on the start location, destination, and the time of the day during which the
bike ride took place.

Let X denote the logarithm of the ride duration and denote by Z the three dimen-
sional vector of starting point, destination of ride, and of the starting time. We model
the distribution of X | Z as Gaussian, N (uz,0%) in exactly the same way as Berrett
et al| (2020). Separately for each combination of starting point and destination, the
conditional mean 7 and variance 0% are estimated by a kernel regression of X with
the time of day as covariate; details are given in Appendix B of [Berrett et al.| (2020).
We also apply the same preselection criteria, namely, exclude data from weekends and
holidays, and values of Z where the estimation might be imprecise due to scarce data.
The member type is encoded as Y € {0,1}, with Y = 0 referring to casual members.

The data analyzed is from the months September to November in 2011. Unlike
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6.6 Discussion, Related and Future Work

Berrett et al| (2020), who took the months September and November as training
data for estimating the distribution of X | Z and October as test data, we perform
estimation on data of September and October and perform tests on the November
data, which would be the natural order for real-time sequential analysis. The test
data set, after the application of selection criteria, contains 7173 observations. The
training data consists of 158 741 observations. Due to the temporal structure of the
data there might be some short lag autocorrelation between the observations, but we
did not find any distorting influence of this on the results presented below.

Berrett et al.| (2020) apply the conditional randomization test with the test statistic
|cor(Y, X —Eq,[X])|. Applied to the November data, this yields a p-value of essentially
zero: the observed value of the test statistic was greater than any value obtained with
simulated X, over 10000 simulations. For the e-statistics, we model the probability
that Y = 1 with logistic regression, taking X and pz as covariates and starting with
a minimal sample size of 200 observations in the test data. A full model including Z
instead of only pz would be problematic due to the high number of combinations of
starting points and destinations relative to the size of the test data. We do not have
this limitation in the estimation of the distribution of X | Z due to the much larger size
of the training data set. However, for a valid test it is not necessary to include Z itself
in the model. The probability predictions from the logistic model are then truncated
to the interval [0.01,0.99]. For the sequential analysis, the rides are arranged in the
order of the start date and time of ride. Figure [6.3] shows how evidence accumulates
over time. At the end of the period, an e-value of more than 106 is attained, giving
decisive evidence against the null hypothesis of conditional independence. An e-value
of 10* is already reached at the 4380th observation, on November 15th, and hence
after about half of the total observation time.

6.6 Discussion, Related and Future Work

We have proposed and analyzed anytime-valid tests of conditional independence in the
model-X setting. Our method gives a general procedure to transform statistics that
measure conditional independence to e-statistics. We have shown that for a simple
alternative, using the conditional density as statistic leads to the growth rate optimal
e-statistic, and derived a bound on the inflation of type-I error under violations of the
MX assumption.

Duan et al.| (2022)) and [Shaer et al| (2023) have also proposed methods to test
CI under MX, but they address the problem in fundamentally different ways than
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Figure 6.3: FE-value for the bike sharing data set. Lines at the bottom indicate observation
times.

we do. In the fully sequential setting, Duan et al.| (2022, Appendix E.4) construct a
test martingale which grows if a researcher can better than randomly predict a binary
X, given past information and (Y, Z,); notice, however, that this is just a small
part of their work, which, for example, also includes tests for a batch setting. [Shaer
et al.| (2023)) construct a test martingale which measures how much better a forecaster
can predict Y;, based on past data and general (X,,, Z,), relative to a forecaster only
having access to a randomized X,, ~ Q z,- A derandomization of this procedure is
obtained by taking the expectation over X,,, which yields similar test martingales as in
Theorem [6.1] Both of these methods are very flexible in the choice and tuning of the
prediction method, and may therefore behave quite differently from ours. However,
ours are justified in terms of the strong GRO optimality criterion by Proposition
and Corollary whenever a fast-converging estimator is used. While this makes our
approach in some sense the optimal one, it requires specifying a reasonable (potentially
nonparametric) set of densities F to define the estimator f . We can basically use
any set of densities we like, as long as the estimators converge in information in the
sense below Corollary [6.5] However, it may not always be easy to find F for which
estimation is computationally feasible and practically successful, especially if Z is high-
dimensional. In that case the approaches of Duan et al|(2022)) and [Shaer et al.| (2023)
may have the advantage of being more flexible — whether or not this is the case may
be domain-dependent, and is an interesting avenue for future research. Finally, the
issue of robustness with respect to misspecification of the distribution of X|Z is only
assessed by [Shaer et al.| (2023)) through simulations, whereas our Theorem yields

the same worst-case bound for our approach as in the batch setting.
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6.6 Discussion, Related and Future Work

For a comparison of our method to the CRT, the following aspects are worth high-
lighting. Our simulations suggest that our anytime-valid tests with optional stopping
do not need more samples, on average, to achieve the same power as the CRT. To
be precise, for a given desired power, researchers have to plan for a higher maximum
sample size with our anytime-valid tests. But thanks to early stopping, the average
sample size of experiments is not more or even less than for the classical CRT. This
confirms the findings by |Grunwald et al.| (2024); ter Schure et al.| (2024); Turner et al.
(2024) on other anytime-valid tests and their nonsequential counterparts. In terms
of computational complexity, our method is not less efficient than the classical CRT
if the functions h,, in the test martingale can be updated in constant time; in our
application on logistic regression we did not make use of recursive updating, though.
A slight advantage of our method compared to the fixed sample size CRT is that the
latter requires at least [1/a — 1] resamples in order to be able to obtain a p-value
below a, whereas the test martingale (S5i),en can exceed any level independently of
the number M of resamples. If the strategy of Proposition [6.2] is applied, then each
factor in SEE is bounded by M + 1, but not their cumulative product.

There are various avenues for future research. With respect to robustness, our
Theorem [6.6] shows that for a fixed upper bound N on the sample size, the sequen-
tial test achieves the same worst case inflation of rejection rate as the nonsequential
CRT with a sample size N. It would be of interest to investigate the robustness of
the test when this upper bound grows and the approximation Q z of the conditional
distributions of X | Z are sequentially updated with new samples. Furthermore, our
simulations indicate that our e-statistics have competitive power compared to existing
methods with relatively small dimension of Z, but as stated above, further research
is necessary to investigate suitable e-statistics and their power when Z is of higher

dimension.
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7 Tests of Group Invariance

One of the key assumptions underlying our approach to the construction of anytime-
valid tests in the previous chapters was that the data were independent. We now
consider a setting where this assumption does not necessarily hold. In particular, we
study the problem of testing for invariance under a group of transformations, which
includes many standard statistical hypothesis tests, such as those for normality and
exchangeability. We show that, regardless of any dependence structure in the original
data, the invariance properties of the problem can be used to construct a sequence of
random variables that are i.i.d. under the null hypothesis. In fact, these transformed
data always have the same distribution under the null hypothesis, that is, the null
becomes simple. Consequently, it is straightforward to compute the log-optimal e-
statistic for a given alternative, as it is simply given by the likelihood ratio between
the alternative and (now simple) null. It can be shown that the cumulative product of
these log-optimal e-statistics, the likelihood ratio process, is the log-optimal e-process
among all e-processes that are functions of the transformed data. Remarkably, under
some assumptions on the alternative, it is sometimes even log-optimal among all e-
processes (that is, which are functions of the original data).

We furthermore apply this method to extend recent anytime-valid tests of inde-
pendence, which leverage exchangeability, to work under general group invariances.
Additionally, we show applications to testing for invariance under subgroups of ro-
tations, which corresponds to testing the Gaussian-error assumptions behind linear

models.
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7.1 Introduction

Symmetry plays a crucial role in statistical modeling. Most models, either explicitly or
implicitly, introduce assumptions of distributional symmetry about the data. For ex-
ample, any distribution under which data are independent and identically distributed
is symmetric under permutations of the data points and any regression model with
Gaussian errors is symmetric under certain rotations of the data. If these symme-
tries are actually present in the data, employing symmetric models yields advantages
for various objectives. These objectives include max-min optimality in hypothesis
tests (Lehmann and Romano, 2005) (see also Chapter , admissibility of estima-
tors (Brownl, [1966)), and increased predictive performance of neural networks (Cohen
and Welling), [2016). On the other hand, if the symmetries are absent from the data,
the use of a symmetric model may lead to poor performance in these same tasks. We
address the problem of testing for the presence of symmetries in the data.

The presence of a symmetry is formalized as a null hypothesis of distributional
invariance under the action of a group (in the algebraic sense). Perhaps the most
prominent example is infinite exchangeability—the hypothesis that the distribution of
any finite data sequence is invariant under the group of all permutations. The null
hypothesis of exchangeability is at the heart of classic methods such as permutation
tests (Fisher) [1936; Pitman), [1937) and rank tests (Sidak et al., [1999). Tests for other
symmetries have also been studied, including tests for rotational symmetry, which cor-
responds to invariance under the orthogonal group (Baringhaus| [1991)), symmetries for
data taking values on groups (Diaconis, |1988), and more general frameworks (Lehmann
and Stein), [1949; |Chiu and Bloem-Reddyl |2023). The majority of tests in this line of
work are designed for fixed-sample experiments—the amount of data to be collected is
determined before the experiment. In this chapter, we focus on testing for the presence
of symmetries sequentially and under continuous monitoring.

In the applications that interest us, data are analyzed as they are collected, and
the decisions to either stop and reach a conclusion or to continue data collection
may depend on what has been observed so far. Hypothesis tests that retain type-
I error control under such flexible data collection schemes have been called tests of
power one (Robbins and Siegmund, [1974; |Lai, [1977), and, more recently, anytime-
valid tests (Ramdas et al., 2023). The main insights in this line of work are that a
test martingale—a nonnegative martingale with expected value equal to one—can be
monitored continuously, and that a test that rejects when the test martingale exceeds

a fixed threshold maintains type-I error control uniformly over time (Ramdas et al.,
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2020; [Shafer}, 2021). More generally, the minimum over a family of test martingales—
an e-process—can be monitored (Ramdas et al., |2020).

While anytime-valid tests of general symmetries have not received much attention,
the specific case of infinite exchangeability has been studied classically. For example,
sequential rank tests, which can be interpreted as tests of exchangeability (also called
tests of randomness in the literature), have been studied. [Sen and Ghosh| (1973aybl
1974) develop asymptotic approximations and law-of-the-iterated-logarithm-type in-
equalities for linear rank statistics that hold uniformly over the duration of the exper-
iment. More recently, Ramdas et al.| (2022) and |Saha and Ramdas| (2024) developed
e-processes for the hypothesis of infinite exchangeability under specific assumptions
(binary and paired data, respectively). Anytime-valid tests of exchangeability that
do not require any additional assumptions are addressed in the work on conformal
prediction (Vovk et al., [2003] 2005). Conformal prediction, perhaps best known as
a framework for uncertainty quantification for point predictors, can also be used to
produce test martingales to test for exchangeability. In the context of conformal pre-
diction, test martingales are called conformal martingales. Most crucially for our
present purposes, [Vovk et al.| (2005) show that conformal martingales cannot only
be used to test for infinite exchangeability, but also to test whether data are gener-
ated by a fully general class of sequential data-generating mechanisms, called online
compression models (see Section . It is natural to ask whether distributionally
symmetric models define online compression models, as the conformal martingales
built by [Vovk et al.| (2005)) would automatically yield tests of distributional symmetry.
Unfortunately, this is not true in general.

In this chapter, we show that the above difficulty can be circumvented: Under nat-
ural conditions, a distributionally symmetric model does define an online compression
model. Furthermore, we show that the resulting conformal martingales are optimal
in a specific sense. Indeed, we show that the resulting martingales are likelihood ra-
tios against implicit alternatives and prove that they are optimal—in a sense that is
specified in Section [7.2}—for testing against that particular alternative. We use these
constructions to abstract and generalize existing tests of independence under the as-
sumption of exchangeability (Henzi and Law] 2024) to tests of independence under
general symmetries. Finally, we build tests for the Gaussian-error assumptions behind
linear models by testing for invariance under subgroups of the orthogonal group.

The rest of this document is organized as follows. Section formally introduces
the problem of anytime valid testing for distributional invariance, and the optimality

criterion that we employ. Then, in Section[7.3] the connection between group-invariant
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distributions and online compression models is shown. This connection is used in Sec-
tion [74] to construct test martingales against the hypothesis of distributional invari-
ance; the optimality of this procedure is shown in Section [7.4.2] Section shows
applications to test the assumptions of linear models, testing sign-invariant exchange-
ability, and independence testing. Finally, Section [7.6] discusses a potential direction

for future work.

7.2 Problem Statement

Suppose that we observe data X7, Xs,... sequentially and that they take values in
some topological space X. In our examples, X = R. Note that we assume neither that
these observations are independent nor that they are identically distributed; we only
assume that they are sampled from a distribution on infinite sequences. Furthermore,
for each n = 1,2,..., we assume that G, is a compact topological group (in the
algebraic sense) that acts continuously on X™. Here, a topological group is a group
that is equipped with a topology under which the group operation, seen as a function
Gn X G, — Gy, is a continuous map. A (left) group action is a map ¢ : G, x X™ — X"
that satisfies, for any ¢g,h € G,, and z™ € X™, that ¢(h, ¢(g,2")) = @(hg,z™). To
alleviate notation, when the action is clear from context, we write gx™ instead of
©(g,2™). In our examples, the group G, has a representation as a group of n x n
matrices and the group acts on R" by matrix multiplication. We are interested in
testing the null hypothesis of invariance of the data under the action of the sequence

of groups (Gp)nen, that is,
Ho:gX" 2 X" forallge G, and all n €N, (7.1)

where X" = (Xy,...,X,) and 2 signifies equality in distribution. At this level of
generality, one can build pathological examples of ([7.1]) that cannot be tested; more
structure is needed (see Section [7.3). The next example contains simple instances of

the problems that are amenable to our general framework.

Example 7.1 (Exchangeability, rotational symmetry, and compact matrix groups).

For tests of infinite exchangeability, the null hypothesis is given by

Ho : X4,...,X,, are exchangeable for each n € N.
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By definition, this can be rewritten as
Ho : (Xr@)s - Xnn)) E4 (X1,...X,) forall m € S(n) and n € N,

where S(n) denotes the group of permutations on n elements. In terms of the notation
above, the relevant sequence (G, )nen of groups is G,, = S(n) and the group action may
be written as 7X"™ = (X (1),..., Xz(n)) for each permutation 7 € S(n). Note that
S(n) can be represented through the group of n x n permutation matrices (matrices
with exactly one entry of 1 in each row and each column and 0 in all other entries). The
hypothesis above coincides with that of distributional invariance under multiplication
of the data (X1,...,X,,) by n X n permutation matrices for all n.

Similarly, in the case of tests for sphericity, that is, invariance under rotations
of data, the relevant sequence of groups is G,, = O(n). Here, O(n) denotes the
orthogonal group—the group of all n x n matrices O with orthonormal columns, that
is, such that OTO = I. Details are given in Section The action of permutation
and orthogonal groups are special examples of the actions of classic compact matrix
groups on R” (Meckes| [2019). With adjustments, invariance under any of these classic

compact matrix groups is also an instance of the hypothesis in

Anytime-valid tests We are interested in constructing sequential tests for Hg as
in (7.1) that are anytime-valid at some prescribed level a € (0,1). Here, a sequential
test is a sequence (@n)nen of rejection rules ¢, : X™ — {0,1} and we say that it is

anytime valid for Hy at level a if
Q(FneN:p, =1) <aforany Q € Hop.

Notice that this is a type-I error guarantee that is valid uniformly over all sample sizes:
the probability that the null hypothesis is ever rejected by (¢, )nen is controlled by
. The main tools for constructing anytime-valid tests are test martingales (Ramdas
et al.l |2020; [Shafer] |2021} |Griinwald et al., [2024)) and minima thereof, e-processes—see

Ramdas et al| (2020) for a comprehensive overview. We now define them.

Test martingales A sequence of statistics of the data is a test martingale if it is non-
negative, starts at one, and is a supermartingale under every element of Hy. Formally,
let G = (Gn)nen be a filtration of o-algebras such that G, C o(X™), where o(X™)
denotes the o-algebra induced by X™. Then a sequence of statistics (M, )nen that is
adapted to G is a test martingale for Ho with respect to G if Eg [M,, | Gp—1] < M, —1
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for all Q € Ho and My = 1. The main utility of test martingales is that, under Hy,
they take large values with small probability. This is quantified by Ville’s inequal-
ity (Ville, [1939), which shows that the sequential test given by ¢, = 1 {M,, > 1/a} is

anytime valid.

Lemma 7.1 (Ville’s inequality). Let (M, )nen be a test martingale with respect to

some filtration (G )nen under all elements of Ho, then

sup Q(IneN: M, >1/a) < a.

QEHo
Proof. Fix Q € Ho. Doob’s optional stopping theorem states that Eg[M,] < 1 for any
stopping time 7 that is adapted to (G, )nen (Durrett, 2019, Theorem 5.7.6). Markov’s
inequality implies that Q(M, > %) < C for any C' > 0. Applying this to the stopping
time 7* = inf{n e N: M,, > é} shows the result. O

Test martingales that make use of external randomization will also prove useful;
we will call them randomized test martingales. For randomized test martingales, we
append an independent random number 6,, ~ Uniform([0, 1]) to each X,,, that is, we
let Y, = (X,,0,) and consider test martingales that are functions of Y,, rather than
X

Test martingales are part of a broader class of processes, e-processes (Ramdas et al.|
2023)). An e-process is any nonnegative stochastic process E such that Eg[E;] <1
for all @ € Hp and (a subset of) all stopping times 7. Any e-process can be turned
into an anytime-valid test by thresholding it, that is, ¢, =1 {ET > é} is an anytime-
valid test for any stopping time 7. This property is often referred to as safety under
optional stopping (Grinwald et al. [2024). Relatedly, the product of e-processes based
on independent data is again an e-process. That is, suppose some e-processes FE and
E' are used for independent experiments, yielding stopped process ., and E/ . Then
the product again has the property that Eq[E; E] ] < 1 for all Q € Ho, which is

referred to as safety under optional continuation.

Log-optimality This type of evidence aggregation by multiplication of e-processes
motivates a natural optimality criterion. Indeed, suppose we were to repeatedly run
a single experiment, using a fixed e-process F and stopping time 7. If we measure
the total evidence by the cumulative product of the individual e-processes, then the
asymptotic growth rate of our evidence under true distribution P will be Ep[log E.].

It is therefore custom to look for e-processes that maximize this asymptotic growth
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rate, as can be traced back to Kelly betting (Kelly, [1956]). Variants of this criterion
have more recently been studied under numerous monikers (Shafer, 2021; [Koolen and
Grinwald| [2022; |Grinwald et al.l |2024)), but here we shall simply refer to maximizers

of this criterion as “log-optimal”.

7.3 Sequential Group Actions are Online Compres-

sion Models

The hypothesis in can only be meaningfully tested if the statements regarding
group invariance for each n € N are consistent with each other; without any further
restrictions, invariance of the data at one time may contradict the invariance of the
data at a later time. To avoid such situations, we assume that there is a certain
structure to the action of sequence of groups (G, )nen on the sample space, which we
will refer to as a sequential group action. After the statement of this definition, we

discuss its meaning.

Definition 7.2 (Sequential group action). We say that the action of the sequence of

groups (Gy,)nen on (X")nen is sequential if the following conditions hold.

(i) The sequence (G, )nen is ordered by inclusion: for each n, there is an inclusion
map t,4+1 : Gn — Gpy1 such that 4,41 is a continuous group isomorphism

between G, and its image, and the image of G,, under 1,41 is closed in G,,41.

(ii) Forall g, € Gy, and all 2" € X" projyn (1n11(gn)2™ 1) = g (projyn (z™1)),
where projy. is the canonical projection map projy. : X" — X™ given by

Projyn (1, - oy Tny Tng1) = (T1, -+, Tn).

(iii) Let n > 1, g, € Gp, and gn11 € Gpy1. For 2™ = (21,...,2,41) € A™TH
denote (2"1), 41 = z,41. Then, go11 = 1,11(gn) if and only if, for all 2"+ €

1 1 _
Xn+ 9 (gn+1xn+ )n+1 = Tn+41-

In Definition item [(i)| gives an ordering of the sequence of groups by inclusion,
ensures that this inclusion does not change the action of the groups on past data,
and implies that the groups do not act on future data. As a result, invariance
of X? ! under G,,_; is implied by invariance of X™ under G, and the individual
statements of invariance in for each n do not contradict each other. The instances
of discusssed in Example satisfy this assumption; a simpler situation where

this is satisfied is given in the next example.
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Example 7.2 (Within-batch invariance). Perhaps the simplest example is when, for

each n, G, has a product structure and acts on A componentwise. This is when
G,=H xHy x---x H,

for some sequence of topological groups (Hp)nen, each H,, acting continuously on X
by (h,z) — hx and (gn, X™) = (h1X1,...,hyX,) for each g, = (h1,...,hyn) € Gy.
This covers the setting where batches of data are observed sequentially and the interest
is in testing group invariance within each batch. For example, assume that X = R*,
each H; is a fixed group H acting on R¥, and data X¥ X% ... are assumed to be
ii.d. copies of a random variable X*. Then becomes the problem of testing
sequentially whether X* D hXkforallhe H , that is, whether the distribution of X*
is H-invariant. [Koning| (2023)) treats this batch-by-batch setting for general compact

groups.

In a addition to this example, sequential group actions also include more compli-
cated situations where there is “cross-action” between the different data points, as in
Example (corresponding to exchangeability and sphericity). The details for the
case of testing rotational symmetry are given in Section

We now show that, under the assumption that the group action is sequential, the
null hypothesis of invariance is an online compression model. The latter are models
for computing online summaries, or compressed representations, of the observed data.
When the data is generated by an online compression model, the techniques developed
for conformal prediction can be used to construct a sequence of statistics that has a
Uniform([0,1]) distribution under the null hypothesis. These statistics can be used
to build a conformal (test) martingale, as we will discuss in Section Vovk et al.

define online compression models in abstract terms; we use a simplified definition here.

Definition 7.3 (Online compression model, |[Vovk et al.| (2005)). An online compres-

sion model on X is a 3-tuple of sequences ((o,)nen, (Fn)nen, (@n)nen), where
1. (on)nen is a sequence of statistics o,, = 0,,(X™); we call o, a summary of X™,
2. (Fp)nen is a sequence of functions such that F,(o,-1,X,) = o,
3. (Qn)nen is a sequence of conditional distributions for (o,_1, X,) given o,.

To show how sequential group invariance defines an online compression model, we
first recall some group theory. First, the orbit G, X™ of X™ under the action of G,,
is the set of all values that are reached by the action of G, on X", ie., G, X" =
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{gX"™ : g € Gp}. In order to identify each orbit, we pick a single element of X"
in each orbit—an orbit representative—and consider the map ~, : X" — X" that
takes each X™ to its orbit representative. We call ,, an orbit selector (see Section
for examples), and we assume that it is measurable. Such measurable orbit selectors
exist under weak regularity conditions on X™ and G,, (see Bondar} |1976, Theorem 2)
that hold in all the examples of this chapter. Furthermore, because G,, is a compact
group, there exists a unique G, -invariant probability distribution u.,, called the Haar
(probability) measure (Bourbaki, 2004, Chapter VII). The Haar measure plays the
role of a uniform probability distribution on compact groups. Finally, it is a fact
that the data is uniformly distributed on its orbit conditionally on the orbit where it
lays; formally, X" | v,(X™) 2 UNn(X™) | 7 (X™), where U ~ p,, independently of
X (Eatonl |1989, Theorem 4.4).

We now show that if a sequence of groups (G, )nen acts sequentially on the data,
any distribution that is invariant under the action of said sequence defines an online
compression model. We use the orbit representative as summary statistic, i.e., we use
0n = Yn(X™). Then, since the distribution of the data is (G, )nen-invariant, the se-
quence of conditional distributions of (0y,—1, X;,—1) given o, is uniform over the orbits
as remarked earlier. In this way, we fix o, and Q,, in Definition [7.3] Furthermore, the
next proposition shows that, for sequential group actions, ¢, can be computed as a
function of 0,1 and X,,. The proof of this proposition can be found in Appendix [E]]
and it uses crucially the assumption that the group action is sequential. This dis-
cussion and the following proposition prove that a sequential group-invariant model

indeed defines an online compression model, as we state in Corollary

Proposition 7.4. If the action of (Gp)nen on (X™)nen is sequential, then there ex-
ists a sequence (F,)nen of measurable functions Fy,, : X" ! x X — X" such that
Fr (Y1 (X" 1), X)) = 7 (X™) and F,( -, X,,) is a one-to-one function of y, 1 (X"~ 1).

Corollary 7.5. Assume that the action of (Gn)nen on (X™)nen is sequential, let fiy,
be the uniform distribution on G, X"™ induced by the Haar measure pu, on G, and let
(Fy)nen be as guaranteed by Proposition . Then the tuple

(v (X™))nens (Fn)nen, (Fn)nen),

defines an online compression model on X .
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7.4 Testing Group Invariance With Conformal Martingales

7.4 Testing Group Invariance With Conformal Mar-
tingales

We now construct test martingales for the null hypothesis of distributional symmetry
in any time that a sequence of groups (G, )nen acts sequentially on the data
(X, )nen. To this end, the invariant structure of the null hypothesis Hg is used in
tandem with conformal prediction to build a sequence of independent random variables

(Ry)nen with the following three properties:

1. The sequence (R, )nen is adapted to the data sequence with external random-
ization (X, 0, )nen, that is, for each n € N, R,, = R, (X, 0y).

2. Under any element of the null hypothesis Hg from (7.1), (R, )nen is a sequence

of independent and identically distributed Uniform[0, 1] random variables.

3. The distribution of (R, )nen is not uniform when departures from symmetry are

present in the data.

The construction of these random variables is the subject of Section [7.4.1}—additional
definitions are needed—and their optimality is the subject of Section In order to
guide intuition, Example shows a first example for testing exchangeability, which
has previously also been studied by [Vovk et al. (2005) and [Fedorova et al.| (2012]).
They call the statistics Ry, Ro, ... p-values owing to their uniformity. We opt against
that terminology here, because typically only small p-values are interpreted evidence
against the null hypothesis. However, in the context of testing for symmetry, it is any
deviation from uniformity that we interpret as evidence against the null hypothesis.
For reasons that will become apparent soon, we call Ry, R, ... (smoothed) orbit ranks
(see Definition [7.7)).

With the sequence (R,,),en at hand, test martingales against distributional invari-
ance are built by testing against the uniformity of (R, )nen. Indeed, any time that
(fn)nen is a sequence of functions f; : [0,1] — R such that [ f;(r)dr = 1, the process
(My)nen given by

My, = H fi(R:) (7.2)

i<n
is a test martingale for Ho with respect to F, where F = (6(R"))nen and o(R™) is
the o-algebra generated by R™. This follows from the fact that Eq [M, | o(R""1)] =
M, f fn(r)dr = M, _1, where we leverage independence and uniformity. The func-

tions (fn)nen are known as calibrators (Vovk and Wang) 2021)). They can be taken
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to be any sequence of predictable estimators of the density of Ri, Rs,... (Fedorova
et al.,2012), so that the test martingale is expected to grow if the true distribution of
the orbit ranks is not uniform, i.e., the null hypothesis is violated. The optimality of
this procedure is discussed in Section

Example 7.3 (Sequential Ranks). Consider the case of testing exchangeability as
discussed in Example that is, the case when X = R and G,, = S(n) . For
each n, define the random variables R, = Y oien 1{X; < X, }—the rank of X,, among
Xq,...,X,. The random variables El,ﬁg, ... are called sequential ranks (Malov),
1996). It is a classic observation that each R,, is uniformly distributed on {1,...,n},
and that (En)neN is a sequence of independent random variables (Rényi, [1962)). After
rescaling and adding external randomization, a sequence of random variables (R,,)nen
can be built from (En)neN such that (R,)nen satisfies items 1, 2 and 3 at the start
of this section. Furthermore, if we denote the uniform measure on S(n) by p,, then
En can also be obtained from n‘lﬁn = pn{9 : (9Xn)n < X,,}. While this rewriting
may seem esoteric at this point, it turns out to be the correct point of view for

generalization.

7.4.1 Conformal Prediction Under Invariance

In general, the statistics R,, will be designed to measure how strange the observations
X™ are in contrast to what would be expected under distributional invariance. To this
end, the values of X™ are compared to those in the orbit of X™ under the action of
Gy. In order to measure the “strangeness” of the observations in their orbit, we use

an adaptation of the conformity measures introduced by [Vovk et al.| (2005)).

Definition 7.6 (Conformity measure of invariance). We say that the function A :
X xJ,_, X™ — R is a conformity measure of invariance if the following holds: if there
are X" X'™ € X", such that A(X;, v, (X™)) = A(X],v(X'™)) for all i € {1,...,n},
then, for all g € G,,, we also have that A((gX™);, v (X™)) = A((gX"™)i, 1 (X'™)) for
allie {1,...,n}.

The group-related condition on A that appears in Definition [7.6]is an addition to
that of [Vovk et al.| (2005); it ensures that the action of G,, on X" induces an action
on the conformity measure. The intuition of the definition is that when A is prop-
erly chosen, A(X,,v,(X™)) is a numerical score that indicates how similar X, is to
the other values in its orbit. Therefore, the statistic a,, = A(X,, v (X™)) is called
a conformity score. The easiest example is when X™ C R"™ because then A defined
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by A(X,,v.(X™)) = X, is a conformity measure of invariance—this is the case in
Example |[7.3] However, perhaps a more intuitive choice would be A(X,,,v,(X"™)) =
|Xn_fG 97 (X™) dun(g)| ™1, since this quantity is large whenever X, is close to the av-
erage value within the orbit, which is given by | G 9 (X™) dpn(g). For a more involved
example, consider the case where the data points are given by X; = (¥, Z;) for some
outcome Y; € R and a covariate Z; € R. Then one might consider A(X;,v,(X™)) =
lY; — Yi|_1, where V; is the prediction of some regression method that was trained
on the orbit of X;. In this case, the intuition is that, if the label is very close to the
prediction that is made using all of the values in the same orbit, then X; must have
been very typical of the orbit. For a more detailed discussion on different conformity
measures, we refer to |Fontana et al.| (2023).

Since the scale of the conformity scores is arbitrary—they can be scaled at will—,
only comparisons between them are meaningful. Therefore, similar to what happened
in Example [7.3] we will rank the observed value of the conformity score a;, among all
its possible values on the orbit of the data. To this end, we obtain the distribution
of the conformity scores under the null hypothesis using the assumed distributional
invariance. Indeed, as discussed in Section [7.3] the distribution of X™ conditional
on v(X™) is uniform on its orbit. This idea gives rise to the (smoothed) orbit ranks

(Rp)nen in the next definition.

Definition 7.7 (Smoothed Orbit Ranks). Fix n € N, let A be a conformity measure,
and let «,, = A(X,,,7.(X™)) be the associated conformity score. We call R,,, defined
by

R, :Mn({g €Gp: A((an)na'Yn(Xn))n < an}) =+

(7.3)
9nun({g € Gy A((an)naVR(Xn)) = O‘n})v

a (smoothed) orbit rank, where pu,, denotes the Haar probability measure on G,, and
0, ~ Uniform|0, 1] is independent of the data X™.

The simplest case is when the group G, is finite of size k and A(X;, 7,(X™)) = X;.
In that case, p,, is the discrete uniform distribution on G,, and R,, = %#{g € Gy :
(9gX™)n < Xn} + 0?"#{9 € Gy (9X")n = Xn}.

An important intuition is that the statistic R,, is the CDF of the distribution of
ay, conditional on v, (X™) evaluated in «,, (with added randomization) under Ho. It
follows that if said CDF is continuous, smoothing plays no role in and R, L 6,. It
also follows—and this is shown in Theorem [7.8—that each R, is uniformly distributed

n [0,1]. [Vovk et al.| (2005, Theorem 11.2) show that, if the data is generated by an
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online compression model, and 61,65, ... are independent, then Rj, Rs,... are also
independent. Since Corollary [7.5] shows that a sequential group invariance structure
defines an online compression model, it follows that the smoothed orbit ranks form an
i.i.d. uniform sequence under the null hypothesis. This is stated in the next theorem,

for which we provide a direct proof in Appendix [E-I] for completeness .

Theorem 7.8. Suppose that the action of (Gp)nen on (X™)nen is sequential, that
(X)) nen is generated by an element of Ho, and that 01,02, ... are independent. Then
R™ L 4n(X™) for each n and (Ry)nen is a sequence of i.i.d. Uniforml0,1] random

variables.

7.4.2 Optimality

We now show that any martingale based on the smoothed orbit ranks as in is a
likelihood ratio process and that it is log-optimal against the implicit alternative for
which it is built. To this end, let P be a distribution such that for all n, conditionally
on R"~!' R, has density f, (with respect to the Lebesgue measure). Technically,
the conditional density of R, is not defined only by P, but also by the external
randomization. To make this explicit in the following, we will use P to denote P
with external randomization added, that is, P=Px U, where U is the uniform
distribution on [0, 1]*°. Analogously, for each @ € Hy, define é =Q xXU>.

The discussion below shows that M, = [[,., fi(R;) is a test martingale.
In fact, M, is the likelihood ratio for the orbit rank; R™ between P and @, since
the distribution of R™ under @ equals the uniform distribution for any Q € Hy by
Theorem Surprisingly, if P is such that R, L 4 (X™), then M, is also the likeli-
hood ratio for the full data X™ between P and an appropriately chosen distribution
Q* € Ho, as shown in the following proposition. For the sake of brevity, the action of

(Gn)nen on (X™),en is assumed to be sequential throughout.

Proposition 7.9. Suppose that A( - ,v,(X™)) is a one-to-one function for eachn € N,
suppose that P is any distribution under which R, L v,(X™) for each n, and let f;
denote the conditional density of R; given R'™' under P. Let M, = [],., fi(R:).
Then, for Q € Ho, -

Q (Mn = (fg; (X”)> =1, (7.4)

where Q* denotes the distribution under which the marginal of v,(X™) coincides with
that under P, and such that X™ | v,(X™) 4 UNn(X™) | o (X™), where U ~ puy,
independently from v, (X™).
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The distribution Q* can be thought of as a symmetrization of P, since the marginal
of v, (X™) is the same, but the distribution conditional on 7, (X™) is defined by sym-
metry. Proposition [7.9] therefore shows that, if the orbit ranks are independent of the
orbit selectors under P, then (M, ),en is the likelihood ratio process between P and
a symmetrization thereof. The next theorem uses this representation to show the log-
optimality of (M,,)nen. Its proof follows that of Theorem 12 of [Koolen and Griinwald
(2022).

Theorem 7.10. Assume that A( -, (X™)) is one-to-one for all n € N and let P
be such that, under P, the distribution of X™ | 4,(X™) is absolutely continuous with
respect to the uniform distribution. Denote f; for the density of R; | R"™1 under P
and let My, =[1],.,, fi(R;). Let T be any stopping time and (Ey)nen any e-process for
Ho, both with re;pect to F—the filtration generated by the smoothed ranks. Then it
holds that

EI; [lnM,] = Elg > Elg InE;]. (7.5)

i=1

Moreover, zf}3 is such that R™ L ~,(X™) for all n, then for any e-process E' for H
w.r.t. (6(X™ 0™))pen—the full-data filtration—, it also holds that

The first part of Theorem Equation , establishes that, under some as-
sumptions on P, (M, )nen is log-optimal for testing group invariance among all e-
processes defined only on the orbit ranks. Moreover, the second part of Theorem [7.10]
Equation , states that if the orbit ranks are also independent of the orbit se-
lector under P, then (M, )nen is log-optimal for testing group invariance among all
e-processes defined on the full data. The additional assumption of independence be-
tween R™ and 7, (X™) is necessary for to hold: if P is a distribution under which
Ri,...,R, L ~vn(x™), then the conformal martingale is not in general a likelihood
ratio as in ([7.4). For the deterministic stopping time 7 = n, the log-optimal statistic
is instead given by S, = [\, fu(R1,..., Ry | 70(X™)), as it can be written as a
likelihood ratio (see also |Grinwald et al., [2024; Koning}, [2023)). However, the sequence
(S )nen does not necessarily define a test martingale or e-process, so that it might not
be possible to use it in the construction of an anytime-valid test. Using tests based
on the sequential ranks circumvents this issue for such alternatives.

The optimality of M,, in Theorem [7.10]is contingent on oracle knowledge of the

true distributions fi, f2,..., which are unknown in practice. To counter this, past
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data can be used to sequentially estimate the true density. This idea has previously
been applied for testing exchangeability (Vovk et al. |2005; [Fedorova et al.| 2012).
More precisely, for each n, let fn be an estimator of f,, based on R"~!, and consider
the martingale defined by ]!, ﬁ(RZ) In general, this is suboptimal with respect
to an oracle that knows the true density. However, in the case that there exists a
density f such that f; = f for all i, i.e. data are i.i.d. under P, there is limited loss
asymptotically if ﬁ is a good estimator of f. In order to judge if an estimator is good
for the task at hand, consider the difference in expected growth per outcome for fixed

n, i.e.,

LS Ballog f(R:) ~log fu(R)) = - S BHKL(/If.), (17)
i=1 i=1

where KL(f||§) = fo r)log(f(r)/g(r))dr denotes the Kullback-Leibler divergence
whenever f is absolutely continuous with respect to g, and the expectation on the
right-hand side of is over past data (on which fi depends). If tends to zero
as n grows large, the expected growth per outcome converges to that of the log-optimal
test martingale. This motivates the use of density estimation algorithms for which this
always happens. Under stringent assumptions—for example, if the density f belongs
to an exponential family—sequential Bayesian-update-type algorithms are known to
guarantee that converges to zero (Kottowski and Griinwald, [2011]). Under weaker
assumptions, specialized algorithms exist with the same guarantees (Haussler and
Opper}, 1997} (Cesa-Bianchi and Lugosi, |2001; |Grinwald and Mehta), 2019).

7.5 Applications and Extension

In this section, we discuss applications and an extension of the theory developed in

the previous sections.

7.5.1 Sign-Invariant Exchangeability

In this subsection, we consider testing for sign-invariant exchangeability (Berman)
1965; [Fraiman et al.; |2024)) with the purpose of illustrating our method on a concrete,
basic example, and show its performance through numeric simulation. Real-valued
data are sign-invariant if (Xy,...,X,) 2 (e1X1,...,6,Xy) for all signs (e1,...,€,) €
{—1,1}". We consider {—1,1}" as a group with componentwise multiplication as
operation. Data are sign-invariant exchangeable if they are both sign-invariant and ex-
changeable. That is, if (X1, ..., X,) L (1 Xr(1), - -+ €nXr(n)) for all signs (€1, ..., €,) €

131



7.5 Applications and Extension

{=1,1}" and all permutations ©* € S(n). The null hypothesis of sign-invariant ex-
changeability is therefore equivalent to the distributional invariance of X™ under the
action of G, = {=1,1}" x S(n). The orbit of X™ under G, is given by the set
{aaXraqy, s enXa@m)) © (e1,...,6n) € {=1,1}", 7 € S(n)}. Since G, is finite, the
Haar measure is the discrete uniform distribution. Furthermore, because the data are
assumed to be real, we can take A(X,,,v,(X")) = X,. Let X{,..., X}, be given, for
i=1,...,n,by X = X; and X, = —X;. The smoothed orbit rank in becomes

_#li<:meX{< X}, #Hi< 20 X]= X}

R
" 2n 2n

(7.8)

These statistics can be computed upon observing the data, and standard density
estimation algorithms can used to estimate their density. Following Section [7.4] for
each n we use Ry,...,R,_1 to build an estimate fn of the density and use M, =
IL<. fi(R;) as a test martingale.

We investigate how martingales obtained in this manner behave through simula-
tions. For these experiments, we used the R language (R Core Team| [2022). The den-
sity estimation was performed using the kernel density estimation that is implemented
in the Stats package. However, standard kernel density estimation can lead to poor
performance around the boundaries. This is because these algorithms are designed
to estimate densities supported on R and not just on [0, 1]. Following Fedorova et al.
(2012), a solution to this problem is (in the case of testing exchangeability) to reflect
the sequence of orbit ranks to the left from zero and to the right from one. Then, the
estimate is computed using the extended sample U ;{—R;, R;,2 — R;}. Finally, the
estimated density is set to zero outside of the unit interval and then normalized. We
have used this same procedure here. Furthermore, for the sake of comparison, we also
include the conformal martingale that would be obtained if testing either for exchange-
ability exclusively or for sign-invariance. The results are shown in Figure We see
that, if data are sign-invariant exchangeable—i.i.d. Rademacher or i.i.d. Normal(0,1)
in our experiments—, the conformal martingales are indeed martingales and do not
take large values, as expected based on the discussion in Section [7.2] Under the al-
ternative, the statistic M,, is no longer a martingale, and it does grow. However, the
methods that test for only one of the two symmetries (either exchangeability or sign
invariance separately) do not detect alternatives for which that particular symmetry
is not violated, but the other is (see Figure . On the other hand, the conformal
martingale based on R,, as described in detects all of the alternatives. In fact,
for the alternative where each X; € {—1,1} and X; = 1 with probability p;, =1 —1/¢
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(a) Under null models: X; = +1 w.p. 0.5 and X; ~ N(0,1).
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(b) Statistics under alternative models (all independent). Upper left
corner: X; = 1 wp. p; = 1 —1/i and X; = 1 with probability
1 — p;. Upper right corner: X; ~ N(i/10,1). Lower left corner:
X; ~ N(0,1/4). Lower right corner: X; ~ N(1,1).

Figure 7.1: The logarithm of the conformal martingale against sample size for three dif-
ferent methods: testing for both sign-invariance and exchangeability, or only one of the two.
A test built against sign-invariance and exchangeability can detect the absence of either of
those two invariances while a test that is built to detect only one of then cannot achieve the
same goal (see Section. Data are independent under all considered models. The results
were averaged over 500 repetitions.

and X; = —1 with probability 1 — p; indepently, the corresponding test martingale
is even log-optimal among all e-processes. This is due to the fact that, regardless
of the observed data, the orbit of X; is always the set {—1,1}. Therefore, the orbit
selector can be chosen to be v, (X™) = (1,...,1) independently of the data, such that
R, L 4, (X™). The log-optimality then follows from Theorem
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7.5.2 The Orthogonal Group and Linear Models

Consider testing whether the data we observe are drawn from a spherically symmetric
distribution, i.e., X = R and G,, = O(n), where O(n) is the orthogonal group in
dimension n. Testing for spherical symmetry is equivalent to testing whether the data
are generated by a zero-mean Gaussian distribution. Indeed, any distribution on R*
for which the marginal of the first n coordinates is spherically symmetric for any n,
is a mixture of i.i.d. zero-mean Gaussian distributions (Bernardo and Smith| [2009,
Proposition 4.4). It follows that any process that is a supermartingale under all zero-
mean Gaussian distributions is also a supermartingale under spherical symmetry and
vice-versa. This implies that, for the purpose of testing with test (super)martingales,
the two hypotheses are equivalent. We show how this fits in our setting, and defer the
application to regression to Appendix [E-2]

We now check that testing spherical symmetry fits in our setting, i.e., that Defini-
tion [7.2]is fulfilled. Consider the inclusion of O(n) in O(n + 1) given by

a1 (On) = (OO f)

for each O,, € O(n). Using the canonical projections in R", Definition is readily
checked. Since the data are real, we can consider the simple measure of conformity
A(Xp, v (X™) = X,,. An orbit selector is given by 7,(X"™) = || X™||e1, where e; is
the unit vector e; = (1,0,...,0). For simplicity, we assume that the distribution of
X™ has a density with respect to the Lebesgue measure for each n, so that R, =
tn({On € O(n) : (0 X™), < X,})—no external randomization is needed. Rather
than thinking of 4, as a measure on O(n), one can think of it as the uniform measure
on S~ 1(]|X™||). This way, R, can be recognized to be the relative surface area of
the hyper-spherical cap with co-latitude angle ¢, = m — cos™1(X,, /|| X™|). [Li (2010)

shows that an explicit expression for this area is given by

1 n—1 1 . s
R, — 11— §Isin2(ww1n) 1(Tv 5) if on > 3, (7.9)
3Lz (o) ("5 3) else,

where I.(a,b) denotes the regularized beta function, I,(a,b) = g%f’g’gg for B(x,a,b) =

fow 1 -ty for0<ax <1.
2
Note that ¢,, > 7 if and only if X,, > 0 and that sin?(p,) =1 — H)?%Hz’ so that
(7.9) equals the CDF of the t-distribution with n — 1 degrees of freedom evaluated
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int=+n—-1X,/|X . If X» ~ N(0,0%L,), then t is the ratio of a normally
distributed random variable and an independent chi-squared-distributed random vari-
able. Therefore, t has a t-distribution with n — 1 degrees of freedom. The test thus
obtained is a type of sequential t-test that has, to the best of our knowledge, not been
considered previously.

This example can be extended to testing for centered spherical symmetry, i.e.,
whether X™ = ul,, + €”, where 1,, is the all-ones n-vector, u € R and €" is spherically
symmetric for every n € N. By similar reasoning as above, this is equivalent to
testing whether the data is i.i.d. Gaussian with any mean/variance. Even more, by
considering different isotropy groups, one can also cover the case where the mean p is
not fixed, but depends on covariates. The ideas needed in that case are similar; we
show how deal with the added complexity in Appendix

7.5.3 Modification for Independence Testing

We now propose a minor modification of the conformal martingales from the previous
section that can be used to test for independence. Formally, fix K € N and suppose
that at each time point n € N, a K-dimensional vector X,, = (X1,,..., Xk n) € XK
is observed. We are interested in testing the null hypothesis that states that: (1)
for each k = 1,..., K and each n the vectors (Xj1,...,Xg ) are Gy-invariant, and
(2) (Xkay--y Xen) L (Xpray.o oy Xy ) for all k& # k' € {1,...,K}. Under this

hypothesis, the data is invariant under the sequential action of (G,)nen given by

G, = GE acting on XX*" rowwise. That is, the first copy of the group acts on
(X11,.-.,X1), thesecond on (Xz2,...,X2,), etc. This action is sequential anytime
that the action of (G, )nen is sequential on each of the K data streams.

Based on the discussion above, a first idea to test for invariance under én is to
create K test martingales and combine them through multiplication. More specifically,
we can treat each of the sequences (Xgn)nen, & € {1,...,K} as a separate data
stream and compute the corresponding statistics in , leading to K sequences of
uniformly distributed random variables (R n)nen. If, foralln € Nand k € {1,..., K},
fin is a density on [0, 1] then, by independence, the sequence (M) )nen defined by
M =TI, Hszl fr,i(Rk,) is a martingale under the null hypothesis. However, this
martingale would not be able to detect alternatives under which the marginals are
group invariant, but not independent. This stems from the fact that it only uses that
the marginals are uniform under the null, while in fact a stronger claim is true: for
each n, the joint distribution of Ry ., k € {1,..., K}, is uniform on [0, 1]¥. As a result
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of this observation, one can choose any sequence of joint density (estimators) f1, fa,. ..
on [0,1]% and create a test martingale by considering M,, = [[/_, fi(R1, ..., Rk.i)-

In the case that K = 2 and G,, = S(n), this is the procedure that was recently
employed by [Henzi and Law]| (2024)). They discuss a specific choice of f,, a histogram
density estimator, that is able to detect departures from independence consistently
under the stronger assumption that data are i.i.d. One of their key insights is that
independence of the data streams not only implies joint uniformity of the sequential
ranks in their setting, but that independence and joint uniformity are actually equiv-
alent. This equivalence breaks down if one does not assume that X 1, Xp2... are
iid. for all k. Finding conditions under which the independence of the streams and
the joint uniformity of the rank distributions are equivalent so that a histogram den-
sity estimator might reliably detect independence in the more general setting is an

interesting avenue of research.

7.6 Discussion

We have discussed how the theory of conformal prediction can be applied to test
for symmetry of infinite sequences of data. Here we discuss two topics. First, the
relationship to noninvariant conformal martingales. Second, whether smoothing is

necessary when defining orbit ranks.

7.6.1 Noninvariant Conformal Martingales

Not all online compression models correspond to a compact-group invariant null hy-
pothesis. An interesting example of this phenomenon is when the data are i.i.d. and
exponentially distributed. This distribution is invariant under reflections in any 45°
line (not necessarily through the origin), but these reflections do not define a compact
group and therefore do not fit the setting discussed in this chapter. Nevertheless, the
sum of data points is a sufficient statistic for the data, so this model can still be seen as
an online compression model with the sum being the summary. More work is needed
to find out whether conformal martingales are log-optimal against certain alternatives

in such settings.

7.6.2 The Need for Smoothing

In situations when, conditionally on the orbit selector v, (X™), the conformity measure
a™(X™) has a continuous distribution, the smoothing plays no role in (7.7]). This is the
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case for the rotations discussed in Section In certain other scenarios, smoothing
can be avoided as well. Indeed, one can always define nonsmoothed orbit ranks,
in opposition to the smoothed ranks R,, from Definition by R, = wn({g € Gy, :
(ga™),, < o }). Notice that this nonsmooth version satisfies R, < R,,. For a particular
choice of increasing densities f1, fa,..., on [0,1]—in the sense that u — f;(u) is
increasing—, we have that the process M, := [T, fi(R;) is bounded from above
by the conformal martingale M, = [[;_, fi(R;). Such a choice of increasing f; is
natural when high values of R; (or El) are associated with departures from the null
hypothesis. Then, any sequential test based on an upper threshold on Mn inherits
the anytime-valid type-1 error guarantees of M,,—exactly because Mn < M,,. This
was previously noted by [Vovk et al. (2003). However, the process Mn may not be
a martingale itself. Instead, a test martingale can sometimes directly be associated
to En For instance, in the setting of Example (testing exchangeability), the
distribution of R,, under the null hypothesis is known—it is uniformly distributed on
{1,...,n}. Therefore, we can construct likelihood ratio processes for the sequence of
nonsmoothed ranks. Even more, there are parametric alternatives under which the
exact distributions of the nonsmoothed ranks can be computed. This is the case for
Lehmann alternatives where, under the null, each X; is assumed to be sampled from
some continuous distribution with c.d.f. F;(x) = Fy(x) for some fixed Fp; under the
alternative, F;(z) = 1 — (1 — Fy(z))% for some 6;. From Theorem 7.a.1 of Savage
(1956)) the distribution of RZ can be derived, so that the likelihood ratio process of Ez

can be used for testing, thus avoiding external randomization.
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8 Testing With

Group-Invariant Models

So far, in Chapters the approach has been to construct log-optimal e-statistics
against simple alternatives. As discussed in Section this can be extended to com-
posite alternatives by using the method of mixtures or using prequential plug-in esti-
mators. In this chapter, we instead take a worst-case approach for the alternative and
study worst-case-growth-rate-optimal (GROW) e-statistics. In particular, we consider
GROW e-statistics for hypothesis testing problems between two group models. That
is, in the previous chapter, we tested whether the distribution that generated the data
was invariant under a certain group of transformations. Here, we instead assume that
there is such an invariance and consider test statistics that use this assumption. To
this end, it is known that under a mild condition on the action of the underlying group
G on the data, there exists a maximally invariant statistic. We show that among all
e-statistics, invariant or not, the likelihood ratio of the maximally invariant statistic
is GROW, both in an absolute and in a relative sense, and that an anytime-valid test
can be based on it. The GROW e-statistic is equal to a Bayes factor with a right Haar
prior on G. Our treatment avoids nonuniqueness issues that sometimes arise for such
priors in Bayesian contexts. A crucial assumption on the group G is its amenability,
a well-known group-theoretical condition, which holds, for instance, in scale-location

families. Our results also apply to finite-dimensional linear regression.
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8.1 Introduction

We develop e-statistics and anytime-valid methods (Ramdas et al.,|2023)) for composite
hypothesis testing problems where both null and alternative models remain unchanged
under a group of transformations. Assume that the parameter of interest is a function
d = 6(0) that is invariant under these transformations. Here, § € O is the parameter
of a probabilistic model P = {Py : § € ©} on an observation space X. In the simplest
case that we address, we are interested in testing whether the invariant parameter §

takes one of two values, that is,
H() : 5(9) = (50 VS. Hl : 5(0) = 51. (81)

A prototypical example is the one-sample t-test where P = {N(p,0) : (1,0) € RxRT}
and the parameter of interest is the effect size §(u,0) = p/o, an invariant function
of the model parameters under changes of scale. Other examples include tests about
the correlation coefficient, which is invariant under affine transformations, and the
variance of the principal components, an invariant under rotations around the origin
(for more examples, see [Berger et al.; [1998). Data can be reduced by only considering
its invariant component. Roughly speaking, by replacing the data X™ = (X1,...,X,)
with an invariant statistic M,, = m,,(X™), one discards all information that is not
relevant to the parameter § (see the formal definitions in Section . For example,
for the one-sample t-test, we can set M, equal to the t-statistic Ms,, « fi,,/6, but
also to M, = (X1/|X1],...,X,/|X1|). Both are invariant functions under rescaling
of all data points by the same factor that retain, as we will see, as much information
as possible about the data.

By reducing the data through an invariant function, an invariant test can be ob-
tained. Through the lens of the invariance-reduced data M,,, the composite hypotheses
about 6 simplify and becomes simple-vs.-simple in terms of §. Indeed, because
M,, is an invariant function, its density depends only on §. Let us denote pM» and
g™~ the densities of M,, under Ho and Hi, respectively. Both fixed-sample-size and
sequential tests can be based on assessing the value of the likelihood ratio

Pt o 0 () )
pMr(ma (X))
However, it is not clear a priori whether this reduction affects the optimality of the

resulting tests. In other words, does the family of invariant tests, i.e. tests that can
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be written as a function of 7 contain the best ones?

For fixed-sample size tests, with power as a criterion, the answer is positive: a cele-
brated theorem of Hunt and Stein shows that, when looking for a test that has max-min
power, no loss is incurred by looking only among group-invariant tests (Lehmann and
Romano, 2005, Section 8.5). In classic sequential testing, the principle of invariance
has been used (Cox, [1952; Hall et al., [1965), but no optimality results are known.
In this chapter we address this question and provide an analogue of the Hunt-Stein
theorem within the setting of anytime-valid tests. We replace power by GROW (see
again below), the natural optimality criterion in this context, and we show that, under
some regularity conditions, T is the optimal e-statistic for testing (8.1]).

The e-statistic (also known as e-variable or e-value) is a central concept within the
theory of anytime-valid testing (Vovk and Wang}, [2021; Shafer, 2021} (Grinwald et al.|
2024; Ramdas et al.l 2020), interest in which has recently exploded —Ramdas et al.
(2023)) provide a comprehensive overview. The main objective that is achieved by
testing with e-statistics is finite-sample type-I error control in two common situations:
when experiments are optionally stopped—sampling is stopped at a data-dependent
sample size—, and when aggregating the evidence of interdependent experiments. In
the latter case, called optional continuation (Griinwald et al., 2024, GHK|from now on),
the decision to start a new experiment may depend in unknowable ways on the outcome
of previous experiments (Vovk and Wang |2021). We will use the qualifier anytime-
valid as an umbrella term that covers both optional stopping and continuation, and
study invariance reductions for anytime-valid tests; we stress that, as elaborated in
Appendix anytime-valid testing, while taking place in a sequential setting, is
different from classical, Wald-style sequential testing, in which power is meaningful.
While e-statistics have also found applications beyond anytime-validity, for example in
multiple testing (Wang and Ramdas| |2022; |Ren and Barber, |2024)) and when not just
the stopping time but also the relevant loss function or significance level may depend in
unknowable ways on the data itself (decision-theoretic robustness, |Grinwald, (2023)),
our results focus on optimality in the anytime-valid context. In this context, power
is not a meaningful measure of optimality (see Section . A natural replacement
of power is the GROW criterion, which stands for growth rate optimal in the worst
case. Informally, among all e-statistics, those that are GROW accumulate evidence
against the null as fast as possible (in terms of sample size). Some other authors
refer to GROW as “maximal e-power” (Zhang et al., |2024)) or as “optimizing the
Kelly criterion” (Ramdas et al., [2023)). Sometimes, it is beneficial to consider instead

the growth rate relative to an oracle that knows the distribution of the data, not in
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absolute terms. e-statistics that are optimal in this relative sense are called relatively
GROW. Especially this relative criterion (or closely related variations of it) has often
been used to design e-statistics; recent examples include the work of Henzi et al.
(2023) and Waudby-Smith and Ramdas| (2024)—see Ramdas et al.| (2023)) for a more
comprehensive list.

Under regularity conditions, the GROW e-statistic can be found by minimizing the
Kullback-Leibler (KL) divergence between the convex hull of the null and alternative
models (GHK)). Indeed, the likelihood ratio of the distributions that achieve this min-
imum KL is a GROW e-statistic, and the GROW e-statistic is then essentially unique
in the sense that any two GROW e-statistics agree almost surely under all distribu-
tions in Hg and Hi. As such, e-statistics can be seen as composite generalizations of
likelihood ratios. In particular, any likelihood ratio of a statistic that has the same
distribution under all elements of the null and another single distribution under the
alternative is an e-statistic (GHK)). As a consequence, for any invariant function of the
data M, the likelihood ratio statistic 7"~ from is an e-statistic for the testing
problem . As our main contribution, we show that, under regularity conditions, if
M, is a maximally invariant statistic of the data or of a sufficient statistic for 6, then
the KL divergence between ¢™» and pM» equals the minimum KL divergence between
the convex hulls of the null and alternative models. By the result of |[GHK| mentioned
above that links KL minimization to GROW e-statistics, TM» is GROW. A maxi-
mally invariant statistic, informally, loses as little information as possible about the
data while being invariant. For example, with V,, = (X1/|X1],..., X,/ X1]), setting
M, :=V, as in the beginning of the introduction for the t-test gives a maximal invari-
ant, while using M/ := V,,_; gives an invariant that is not maximal. Furthermore, the
t-statistic is not maximally invariant for the raw data, but it is a maximally invariant
function of (fi,, 6,,) which is a sufficient statistic. As we will see, the likelihood ratio
statistic TMs» where Ms p, is the t-statistic and TM» with M,, = V,, coincide (see
Appendix , and it will follow from our results that both are GROW.

Additionally, we show that any GROW e-statistic is also relatively GROW in the
group-invariant setting. Hence, TM» is relatively GROW as well. This growth rate
optimality motivates the use of TM» in optional continuation settings. As a further
contribution, we show that every time that M,, is a maximal invariant, the sequence
T = (I'™»), ey is a nonnegative martingale. This extends its use and optimality to
optional stopping.

The rest of this chapter is organized as follows. In Section [8.2] we introduce nota-

tion, formally lay the groundwork for group-invariant testing, review e-statistics and
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their optimality criteria, and discuss related work. Section [8.3]is devoted to stating
our main results: showing that the e-statistic 7™ for a maximally invariant function
M, = m,(X™) is both GROW and relatively GROW, proving that 7™~ is suited
for both optional continuation and optional stopping, and extending these results to
composite hypotheses, i.e. sets Ay and Ay of §’s, both with and without a prior dis-
tribution imposed on them (for general discussion on how to choose d;,A; or such
priors, we refer to | GHK], Section 6). Next, in Section we apply our results to two
examples. We end this chapter with Section [8.5] where we discuss further the tech-
nical conditions that our results require and related work on group-invariant testing.

Section [8.6] contains all proofs that were omitted earlier.

8.2 Preparation for the Main Results

This section is structured as follows. We first introduce notation. Then, in sec-
tion [8.2.2] we introduce the formal setup and our running example, the t-test. In
Section [8:2.3] we define e-statistics, our main objects of study, and in Section [8:2.4] we
define our optimality criteria. Finally, Section highlights previous work.

8.2.1 Notation

All spaces that we consider are assumed to be topological spaces with an additional
measurable structure given by the respective o-algebra of Borel sets. We write X for
a random variable taking values in the observation space X, and X" := (Xy,...,X,)
for n independent copies of X under the distributions that are to be considered.
Statistics of the data X™ are denoted as T = t(X™), where t is a measurable
map ¢t : X" — T,. We use letters P and Q to refer to distributions of X. For
a statistic T = t(X™), we write PT for the image measure of P under ¢, that is,
PT{T € A} = P{t(X") € A} for measurable A C T, (note that we may think of
T as a random variable on the space X™). When writing conditional expectations,
we write EP[f(X)|Y], and PXIY for the conditional distribution of X given Y = y.
We only deal with situations where such conditional distributions exist. If we are
considering a set of distributions parameterized in terms of a parameter space ©, we
write EF [f(X)] rather than EP¢[f(X)] for the sake of readability. Furthermore, for a
prior distribution IT on ©, we write II’Py for the marginal distribution that assigns
probability II°Py{X € B} = [ Py{X € B}dII(#) to any measurable set B C X. For
the posterior distribution of @ given X we write II?IX. The Kullback-Leibler (KL)
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divergence between Q and P is denoted by KL(Q,P) = EQ[In(dQ/dP)] (Kullback
and Leibler, |1951) whenever the Radon—Nikodym derivative dQ/dP exists. Given two
subsets H, K of a group G we write HK = {hk : h € H,k € K} for the set of all
products between elements of H and elements of K. Similarly, for g € G and K C G,
we write gK = {gk : k € K} for the translation of K by g, and K~! = {k~!: k € K}
for the set of inverses of K. We say that K is symmetric if K = K~!. If G acts on X,
then we denote the action of G on X by (g,z) — gz for g € G and x € X, and extend
the action to X™ component-wise; that is, (g,2") — gz™ := (g921,...,g9z,) for g € G
and z" € X™. We write gB = {gb: b € B} for the left translate of a subset B C X by
g. If G acts on O, the notation is completely analogous.

8.2.2 Group Invariance

We consider a group G that acts freely on both the observation space X and the
parameter space ©. Recall that G acts freely on a set Z if anytime that gz = z for
some g € G and z € Z, then g is the identity element of the group G. A probabilistic
model P = {Py : § € O} on X is said to be invariant under the action of G if the

distribution Py satisfies
Py{X € B} =Pyp{X € gB} (8.3)

for any g € G, any measurable B C X, and any 6 € ©. Furthermore, a function
m(z) is said to be invariant under the action of G if m(gx) = m(z) for all z € X
and all ¢ € G; in other words, m is constant on the orbits of G. Moreover, m is
said to be maximally invariant if it indexes the orbits of X under the action of Gj
that is, m(z) = m(z’) for x,2’ € X if and only if there exists a g € G such that
x = gx’. A statistic is called (maximally) invariant if the corresponding function is.
These definitions are completely analogous for functions defined on ©. In particular,
we study situations where the parameter of interest 6 = §(f) is a maximally invariant
function of the parameter 6. We then say that ¢ is a maximally invariant parameter.

We now reparametrize the problem described in using the group G. Using
that the action of the group on the parameter space is free, we can reparametrize
each orbit in ©/G with G. Indeed, we can pick an arbitrary but fixed element in the
orbit 6y € 671(dp) and, for any other element § € §~1(dy), we can identify 6 with
the group element g(8) € G that transports 6y to 6, that is, such that g(6)6, = 6.
Hence, with a slight abuse of notation, we can identify 6 € 6=1(dy) with g = g(0) € G
and identify Py = Pgg)g, with P,. Define Q, using the same construction in the
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alternative model by an analogous choice of §; € =1(d;). The starting problem (8.1

may now be rewritten in the form
Ho: X" ~Py, ge G, vs. H1: X" ~Qq, g€ . (8.4)

To make notation more succinct, we use @ = {Qg}sec to denote the alternative
hypothesis and P = {Py},cc for the null. As will follow from our discussion, our
results are insensitive to the choices of 6y € §71(8p) and 6; € 6-1(d1).

As mentioned in the introduction, tests for are classically based on the likeli-
hood ratio T~ of a maximally invariant statistic M,, = m,,(X"), as in (8.2). While
the distribution of M, might be unknown, it is well-known that its likelihood ra-
tio can be computed by integration over the group G whenever the following three
conditions—which will be explained in brief—hold: (1) the action is continuous and
proper, (2) G is a o-compact locally compact topological group, and (3) for all g,
P, and Q, are dominated by a relatively left invariant measure v. In (1), an action
is proper if the map G x X" — X" x X™ defined by (g,2") — (ga™,a™) is proper,
that is, the inverse of any compact set is compact. In (2), a topological group is a
group equipped with a topology, such that the group operation, seen as a function
G x G — G, is continuous. Under (3), we assume the existence of densities p; and
qg for P4 and Qyg, respectively, with respect to v for each g € G. Furthermore, since
G is assumed to be locally compact, there exists a measure p on G that is right in-
variant (see [Bourbakil 2004, VII,§1,n° 2). This means that for any ¢ € G and any
B C G that is measurable, it holds that p{Bg} = p{B}. The measure p, called the
right Haar measure, is unique up to a multiplicative factor and is finite if and only if
G is compact. Using disintegration-of-measure results from [Bourbaki| (2004, VIII.27),
Andersson| (1982) shows that M= can be computed as

¢ (ma (X)) Jo99(X™)dp(9)

T =
pIVI"(mn(Xn)) prg(X")dp(g),

(8.5)

This is known as Wijsman’s representation theorem (for extended statement and dis-
cussion, see |Eaton, |1989, Theorem 5.9). Note that implies that the likelihood
ratio TM» is independent of the choice of maximal invariant M,,. Remarkably, work
by Stein, reported by [Hall et al.[(1965), shows that it does not even matter whether we
consider a maximal invariant of the original data, or whether we first reduce the data
through sufficiency and then consider a maximal invariant of the sufficient statistic.

In the t-test example, this shows that the likelihood ratio of the t-statistic is equal

145



8.2 Preparation for the Main Results

to that of M,, as in the start of the introduction. We further discuss this result in
Appendix [F1]

Finally, the classic theorem of Hunt and Stein (Lehmann and Romano, 2005, Sec-
tion 8.5) shows that, under some regularity conditions, when looking for a test that is
max-min optimal in the sense of power, it is sufficient to look among invariant tests,
i.e. tests that can be written as a function of TM» as in . One of the crucial
assumptions underlying their result is the amenability of G. A group G is amenable
if there exists a sequence of almost-right-invariant probability distributions, that is, a

sequence II;, ITo, ... such that, for any measurable set B C G and g € G
khm |Hk {H S B} — I {H S Bg}\ =0.
— 00

Amenable groups have been thoroughly studied (Paterson, [1988) and include, among
others, all finite, compact, commutative, and solvable groups. The easiest example
of a nonamenable group is the free group in two elements and any group containing
it. Another prominent example of a nonamenable group is that of invertible d x d

matrices with matrix multiplication.

Example 8.1 (t-test under Gaussian assumptions). Consider an i.i.d. sample X" =
(X1,...,X,) of sizen € N from an unknown Gaussian distribution N (u, o), with g € R
and o € RT. In the 1-sample t-test, we are interested in testing whether /o = dy or
w/o = 6y for some dp,d; € R. For ¢ € Rt we have that ¢X ~ N(cu, co), so it follows
that the Gaussian model is invariant under scale transformations. The corresponding
group is G = (R*, - ), which acts on X" by component-wise multiplication and on
© by (¢, (p,0)) — (cu, co) for each ¢ € G and (u,0) € ©. The parameter of interest,
d = p/o, is scale-invariant and indexes the orbits of the action of G on ©. A maximally
invariant statistic is M,, := (X1/|X1],..., Xn/|X1|). The right Haar measure p on G
is given by dp(c) = do /o, so that the likelihood ratio of M,, can be expressed, as in

(-3), by

where X,, 1= % >, X;. The results by Stein, discussed in Appendix show that

the likelihood ratio of the t-statistic, i.e. Mg, & [in/6p, is equal to the expression

obtained in (8.6)).
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8.2.3 The Family of E-Statistics

We now define e-statistics, our measure of evidence against the null hypothesis. The
family of e-statistics comprises all nonnegative real statistics whose expected value is
bounded by one under all elements of the null, that is, all statistics T}, = ¢,,(X™) such
that 7T,, > 0 and

sup EY [T,,] < 1. (8.7)
geG

An example of an e-statistic is the likelihood ratio statistic in any simple-vs-simple
testing problem (see e.g. (GHK] Section 1 or|[Ramdas et al.| (2023)). In particular,
is an e-statistic for the hypotheses in . e-statistics are appropriate in optional
continuation contexts because of the following two properties that are consequences

of .

1. The type-I error of the test that rejects the null hypothesis anytime that T, >
1/a is smaller than a, a consequence of (8.7) and Markov’s inequality.

2. Suppose that X™ and X™ are the independent outcomes of two subsequent
experiments. Let T;, = t,,(X™) be an e-statistic for X™ and let {1}, : ¢ € ®}
be a family of e-statistics for X™ indexed by some set ®. Suppose further that,
after observing the first sample X", the specific T}, , used to measure evidence
for the second sample is chosen as a function of X", that is, we use T}, , where
¢ = ¢(X™) is some function of X™. Then Ty, := T3, 11y, is also an e-statistic,
irrespective of the definition of . In particular, this includes the scenario where
we only continue to the second experiment if a certain outcome is observed in
the first one. Indeed, ® may contain a special value 1 so that ¢,,(X™;1) =1 is

constant, irrespective of X™. Then, T}, ,, = T}, every time that ¢ = 1.

Together, these two properties imply that the test that rejects the null if T;,4,,, > 1/«
has type-1 error bounded by «, no matter the definition of ¢. Such type-I error
guarantees are essentially impossible using p-values (GHK| Section 1.3). Some—mnot
all—types of e-statistics can additionally be used in two related settings: (a) optional
stopping, when there is a single sequence of data X7, Xo,... and we want to do a test
with type-I error guarantees based on all data seen so far, irrespective of when we
stop; and (b) optional continuation as in 2. above, but with individual e-statistics
whose sample size is itself not fixed but determined by some stopping rule. As is well-
known, for both (a) and (b) it is sufficient that (T},),en is a nonnegative martingale
with respect to some filtration F (see e.g. Ramdas et al., 2023, or |GHK)). The first
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part follows from Ville’s inequality for nonnegative martingales: the probability that
there will ever be a sample size n at which T,, > 1/« is bounded by a. We thus
have type-I error control under optional stopping, which takes care of (a) above. The
optional stopping theorem implies that for every stopping time 7 adapted to F, T is
also an e-statistic, taking care of (b). For completeness, we provide more details in
Appendix including a subtlety regarding (b): while they seem unlikely to arise in
practice, there do exist stopping times 7’ relative to the data that are not stopping
times relative to F. We show an example where T} is not an e-statistic and (b)

breaks.

8.2.4 Optimality Criteria for E-Statistics

The standard optimality criterion for hypothesis tests satisfying a certain type-I error
guarantee is worst-case power maximization for a fixed-sample-size or, with classic
sequential tests, for a fixed stopping rule. This criterion cannot be used when the
stopping rule is unknown because knowledge of the stopping rule is required by the
definition of power. Additionally, an e-statistic that optimizes power at fixed stopping
time will take the value zero with positive probability, making it useless for optional
continuation by multiplication. A more sensible criterion for e-statistics under optional
continuation is growth rate optimality in the worst case (GHK). Should it exist, an e-
statistic 7F is GROW if it maximizes the worst-case expected logarithmic value under

the alternative hypothesis, that is, if it maximizes
T, — gigé EQ}(nT,] (8.8)

over all e-statistics. The following theorem, stated in our notation for group-invariant
problems, shows that in most cases the GROW e-statistic takes the form of a particular

Bayes factor.

Theorem 8.1 (GHK| Theorem 1 in Section 4.3). Suppose that there exists a statistic
Vi = 0 (X™) such that
inf KL(IT{Qq, ITjP,) = min KL(I{Q," II{P}") < oc, (8.9)
05

IIo,IT, 1

where Iy and II; are probability distributions on G. Let II§ and IIT be probability
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distributions that achieve the minimum on the right hand side. Then

P, M B (0 T] = KLY Qp TIFP).

and the mazimum on the left is achieved, essentially uniquely, by T as given by

o La en(X")dI(g)
ni= il .
[ Py (0 (X)) dIT g)

Here ‘essentially uniquely’ means that any other e-statistic achieving the maximum
must coincide with T}, almost surely, under all Py and Qg4 with g € G. In words, the
e-statistic T is GROW for testing {P4}g4ecq against {Qg}qca-

The statistic V,, may be any measurable function taking values in any set V),
(equipped with its corresponding o-algebra), but in all our examples we can take
Vi = R™ for some m < n. By allowing V,, # X", the theorem also covers cases in
which the infimum on the left in is not achieved. This might be the case when
the group G is not compact, as in the t-test example. Corollary[8.3]in the next section,
which gives the GROW e-statistic when G is possibly noncompact, uses crucially this
feature of Theorem

Given their worst-case nature, GROW e-statistic, while appropriate in some scenar-
ios (e.g. testing exponential families with given minimum effect sizes and no nuisance
parameters), are too conservative in others (GHK]). GHK| propose, for those cases, to
maximize a relative form of , leading to less conservative e-statistics. We say that
an e-statistic Tor is relatively GROW if it maximizes the gain in expected logarithmic
value relative to an oracle that is given the particular distribution in the alternative

hypothesis from which data are generated, that is, if Ty maximizes, over all e-statistics,

T, — inf SEQInT,]— sup EP[InT)] ;. (8.10)
geG T! e-stat.

As we will see and contrary to the general case, in the group-invariant setting, any

GROW e-statistic is also relatively GROW. Hence, both criteria coincide and the

differences that have been observed between them (raising the sometimes difficult

question: which one to choose?) are not a concern for our purposes (Ramdas et al.|
2023).
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8.2.5 Previous and Related Work

Group-invariant problems have a long tradition in statistics. They have been studied
both for fixed-sample-size experiments [Eaton| (1989); [Lehmann and Romano (2005)
and classical, Wald-type sequential experiments (Rushton, |{1950; Coxl|1952). For fixed-
sample-size tests, our main result can be viewed, to some extent, as an anytime-valid
analogue of the Hunt-Stein theorem. The proof techniques that are needed for our
result are, however, distinct. At the core of the proof of the Hunt-Stein theorem lies
the fact that the power is a linear function of the test under consideration. In its
proof, an approximate symmetrization of the test is carried out using almost-right-
invariant priors without affecting power guarantees. This line of reasoning cannot be
directly translated to our setting because of the nonlinearity of the objective function
that characterizes the optimal e-statistics that we consider (see Section . As for
sequential tests with group invariance, most previous work (including the pioneering
Rushton| (1950); |Cox| (1952) and in fact, as far as we could ascertain, all work pre-
dating [Robbins| (1970)) dealt, like Wald’s original SPRT, with a priori fixed stopping
rules and is not directly comparable to our anytime-valid work (see Appendix for
elaboration of this point). Notable exceptions are the works of Robbins| (1970]) and
Lai| (1976), who do consider what we now call anytime validity. [Lai (1976) also used
the expression in for the t-test, which, in our terminology, is using the fact that
it gives an e-statistic. However, our main concern, optimality of e-statistics, has not
been explored in this context.

Related ideas can also be found in the Bayesian literature, where group-invariant
inference with right Haar priors has been studied (Dawid et al., 1973} Berger et al.l
1998). It has been shown that, in contrast to some other improper priors, inference
based on right Haar priors yields admissible procedures in a decision-theoretical sense
(Eaton and Sudderth) [2002, 1999)). However, there have also been concerns that the
underlying group (and hence the right Haar prior) is not uniquely defined in some
situations, and that different choices lead to different conclusions (Sun and Berger,
2007}, Berger and Sun| 2008]). Interestingly, as we briefly discuss in Section and at
length in Appendix this issue cannot arise in our setting. In the same section,
we point out similarities and the main difference to the information-theoretic work
of Liang and Barron| (2004), who provide exact min-max procedures for predictive
density estimation for general location and scale families under Kullback-Leibler loss.
In a nutshell, despite some similarities, the precise min-max result that they prove is

not comparable to the results presented here.
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8.3 Main Results

In this section, we state the main results of this chapter. In Section[8:3.1] we show that
the likelihood ratio TM» for a maximal invariant M,, is simultaneously GROW and
relatively GROW. Next, in Section we show that 7~ can be used to build an
anytime-valid test. Finally, in Section [8:3.3] we extend these results to the case that

the hypotheses remain composite after reduction by invariance.

8.3.1 GROW for simple invariant hypotheses

In order to build intuition, we first demonstrate our line of reasoning using the very
special case of finite groups. So, assume for now that G is a finite group, for instance,
a group of permutations. Since the uniform probability distribution Ilyg) on G
is right invariant, the right Haar measure p coincides with Ilyg) up to scaling. By
Wijsman’s representation theorem , the likelihood ratio for any maximal invariant

M, = m,(X™) can be written as

Mo (mp (X™) _ 161 2gec 99(X")
M (mn (X)) g Y geapo(X™)

N
s
|

<

(8.11)

Furthermore, Theorem [8.1] above takes a simple form for finite parameter spaces, as
is the case here, namely

g max - min E}nT,] = nin KL(T1{Q,, II}P,), (8.12)
where the minimum on the right hand side is taken over all pairs of distributions on
G. We now employ the information processing inequality (Cover and Thomas) 1991,
Section 2.8) which says that KL divergence decreases when taking functions of the
data (i.e. if A and B are distributions for X and U = u(X), then KL(A|B) >

KL(AY||BY)). In our setting, the information processing equality implies that for any
pair (ITp, II;) of probability distributions on G,

KL(IYQ,, TIP,) > KL(QM", PM). (8.13)

This lower bound can be rewritten as KL(QM» PM») = KL(H%(G)QQ,H%(G)PQ)
because of the second equality in (8.11]). Therefore, the minimum KL on the right
hand side of (8.12) is achieved for the particular choice of two uniform priors on G.
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Finally, we have that E? [In TMn] = KL(QM» , PM») for all g € G. Putting everything
together

7 max géig E? InT,] = KL(QM», PMr) = gréig E;Q [In7Mn];
in other words, 7™~ is a GROW e-statistic. A natural question is whether this same
reasoning can be reproduced for infinite groups. If the Haar measure p could always
be chosen to be a probability measure, we could replace Ily(g) by p everywhere in the
reasoning above and conclude that 7™~ is GROW in general. However, p is finite if
and only if G is compact (see e.g. Reiter and Stegeman) 2000, Proposition 3.3.5). This
is a severe limitation; it would not even cover our guiding example, the t-test, because
the group (R*, - ) is not compact (see Example . The main technical contribution
of this chapter is the extension of the above optimality result to amenable groups
(see Section . Setting technical details aside, the core of the proof of the main
Theorem 8.2 below is replacing the Haar measure above by a sequence of almost-right-
invariant probability measures and showing that the KL converges to its infimum. Our

arguments require the following additional assumptions.

Assumption 8.1. Let G be a topological group acting on a topological space X",
both equipped with their Borel o-algebra. The group G, the observation space X,

and the probabilistic models under consideration satisfy the following three properties:

1. As topological spaces, G and X" are Polish (separable and completely metriz-

able) and locally compact.
2. The action of G on X" is free, continuous and proper.

3. The models {P,},cq and {Qg}4ec are invariant and have densities with respect
to a common measure p on X" that is relatively left invariant with some mul-
tiplier x—u {gB} = x(g)u {B} for any measurable set B C X™ and g € G. All

densities have a single common support.

Assumption holds in most cases of interest for the purpose of parametric in-
ference; some examples where it holds are given in Section B4l The topological as-
sumptions on G and X have two purposes. The first is to ensure that Wijsman’s
representation theorem holds. Though requires slightly weaker assump-
tions than those presented here, see Section the strengthened conditions are

needed for the second purpose: to ensure that the observation space X" can be put
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in bijective and bimeasurableﬂ correspondence with a subset of G x X™/G, where the
group G acts naturally by multiplication on the first component (Bondar, [1976). This
will be used extensively in the proofs given in Section [8.6] With these assumptions,

everything is in place to state the main results of this chapter.

Theorem 8.2. Let M,, = m,(X"™) be a mazimally invariant statistic under the action
of the group G on X". Assume that G is amenable, that Assumption [8.1] holds, and
that there is € > 0 such that

T (Xn) 1+4e€

p1(X™)

M, M )
E? ||In B ||1p M)
1 pMn (M,,)

‘ln

1+e
] < oo, (8.14)

where the subindex 1 refers to the unit element of G. Then
inf KL(II{Q,, IIP,) = KL(QM~, PM»),
11, IT

where the infimum is over all pairs (I, IIy) of probability distributions on G.

Corollary 8.3. Under the assumptions of Theorem[8.4, a GROW e-statistic for test-
ing H1 against Hg as in (8.4) is given by the likelihood ratio of any mazimally invariant
statistic M, = m,(X™), i.e.

Corollary [B.3] follows from the combination of Theorem [8:2] with Theorem [}
The results are stated in terms of the likelihood ratio of any maximal invariant for
the original data. However, as mentioned briefly in Section and in detail in
Appendix [F11] one can use instead any maximal invariant for a sufficient statistic of
the original data, rather than for the data itself. The resulting likelihood ratio is
identical and the optimality results therefore remain valid. Next, we show that in the
group-invariant setting, any statistic that is GROW is also relatively GROW, meaning
that any e-statistic that maximizes also maximizes . This is not true in
general; the result relies crucially on the invariance of the models. For example, for
contingency tables, the two e-statistics are vastly different (Turner et al., [2024).

Theorem 8.4. Suppose that Part[3 of Assumption[8.1 is satisfied and that, for each

1We call an invertible map bimeasurable if both the map and its inverse are measurable.
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g € G, there exists h € G such that KL(Qg, Py) is finite. Then the map defined by

g+ sup E? InT,]
T, e-stat.
is constant. Consequently, any maximizer of (8.8) also maximizes (8.10)), that is, an
e-statistic is GROW if and only if it is relatively GROW for the hypothesis testing

problem (8.4)).

Corollary 8.5. T~ from Corollary is not only GROW, it is also relatively
GROW.

Example 8.2 (continues=ex:t-test). It is known that the group G = (RT,-) of the
t-test is amenable—the sequence of probability distributions (Uniform([—mn, n]))nen is
almost right invariant. It is readily verified that Assumption and condition
are also satisfied. Hence, Corollary implies that the likelihood ratio for the t-
statistic, given in 7 is a GROW e-statistic. Moreover, it follows from Corollary
that it is also relatively GROW.

8.3.2 Anytime-Validity

As discussed in Section [8:2.3] any e-statistic can be used in the context of optional
continuation with fixed sample sizes, but not all e-statistics are suitable for optional
stopping and optional continuation with data-dependent sample sizes. A sufficient
condition that allows us to engage in these two additional uses is that the sequence
of e-statistics is a nonnegative martingale. We now show that this is the case for the

sequence (TMn), cx.

Proposition 8.6. If (M,).en is a sequence of mazimally invariant statistics M, =
mn(X™) for the action of G on X", then the process (T™n),en is a nonnegative
martingale with respect to the filtration (o(My, ..., My))nen under any of the elements
of the null hypothesis.

In particular, Proposition 8.6 implies that under every stopping time 7 defined rela-
tive to the filtration induced by (M, )nen, 7™~ is itself an e-statistic; see Appendix
for the (standard) proof. There is an interesting subtlety here however: if 7/ is a stop-
ping time relative to the filtration induced by (X, )nen but not relative to the coarser
filtration induced by (M, )nen, then T™+ is not necessarily an e-statistic anymore.
Thus, with such 7+ we cannot engage in optional continuation. This is generally

not a problem, since most stopping times encountered in practice are stopping times
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relative to the filtration induced by (M,,)nen. This includes the aggressive stopping
time “stop at the smallest n at which TM» > 1/a”. However, in Appendix we
give an explicit example of a stopping time 7’ relative to the filtration induced by
(Xn)nen in the t-test such that TM:/ i not an e-statistic.

8.3.3 GROW for Composite Invariant Hypotheses

Until now we have considered null and alternative hypotheses that become simple when
viewed through the lens of the maximally invariant statistic. As we saw, in the t-test
this corresponds to testing simple hypotheses about the effect size §. In this section
we consider hypotheses that are composite in the maximally invariant parameter.
We also consider problems in which a fixed prior is placed on the maximally invariant
parameter §. This implements the method of mixtures, a standard method to combine
test martingales (Wald, [1945} Darling and Robbins| [1968)), which was already used in
the context of the anytime-valid t-test (Lai, |1976).

Suppose that the initial hypotheses are not defined by a single value of the maxi-
mally invariant parameter 6 = §(), as in 7 but are instead given by

Ho:0(0) =0, 6€Ny vs. Hi:6(0)=36, &€ A, (8.15)

where Ay and A; are two sets of possible values of 6 = 6(6). In Section we
reparametrized {Pg}oco.56)=5, and {Qo}oco:5(0)=s, in terms of G, and denoted the
resulting models as {P,}4c and {Qg} e respectively. Instead of only considering dy
and d71, we can do the same for all § € Ag and § € A;. We denote the resulting models
as {Pystgecoen, and {Qgs}gec.sen,. As an example, Py 5, and Qg s, correspond
to what were previously simply P, and Q4. The problem may now be rewritten

as
Ho: X" ~Pys, 6€00, g€G vs. Hi1: X" ~Qus, 6€A, g€G.  (8.16)

Since the distribution of a maximally invariant function of the data M, = m,(X")
depends on the parameter §, these hypotheses are not simple when data are reduced
through invariance. The main objective of this section is to show that, when searching
for a GROW e-statistic for , it is enough to do so for the invariance-reduced
problem

Ho: M, ~PYm €Ay vs. Hy: M, ~QY", seA. (8.17)

We follow the same steps that we followed in Section and begin by showing that
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if there exists a minimizer for the KL minimization problem associated to (8.17]), then
it has the same value as that associated to (8.16)).

Proposition 8.7. Assume that there exists a pair of probability distributions IIj, I}
on Ag and Aq that satisfy

KLY Q;" TE'PS) = min KL(IIQ;", TEP;™). (8.18)
For each g € G, define the probability distributions Py, = HS‘SPW; and Qj = HféQg’g
on X™. If the models {P}}seq and {Q}}yec satisfy the assumptions of Theorem
then
Gnf, KL Qq 5, TI Py ) = min KL(IQ)", TITPS").

From this proposition, using Theorem and the steps used for Corollaries [8.3
and [8:5] we can conclude that the ratio of the Bayes marginals for the invariance-
reduced data M,, using the optimal priors II§ and II} is both a GROW and a relatively
GROW e-statistic for . We now state the corollary and apply it to to our running

example, the t-test.

Corollary 8.8. Under the assumptions of Proposition[8.7, the statistic given by

_ Jag" (ma (X)) dITf (6)

T =
J 05" (ma (X7))dILE(6)

is a (both absolute and relative) GROW e-statistic for (8.16).

Example 8.3 (continues=ex:t-test). Suppose, in the t-test setting, that we are inter-
ested in testing
Ho:0 € (—00,50] vs. Hi:0€ [51,00)

for some §y < 01, where, recall, § = p/o is the maximally invariant parameter. Corol-
lary [B.8] shows that no loss is incurred if we only look among e-statistics that are a
function of the maximally invariant function M,,, the t-statistic. Since the density of
the t-statistic is monotone in é, we can use Proposition 3 of |GHK] Section 3.1. to
infer that the minimum in is achieved by the probability distributions IT§ and
II7 that put all of their mass on §p and &1, respectively. Corollary yields that
T = pé‘f" / pé\g" is GROW among all possible e-statistics of the original data (not only
the scale-invariant ones). This result can be extended to other families with this type

of monotonicity property.
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Another approach to deal with the unknown parameter values is to employ proper
prior distributions, as is standard practice both within Bayesian statistics and with
e-statistics. That is, we may want to use specific priors IIy and II; on Ay and
A7 respectively. If we define for each g the probability distributions f’g = I:Ing’(;
and Qg = l:[(lngyg, and the resulting models {Pg}geG and {Qg}gec also satisfy the
conditions of Corollary 23] the proof of Proposition [8.7] also provides the following

corollary.

Corollary 8.9. Let IIy and Iy be two probability distributions on Ay and Ay, respec-

tively. Let {Py},ec and {Qg}sec be two probability models defined by P, = TP, 5

and Qy = T{Q, 5. If {P,}gec and {Q,}gec satisfy the conditions of C’orollary

then the e-statistic

L aslm(X")dL 9)
" [ ps(mn (X7))dHo(6)

is both GROW and relatively GROW for testing {Py},cc against {Qg}gec-

(8.19)

Example 8.4 (continues=ex:t-test). |Jeffreys (1961) proposed a Bayesian version of
the t-test based on the Bayes factor with dg to 0 and a Cauchy prior centered at
0 on §;. Popularized as the Bayesian t-test (Rouder et al 2009), it is an instance of
with I set to aforementioned Cauchy prior and I putting mass 1 on &y = 0.
It is itself an e-statistic (GHK)), but condition of Theorem does not hold
because the Cauchy distribution does not have any moments. Thus, we cannot verify
whether has the relative GROW property. However, as soon as we replace the
Cauchy prior by any prior centered at 0 for which, for some £ > 0, the (2 + £)-th
moment exists (such as e.g. a normal distribution centered at 0, as has also been
proposed for this problem), we can use Lemma in the next section (applied with
d = 1) to infer that assumption holds. Finally, Proposition can be applied
to conclude that the corresponding Bayes factor is then relatively GROW.

8.4 Testing Multivariate Normal Distributions

We show how the theory developed in the previous sections can be applied to hy-
pothesis testing under normality assumptions. The latter is particularly suited for the
group-invariant setting, because the family of normal distributions carries a natural in-
variance under scale-location transformations, as we have already seen in Example[81]
Different subsets of scale-location transformations correspond to different parameters

of interest. We develop two examples in detail. The first is an alternative to Hotelling’s
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T? for testing whether the (multivariate) mean of the distribution is identically zero.
The corresponding group is that of lower triangular matrices with positive entries on
the diagonal. This test is in direct relation with the step-down procedure of Roy and
Bargmann (1958)E| (see also [Subbaiah and Mudholkar, (1978]). The second example
that we consider is, in the setting of linear regression, a test for whether or not a
specific regression coefficient is identically zero. In this case, the group is a subset of

the affine linear group.

8.4.1 The Lower Triangular Group

Consider data X" = (Xi,...,X,) where X; € X = R% We assume each X; to
have a Gaussian distribution N(u,¥) with unknown mean p € R? and covariance
matrix 3. We consider a test for whether the mean p of the distribution is zero. To
formalize the test, recall that the Cholesky decomposition of a positive definite matrix
Y is ¥ = AA’ for a unique A € LTV (d). Here, LT"(d) denotes the group of lower
triangular matrices with positive entries on the diagonal, which is amenable. We can
therefore parametrize the Gaussians in terms of (u,A), taking the parameter space
to be © = R? x LT"(d). In this parametrization, consider the following hypothesis
testing problem, which generalizes the t-test (Example to dimensions d > 1:

Ho A tp=2060 vs. Hi:Atpu=56. (8.20)

A test for whether y is zero can be obtained by setting dy = 0. The group LT (d)
acts freely and continuously on X" through component-wise matrix multiplication,
ie. (L,X") ~ (LXy,...,LX,) for any L € LT"(d). This action is continuous and
free, and can be shown to be proper on the restriction of X" to matrices of rank d
if n >d+1. If X; ~ N(u,A), then LX; ~ N(Lu,LA), so that LT (d) acts on
O by (L,(u,A)) + (Lu, LA) for each (u,A) € © and L € LT"(d). A maximally
invariant parameter under this action is §(u, A) = A™'u, so that is indeed a
test of the form described in Section Furthermore, seen as a subset of R?<", the
restriction of the Lebesgue measure to X™ is relatively left-invariant with multiplier
x(L) = | det(L)|™. It follows that Assumption holds and therefore, the likelihood
ratio of any maximally invariant statistic is GROW by Corollary [8:3]

By the results of Hall et al.| (1965]), recapped in Appendix this likelihood

2Even though not explicitly in group-theoretic terms, the test of [Roy and Bargmann| (1958) test
is based on a different maximally invariant function of the data. The fact that the test statistic of
Roy and Bargmann| (1958)) is maximally invariant is shown by |[Subbaiah and Mudholkar| (1978)
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ratio must coincide with that of an invariantly sufficient statistic for 6. We now
proceed to compute one such statistic. Recall that the pair S, = 5,(X") = (X, V,.),
consisting of the unbiased estimators X,, and V,, for the mean and covariance matrix
respectively, is a sufficient statistic for (i, ¥). Analogous to the technique we used for
the parameter space, we can perform the Cholesky decomposition V,, = L,L!,. The
statistic Ms,, = msn(Sn) = v/n/(n—1)L;*X,, is maximally invariant under the
action of LTT(d) on S,; in other words, Ms,, is invariantly sufficient for 6. Hence,
the GROW e-statistic can be written as TMsn = gMs.n /pMs.n Since it was used
in Example (underneath Corollary , we give an explicit expression for the
likelihood ratio TMs:» when &y = 0, from which values for other &y can be computed.

It is based on a more general computation in Appendix [F.4]

Lemma 8.10. For the maximally invariant statistic Ms ., = , /ﬁL;lX’n, we have

Ms,n
"5 (ms n(Sn)) iy / (61,TA;  Ms )
, _ nOLTA Msn)qP,, 1(T), 8.21
D5 (s (5n) e 2 e 1(T) (8:21)

where A,, is the lower triangular matriz resulting from the Cholesky decomposition
I+ Mso M, = AnA,, and P] ; is the distribution according to which nTT' ~
W(n,I), a Wishart distribution.

Proof. This follows from Propositionin Appendixwith vy =/nd1, X = /nX,,
m=n—1,and S =V,. O

8.4.2 Linear Regression

Consider the problem of testing whether one of the coefficients of a linear regression is
zero under Gaussian error assumptions. Assume that the observations are of the form
(X1,Y1,21), ..., (X, Yn, Zy,), where X;,Y; € R and Z; € R? for each i. We consider
the the linear model given by

Y; =X + ' Z; + o,

where v € R, B € R? and ¢ € R* are the parameters, and &1, ...,&, are i.i.d. errors

with standard Gaussian distribution N(0,1). We are interested in testing

Ho:v/oc =060 vs. Hy:vy/o =0 (8.22)
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A test for whether v = 0 is readily obtained by taking 6p = 0. This problem is
invariant under the action of the group G = Rt x R? given by ((c,v), (X,Y,Z))
(X,cY +v'Z, Z) (Kariyay, [1980; Eatonl [1989)). The corresponding action of G on
the parameter space is given by ((c,v), (v,8,0)) — (¢y,¢8 + v,c0). A maximally
invariant parameter is 0(v, 8,0) = /o, so that the problem in is of the form
described in Section [§:2:2] Furthermore, it can be shown that the action of G on X
is continuous and proper, and that G is amenable. Since the Lebesgue measure is
again relatively left invariant, it follows that Assumption holds. All that remains
is to find a maximally invariant function of the data. To this end, define the vectors
Y*=(Y,...,Y,) and X" = (X4,...,X,), and the n x d matrix Z,, = [Z1,...,Z,]

whose rows are the vectors Z1,...,Z,. Assume that Z,, has full rank. A maximally
invariant function of the data is given by M, = (Hjﬁi}{Z”,XﬂZn), where A,, is

an (n — d) X n matrix whose columns form an orthonormal basis for the orthogonal
complement of the column space of Z,, (Kariya, |1980; [Bhowmik and King, 2007). In
order to compute the likelihood ratio for M,,, we assume that the mechanism that
generates X™ and Z, is the same under both hypotheses, so that we only need to
consider the distribution of U,, = % conditionally on X™ and Z,,. | Bhowmik
and King| (2007)) show that for arbitrary effect size §, the density of this distribution

is given by

1_(k 8 E 1 a?(u,d

2 2
I'(1+k)/2) 1+k 3 a*(u,9)
+ v2a(u, ) T(/2) 1F1( 7 5 g )}7

where k = n—d, v is a unit vector in R*, ; F is the confluent hypergeometric function,
a(u,8) =6X" Ayu, and ¢ (§) = —30°X™ A, A, X". This can be used to compute the
likelihood ratio for M,,, which is the relatively GROW e-statistic for testing .
In fact, Bhowmik and King compute in more generality the density of the maximally
invariant statistic when X is allowed to have a nonlinear effect on Y. This does not
impact the group invariance structure of the model, so that our results can also be

used in this semilinear setting if the hypotheses are adjusted accordingly.

8.5 Discussion and Future Work

In this concluding section we bring up an issue that deserves further discussion and

may inspire future work. We also use this issue to highlight the differences between
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our work and related work in a Bayesian context.

8.5.1 Amenability Is Not Always Necessary

We have shown that, if a hypothesis testing problem is invariant under a group G and
our assumptions are satisfied, then amenability of G is a sufficient condition for the
likelihood ratio of the maximal invariant to be GROW. A natural question is therefore
whether amenability is also a necessary condition for the latter to hold. This is not
only of theoretical relevance: some groups that are important for statistical practice
are not amenable. For instance, the general linear group GL(d), which is the relevant
group in Hotelling’s test, is nonamenable. The setup of Hotelling’s test is similar to

that in Section [8.4.1] except that the hypotheses are given by
Ho: [N ul> =0 vs. Hy:|[A ul? =1, (8.23)

A maximally invariant statistic is the TZ-statistic nX/V, ' X,,, where, as in Sec-
tion X,, and V,, are the unbiased estimators of the mean and the covariance
matrix, respectively. Notice that this test is equivalent to with the alternative
expanded to A = {4 : ||6]|> = v}, but that T2 is not a maximal invariant under the
lower triangular group. However, |Giri et al.| (1963) have shown that for d = 2 and
n = 3, the likelihood ratio of the T?-statistic can be written as an integral over the
likelihood ratio in with a proper prior on § € A as defined there. It follows as a
result of Proposition [8.7 that the likelihood ratio of the T-statistics is also GROW in
the case that d = 2 and n = 3. These results can be extended to the case that d = 2
with arbitrary n by the work of |Shalaevskii| (1971). An interesting question is whether
amenability can be replaced by a weaker condition, and/or whether a counterexample

to Theorem for nonamenable groups can be given.

8.5.2 Nonuniqueness Issues Do Not Arise

As the above example illustrates, it is sometimes possible to represent the same Hg
and H; via (at least) two different groups. As we explain in full detail in Appendix
this is generally unproblematic: as soon as the assumptions of Theorem [8:2] hold for
at least one of the two groups, we can construct the GROW e-statistic, and it is
uniquely defined. Superficially, this may seem to contradict |Sun and Berger| (2007)
who point out that in some settings, the underlying group is not uniquely determined

and then the right Haar prior for the considered model P is not uniquely defined.
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Then, different choices of right Haar prior give different Bayesian posteriors—a fact
that has sometimes been taken as a criticism of objective Bayesian approaches. Such
nonuniqueness is avoided in our approach. The reason is, essentially, that whereas
the GROW e-statistic T, is a ratio between Bayes marginals for different models #,
and H; at the same sample size n, the Bayes predictive distribution based on a single
model P is a ratio between Bayes marginals for the same P at different sample sizes n
and n—1. The role of “same” and “different” being interchanged, it turns out that this
Bayes predictive distribution can depend on the group on which the right Haar prior
for P is based. Since the Bayes predictive distribution can be rewritten as a marginal
over the Bayes posterior, which is [Sun and Berger| (2007)’s quantity of interest, it is
then not surprising that this Bayes posterior may also change if the underlying group
is changed. Instead, one may quantify uncertainty by the e-posterior, an e-statistic-
based measure of uncertainty recently put forward by |Grinwald| (2023)): if one replaces
the standard Bayes posterior on § by the e-posterior based on the GROW e-statistic

T, the nonuniqueness issue disappears as well.

8.6 Proofs

In this section, we give all the proofs that were omitted earlier. We first provide two

remarks that will be useful throughout the proofs.
Remark. Without loss of generality, we may modify [3] in Assumption [8:1] as follows:

3’ The models {Py}nen and {Qg}nen are invariant and have densities with respect

to a common measure v on X" that is left invariant.

The reason that there is no loss in generality is that from any relatively left-invariant
measure g with multiplier x, a left-invariant measure v can be constructed. Indeed,
Bourbakil (2004, Chap. 7, §2 Proposition 7) shows that, under our assumptions,
for any multiplier x there exists a function ¢ : X" — R with the property that
v(gz) = x(9)p(z) for any x € X and g € G. With this function at hand, one can define
the measure dv(z) = du(x)/p(z), which is left invariant. After multiplication by ¢,
probability densities with respect to p are readily transformed into probability densities
with respect to v. The invariance of the models implies that the densities of P, and
Q, with respect to v take the form py(z™) = p1(g~'a™) and ¢q4(z") = ¢q1(g~'a™) for
any ' € X™, where 1 denotes the unit element of the group G. It follows that for
any g, h € G it holds that p,(z™) = pp(hg~'2") for all 2" € X". A similar statement

can be made for g,.
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Remark. So far, we have only considered the right Haar measure p on G, however on
any locally compact group G there also exists a left-invariant measure A, called the left
Haar measure. It can be shown that A is relatively right invariant with a multiplier
A, that is, for any measurable B C G and g € G it holds that A{Bg} = A(g)\{B} for
any g € G. Moreover, a computation shows that the measure p’ defined by p'{B} =
M B!} for each measurable B C G, is right invariant; in other words, p’ is a right
Haar measure. We may therefore choose p to be equal to p’ and in the following,
we always refer to right and left Haar measures that are related to each other by
that identity. In our proofs we will use that for any integrable function f defined on
G, the identities [ f(h)dp(h) = [ f(k)/A(R)dA(h) and [ f(R~Y)dA(R) = [ f(k)dp(h)
hold (see [Eatonl |1989] Section 1.3).

8.6.1 Proofs of Theorem (8.4, Proposition |8.6, Proposition |8.7|

Here we prove all results in the main text except the main Theorem [8:2] which is

deferred to the next subsection.

Proof of Theorem[8. Let g be a fixed group element of G. Recall from Remark [8.6]
that we may assume that both models are dominated by a left invariant measure v on
X. Theorem 1 by GHK]| (its simplest instantiation in their Section 2) implies that

sup EQ[InT,] = inf KL(Q, P, (8.24)

T,, e-stat.

where the infimum is over all distributions Iy on G. We will show that for any pair

g,h € G and any prior IT on G, there exists a prior II such that
KL(Q,, I P,) = KL(Q,, 1Y P,). (8.25)

From this, our claim will follow: by symmetry, the previous display implies that g —
SUPT, ¢ stat. E? [InT},] is constant over G because of its relation to the KL minimization
in (8.24). Let p = [ pydII(g’), use both the invariance of v and of Q, and compute

KL(Q,, I P,/) = EQ [m qg(Xn)} = /qg(x")ln 99@") 4, ()

p(a™) p(z")

. —1,n nq}z(hg_lxn) (™
= [anthgam) i By ),

Next, define IT as the probability distribution on G that assigns II{H € B} = II{H €
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gh~ 1B} for any measurable set B C G. Then

#a") = [ oy WIG) = [ pesg @I = [ by (g™,
Define p = [ p,dII(g’). The two last displays together imply that

' - gn(hg~'a")
KL(Q,, II9 P, :/qh hg~tz™)In ——~——Zdy(z").
( g9 g9 ) ( ) p(hg_lxn) ( )
After a change of variable and using the invariance of v, the right hand side of this
equation equals KL(Qg,ﬁgng/). Thus, this last equation is nothing but 1| as

was our objective. By our previous discusion, the result follows. O

Proof of Proposition[8.6, Let g € G be arbitrary but fixed. We start by showing
that TM» equals the likelihood ratio for M™ = (M, ..., M,) between P, and Q,.
For each t > 1, the maximally invariant statistic at n — 1, M, 1 = m,_1(X"1)
is invariant if seen as a function of X™. Hence, by the maximality of m,, M, _1
can be written as a function of M,. Repeating this reasoning n — 1 times yields
that M,, contains all information about the value of M"~! = (M,..., M, ), all
the maximally invariant statistics at previous times. Two consequences fall from
these observations. First, no additional information about 7= is gained by knowing
the value of M"~! = (My,..., M, _1) with respect to only knowing M, _1, that is,
E} [TM»|M,,—] = E} [TM=|M"']. Second, the likelihood ratio between P, and
Qg for the sequence Mj, ..., M, equals the likelihood ratio for M, alone, that is,

TMn _ gMue M (my (X1, .0 my (X))
P (y (XT), (X))

The previous two consequences, and a computation, together imply that (7), cy
is an M-martingale under P, that is, Ef [TM"|M”*1] = TMn-1. Since g € G was
arbitrary, the result follows. O

Proof of Proposition[8.7 Let Hg’(s,H?’[s be two probability distributions on G x Ag
and G x Ay, respectively. If we call Hg and TT¢ their respective marginals on Ag and

A1, then the information processing inequality implies that
KL(TI{* Qq,5, I3 * Py 5) > KL(IT{ Q™ TITP™) > KL(TI{° Q5" 15 P™).

This means that the right-most member of the previous display is a lower bound on
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our target infimum, that is,

inf KL QqsTI§ Py 5) > KL Q3" TP, (8.26)
To show that this is indeed an equality, it suffices to prove it when taking the infimum
over a smaller subset of probability distributions ITy, II;. We proceed to build such a
subset. Let P(II4°) be the set of probability distributions on G' x A with marginal
distribution IT°. Define analogously the set of probability distributions P(I13°) on
G x A1. By our assumptions, Theorem can be readily used to conclude that

; 0 8 * n TT* n
(H II )EP}II}[f;‘S)XP(H*‘S) KL(H{ ngé’ ]'_‘[g ngé) = KL(HltsQéw ) HO(SPt]S\/I ) (827)
0,117 0 1

holds; (8.26]) and (8.27) together imply the result that we were after. O

8.6.2 Proof of the Main Theorem, Theorem (8.2

For the proof of the main result, we use an equivalent definition of amenability to
the one that was already anticipated in Section We take the one that suits our
purposes best (see |[Bondar and Milnes, (1981} p. 109, Condition A4;). That is, a group
G is amenable if there exists an increasing sequence of symmetric compact subsets
C1 C Cy C--- C G such that, for any compact set K C G,

p{Ci} 1

, as 1 — oQ.
p{C:K}

In this formulation, amenability is the existence of almost invariant symmetric com-
pact subsets of the group G. We use these sets to build a sequence of almost invariant

probability measures when G is noncompact.

Proof of Theorem[8-3 Under our assumptions, Theorem 2 of Bondar| (1976) implies
the existence of a bimeasurable one-to-one map r : X" — G x X"/G such that
r(z™) = (h(z™),m(z™)) and r(gz™) = (gh(z™), m(z™)) for h(z™) € G and m(z") €
X"/G. Hence, by a change of variables, we can take densities with respect to the
image measure p of v under the map r on G x X™/G. Call the random variables
M = m(X™) and H = h(X™). We can therefore assume, without loss of generality,
that the data is of the form (H, M), that the group G acts canonically by multiplica-
tion on the first component, and that the measures are with respect to a G-invariant

measure g = A X § where A is the left Haar measure on G and f is some measure
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on X"/G (see Remark . Note that rewriting the data in this way does not affect
our objective because the KL divergence remains unchanged under bijective trans-
formations of the data. For each g € G, write Pflm and Qf‘m for the conditional
probabilities PZ{ - [M = m} and Q{ - [M = m}, which can be obtained through
disintegration (see (Chang and Pollard, 1997), and write py( - |m) and g4( - |m) for
their respective conditional densities with respect to the left Haar measure .

We turn to our KL minimization objective. The chain rule for the KL divergence

implies that, for any probability distribution IT on G,
KL(I1Q,, IIP,) = KL(QM,PM) + /KL(Hnglm, IPHIm™)dQM (m).  (8.28)

In order to prove our claim, we will build a sequence {IL;};cn of probability distribu-
tions on G such that the term in (8.28) pertaining the conditional distributions given
M—the second term on the right hand side—goes to zero, that is, such that

/KL(Hfolm,ngflm)dQM(m) —0 as i— oo. (8.29)

We define the distributions IT; as the normalized restriction of the right Haar measure
p to carefully chosen compact sets C; C G, that we describe in brief. In other words,
for B C G measurable, we define II; by

p{BNC;i}

Hz{g S B} = W’

(8.30)
Next, the choice of compact sets C;. For technical reasons that will become apparent
later, we pick C; = J;K;L;, where J;, K;, and L; are increasing compact symmetric
neighborhoods of the unity of G with the growth condition that C; is not much bigger—

measured by p—than J;. More precisely, we choose C; according to the following lemma.

Lemma 8.11. Under the amenability of G there exist sequences {J;}ien, {Ki}ien

and {L;}ien of compact symmetric neighborhoods of the unity of G, each increasing
to cover G, such that

piJi}

p{JiK;L;}

The proof of this lemma is given in Appendix There is no risk of dividing

by oo in : by the continuity of the group operation each C; is compact, hence

p{C;} < oo. Lemma ensures that II;{g € J;} — 1 as i — oo, a fact that will

be useful later in the proof. Write Qfﬂm = IY f‘m, and Pfﬂm = HfPflm, and

—1 ast— oo.
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¢i(hlm) and p;(h|m) for their respective densities. We use a change of variable and
split the integral in our quantity of interest from (8.29)). To this end, notice that for
any function f = f(h,m), the expected value EQ[f(H, M)] = EQ[f(gH, M)]. Indeed,

/ £ (hym) gy (hy m)dA(g)dB(m / F(ham)ar (g~ hy m)dA(g)dB(m)
- / £(gh, m)au (b, m)AA(g)AB(m).

Use this fact to obtain that

1 qi(gH|M)

/KL(Hfo‘maﬂnglm)dQ(m) = W

] dIL (g) (8.31)

(gH|M)

/#0]
:/E? _1{gHeJK}1 q’( HM)]dH (9) +
/

A
qi(gH|M)

EQ 1{9H¢JK}1HW

] dII;(g) .

B
(8.32)

We separate the rest of the proof in two steps, one for bounding each term in (8.31)).
These steps use two technical lemmas that we prove in Appendix [F-4.1]
Bound for A in (8.31): Recall that

gi(ghlm) _, J11{g' € JiKiLi} g (ghlm)dp(g')

M ghlm) — " T1lg € LKL} py (ghlm)dp(g’)

Use N = J; K;—not necessarily symmetric—and L = L; in the following lemma.

Lemma 8.12. Let N and L be compact subsets of G. Assume that L is symmetric.
Then, for each m € X™/G it holds that

fin Lo NE) 0t}
J1{g € NL} py(h'|m)dp(g) ) ~

With this lemma at hand, conclude that, for all gh € J;K;, and m € M

sup —InP{HeL|M=m}

h'eN

qi(gh|m)
pilghlm) =

In

71HP1{H € Lz ‘ M :m}
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At the same time this implies that A in (8.31) is smaller than
—/lnPl{H €L;| M=m}dQ(m).

Since the sets L; were chosen to satisfy L; 1 G, the probability P1{H € L; | M =
m} — 1 monotonically for each value of m. Consequently the quantity in last display
tends to 0 by the monotone convergence theorem, and so does A in (8.31). This ends
the first step of the proof. Now, we turn to the second term in .

Bound for B in : Our strategy at this point is to show that, as i — oo,

/Ql {gH ¢ J;K;} dII;(g) — 0, (8.33)

and to use (8.14)) to show our goal, that B in (8.31] tends to zero. To show (8.33)),
notice that if g € J; and h € K;, then gh € J;K;, which implies that

/Q1 {gH S JZKZ}dHZ(g) > 11, {g S Jl} Q1 {H S Ki} .

Since the sets K; increase to cover G, we have Qi {H € K;} — 1 as i — oo, and by
our initial choice of sets J;, K;, L;, the probability IT; {g € J;} — 1, as i — oco. Hence
(8.33) holds. To bound the second term, we use the following lemma with IT = II;.

Lemma 8.13. Let IT be a distribution on G. Then, for each h € G and m € X™/G,
setting dII(glh, m) = M, it holds that

J a9 (hlm)dI1(g)
fng II(g) qq(h|m)
fpg II(g) = /ln pg(h\m)dn(g‘h’m)'

After invoking the previous lemma, apply Holder’s and Jensen’s inequality consec-
utively to bound B in (8.31) by

// [1 {gh ¢ JiKi}/ ¢ (gh|lm)dIL;(g'|h, m)] dQq (h, m)dII;(g) < (8.34)

([ @uton ¢ srcpamis ) (//\/ (ghlm)dTI,(g' |, m) d@(hm)dﬂ())l/p

—0 as i—o00 by (8.33)

where here and in the sequel, ¢ (gh|m) abbreviates In %, and p=1+¢ and q is

p’s Holder conjugate, that is, 1/p+1/q = 1. Next, we show that the second factor on
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the right of (8.34) remains bounded as ¢ — co. By Jensen’s inequality, this quantity

is smaller than

<// | £ (ghlm)[® dHi(gllh,m)dQl(h,m)dHi(g)>l/p'

After a series of rewritings and using our Assumption (8.14)), we will show that this
quantity is bounded. First, we deduce that

/ | £ (ghlm)[? dTL(g' B, m)AQ (1, m)dIT, (g) =

[ 1€ @il arti (g, m)dy (h, mydrts(g) =

L @M [P
pi(HIM)|

/ | £ (hlm)|? dTL(g'[h, m)dQy (hy m) = B2

where we used again the change of variable that we used to obtain (8.31)—but now in
the opposite direction—and in the final equality, we used Bayes’ theorem. Hence, as

o )< (o ) o o)

p1(H[M) p1(H, M)
by , we have shown that tends to 0 as ¢ — oo and that consequently B in
tends to 0 in the same limit.

After completing these two steps, we have shown that both A and B in tend
to 0 as i — 0o, and that consequently the claim of the theorem follows. All that is left
is to prove lemmas [8.11], [8.12], and [R.13] The proofs being straightforward but tedious,
we delegated these to Appendix [F.4] O

< 0
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9 Discussion

From a wider perspective, the content of this thesis was focused on the construction of
optimal anytime-valid hypothesis tests. The premise established in the introduction
was that these methods are valuable because they allow researchers to analyze and
learn from data in real time. This is not only advantageous due to the additional
flexibility in the design of experiments; it also solves the problem of inflated type-I
error rates due to optional stopping. Here, we discuss two implicit assumptions that

form the basis of this premise.

9.1 Publish or perish

The first assumption is that the adoption of anytime-valid methods will reduce the
inflation of type-I error rates. Although this sounds reasonable, it may overlook the
deeper reasons that explain why optional stopping is a problem in the first place. In
many academic disciplines, researchers are pushed to publish papers in order to secure
funding and maintain a good reputation, as the volume of publications is often used as
a measure of success. This culture, sometimes referred to as “publish or perish”, creates
strong incentives for researchers to find positive results. This is amplified by the fact
that papers are often not considered for publication unless they contain a statistical
analysis in which some null hypothesis is rejected. Statistical analyses have thus ceased
to play a supporting role in academia and have instead become the main target. The
problem with this is captured by Goodhart’s law: “When a measure becomes a target,
it ceases to be a good measure”. By themselves, the test statistics that hypothesis
tests are based on are reasonable measures of evidence. However, as soon as the goal
becomes finding evidence, statistical methods are bound to be abused. This applies
to anytime-valid methods as well. For example, researchers could start considering

multiple different test statistics and choosing the one that gives the most evidence, or
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leaving out data points that negatively impact the strength of the evidence. In fact,
in the same survey that was cited in Chapter [I] to show the scope of the problem with
optional stopping, 38% of participants admitted to “deciding whether to exclude data
after looking at the impact of doing so on the results” (John et all [2012). While it
will likely help to a certain extent, there is little reason to believe that switching to
anytime-valid methods will fix the problem of inflated type-I errors entirely; the way
in which the system is being cheated will simply change.

Of course, this is only one side of the story. There are also many situations where
the only incentive for researchers performing statistical analyses is to draw accurate
conclusions. Think of, for example, farmers that are testing the impact of a new crop
variety on yield or companies that are testing whether some software version is better
than another. In such cases, the flexibility that anytime-valid tests offer might indeed
prevent researchers from accidentally misusing statistical tools, leading to a reduction

in the inflation of type-I error rates.

9.2 How Much Freedom Is Too Much?

The second assumption underlying the premise of this work is that more flexibility
in experimental design is always better. Indeed, anytime-valid methods offer exper-
imenters great flexibility in the sense that, no matter how data are collected, the
resulting conclusions will be valid (the type-I error probability is controlled). Never-
theless, the construction based on e-processes gives an idea about when to stop the
data collection: stop when the evidence is large enough to reject. However, as noted
by [Schmitz (1993)): “.. a stopping rule gives, at any time point, only the advice
whether to stop or not but not how the next observations have to be made, which is
a design aspect of the experiment.” That is, while the construction hints at when to
stop data collection, it does not tell experimenters how to proceed with data collec-
tion. The idea is that there is no need to prescribe how this should be done, as one
can just proceed fully sequentially. That is, by collecting data one-by-one. However,
it was already noted by Wald| (1947, p. 101) (the founder of the SPRT) that: “For
practical reasons, it may sometimes be preferable to take the observations in groups,
rather than singly.” A fitting example is given by Barnard| (1946), who was working
on sequential methods at the same time as Wald: “If we are experimenting with the
growth of trees, for example, it may take years for a tree to grow to maturity; in such a
case it would be absurd, in our present system of society, to grow one tree first, and see

what happened, and, then to plant another, and so on.” On the other hand, there are
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also applications where data do naturally come in one-by-one. In the current theory
of anytime-valid testing, it is left to the experimenter to decide which situation they
are in and how they should proceed with the data collection. However, the number
of data points to be collected at any moment should ideally be based on a trade-off
between how close the e-process already is to the desired threshold, and the costs of
data collection (see also [Schmitzl [1993; Novikov, [2024)). For example, if the e-process
is very close to 1/a, it might be beneficial to only collect a few data points, but only
if the cost of collecting a small number of data points is not disproportionately high
compared to collecting a larger batch. It seems unfair to leave such decisions entirely
up to the experimenters, and a theory of optimal data collection may be a promis-
ing direction for future research that could lead to a wider adoption of anytime-valid

methods.
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Summary

In this dissertation, we study hypothesis testing: evaluating whether sample data
support a claim regarding a broader population. The approach is to assume that
the claim is false and to examine whether this assumption, called the null hypothesis,
holds up in light of the data. For example, researchers in a clinical trial wish to use the
data to refute the hypothesis that their medication does not work. Hypothesis tests
help guide decision-making in all walks of life, from finance to agriculture, by offering
a structured framework to evaluate the strength of evidence against hypotheses.

This dissertation is a contribution to the theory of anytime-valid hypothesis tests,
which are tools that are compatible with flexible experimental design. That is, anytime-
valid methods allow researchers to stop or continue their experiment based on observed
data, which is not possible with traditional methods. Anytime-valid methods work
by keeping track of a numerical measure of evidence—the e-process—against the null
hypothesis. In particular, we consider e-processes obtained through the combination
of e-statistics, which measure the evidence that can be derived from each data point
separately. The hypothesis can be refuted if the combined evidence against it grows
too large. The goal is therefore to construct e-statistics that give as much evidence as
possible if the hypothesis is not true. These are called log-optimal e-statistics.

In Chapter [3] we discuss the abstract problem of finding log-optimal e-statistics,
which leads to a general recipe for their construction. In Chapters @7} we use this
recipe to find the log-optimal e-statistics for specific hypotheses of interest (expo-
nential families, conditional independence and group invariance). A key assumption
underlying the optimality results in these chapters is that we know (or can learn) what
exactly happens if the null hypothesis is not true. In Chapter[8] we take a different ap-
proach and consider the worst case over a set of possible alternative hypotheses. That
is, we study a setting where it is possible to compute the e-statistic that maximizes

the rate at which evidence is accumulated in the worst case over the alternative.
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Samenvatting

In dit proefschrift, getiteld Optimale Toetsstatisticken Voor Altijd-Valide Hypothese
Toetsen, bestuderen we hypothese toetsen. Dit zijn methodes om te bepalen of een
bepaalde veronderstelling over een populatie ondersteund wordt door een steekproef.
Bij een hypothese toets neemt men aan dat de veronderstelling in kwestie onjuist is
en gaat dan na of deze aanname, de nulhypothese genoemd, stand houdt met oog
op de gevonden resultaten. Onderzoekers in klinische studies kunnen zo bijvoorbeeld
de data uit hun studie gebruiken om de hypothese dat hun medicatie niet werkt te
verwerpen. Zo kunnen zij concluderen dat de medicatie wél werkt. Hypothese toetsen
helpen bij het maken van besluiten in allerlei facetten van het leven, van financién
tot agricultuur, door het bieden van een gestructureerde methode om bewijs tegen
hypotheses te evalueren.

Dit proefschrift levert een bijdrage aan de theorie van altijd-valide hypothese toet-
sen. Dit zijn methodes die geschikt zijn voor flexibele onderzoeksopzetten. Deze
toetsen staan onderzoekers namelijk toe om hun experiment te stoppen of voort te
zetten op basis van geobserveerde data, wat niet mogelijk is met traditionele meth-
odes. Altijd-valide methodes werken door een maat van bewijs—het e-proces—tegen
de nulhypothese over de tijd bij te houden. In dit proefschrift, beschouwen we in het
bijzonder e-processen die het resultaat zijn van de combinatie van e-statistieken. Een
e-statistiek meet het bewijs dat uit één afzonderlijk datapunt kan worden gewonnen.
De hypothese kan verworpen worden als het bewijs, gecombineerd over alle datapun-
ten, ertegen te groot wordt. Het doel is zodoende om e-statistieken te construeren die
zo veel mogelijk bewijs geven als de hypothese niet waar is. Dat worden log-optimale
e-statistieken genoemd.

In Hoofdstuk [3| beschouwen we het abstracte probleem van het vinden van log-
optimale e-statistieken, wat leidt tot een algemeen recept voor hun constructie. In

Hoofdstukken [4H{7] gebruiken we dit recept om de log-optimale e-statistieken voor spec-
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Samenvatting

ifieke nulhypotheses te vinden (exponentiéle families, conditionele onafhankelijkheid
en groepsinvariantie). Een belangrijke aanname achter de optimaliteits resultaten in
deze hoofdstukken is dat we weten (of kunnen leren) wat er precies gebeurt als de nul-
hypothese niet waar is. In Hoofdstuk [§] volgen we een andere aanpak en beschouwen
we het ergste geval over een verzameling alternatieve hypotheses. Dat wil zeggen, we
bestuderen een context waarin het mogelijk is om de e-statistiek vast te stellen die het

meeste bewijs accumuleert in het ergste geval over het alternatief.
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A Appendix to Chapter 3

A.1 Proofs

A.1.1 Proofs for Section (3.3

Before giving the intended results, we note that we introduced mp as the averaged
Bregman divergence associated with y(z) = x — 1 — In(x). For the proof, it will be
useful to also define the Bregman divergence associated with v(z) = 2 —1—In(z) itself,

which is the so-called Itakura-Saito divergence. For f,g € M (2, R~y), it is given by

(f—l—lnf> dP.

Q

By definition, it holds that

ma(f,g) = %IS (f, f;g> ¥ %IS (g, f‘;g> .

Furthermore, for @ € C, we have ISp(q,p) = D(P]|Q). We now state some auxiliary
results before giving the proofs for Section

Lemma A.1. For z,y € Ry, we have
n(z) = In(y)| = g(m3(z,y)),
where g denotes the function
g(t) = 2t +21n (1 + (1 — exp (—2t))1/2) :

The function g is concave and satisfies g(t) > 2t.
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Proof. Let m = % Our goal is to determine the function g function such that

In(z) = In(y)| = g(m3(z,y)).

We first rewrite the right-hand side

Plugging this back in and replacing % by w leads to

in (w)| = g @m (“:)»

Then we solve the equation

which gives
w=2exp (2t) — 1 +2- (exp (4¢) — exp (2t)) 7

g(t)=In (2 exp (2t) — 1+ 2 - (exp (4t) — exp (2t))1/2>
=2t+1In (2 —exp(—2t)+2- (1 —exp (—2t))1/2)

=2t 42In (1 + (1 —exp (—zt))l/"') .
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The derivatives of g are

(1—exp(=2t)) 2 exp (=2t

gl)=2+2 1+ (1—exp(—2t)7"
2
T (1 exp(—2t)1?
g"(t) _ —€xXp (_t/z)

We see that ¢”(t) < 0 and conclude that g is concave. Finally, we have
g(t)=2t+2mn (1+ (1 —exp(-20))") > 21,

because 1 — exp (—2t) > 0. O

Lemma A.2. Let (fn)nen be a sequence of elements of M(Q,Rsq), then

In <J}:’:>’ dP = 0.

limsupmp(fim, fn) =0 1imsup/
Q

m,n—oo m,n—co

Proof. By Lemma we have for m,n € N,

1 fm
AL (f)’ ar

as well as
fn _ 2
In| = )| dP= [ g(m5(fu, fm)) dP
Q .fm Q
<g (/Q m'zy(fmfm) dP)
=g (m%‘ (fnvfm)) .
The result then follows by continuity of g. O

Lemma A.3. For Q1,Q2 € C such that P < Q; fori € {1,2}, we have

m%ﬂ(fh,(b) < D(P[[@1~C) JQFD(P”Qz ~ C)'
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Proof. Let Q denote the midpoint between @Q; and Q. Then we have

D(P[|@1 ~ C) + D(P[|Q2 ~ C)

2
_ SUpgec D(P||Q1 ~ Q) +supgee D(P[|Q2 ~ Q)
B 2
D(P ~ Q)+ D(P ~ O
> DI = QDRI =) _ iy,
O
Proof of Proposition[3.4 This follows as a direct corollary of Lemma [A2] O

We now deviate slightly from the order of the results in Section [3.3] and first state
the proof of Proposition [3.6] so that we can use its results in the proof of Theorem [3.5]

Proof of Proposition[3.6f The implications (3) — (2) — (1) are obvious, so we show
here only the implication (1) — (3). Assume that P’ is a measure such that —oco <
D(P||P’" ~ C) < co. Then there exists a sequence of measures @Q,, € C such that

D(P||P' ~ Q) — D(P||P" ~ C)

for n — oo. Without loss of generality we may assume that —oo < D(P||P’ ~~ Q) <

oo for all n. The result follows because
D(P||P" ~ C) = D(P||P" ~ Qn) + D(P||Qy, ~ C)

and all involved quantities are finite. O

Proof of Theorem . Let (Qn)nec denote a sequence in C such that
A D(P|Qn ~ €)= inf, D(P[|Q ~ C) =0,

where the last equality follows from Proposition Without loss of generality, we
may assume that D(P||Q, ~» C) < oo for all n, so that P <« @, for all n. It then
follows from Lemma [A73] that for m,n € N we have

D(P||Qm ~ C) + D(P||Qy ~ C)

M3 (Gm, qn) < 5 :

It follows that (g,)nen is a Cauchy sequence with respect to mp, so that (g,)nen

converges to some function ¢ in mp. The latter follows from the completeness of
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(M (€, (0,00)),mp), i.e. Proposition

Furthermore, suppose that (Q/,),cc is another sequence in C such that

lim D(P|Q, ~ C) = 0.

n— oo

Then, by the same reasoning as before, Q1,Q}, Q2, @5, Q3,Q%, ... is also a Cauchy
sequence that converges and since a Cauchy sequence can only converge to a single

element this implies the desired uniqueness. O

Proof of Theorem @ The equality

/ /
/m’édpz lim [ mZap
Q q n—0o0 Jo dn

follows from Theorem together with the fact that convergence of g, in mp

implies convergence of the logarithms in L (P). O

Proof of Theorem @ Let (Qn)nec denote a sequence in C such that
lim D(P||@Q, ~~C) =0.
n—oo

Without loss of generality, we may assume that D(P||Q, ~ C) < oo for all n and
that ¢, converges to ¢ P-almost surely. The latter is valid, because convergence in
mp implies convergence of the logarithms in L;(P) by Lemma which gives the
existence of an almost surely converging sub-sequence.

Let Q = (1 —t)Q, + tQ for fixed Q € C and fixed 0 < t < 1. Let Q,, , denote the

convex combination Qs = (1 — $,)Qn + $n@ and s, € [0,1]. By Theorem ,
we know that there exists some Q such that ¢, — ¢ in mp.

Since @, s € C by convexity, we have that D(P|Q,, ~ Qn,s) < D(P|Qn ~ C).
We also have

D(P”Qn ~ Qms) = SnD(PHQn ~ Q) +5,1Sp (57 Qms)
+ (1 - Sn)ISP (QHv%l,s)
> 5, D(P||Qn ~ Q) + 52 ISp(d, qn,s)-

Hence
52 D(P||Qpn ~ Q) + 5,1Sp(G, qn,s) < D(P||Q, ~ C).
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Division by s, gives

D(PQ ~C)

Sn

D(P||Qn ~ Q) +1Sp(d,n.s) <
Choosing s, = D(P||Q, ~+ C)"/2, this gives
D(P||Qn ~ Q) + ISp(q; qn,s) < 5.
Then we get
ISp(7.qn.s) < D(PIIQ ~ Qn) + 5,[*.

/( q +1nq’“5) dP < P(Q) + Q(Q) — Qn(Q) + s/,
Q \qn,s dn

el . —Snq
n
Writin, as L2—nd e see
n

In dn,s —In dn,s

q”,s_an
an B T
=In(l-s,)—In n,s — 5n
Adn,s
_ q
=In(l-s,)—In (1 — Sy >
dn,s
q
>In(l—s,)+ s,—.
qn,s

Hence

In(1 —s,) + (1 +s,) / qq dP < P(Q) + Q(Q) — Qn(Q) + s/,
Q Yn,s

As lim,, o 8, = 0, taking the limit inferior as n — oo on both sides gives

fiminf [~ dP < P(Q) + O(Q) — lim inf O, ().

n— oo Q qn,s n— 00

An application of Fatou’s lemma gives

/ ar dQ < P(Q) + Q(Q) — lim inf Q,,(Q).
Q

dQ n— 00
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Since Q = (1 — t)Q; + tQ we get the inequality

dP
/QdQ (1-1) Qi +1Q)
< P() +(1-1)Q ()+tQ( ) — lim inf Q. (42,

<H>/ Q

<P<Q> (- 0@ (9) + Q@ ) — lim inf Q, (€2).

Finally we let ¢ tend to one and obtain the desired result. O

Proof of Proposition[3.7 Let Q € C arbitrarily. Then there exists a sequence (w;),
in [0,1] with >~, w; = 1 such that @ = Y | w;Q;. It follows that

(e -a)- [n TG
max; w; y_, Qz
: /an 13,0

= In(n) + In(max w;) < In(n).
The proposition follows by taking the supremum over () on both sides. O

Proof of Proposition[3.8 Since Q* is the normalized maximum likelihood distribution

we have supg, sup,, In % < o0. In particular

sup DIPIQ" - Q) = sup / 9 4p

Qec g
< sup supIn @ (w) < 0.
QeC w dQ*

Proof of Proposition[3.10, We can write
D(P[|Qs ~ Q") = D(P||Q¢ ~» Q) + D(P[|Q ~ Q7).

By assumption all terms are finite so that minimising D(P]||Qg ~> Q*) over 6 must be
equivalent to minimising D(P||Qg ~~ Q) over 6. The same argument holds for step 5 in
Algorithm [1} The result then follows from (Brinday, [2018, Theorem 3.0.13). Whereas
the algorithm described there works by choosing 6, to minimize [, log((1—ax)qg,_, +
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aiqe) dP, the proof relies on (Li, 1999, Lemma 5.9), which indeed uses minimization
of D(P||(1 — ax)Qo,_, + axQs ~ Q) as described here. ]

Proof of Theorem[3.9 For any a € R we have

ho)+a 116 = fo0- (140 20, (A1)

Since ﬁgg — 0 for i — oo we have that fy (i) + a - f1 (i) > 0 for ¢ sufficiently large.

Therefore, we can apply Fatou’s lemma to the function and obtain

S foli)-qt (D) +a-> f)-q" (i)

=S (o) +a fi (@) a ()
_thlnf Jo (i) +a- f1 (i) - qn (7)
<11m1nfz fo(i)+a- fi(i))-qn(3)

= lim inf (Z fo (i) - qn (i) +a- Zfl (i) - qn (i)>

= liIgiIlf()\o—Fa'/\l) =X+a-A.

Hence
(Zfl ><A0—Zfo (i) . (A.2)

This inequality should hold for all ¢ € R, which is only possible if

Zfl (z)q* (7,) —/\1 :O
D f) g (i) = A

A.1.2 Proofs for Section |3.4

Proof of Proposition[3.123 Assume that Ey, Fa, Es,... is a sequence of e-variables

such that E P
/1 <E’> dP—>sup/ln<El) dP
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for n — co. Then E, ,, = (B + Ey) /2 are also e-variables and by convexity

Eonn E
1 = | dP In{— | dP
i () 4w = [0 (35) o7
which implies that m3 (Em, E,) — 0 for m,n — oco. By completeness E,, converges
to some e-variable E,. Using Lemma we see that m, (E,, Ex) — 0 implies that

/ln Em dP—)/ln P dP
Q E Q E
E FE
Slép/ﬂlﬂ(y) dP—/an(E/>dP'
E
su In{f— ) dP=0
Ep/ﬂ (EOO>

Therefore E is a strongest e-statistic.

so that

Hence

Assume that both Fy and Es are strongest e-variables. Then they are both stronger
than the average E = (F; + E,) /2. Hence

1 E E
< m? == = = <0.
Ofmv(El,Eg) 2/(ln(E1)+1n(E2)> dP <0

Therefore Fy = E5 P-almost surely. O

Proof of Theorem[3.13 Firstly, since E > 0 holds P-almost surely, we have that E is
stronger than any E’ € & with P(E' = 0) > 0.

Secondly, let £ € & be an e-statistic for which £ > 0 holds P-almost surely.
Furthermore, let @, be a sequence of measures in C such that D(P|Q, ~ C) — 0.
We can define a sequence of sub-probability measures R,, by R,(F) = | r EdQny,
which satisfies dBn/aQ,, = E. We see

EY ip_ [ (9@n
/an (E) dP_/Ql (dQ > dP + D(P|[Ry)

+ (P(Q) — Ra(Q))

dQ,
S /an ( dQ > ar
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The last expression goes to zero as n — oo, so we see that Eis stronger than F. [

Proof of Proposition[3.1] Using the fact that In(z) <z —1 for z > 0, we see

d
D - Q) = [ 2

dQ
< [ (e 1) ar

dpP
i@

dpP

where the last inequality follows from the fact that dP/dQ* is an e-statistic. O

Proof of Theorem[3.16. Without loss of generality, assume that [, '/¢dP =1+ € for
some € > 0. For the sake of brevity, we write cg := ||q’/qH}ig. We now define a

function g : [0,1] — R>¢ as
g(a):=D(P|(1-a)Q +aQ" ~C).

Notice that g(0) = ¢ and g(a) > 0, since (1 — @)@ + aQ’ € C. This function and its

derivatives will guide the rest of the proofs, and we now list some properties that we

will need:
o) e Lo — —q
/(o)1= qoole) = [ Gt ap (43)
so that
e _q _ .
g(O)—/Q<1 q>dP— , (A4)
1" _ d72 _ ql —q
(@) := a29(®) /Q ((1 - a)Q+aq’> ’ (A.5)
so that
"(0) = — q—/ i =1- €)+c
g (o)_/9<1 q) AP =1-2(1+¢)+a
and
0<g"(0) € =0 (O) (A.6)
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We now prove . We start with the case f = 1 and will use the result for g =1
to prove the case for § < 1. The proof for the case 8 > 1 comes later; it requires a
completely different proof.

Case § = 1. The general idea is simple: at o = 0 the function g(«) is equal to
6 and has derivative —e. Its second derivative is positive and bounded by constant
times ¢’(0) < ¢; for all & < 1/2. Thus, if € is larger then a certain threshold, g(«)
will become negative at some « < 1/2, but this is not possible since g is a description
gain and we would arrive at a contradiction. The details to follow simply amount to
calculating the threshold as a function of 4.

By Taylor’s theorem, we have for any « € [0,1/2] that

//(ao) 9

g(a) =g(0) + ¢’ (0)a+ max o

0<a°<a 2
< g(0) + ¢'(0)a +2¢"(0)o
<6 —ea + 202,

where we use the properties derived above. This final expression has a minimum in
a* = min{¢/4c,, 1/2}. By nonnegativity of g, we know that § — ea* + 2a*?c; > 0. This
gives € < (8¢16)"? in the case that a* = ¢/4c, < 1/2, and € < 26 + ¢; otherwise. In the
latter case, it holds that ¢; < €¢/2, so the bound can be loosened slightly to find the
simplification ¢ < 4. This concludes the proof for § = 1, which we now use to prove
Case g < 1.

Case 8 < 1. For any a > 0, it holds that

q q q
4P = 1ycn dP_|_/ =1/ o dP. A7
/Qq qq (e qq (el (A7)

We write ¢” := q’l{q//qga} and we will bound the first term on the right-hand side
of using the proof above with @’ replaced by Q”. Since Q" is not necessarily
an element of C, we need to verify nonnegativity, which follows because for each
a € (0,1), we have that D(P||(1 —a)Q+aQ” ~~ C) > D(P||(1-a)Q+aQ’ ~C) > 0.
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Furthermore, it holds that

7 my 2
q
T = [ (L) ap
’ 2 /Q(Q)
N\ 1+8 N\ 1=
L(5)(5) e
o\ 4 q
Sal_Bclg

The results above therefore give
/ a dP < 1+ max{(8a'Pcz6)"/?,26}.
Q

For the second term on the right-hand side of (A.7)), we use a Markov-type bound, i.e.

q /a
1., adP</ ()1 o dP
/Q {4'/a>a) L g o ) W

<a - ca.
Putting this together gives
/Q ¢ dP <1+ max{(8a*Pcsd)"/?, 40} + a~
Since this holds for any a, we now pick it to minimize this bound. To this end, consider

d
£(8a175655)1/2 +aPeg

_ (1- ﬁ)(gcﬁ(S)I/Z =2 _ ﬂa*(1+ﬁ)

= C3.
9 B

Setting this to zero, we find

2

: pes'  \"
a = — .
(1—5)(28)72
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The proof is concluded by noting that

5 5 1/2 7? 2
*1— 12
73
+8

1/(/3+1)(26>B/(/3+1) (1 5

and

m‘m

. gt \T
=B B
a Cp = <(1 — ﬁ)(2(5)1/2> (&%}

— c;,/(/ﬂm <1 fﬁ) wr (25)‘*/(1%).

Case > 1. We now prove the result for 8 € (1, 00); the proof for f = oo follows
by a minor modification of . If € < 0 there is nothing to prove, so without loss
of generality we can write ¢ = 4 for some v > 0; we will bound . Whereas the
previous proof exploited the fact that the second derivative ¢’ («) was bounded above
in terms of § and hence ‘not too large’, the proof below uses the condition that cg
is finite to show first, (a), that g”(«) can also be bounded below in terms of (v, 4).
Therefore, if € exceeds a certain threshold, as & moves away from the a* at which g(«)
achieves its minimum in the direction of the furthest boundary point (i.e. if a* < /2,
we consider a 1 1, if o* > 1/2 we consider « | 0), g(a) will become larger than K¢ or §
respectively, and we arrive at a contradiction. (b) below gives the detailed calculation
of this threshold.

Proof of (a). Fix some 0 < & < 1 (we will derive a bound for any such & and
later optimize for &; for a sub-optimal yet easier derivation take & = 1/2). By Taylor’s
theorem, we have 0 < g(&) = § — ae + (1/2)a%g"” (a°) for some 0 < a° < &. Plugging
in € = 76 we find that

2

g"(a%) = —(ay —1)d.

Qz

This gives a lower bound on ¢’ (a®) for some a° in terms of (7,d). We now turn this
into a weaker lower bound on all a. First, using and then o° < & and then the
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above lower bound, we find

9'(0) > max (1- )" (0) > (1)’ (a")
> (1-6)%"(a) 2 2fa(7,5), (A8)

where f5(7,9) := ((1—a)/&)?(ay—1)d is a function that is linear in v and §. We have
now lower bounded ¢”’(0) in terms of 7,5. We next show that, under our condition
that cg < oo, this implies a (weaker) lower bound on g”(«) for all «.. For this, fix any
C >1. We have for all 0 < o < 1:

2
" > 1, q —q > dP
g(a)—/Q ¢'<Cq" <1ozq+aq
2
q —4q
> 1, dP
_/Q 7<Cq” (1—aq+a0q)
q 1
= 1/ -
/Q"SCQ < > (T+a(C-1))?

> =T (9”“” e (5 1)2 C“’)

2fa(7,0) = C"Feg), (A.9)

(=)

> 4

where in the fourth line we used the definition of ¢”(0), and in the fifth line we
used (A.8) and a Markov-type bound on the integral, i.e. we used that [,1,5cq4 -

(¢ /g —1)* dP is bounded by
I\ 2
: (q> P
q

2 ’ B—1

q /q

(¢ w2 ()

-/Q v q a\C
= 017665.

By differentiation we can determine the C' that maximizes the bound (A.9). This gives

C1 8 = fa(7,6)(4/cs(1+8)). and with this choice of C, (A.9) becomes

g"(@) > faly,8)F+D/G=0HA=Pp ) (A.10)

where h(B) = (4/(1 + ))?/B=1 . 2( —1)/(1+ B). We are now ready to continue to:
Proof of (b). Let a* € [0,1] be the point at which g(«) achieves its minimum. If
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a* < 1/2, a second-order Taylor approximation of g(1) around a* gives that

1
Ko>g(l)>-(1- a*)2 min ¢" ()
2 acla*,1]
1 _ _
> Sfaly,6) PPN n (),

so that after some manipulations
Faly, 6)1FD/E-0 < g2/ O7D ()71, (A.11)

with K/ = K. If a* > 1/2, we perform a completely analogous second-order Taylor
approximation of g(0) around a*, which will then give (A.11) again but with K’
replaced by 1. We thus always have (A.11) with K’ = max{K,1}. Unpacking f5 in

(A.11) and rearranging gives:

|
e
|
o)
e
Q

with

wf

B—1
_ 2/(148) SK'\ T8 s
V=c <h(ﬁ)) ”

We now pick the & that makes both terms on the right equal, so that the right-hand
side becomes equal to 2/a. This is the solution to the equation (&/(1—a))?V = 1 which
must clearly be obtained for some 0 < & < 1, so this & satisfies our assumptions.
Basic calculation gives
v<Zoa. (V1/2+1>
&

and unpacking V' we obtain
B
€e=~0 < c*-§TFF 4 26.

where

B—1
. 1/a+p) 8K\ 20ED
¢ =% (hw) ‘

Unpacking h(8) gives the desired result.

209



A.2 RIPr Strict Sub-Probability Measure

A.2 RIPr Strict Sub-Probability Measure

In this appendix, we discuss a general way to construct a measure P and convex set
of distributions C such that the reverse information projection of P on C is a strict
sub-probability measure. For simplicity, we take @ = N and F = 2N, though the idea

should easily translate to more general settings.

Proposition A.4. Let g : N — Ry be a function, and let C denote the set of measures
{Q:>2,9(1)q(t) < v} for some v > 0. Then for any P that is not in C we have that
E (i) = 9/v is the optimal e-statistic.

Proof. The extreme points in C are the measure with total mass 0 and measures of the

form ﬁ&i, i.e. measures concentrated in single points. An e-statistic £ must satisfy
N E() =i () <1
- g(1)

or, equivalently, E (4) ﬁ < 1. Hence E < 9/v so the optimal e-statistic is 9/v. O

Let g : N — Ry be any function that satisfies

lim g(n) =0.

n—oo

Furthermore, let P denote a probability measure on the natural numbers such that

i
for some ¢ € Ryg. Fix v* € (0,1/¢) and let C,- denote the set of measures {Q :
> 9(i)q(i) < v*}. Note that we do not yet require all measures in C,~ to be prob-
ability measures so that the set C,~ is compact. It follows that there exists a unique
element of C,- that minimizes ), p(¢)In (p()/q(7)).

The optimal e-statistic is E,» = 9/v*, and we may define the measure Q,- by

= vp(i)/g(i),

and we can check that Q,- € C,~. Hence @, minimizes ), p(7) In (p(2)/q(7)).
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This is a strict sub-probability measure:
N (O]
g+ (i) =v —
2=y

=V cC

<1,

where we use that v* < 1/e.

The next step is to prove that the information projection does not change if we
restrict to the set of probability measures in C,-, which we denote by C,~. To this
end, note first that for v < v*, we have that >_ g (i) ¢, (i) < v*, so that for all v < v*
there exists n,, € N such that the probability measure defined by

@)+ (1= a.0) | 6 ()
J
is an element of C,-. Hence

D(PIC, ) <D [PQu+ | 1= a(j) | on,

JEN
_ Ao (i)
A Y e 0(3)) e, (1)
L )

+3 p(i)In (p(i? ) .

€N

The first term can be written as

ploa)tn (Z2L) — gy ) P (202 )

qv(ny) qv(ny) qv(nw)
(nw) (g (mw)
= q,,(n,,)g > ln< > )

Then notice that for v — v*, we must have that n, — oco. Using that c¢In (¢) — 0 for
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¢ — 0 we see the first term tends to 0 for v — v*. Similarly, the second term can be

written as

p(ny)
p(ny) In (qy(nu) +1— ZjeN ql/(j)>

B . B . p(n,)
= Ql/( V) +1 %q"(]) qu(n,,) +1-— Z]EN QV(j)

-In p(ny)
QV(nu>+1fzjeNQV(]’) .

We also have
b (nv )

G () +1 =237, q.(7)

for v — v* and using that cln (¢) — 0 for ¢ — 0 we get the second term tends to 0 for

Q. + <1 - un(i)> %)

< zi:p(i)ln ( pli) )

—0

v — v*. Therefore we see

D(P|C,-) < lim D (P
v—v*

g+ (7)
= inf Zp(z) In (p(z)) .
QEC,~ & q(i)
The inequality trivially also holds the other way around, so we find that

D(P|C,-) = o Zp(i) In (58) :

It follows that @,~ is a strict sub-probability measure, and at the same time it is the

reverse information projection of P onto C,«.

A.3 Convexity

One of the main assumptions made throughout the main text is that the set of measures
C is convex, i.e. closed under finite mixtures. However, one can also consider stronger
notions of convexity, such as o-convexity and Choquet-convexity. In this appendix,

we investigate whether considering different levels of convexity can change the reverse
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information projection.

Definition A.5. A set C’' of measures is said to be o-convex if Q1,Q2,Q3--- € C’
implies that > .° w;Q; € C' when w; > 0 and >, w; = 1. The o-convex hull of a

set of measures C, denoted by o-conv(C), is the smallest o-convex set containing C.

In order to avoid topological complications we will restrict the discussion of Choquet-
convexity to Polish spaces, i.e. spaces for which there exists a complete metric that
generates the topology. That is, assume that € is a Polish space equipped with the
Borel o-algebra. Let © be another Polish space and let {Qg : 8 € ©} denote a param-
eterized set of probability measures on {2 such that 6§ — fﬂ fdQy is Borel measurable
for any measurable function f : 2 — R. Then for any probability measure v on © the

Choquet-convex mizture p,, can be defined by

[ ran= [ ([ sau) a.

for any measurable function f: Q — R.

Definition A.6. A set C’ of measures is said to be Choquet-conver if it is closed
under Choquet convex mixtures. The Choquet-convex hull of a set of measures C is

the smallest Choquet-convex set that contains C.

So far, we have assumed that all of the measures in C are finite. However, a
countable or Choquet convex mixture of finite measures may not be finite. It follows
that our results on the existence of the RIPr might not be applicable to the o-convex
and Choquet-convex hull of C. We therefore assume for the remainder of this section
that all involved measures are sub-probability measures, in which case this problem
does not arise. With all of this in place, it is relatively straightforward to construct
examples where the RIPr of P on a convex set does not exist, whereas the RIPr of P

on its o-convex hull does exist.

Example A.1. Let P denote a geometric distribution on Ny and let C denote the set
of probability measures on Ny with finite support. Then D(P]|Q ~ C) = —oo for any
Q@ € C. Therefore the reverse information projection of P on C is not defined according
to the definitions given in Chapter [3] However, the o-convex hull of C consists of all
probability measures on Ny, which implies that the reverse information projection on

the o-convex hull is well-defined and equals P.

However, as the following results show, if the RIPr of P on C does exist, then it

must coincide with the RIPr of P on o-conv(C).
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Lemma A.7. Let P and Q be sub-probability measures and let Q1,Qs,... be a se-
quence of sub-probability measures such that D(P||Q ~ Q1) > —oo, and let wy, wa, . ..

be a sequence of positive numbers with sum 1. Then
D <PHQ - Ei—;wi'Qi> D P
D1 Wi

Proof. Firstly, note that

szwi'Qi>

i=1

forn — occ.

d2n+1 wiQ; _— dzz L wiQy
dQ - dQ

and

d Z wj Qz / dw, Ql
In —==1 ¥t qp > In dP
/Q d@ Ja d@

=D(P|Q ~ Q1) +Inwy
+ (Q1(2) - Q)

> —00.

Since Y"1, wiqi — >0, wig; pointwise, applying the monotone convergence the-

orem to the sequence

( dy i, wiQ I dlel)
neN

dQ dQ
gives that
/Q dzdbwzQz I dw1Q1 qpP
- / In Z o widi dlsgl dPp.
We get

/Ql dz:ldégwl@dp_}/ Zz 1wzQz P
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for n — oo. Finally, we see that

D i1 Wi Qi
( HQ 11':1 w; )

S [ dESQ s o @) - @)
Q d@
_ D(PIQ  Qu),

where Qoo 1= >0 w;Q; and we use that Iny """ |, w; — 0 and Q, () = Quo(2). To
see the latter, note that
0= [ B g

and 0 < >, ailw /E w; < 900(W)/w;, where the RHS integrates, so that the desired

convergence follows from the dominated convergence theorem. O

Theorem A.8. Let P be a finite measure and C a convez set of sub-probability mea-
sures such that D(P||Q ~ C) = 0. If Q1,Q2,... is a sequence of measures in C such
that D(P||Q., ~ C) — 0, then D(P||Q,, ~ o-conv(C)) — 0.

Proof. Fix Q* € C such that D(P||Q* ~ C) < e and let Q = > o0, w;Q; € o-conv(C)
arbitrarily. Let s € (0,1) and consider Q :=s-Q* + (1 —5)-Q = Yoo WiQi, where
Qo :=Q", wy =sand w; = (1—s)-w; fori =1,2,.... Note that D(P||Q* ~» Qo) =0,
so it follows from Lemma that

lim D (P HQ o D(P||Q* ~ Q).

n—oo

D im0 Wi > _
Z?:o w;

The left hand side is, by definition of Q*, bounded by ¢ since Y., DiQif5" @ € C,
so that we find D(P||Q* ~ Q) < e. Furthermore, by concavity of the log,

e D(P|Q"~ Q)
> s D(P||Q" ~ Qo) + (1 —5)- D(P|Q" ~ Q)
=(1-35)-D(P|Q" ~ Q).

Taking the limit of s — 0, we see D(P||Q* ~ Q) < e. Finally, the result follows by

taking the supremum over Q. O
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We conjecture that if C is a o-convex set of sub-probability measures and C’ is the
Choquet-convex hull of C then D(P||Q ~» C) = D(P||Q ~> C’) for any sub-probability
measures P and @ such that P,Q, and the sub-probability measures in C all have

densities with respect to a common o-finite measure.
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B.1 Application in Practice: k£ Separate I.I.D. Data

Streams

In the simplest practical applications, we observe one block at a time, i.e. at time n,
we have observed X1y, ..., X (), where each X;y = (Xi1,..., Xy ) is a block, i.e. a
vector with one outcome for each of the k groups. This is a rather restrictive setup, but
we can easily extend it to blocks of data in which each group has a different number
of outcomes. For example, if data comes in blocks with m; outcomes in group j, for
J=1.k Xo = X, Xt Xeots o Xiimas oo Xiky1y -+ Xikomy ) We
can re-organize this having k' = 2521 m; groups, having 1 outcome in each group,
and having an alternative in which the first m; entries of the outcome vector share
the same mean p) = ... = p;, = pi1; the next my entries share the same mean
Py 41 = - = My +m, = M2, and so on.

Even more generally though, we will be confronted with k separate i.i.d streams
and data in each stream may arrive at a different rate. We can still handle this case by
pre-determining a multiplicity my, ..., my for each stream. As data comes in, we fill
virtual ‘blocks’ with m; outcomes for group j, j = 1...k. Once a (number of) virtual
block(s) has been filled entirely, the analysis can be performed as usual, restricted
to the filled blocks. That is, if for some integer B we have observed Bm; outcomes
in stream j, for all j = 1...k, but for some j, we have not yet observed (B + 1)m;
outcomes, and we decide to stop the analysis and calculate the evidence against the
null, then we output the product of e-variables for the first B blocks and ignore any
additional data for the time being. Importantly, if we find out, while analyzing the
streams, that some streams are providing data at a much faster rate than others, we

may adapt myq, ..., m; dynamically: whenever a virtual block has been finished, we
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may decide on alternative multiplicities for the next block; see Turner et al.| (2024)) for

a detailed description for the case that k = 2.

B.2 Proofs for Section 4.2

In the proofs we freely use, without specific mention, basic facts about derivatives
of (log-) densities of exponential families. These can all be found in, for example,
Barndorff-Nielsen| (1978).

B.2.1 Proof of Proposition [4.6

Proof. Since Sgro(a) Was already shown to be an E-variable in Lemma the ‘if’
part of the statement holds. The ‘only-if’ part follows directly from Corollary 2 to
Theorem 1 in (Grinwald et all 2024), which states that there can be at most one
E-variable of the form p,(X*)/r(X") where r is a probability density for X*. O

B.2.2 Proof of Proposition 4.7

Proof. Define g(uo) := =Ep ., [SPSEUDO(M)] and B(p;) := A (A1) + AMpo) — A(g))-

m Hi Y
g ‘UO p(uo) [H £ )] HEYNPMU |:p ((Y)):|

i=1 pI’LO p,u,o
k
exp (A(ui)y — A (M)
H/ e o)y = ACGD) op Augry — A g
k

H/eXp (ki) + Mpo) = AMpg)) y — A (M) — A(Apo)) + A (Mug))) dp(y)

k
=T exp (ANu) = AN (i) = A (Mpo))) exp (B(ui)

i=1

~ / exp (A1) + Atio) — (1)) y — B(ui)) dp(y)

= H exp (A (Mpg)) — A (M) — A (Apo))) exp (B(pa)) - 1

i=1 i=1

k k
—exp (kA A = S A ) — kA (Apo)) + ZB(M)) ‘ (B.1)
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Taking first and second derivatives with respect to pg, we find

k
d%og(uo) = o) - % (; B(us) — kA (/\(Ho))> (B.2)

and
&2 d d (&
mg(ﬂo) = (duog(%)) " dino <; B(p;) — kA (MHO)))

2 (&
+ g(po) - dfu% <Z B(pi) — kA (/\(Ho))>

k
=9(ko) (Z(Mz‘ + po — Ho) — k‘uo> (B.3)

i=1

k
+ g(o) (Z VARP, g [X] — kVARP,, [X]>
i=1

k
=g(ko) (Z VARPM-%—MO—MS [X] - kVARp, [X]> = g(po) - f(o)-

where the second equality holds because of , (d/d\ (1)) A(A () = Ep,[X] and
(d?/dX(p)*)A(A()) = VARp, [X]. is continuous with respect to ug. Therefore, if
f(pg) > 0 holds, it means that there exists an interval M* C M with pf in the interior of
M* on which is strictly convex. Then there must exist a point uf, € M* satisfying
]Ep%) [SPSEUDO(M)] > EP<;L3> [Spsmmo(/v()] =1, i.e. Spspupo(m) 18 not an E-variable.
Conversely, f(1) < 0 means that there exists an interval M* C M with ) in the interior
of M*, on which is strictly concave. The result follows. O

B.2.3 Proof of Theorem (4.8

To prepare for the proof of Theorem let us first recall Young’s [1912] inequality:

Lemma B.1. [Young’s inequality] Let p, q be positive real numbers satisfying zl) +

. . P a
% = 1. Then if a,b are nonnegative real numbers, ab < “7 + %.

The proof of Theorem [4.8] follows exactly the same argument as the one used by
Turner et al.[(2024) to prove this statement in the special case that M is the Bernoulli

model.

Proof. We first show that Siro(imp) as defined in the theorem statement is an E-variable.
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For this, we set p§(X) = Py, (X). We have:

1
k

-

i=1

Pus (X1) Pux (Xk)
Exrop,,, [Seroam)] = Ex,~B,, [];%1(}(1)] o Exyap,, {;g(Xk) . (B.4)
We also have
1 Puy (X1) 1 Pux (Xk)
“Ey. ik “Ex Ppi\ k)
oo {PS(Xl) T R P6(Xk)
1 X X
:EEX’VP}LO 12#1( ) R iﬂk( ) =1. (B5)
% Z:lplti(X) % ;pm(X)

We need to show that (B.4)) < 1, for which we can use (B.5)). Stated more simply, it is
k k

sufficient to prove [] r; <1 with % ST r; <1, r; € RT. But this is easily established:
=1

[ i=1

IV
VR
= 51
|
=
B
-
v
Ey
<
T‘r\u
-
3
Eopl 1S

2 kg
rL+ 79\ F 1 1
("57) Wei=114 wo)

k=1 1 ._
k ’q "

where the first inequality holds because of Young’s inequality, by setting % =

k—1
,aP = Zklill - ,07 ;= ri in Lemma The other inequalities are established in the

e

same way. It follows that ﬁ ri% < 1 and further ﬁ r; < 1.

This shows that SGRO(H;lis a e-variable. It rerrzlgilns to show that Sgro(p) is indeed
the GRO e-variable relative to H(1ID); once we have shown this, it follows by Lemma
2 that it is the unique such e-variable and therefore by Lemma 1 that Py achieves the

minimum in Lemma 1. Since we already know that Sqgroaup) is an e-variable, the fact
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that it is the GRO e-variable relative to H(1ID) follows immediately from Corollary
2 of Theorem 1 in |Griinwald et al.| (2024)), which states that there can be at most one
e-variable of form p,,(X*)/r(X*) where r is a probability density. Since Scro(up) 18

such an e-variable, Lemma 1 gives that it must be the GRO e-variable. O

B.2.4 Proof of Proposition [4.11

Proof. The observed values of X1, Xs, ..., X} are denoted as 2* (:= x1,..., ;). With
Xp(zF=1 2) = 2 — Zf;ll xz; and C(z) as in 1l and p,.(z) (2) and p(z"~!) as in
[ET), we get:

k
_ Pu T
(@20 = 0

ex (2 (e~ AN )

/C e (kf i)y — A1) + M) Xe(yh1,2)) — A(A(ukm) dp(yh1)

i=1

k—1
exp (M) + (o) = M)

=1

/ exp (A(uk)z + kf(A(ui) - /\(Mk))yz) dp(y*=1)
C(z) i=1

exp (' () = M)

=1

/ e (kiuw - A(uk»yi) doy1)

i=1

B.3 Proofs for Section 4.3

B.3.1 Proof of Theorem (4.12

Proof. We prove the theorem using an elaborate Taylor expansion of F(§), defined
below, around § = 0. We first calculate the first four derivatives of F(d). Thus we

k
define and derive, with p; = p10 +a;6 and fy(0) = Y p,, (y) defined as in the theorem
i=1
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statement,
F(0) 5:EP<“0>+0(5 [IOg SPSEUDO(M) — log SGRO(IID)]

k k
1
=Ep, 10%1_[ (k > P (Xj)> — log Py (X*)

=Ep, Zlogfx Zlogpuo (X;)| —klogk

k
@
=Y Exep,, [log fx(6) — logp,,(X)] - klogk
Fy(6) F»(3)

® / 5)log £, (5)dp(y) + (— / _50) logpM(y)dp(y)) “Klogh, (B7)

where we define F7 () to be equal to the leftmost term in (B.7) and F5(J) to be equal
to the second, and (a) and (b) both hold provided that

forall j € {1,...,k}: Ex,~p,, [ log fx, (6) = log e (X;) |] < o0 (B.8)

is finite. In Appendix [B:6] we verify that this condition, as well as a plethora of related
finiteness-of-expectation-of-absolute-value conditions hold for all § sufficiently close to
0. Together these not just imply (a) and (b), but also (c) that we can freely exchange
integration over y and differentiation over § for all such § when computing the first k
derivatives of F}(d) and F5(d), for any finite k and (d) that all these derivatives are
finite for ¢ in a compact interval including 0 (since the details are straightforward but
quite tedious and long-winded we deferred these to Appendix . Thus, using (c),
we will freely differentiate under the integral sign in the remainder of the proof below,
and using (d), we will be able to conclude that the final result is finite.

For each derivative, we first compute the derivative of F;(J) and then that of F5(9).

/f Jdp(y /f )log £, (6)dp(y) =0,
F(6) = - / £1(6) 108 s (1)dp(y) = 0, s0 F'(0) = F/(0) + F4(0) =0,  (B.9)

where the above formulas hold since f,(0) = 0 for all z € X, which can be obtained
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by
dpm dﬂy
j=1 Ay
_dp 5 dy, _ dpu, (x) :
! o —2(0 Eo =0, B.10
f d/.lo g d5 d,Uo j;a.] ( )

where we used that all ;1; are equal to o at 6 = 0. We turn to the second derivatives:

/ 6 2
F6) = [ 56)nt) + [ (f;'w) s ,00) + 0] )dp@)
-/ <f;’<6> tog ,0) + L2 (f;)) )d v)

2
Ho)= [ <f;’(0) log £,(0) + 2 f;fg; )dmy),

= [ #0008 0, o) + | (A0 08 ) dply) (B.11)
- / ((0) 10g o () dp(y).

where [ f/(8)dp(y) = 0 because [ f,(d)dp(y) = k, in which k is a constant that does
not depend on 4. Then F}'(d) is given by

FY () = - / £7(6) 108 pys (9)dply) 3 FY(0) = - / £/(0) 108 pyy (9)dp(y), s0
F(0) =F/(0) + F(0) = 0. (B.12)

Now we compute the third derivative of F(4), denoted as F)(4).

//5/6 //5/5 6_/53
FO(5) = /<f(3 (6)log fy(5)+fy(J£y)(J;@;()+2fy( >fy<(;ﬁ§);2 (£5(9)) ) i)

F(0) = [ 1900108 £,0)dp(w) = [ 150 log i, ()dptw) + [ 159(0)10g kdp(y)
— [ 1011085, W)dot)
P (0) = - / £$9(6) log pp, (y)dp(y)
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P (0) =~ / F(0) log pyuy (1) dp(y), so FO(0) = FP(0) + F5¥ (0) = 0,
which holds since f;(0) =0 and [ f,(0)dp(y) = k.

The fourth derivative of F(§) can be computed as follows:

(3) /
V) = / (f;*)(é) log f,(9) + %”) dp(y)

(£200)5,(0) + (£/0)2) £,(0) = £7/6) (£3(6))
+ / 3. :
(£4(6))
- / 3 (£,(0)£5(0)" - £10) =2 (£,0)" - £,9)
(Fs(6)"

dp(y) ; (B.13)

" 2

7,(0)
= / £59(0)1og pyu, (y)dp(y) + log k - £90)dp(y) + /y . ?’(g’/((oo)))dp(y)
= [ 12 0gp, 0)dolo) + / N mdm ).
and F{*(5) can be computed by
B 0) =~ [ 4596)logm, (0)do(w). Fé“ =~ [ 420 logp, )dp(w). s

Based on the above derivatives, we can now do a fourth-order Taylor expansion of
F(6) around ¢ = 0, which gives:

1
IE:P‘L [10g SPSEUDO(M) — log SGR,O(IID)] :IF(ZL) (0)54 + 0(54)

IR O () P
_S/yex e 9 +o(8%),
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k 2
where £,(0) = S5 puy(y) = kpu(y) and f1/(0) = (;a) W) L=

2
dd?pu(y) | =0 [

B.3.2 Proof of Theorem (4.13

Proof. We obtain the result using an even more involved Taylor expansion than in the
previous theorem. As in that theorem, we will freely differentiate (with respect to 4)
under the integral sign — that this is allowed is again verified in Appendix [B.6]

Let p, o, C(2), p(x¥~1), P, etc. be as in the theorem statement. We have:

f(6) = EP,L [IOg SPSEUDO(M) — log SCOND]

X* X1z
By, [log o) g Pu (X T1Z)
D{po) (X ) Puo) (X | Z)
Ep. |log P (X) log b (X) + log Jegz) Pu (%) dp(a*~1)
=lLp, _— — _—
LT Powey (XF) Pluoy (XF) Jezy Puoy (%) dp(z* =)

=D (Pluoy+asiz) | Pluoyiiz)) -

We will prove the result by doing a Taylor expansion for f(6) around § = 0. It is
obvious that f(0) = 0 and the first derivative f/(0) = 0 since f(0) is the minimum
of f(6) over an open set, and f(§) is differentiable. We proceed to compute the
second derivative of f(J), using the notation g.(d) = p(.y)+as;z)(2) as in the theorem

statement, with g/ and g” denoting first and second derivatives.

! / z 6 / / z 5

70 = [0 =G o) + [ a20)nia(e) = [ oL0)1ox E o)
11 11 z 6 2 6 2

1) = [ a0y10 =)+ [ L i)

where in the first line, the second equality follows since the second term does not change
if we interchanging differentiation and integration and the fact that f g:(0)dz = 1is

constant in . We obtain

ro- [ (gg;ffo); dpi (=), (B.14)
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and, with z set to Xj(2*~1, 2) and recalling that g = (1) + @ and u; = po + a;6,

d -
000 = [ bty ras()dp(at )
C(2) do

k

dp j (.’b ) -
:/ Z H DPu; (xi)%dp(xk 1)
C(2) 51 i€{l,....k}\j

k

dpy, (5) dp; k—1
, T Ty ap) D) R g
/(z);pm, bttt (BLs oo Tj1, T, - - -, Th) d; do p(z"7)
k
dlogpy, (z;) _
= [ > patah) P gt )
(=) j=1 Hj
k
= Zpu( k) (L () — pid (1)) ajdp(x h Y
C(Z)]=1

where I(f1;) is the Fisher information. The final equality follows because, with A(y;)
denoting the canonical parameter corresponding to p;, we have dA(u;)/dp; = I(p;)
and dA(B)/dB) |s=r(u,)= t; see e.g. (Griinwald, 2007, Chapter 18). Now

0= S by (6*) (T(so)as — pioT () ()

=3

k
- /C Pl ) D () (B.15)

j—l

~I(1o) - /C P ij%dp (B.16)

k
where the second equality follows from Y a; = 0. Because X* i.i.d. ~ P,, under Py
j=1
and the integral in (B.15]) is over a set of exchangeable sequences, (For understanding
the statement, we can consider the simple case k = 2, X; and X5 can be exchangeable
because they are ‘symmetric’ for given C(z).) we must have that (B.15]) remains valid
if we re-order the a;’s in round-robin fashion, i.e. for all ¢ = 1..k, we have, with

Qi = Q(j4i—1) mod ks

92(0)=I(uo)-/c( Do) ( ija], dp(z"1).
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k

Summing these k& equations we get, using that > «; = 0, that kg, (0) = 0 so that
i=1

¢.(0) = 0. From (B.14)) we now see that

£7(0) = 0.

Now we compute the third derivative of f(§), denoted as f©)(4):

z

¢(5)9(0)9.(0) — (.(5))°
+f ( (00 ) dpiz)(2)

So since ¢.(0) = 0 we must also have

FP(0) =0

The fourth derivative of f(d) is now computed as follows:

(3) v,
() = / (gi)(é) log 38 b gz<5)>dﬂ[21(z)

9:(9)
(90 - 926) + (92(6))?) 9-(8) — 9(0) - (4(6))?
A (9-0) e ()

Then

1 2
f(4) (0) = / de[z] (Z) > 0.

We now have all ingredients for a fourth-order Taylor expansion of f(§) around § = 0,

which gives:

1 (92’(0))2 4 4
EPM [IOg SPSEUDO(M) — log SG()ND} =3 4.(0) dP[Z} (2)-6"+o (5 )

which is what we had to prove. [

B.4 Proofs for Section 4.4

In this section, we prove all the statements in Table
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B.4.1 Bernoulli Family

We prove that for M equal to the Bernoulli family, we have Spspipom) = Saro(m) =
SGRO(IID) = Sconp-

k
Proof. We set p§ = % -

=1

K2

4§ k
Sero(un) = pﬂk(X ) = Tk k pl;(.X ) (B.17)
f (e 5me) 1 (25 (0-mr))

— pu(Xk)
k
[T ((45)% (1 = )t =29)

k

— kpp,(iX) = SPSEUDO(M) (BIS)

1 Pug (X5)

where the third equality holds since X; € {0,1}. So Spspupo(a) is an E-variable and
Spspupo(M) = Saro(m) according to Theorem Then the claim follows using
together with the fact that when Z = 0 or Z = 2, we have Sconxp = 1, while this is not
true for the other e-variables, so that Scoxp # Saro(M) = Spsevno(Mm) = Scro(un)- The
result then follows from . O

B.4.2 Poisson and Gaussian Family With Free Mean and Fixed

Variance

We prove that for M equal to the family of Gaussian distributions with free mean and

fixed variance o2

, we have SPSEUDO(M) = SGRO(M) = Scoxp > SGRO(IID)‘ The proof that
the same holds for M equal to the family of Poisson distributions is omitted, as it is

completely analogous.

Proof. Note that if we let Z := Zle X, then we have that Z ~ N(Zle i, kao?) if
Xk~ P,. Let u be given by (4.8) relative to fixed alternative P, as in the definition
of Spspupo(am) underneath lb Since kuy = Ele i, we have that Z has the same

distribution for X* ~ P(#S)' This can be used to write

pu (X* | 2) _ Pu (X)) Py (£) _ Pu (x*)
Pu

S‘ = = = :S M)~
O ey XE12) — ppuey (XF) pu(Z) prgy (XF) — 7Pororo
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Therefore, Spspupo(m) is also an e-variable, so we derive that Spspuno(am) = Saro(m)
by Theorem @ Furthermore, we have that the denominator of Sgro(p) is given by
a different distribution than D(uz)s SO that Scro(un) 7 Saro(M) = Seseubo(M) = Sconn-
The result then follows from .

O

B.4.3 The Families for Which Spseudo(m) Is Not an E-variable

Here, we prove that Spspipo(a) is not an e-variable for M equal to the family of beta
distributions with free § and fixed a. It then follows from that Spspunom) =
Saro(M)- also gives Sero(m) = Saro(un) and Saro(a) = Sconp- The same is
true for M equal to the family of geometric distributions and the family of Gaussian
distributions with free variance and fixed mean, as the proof that Spspuno(aq) is not an
e-variable is entirely analogous to the proof for the beta distributions given below. In
all of these cases, one easily shows by simulation that in general, Scroat) 7 Scro(un)
and SGRO(M) # Sconp, SO then SGR,O(M) - SGRO(IID) and SGR,O(M) > Sconp follow.

Proof. First, let Q). represent a beta distribution in its standard parameterization,

so that its density is given by

F(a+5) a—1

Ga,p(u) = Wu (1—wu)P~1, a, 8> 0;u € |0,1].

To simplify the proof, we assume o = 1 here. Then

q1,8(u) = F(l}(—;)m(l —u)f = 1 L — exp (ﬁlog(l —u) —log ;)

where the first equality holds since I'(1+ 8) = SI'(). Comparing this to (4.1)), we see
that 3 is the canonical parameter corresponding to the family {Q1 5 : 8 > 0}, and we

have

N =6, tla) =log(1—u). A(B) =log 3.

To prove the statement, according to Proposition [4.7] we just need to show, for any
[, - .., p that are not all equal to each other, that, with X = ¢(U) = log(1 — U) and

k
o = % > u; defined as in 1) we have
i=1

k

ZVARPM_ [X] — kvarp,. [X] > 0. (B.19)
o 0

=1
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B.5 Graphical Depiction of RIPr-Approximation

Straightforward calculation gives

d? 1 1. . 1
VARp, [X] = VAR, , [X] = 27, (log E) = 7 in particular VARP,. [X] = 7
(B.20)

where f3; corresponds to fi;, i.e. Eqg, , [(X)] = pi. We also have:

k k
Br, (0] =15 = £ Yo = 1 D Er, (X)) (B.21)

k
While Ep, [(X)] = d%i(log {%) = —é, therefore % = 1+ > 4. We obtain, together

with (B-20) and (B21), that

k By L 2
> varp, [(X)] = kvarp,. [(X)] =) —— —k|2> =] . (B.22)
P 0 « (Bi) k<~ p

Jensen’s inequality now gives that (B.22)) is strictly positive, whenever at least one of
the p; is not equal to pf, which is what we had to show. O]

B.5 Graphical Depiction of RIPr-Approximation

0.004 —

N - Zm 251‘1;9)’ 2 1.0100
— Pu, \H2= =

e 0.003 — pw, (the RIProf Py, ,,) % 1.0075
G u
500027 : 1.0050
© a
> w
© 0.001 % £1.0025
= Eai L‘

0.000 1.00001 : : - - -

0.0 0.5 1.0 1.5 2.0 2.5 0 20 40 60 80 100
X n

Figure B.1: Exponential distribution. On the right, n represents number of iterations with
Li’s algorithm, starting at iteration 2

We illustrate RIPr-approximation and convergence of Li’s algorithm with four dis-
tributions: exponential, beta with free 8 and fixed «, geometric and Gaussian with
free variance and fixed mean, each with one particular (randomly chosen) setting of
the parameters. The pictures on the left in Figure [B-I}-[B-4] give the probability den-

sity functions (for geometric distributions, discrete probability mass functions) after

230



B | Appendix to Chapter |Z|

0.04 — Pu (11 =1/6) —_
o — Pu; (42=1/10) g
e_' 0.03 — Pw; (the RIPr of Py, ;) 5 1.04
it )
g B4
=0.02 g
S W 1.02
20.01 % s
0.00 1.001. - : : . :
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100
X n

Figure B.2: beta with free 8 and fixed a. On the right, n represents number of iterations
with Li’s algorithm, starting at iteration 2

0.54 Q @ py (H1=5) _

E 0.4 o Py, (H2=2) s 1.031
o @ py; (the RIProf P, ,,) %
©03] ¢ )

g " : 1021
©0.2] o &

L3

k3 <1.014
0088 e, -

0.01 “"‘!i’f‘.-"l“-«&-‘!).s&‘t»-&&oo; 1.00

0 5 10 15 20 25 0 20 40 60 80 100
X n

Figure B.3: geometric distribution. On the right, n represents number of iterations with
Li’s algorithm, starting at iteration 3

n = 100 iterations of Li’s algorithm. The pictures on the right illustrate the speed of
convergence of Li’s algorithm. The pictures on the right do not show the first (or the
first two, for geometric and Gaussian with free variance) iteration(s), since the worst-
case expectation supMOEM[S’GRO( M) is invariably incomparably larger in these initial
steps. We empirically find that Li’s algorithm converges quite fast for computing the
true Sgro(m)- In each step of Li’s algorithm, we searched for the best mixture weight
a in P, over a uniformly spaced grid of 100 points in [0, 1], and for the novel com-
ponent P’ = P,/ ,» by searching for x in a grid of 100 equally spaced points inside the
parameter space M where the left- and right- endpoints of the grid were determined
by trial and error. While with this ad-hoc discretization strategy we obviously cannot
guarantee any formal approximation results, in practice it invariably worked well: in
all cases, we found that Lr(ljzgcl Ep,, . [Saro(a] < 1.005 after 15 iterations. For compar-
ison, we show the best approximation that can be obtained by brute-force combining

of just two components, for the same parameter values, in Table
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0.06 — Py, (1 =2) 1.06
— Py (2=6) = 7
E _— zwﬁ ‘:the RIPr of Py, ,,) %
o &
5 0.04 UL]D 1.041
e X
= <
[N

£0.02 W 1.02]
o S <

0.00{ - . i > - 1.001,

-20 -10 0 10 20
X

0 20

Figure B.4: Gaussian with free variance and fixed mean.

number of iterations with Li’s algorithm, starting at

iteration 3

40 60 80 100
n

On the right, n represents

Distributions (1, o) o (101, po2) su;;l Ex, XonPrug g [S]
Ho €
beta (. 75) 057 (0.12,0.16) 1.00071
geometric (5,2) 0.39 (2.52,4.21) 1.00035
Exponential (3,5) 053 (0.13,0.51) 1.00083
Gaussian with free variance
e o (2,6) 041 (5.82, 3.36) 1.00035

Table B.1: Analogue of Table for pi,pe corresponding to the parameters used in

Figures @-IEEI

B.6 Further Details

In this section, we verify that all conditions are met for the implicit use of Fubini’s

theorem and differentiation under the integral sign in the proofs of Theorem 2 and 3,

and that all derivatives of interest are bounded.

B.6.1 Theorem 2

In the chapter, notation is as follows:

My = po +(5aj

A(ftj) = nat. param. A corresponding to mean p = pu;

pﬂ(y) = AMy—AA(W)

k
fv(‘s) = Zpui (y)-
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As this will simplify the notation for the derivatives, we write g,(\) = e v=A40) g0
that

Z 9y(A(115)) and puq () = gy (A(10))- (B.23)

To stress dependence on §, we write y;(d) instead of y; in the following.

Step 1 We first establish the finiteness condition (B.8]). We note that

logzgy(A(uj(&)) < log(max g, (A(1;(9)))k)

= max log(gy(A(15(0)))) + log k
< max log(max{g, (A(1;(9))), 1}) +logk

< log(max{g, (A(1;(6))), 1}) +log k

< 37 M3 (8))y — log AN s (9)))] + log

and

k k
longy()\(,uj( = Z ) +logk
j=1 i=1

Mw i

log gy (A(1£5(9))) + log k

| =

1

<.
Il

A (0))y — A(A(1;(6))) + log k.

Il
| =
ANgks

1

<
I

Putting these together, we see that

|log f,(9)] <

k
max {Z A1 (8))y — AN (15(9)))] + log k, %Z A(A(p;(9)))) + log k }
< Z A (15(8))y = A(M(5(9)))] + log k, (B.24)
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and, more trivially,

| 1og g, (A(10))] < [A(10)y — A(A(po)] - (B.25)

We know that A(p;(d)) and A(A(p;(6))) are smooth, hence finite functions for p;(9)
in the interior of the mean-value parameter space M (see (Barndorff-Nielsenl (1978
Chapter 9, Theorem 9.1 and Eq. (2))). Since M is open and for all j = 1.k, 11;(0) =
to € M, it follows that |log f(y)(6) — log gy(A(o))| can be written as a smooth, in
particular finite function of |y| for all ¢ in a compact subset of R with 0 in its interior.
Since |y| < 1+ y? has finite expectation under all P, with p € M, finiteness of

follows by (B.23)).

Step 2 We now proceed to establish that we can differentiate with respect to § for
d in a compact subset of R with 0 in its interior. The proof will make use of (B.24])
and (B.25). We denote derivatives of functions f, and g, as

dS dS
) = T and f5(6) = £, (6).

We will argue that, for any s € N, the family {;—;fy(é) log fyy(8) — fy(0) log gy (A(0)) :
§ € A} is uniformly integrable for any compact A C R, so that we are allowed to
interchange differentiation and integration (see e.g. |Williams, 1991, Chapter A16).

Using standard results for exponential families, we have, for A in the interior of the

canonical parameter space,

gD = (y = p(N)gy(N)
9P (A) = =I(N)gy (V) + (y — u(X) gy (N),
where () denotes the mean-value parameter corresponding to A and I(\) the corre-

sponding Fisher information.

Continuing this using the fact that (d°/dA*)A(\) is continuous for all s, gives

97 () = gy(N) - hy s (V) with By s (A) = D by g (M (y = n(V)’ (B.26)
t=1
for some smooth functions Ay 4, hi2,s, - - - 5 B[s,s) Of A (we do not need to know precise
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definitions of these functions). Similarly

Z 9 (N 6)) - (A (9)))

where A\(p;(9)) = %)\(,uj(d)). We know that A (p;(6)) and further derivatives are
smooth functions for 41,(d) in the interior of the mean-value parameter space M (see
(Barndorff-Nielsen, 1978, Chapter 9, Theorem 9.1 and Eq. (2))). Since this space
is open and for all j = 1..k, p;(0) = po € M, it follows that X (p;(0)) are smooth
functions of § for § in a compact subset of R with 0 in its interior. Thus, analogously

to what we did above with ¢(*), we get that

8) = Zzgét)(/\(uj(ﬁ))) T s (1) (B.27)

for some smooth functions r; s, the details of which we do not need to know. In

particular this gives, with
p(s) fys (6)
Y fy(9)

that

= 29 AW (9))) - (s [y (A w3 (9))) - re,s (11 (6))1)
- 25 9y(A(15(9)))

<SS A5 (8))) - 710 (15(6).

jot=1

Inspecting the proof in the main text, we informally note that all terms without
logarithms in the first four derivatives of Fy(d) and F;(0) can be written as products
£, (8) b5 (8) ... -bS)(6) for the b we just bounded in terms of polynomials in |y|;
similarly, the terms involving logarithms can be bounded in terms of such polynomials
as well using and 7 suggesting that all terms inside all integrals can be
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such bounded. This is indeed the case: formalizing the reasoning, we see that
ds 2
[ (5108 16) - 1,6 10g9y()‘(uo))> dply) =
2
/ <fés)(10g £y(8) = log gy (A(po))) + £,(0 Zc Bl () - bgsw(a)) dp(y)

2
= / (f$) (log f,(8) — log gy (A(10))))* + (fyw) > cu bPI0) - bif“')(5>>
+ £, (0)£§7) (log £,,(8) = log gy (M(110))) Y _ co - B (8) - ... - b (8)dp(y).

By {) and QD and the bound on \bgf)\ given above, all the terms within

the integral can be bounded by polynomials in y (or |y|), so the integral is given
by linear functions of moments of p and P,. Therefore, using also that p is it-
self a probability measure and a member of the exponential family under consider-
ation (equal to P, with A(x) = 0), the integral can be uniformly bounded over ¢
in a compact subset of the mean-value parameter space. It follows that the fam-
ily {;—(;fy(é) log f,(6) — fy(8)log g, (A(o)) : 6 € A} is uniformly integrable (see e.g.
Williams), (1991, Chapter 13.3), so integration and differentiation may be interchanged
freely (see e.g.|Williams), 1991, Chapter A16). It also follows that the quantity on the

right-hand side in the theorem statement is bounded.

B.6.2 Theorem 3

. Pu( ) _ Pu(Xk|Z) :|
As in the proof of Theorem 3, let f(d) = Ep, log X log o (X2 |

To validate the proof in the main text we merely need to show that f(9) is finite,
and that we can interchange differentiation and expectation with respect to J in a
compact interval containing 6 = 0. Thus, we want to show that, for any s € N, we

have that

d® ds Pu(X") pu(X" | Z) >]
) =E 1 — I .
a5+ ) {dés < % o (XF) 8 (X 2)

0 (X*12)
KL divergences between members of exponentlal families (the fact that conditioning

. f e Pu(X*) Pu(X 12)
To show this, first note that both Ep, log (xk) and Ep, 1og | Z| are

on a sum of sufficient statistics results in a new, derived full exponential family is

shown by, for example, Brown| (1986))), which are finite as long as ¢ is in a sufficiently
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small interval containing 0 in its interior (since then p is in the interior of the mean-
value parameter space). This already shows that f(d) is finite, and it also allows us

to rewrite 3 .
) =B, flog L paX 1 %)

e ) B Jon 2 T s |
Furthermore, (Brown| 1986, Theorem 2.2) in combination with Theorem 9.1. and
Chapter 9, Eq.2. of Barndorff-Nielsen| (1978)) shows that for any full exponential
family, for any finite £ > 0, the k-th derivative of the KL divergence with respect to
its first argument, given in the mean-value parameterization, exists, is finite, and can
be obtained by differentiating under the integral sign, at any p in the interior of the
mean-value parameter space. We are therefore allowed to interchange expectation and
differentiation for such terms separately for all § in any compact interval containing

0. Thus, starting with the previous display, we can write

0= 5B pfif;)ﬂ - g5 [los pf(f;' >
s k s k
= Er, | g5 0w 1 Tty | B | g5 w2 T
s k s k (7
=5 55 o8 et |~ g o Ty w2 | =
k s k s . A
B, [ 5108 e k|~ [ o8 ey |+ B [ o e
s . A
=Er, e p]:i[](](;)] ’

where in the last line we use that all involved terms are finite. This is what we had to

show.
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C Appendix to Chapter 5

C.1 Details for Section |5.4.4

We need to establish that Ep(u)—Egeo)(u) = Ego)(u)—zgeo)(u) is positive semidefinite
for all u € RY.
Thus, take any p* € R%. By 1’ we have that qff*o) = §Z°}30 and py- =

qLO*) = )(\e)’ﬁ* for some A°, B° and \*, B* that are related to each other via the normal

equations ([5.27). Based on the sufficient statistics (5.25), we can thus write, for
6 € {0,6°}, that
A®) O
S () =
(BOHT C®)

where A(®") is the variance of 3 Y;? according to distribution F(fj},o and C(?°) is the

d x d covariance matrix of the ¢;(Y™) according to this distribution and

B = (cov (Z Yfﬁ@””)) y--e, OOV (Z Yi?’td(yn)))

where the covariances are again under this distribution. Similarly, A(®) is the variance
of 3" Y2 according to distribution F (8), g~ and B©) 0O are defined accordingly.

Positive semidefiniteness of 25,0)(“*) - 25{’0) (pn*) is easily seen to be implie if we
can show that C(© — C(®°) ig positive definite and that

(A — A7)y — (BO — B(«9°))T(C(0) _ 0(9"))—1(3(0) — By >0. (C.1)

To show that C'(® —C(?°) is positive definite, note that C'(?°) (as is readily established,
for example, by twice differentiating log Zéeo)()\,ﬁ;u*) at A = 0,8 = 0) is simply

IFor an explicit derivation see https://math.stackexchange.com/questions/2280671/
definiteness-of-a-general-partitioned-matrix-mathbf-m-left-beginmatrix-bf.
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C.1 Detalils for Section [5.4.4

the standard covariance matrix in linear regression scaled by 1/0°2 i.e. c) =
0°2>" x;xI" which by the maximal rank assumption is positive definite. Similarly
CO) = 5*2 Y x;x7 so that, since by assumption 6° # 0 and using the normal equations
(5.27), we have that C(© —C®) = ¢C©®) for ¢ = 0*2 — ¢°2 > 0 is also positive definite.

It only remains to show . As again easily established (for example, by
twice differentiating log Z(geo)()\,,@;u*) at A = 0,8 = 0), we have that A" =
20°? (2(X° v§?) +no°?) and similarly we find A® = 20*? (2(3° v;?) + no*?) and
B = _o52 (>~ vPx; ;) and similarly B = _95*2 (>-viz; ;). By the normal

J J

equations 1] we find that B](O) - B](GD) = —2(0*? — 0°2) > vz, ;. After some

matrix multiplications (where we may use the cyclic property of the trace of a matrix
product) we get that (C.1)) is equivalent to

(A(O) _ A(e)o) _ 4(0_*2 _ 002) ZUZ_*Q > 0.
But this is easily verified: it is equivalent to

20+2 (2 (Z 1/;‘2) ot -2 (Z 1/2‘2))—2002 (2 (Z ,,;2) + o2 — 2 (Z V;Q)) >0

which in turn is equivalent to
2no*t — 2no°t + 4(2 vi? — Z v9%)o%? >0
which by the normal equations is equivalent to
o~ g9 1 2(0*2 — 5°%)0°2 > ()

but this must be the case since by the normal equations, o*? > ¢°2.
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D Appendix to Chapter

D.1 Additional Simulations

D.1.1 Effect of Truncation on Power

Figure shows the same plot as Figure 1 in Chapter [ but without truncation for

the probabilities in the e-statistics, i.e. € = 0.

1500 -

=4
10004 » - LRT
lg 500 CRT
2]
@ 0- E-CRT-O
o
15 -+ E-CRT
@ 1500
o < R-MLE
£
1000 =
2| -+ R-MLE-P

500 -

dZ d4 d6 dB £0 Oé dd dﬁ Db 1b

Figure D.1: Sample sizes for different methods as in Figure 1 in Chapter @but withe =0
for the e-statistics.

D.1.2 Robustness With Respect to Misspecification

We test the robustness of the randomization based e-statistics with respect to mis-
specification of the conditional distribution of X in the same way as in the simulation
study of Berrett et al.| (2020)). All simulations in this section are under the null hy-

pothesis, i.e. § = 0. Rejection rates of the e-statistics are again computed with a
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D.1 Additional Simulations

maximal sample size of 2000 and with optional stopping, i.e. rejection if the level 1/«
is exceeded at least once, and with truncation level € = 0.05. For comparison, the
conditional randomization test is applied to a sample of fixed size, for sizes 200, 1000,
and 2000, and additionally with the unconditional absolute correlation |cor(X,Y)| as
test statistic, as in [Berrett et al.| (2020]), for sample sizes 200 and 2000.

First, instead of sampling X with conditional mean pz as defined in , we set

the mean to

wz — & Mgz (cubic misspecification),
pz +Epny (quadratic misspecification),
tanh(py) /€ (hyperbolic tangent),

which are the same misspecifications as in [Berrett et al.| (2020, Section 6.1.1). They
are illustrated in Figure for different values of &, the range of which has been
selected for each misspecification type in such a way that the relative misspecification
compared to the true mean approximately matches the one in the simulations by
Berrett et al.| (2020). When the parameter £ equals zero, understood as limit £ —
0 for the hyperbolic tangent, the model is correctly specified. Panel (a) of Figure
shows that both the CRT and the e-statistics are robust with respect to slight
misspecifications of the conditional mean. The CRT based on the likelihood is much
more robust than the other two tests, due to the fact that re-estimating the logistic
regression model with simulated X is invariant under affine transformations of X and
Z and hence able to correct much of the misspecification. The e-statistic based test
is less robust than this variant of the CRT, since it does not re-estimate the logistic
model with simulated X, but still substantially more robust than the CRT based on
unconditional correlation, which already with n = 200, as compared to n = 2000 for
the e-values, has rejection rates strongly exceeding the nominal level as & increases.

In panel (b) of Figure the rejection rates of the tests are shown when the
distribution of X, is estimated on an independent unlabeled data set, for different
sizes of this data set. The estimation of the conditional distribution is by linear
regression, with the maximum likelihood estimator for the conditional variance. Here
the e-statistics have rejection rates below the nominal level, even for unlabeled sample
size as small as 50. Also the CRT with logistic likelihood as test statistic has rejection
rate close to the nominal level.

Finally, in panel (c) of Figure the rejection rates are depicted for the case when
the same data is used both for estimating the distribution of X and for testing. The
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cubic quadratic tanh
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& — small (0.01/0.05/0.33 and 0.67/0.40/2.00) medium (0.02/0.10/0.67 and 0.67/0.80/4.00) large (0.03/0.15/1.00 and 2.00/1.20/6.00)

Figure D.2: Misspecification in the conditional mean of X given Z for the three different
functions from Section [D.1.2] Upper row of plots: X | Z generated as in [Berrett et al| (2020]
Section 6.1.1). Lower row: X | Z generated as in Section with ¢ = 4. The dashed line
shows the (height adjusted) density of the conditional expectation of X given Z. The values
for £ given in the legend refer to the misspecifications in the same order as the panel colums
(cubic/quadratic/tanh), with the first triple giving £ for X | Z as simulated by [Berrett et al.|
(2020) (upper three figures), and the second triple the values of £ applied when X | Z is
generated as in Section (lower three figures).

estimation is as described in the previous paragraph. For the CRT, the distribution
of X is estimated on the same data to which the test is applied, like in the simulation
study of [Berrett et al.| (2020). For the e-statistics, a slightly different approach is taken,

tailored to sequential settings. We start with a potentially small unlabeled sample,
and each time a new instance is observed, the estimate of the distribution of X is
updated with all the data available so far. Again, all tests except for the correlation

based CRT with sample size 2000 have rejection rate close to the nominal level.
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@
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Figure D.3: (a) Rejection rates of e-values and conditional randomization test (with sample
sizes n = 200, 1000, 2000 and likelihood as test statistic, and n = 200, 2000 and correlation
as test statistic) at the level o = 0.05, under different misspecifications for the conditional
mean of X. (b) Rejection rates when the distribution of X is estimated on a separate sample,
for varying sample sizes. (c¢) Rejection rates when the same data is used both for estimating
the conditional distribution of X and applying the test, as described in the text.

D.2 Proofs of Main Results

D.2.1 Proof of Theorem (6.1

Proof. Let P € Hy arbitrarily. The proof relies on the simple insight that we can
separate the expectation with respect to (Y;,, Z,) from that with X,

Ep[ERN (X, Yn, Zn) | D1

hn(XmYna Zn) —1 —1
=Ep |E Y, Z,, D" D"
" [ " {f;{ ha(w, Yo Z2) dQz, () | " 7" }
g, [l 1 B0 )
fX hn(l', Ym Zn) dQZn (3?)
where in the last step we use that Px |y, z, = Px,|z, = Qz,- O
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D.2.2 Proof of Proposition |6.2

Proof. Define Xy = X,,. The random variables X, ..., Xys are exchangeable, so

n hn X'aYn»Zn .
EE:,J(DTL) = M E J ) ,j=0,..., M,
Zi:o h?L(XiaYTLaZ'IL)/(M“_ 1)

have the same expected value as E,?j (D) = EV,?T{;O(D,L). Since Zij\io Egjz(Dn)
M + 1, this implies Ep[ESY(D,) | D"~1] = 1.

oo

D.2.3 Proof of Theorem (6.3

Proof. Let f = fxv.z(x,y,z) be the density of (X,Y,Z) with respect to a measure

oxpxvonX x) xZ. Then the conditional density fy|x, z equals

fyixzylzz)= T, 7 ffsy; ()10( )

The density of )z must equal the conditional density fx|z, which is given by

Jy fx,s,2)do(s)
fxfy (r,s,2)do(s)du(r)’

50 thata with h(l’,y, Z) = fY|X,Z(y|xv Z)a

f(ry,2) _ s
J o 10Gee) = [ o s autr) = sty 2)

Hence the e-statistic with this choice of h is equal to

Ixiz(x|2) =

pot IyixzYi| X, Z;) Ixyv,z(Xi,Yi, Z;)
izl Z) vz | Z) fxiz2(Xa | Z) f2(Z:)°

fyix,z

(X, Y3, Z;) =

The denominator is the density of an element of H as in . Theorem 1 by |Griinwald
et al.| (2024) states that this e-statistic must therefore be the GRO e-statistic for a
single data point (X;,Y;, Z;) and the same argument can be applied to the product of
these e-statistics. Finally, a slight rewriting shows that the e-statistic corresponds to
the ratio of the joint conditional density of (X,Y’) given Z divided by the product of
its marginals. For all 7, the expected value of log Ef i, Z(Xi7 Y;, Z;) conditional on Z

is therefore equal to the conditional mutual information of X and Y given Z. O
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D.2 Proofs of Main Results

D.2.4 Proof of Proposition (6.4

Proof. Since the distribution @z is well-specified, we denote gy |z for the density

I gy|x,z dQz. Then the quantity of interest is given by

9Y|X,Z(?/ |z, 2)
E [lo E¢! T, ,z] =E {lo =
s (108 By x5 (7:9:7) re gviz(y | 2)

N . 9y X,z (y | 33,2) o f(x,y,z)
=LY ]2 +Ey [l S 1 1) Rl SO oY S S o Z)fz(Z)]
B ' gyixz(ylz2)  fyixzlyl=,2)

B If(X’Y 12) iy [log gY\Z( \ z) o8 fY|Z(y | z) ]

=1;(X;Y | Z) + B¢ [KL(fyzllg9v|2)] — Ef[KL(fy|x,zll9v|x,2)]-

The desired result follows from the nonnegativity of KL divergence. O

D.2.5 Proof of Theorem (6.6

Proof. Fix N € N and « € (0,1). Conditional on Y;, Z;, i = 1,..., N, the randomness
of the process S, = S,,(X™) = [, E‘,?i, n=1,..., N, solely stems from X1,..., Xy,
and we will write Y;, Z; with lower case letters y;, z; to reflect that all statements are

conditional on their values. So the e-value at time n writes as

E}(LJI _ hn(XvuynvZn | X"_l,y"_l,z”_l)
! fX h”(‘r’yVL?Zn | Xnil,ynilvznil) dQZ'n('T)

The condition h,, > 0 ensures that this e-value is well-defined. For n > N, set h,, = 1,
so that S, = Sy for n > N. If X has distribution QzN, then the process (S, )nen is

a nonnegative martingale with respect to the filtration F,, = (X, ..., X,), because
Xn— 1 ,n—1 _n—1 R
E[Snlxn 1 — / l‘ ynazn| Y ) # )A szn@j):l
IX Ty Yn, Zn |Xn Lyn- 1’Zn71)dQZn(x)

almost surely. Hence by Ville’s inequality, P (3n < N: S, > 1/a) < a. Let
A={z" € X": In < N s.t. Sp(z") > 1/a}.
Then, since QY (4) = PAn < N: S, > 1/a | YN =yN, ZN =2N),

A

PEn<N:S,>1/a| YN, ZN) < Q¥ (A)+drv(QYn.QYn) < at+drv(QYn. QYx).
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O

D.2.6 Proof of Proposition (6.7

Proof. The subgaussianity assumption (i) implies that
P (ju" (X, 2) = E[(X, 2)])| = n) < 2exp(—n*/(2[|ul*0?)) , n >0, u € RP*¢, (D.1)

and that E[||(X,Z)||*] < oo for all k € N. As a consequence of the latter and of
assumption (i)(a), Theorem 1 of Qian and Field (2002) implies that the MLE 6,
exists with asymptotic probability one and satisfies |6, — 0| = O(n~/2log(log(n))'/?)
almost surely.

We now study the properties of the function 6 +— log(pg(y | ,2)) for § € RPHY,
The derivative of log(pe(y | z,z)) with respect to 6; equals

d yxj —xpe(1l |z, 2) ifj <p
%bg(pe(y | z,2)) =
j YZj—p, —2j—ppo(1 | x,2) else.

Consequently, for any 6,6’ € RPT4,

[log(pe(y | ,2)) —log(pe (y | =, 2))| < [I(=, 2) |16 — ¢'][. (D.2)

This implies that

1| & J RN
E‘ > log(py, (Vi | Xi, Zi))— log(pa(Y | XmZi))‘ s > 165y = 01X, Z0) |
=1 =1

Lo 1/2 Lo 1/2
< <HZ||91‘1 —9||2> (nZKXmZi)Q) :
i=1 i=1
Since ||(X;, Z;)||?, i € N, are independent with expectation E[||(X, Z)||?] < oo, the law
of large number implies that Y i, [[(X;, Z:)[|>/n — E[||(X, 2)||?] < oo almost surely,
and Y1, [6;—1 — 0]|2/n — 0 since ||0,, — 0]| — 0 almost surely as n — oc. It remains

to show an analogous convergence result for the denominator in S$7. Define

ro—= fpe(yn | T, Zn) dQZ,,, (1')
" Spe, (Yal®,Z,)dQz, (2)

We want to show that liminf,, .. Y ., log(r;)/n > 0 almost surely. To this end,
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write

i Jpo(Yo |, 2,)dQz, (x

" pr(Yn | 2, Z,)dQz, (x) + f(pénfl(yn | 2, Zy) —po (Yo | 2, Z,)) dQz, ()
S Jpo(Yn | 2, Z,)dQz, (x
“ pe(Ya |2, 2,)dQz, () + [Ips, \(Ya | 2,Zn) —po(Ya | 2, Z,)|dQz, (z)

Since log(1 + z) < z, we have log(1/(1 + z)) = —log(1 + z) > —x, for x > —1. So

Jlpo, YVl @ Zn) = [ po(Ya | @, Z0)| dQz, (2)

log(ry) >

() [ po(Yn | 2, 2,) dQz, (2)

The function 8 — py(y | z, 2z) is Lipschitz continuous, because for k =1,...,p+ g,
d |zklpo(1 | 2, 2)(1 —po(1 | x,2)) < |z ifk=1,...,p

ﬁpe(y | 2, 2)| =
b zbplpo(1 ] 2,2)(1 = po(1 ] 2,2)) < |24y else.

This implies that

N8nms =611 [ Nz, Z0) 4@z, (z)

log(ra) 2 J oY | 2,2,) dQ2z, (x)

To bound this from below, we now show that the denominator [ pg(Y,, | z, Z,) dQz, (z)
is small only with a small probability. Let &, = n=°/2 for § > 0. Define the events

An = {yrr_lgllpe(y | X, Zn) < mn} :
Let logit(p) = log(p/(1 — p)). Then,
min po(y | #,2) < k<= 107 (2,2)] 2 [logit ()],
and therefore, since |logit(p)| > |log(2p)| for p € (0,1/2],
A {107 (X, Zn)| = [og(26n)[} = {107 (X, Zy)| > dlog(n)},

The above derivations yield P(A,) < P(|07(X,, Z,)| > dlog(n)), and (D.1I) implies,

248



D Appendix to Chapter |€|

with B = [|0]],

P(|07(X, Z)| = dlog(n)) < P (|67 (X, Z) — E[(X, Z)])

| > dlog(n)) — [0TE[(X, Z)]))
< 2exp(—8%log(n)?/(8 32 ),

for n large enough such that dlog(n)/2 > |#TE[(X, Z)]|. In a next step, we use this
to bound miny—¢1 [ pe(y | z, Z,) dQz, (z). First, note that for y € {0, 1},

/pG(y | Z‘,Zn) dQZn(x) - /pa(y ‘ x,Zn)l{pa(y ‘ x7Zn) Z 1- "fn}dQZn(x)
+/m@MZMMMM%%%d—Mh@%@

S QZn(pQ(y | Xn7Zn) Z 1- Hn) +1- Rn.

It follows that for n > 0, if [pe(y | z,Z,)dQz,(z) > 1 —n~", then Qz, (po(y |
Xn,Zn) =2 1= Kp) > kn —n~ 7. Recall that &, = n‘6/2 with § > 0 unspecified so
far. For n large enough such that n="/2 < 1/4, choosing 6 = n/2 implies k,, — n~" =
n="2(1/2 —n~"2) > n=1/2 /4. Consequently, for large n, by Markov’s inequality,

P(/m@|az»ahme1—nw)

< P (Qz,(oly | X, Zn) = 1= 1) 2 07"/ /4)
S 4nn/2E[QZn (pG(y ‘ Xn7 Zn) Z 1-— Kn)}
=4n"2P(po(y | Xn, Zn) > 1 — ky). (D.3)

But it has already been shown that
P(po(y | Xn, Zn) > 1=kn) = P(po(1=y | Xn, Zn) < £n) < 2exp(—6°log(n)?/(8B%0?))
for large n, which in gives an upper bound of

8exp (— log(n) (1 log(n)/(32B0%) — n/2)).

Since n?log(n)/(32B%0?%) — /2 — 0o as n — oo, it holds that n?log(n)/(32B%0?) —

1/2 > 1 for n large enough, and we can conclude

Z (m}]n /pg(y |2, Z,)dQz, (2) < n—“> < .
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Thus the Borel-Cantelli Lemma implies that min,—o1 [ pe(y | 2, Z,) dQz, (z) < n™"
holds for only finitely many n with probability one. Now

RS 1= 051 = 01 [ Iz, Z:) || dQz, («)

M s
Z = > ibia 6 / (2, Z;)|| dQz, (x)
=1

M 1, s
= N0, — OE[(Xs, Z0) | Z
- n;Z 161 — ONE[|(Xs, Z:)| | Zi]
" Lo vz 1/2
Z - (n Zi2"||9i—1 - 9|2> (n ZE[”(XiaZi)” | Zi]2> ;
=1 =1

(D.4)

& U8 — 61 1l 21 4Qu, ()
M= Zl{/’””’d%”g } T po(Y; | 7. Z2) dQ7, ()

is the sum of log(r;) over all almost surely finitely many i s.t. [ po(Y; | z, Z;) dQz, (x) <
1~". Since (X, Z;), i € N, are independent and identically distributed with

E[E[|(X, 2)]|12]%] < E[|(X, Z)|*] < o0

the law of large numbers implies
1O 1O
5ZE[II(XiaZi)H | Z;]? < EZIE[II(XZ-,ZZ-)HQ | Zi] = E[Il(X, 2)|%] < 00
i=1 1=1

almost surely as n — co. On the other hand, n27||6,_1 — 0||2 = O(n27~1log(log(n)))
almost surely, so that for < 1/2, we have n27||6,_, — ]2 — 0 almost surely as
n — oo. Finally, since M only takes finite values, also M/n — 0 for n — co. Hence
(D.4)) converges to 0 almost surely. It follows that

Yi | Xi, Z;)
liminf — | lo SCI —lo Po 2 >0
n—>oon<g g(pr9Y|l‘Z)sz() -
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almost surely. Since

Y| X4, Z;
Zlo (fpeng' |x|Z)dQ)Z( )) = I(X;Y | Z) >0, n— o,

almost surely, by the law of large numbers, this proves the theorem. O

D.3 Anytime-Valid E-Statistics

In this section, we discuss an alternative way to define anytime-valid tests using e-
statistics and show that, in the setting of Chapter [6 this method coincides with the
method discussed in Section [6.2.2] In Section [6.2.2] we mentioned that a sequence
of conditional e-statistics gives rise to a test martingale (S, (D™))nen, which satisfies
Ep[S,(D7)] < 1 for any stopping time 7 and P € Hy. Rather than taking the latter as
a consequence, [Koolen and Griinwald| (2022) take this as the definition of what they
call anytime-valid e-statistics. That is, they call a nonnegative process (E, (D"))nen
an anytime-valid e-statistic if Ep[F,(D7)] < 1 for any stopping time 7 and P € H,.
The same object is referred to as e-process in Ramdas et al.| (2022]), and it can be shown
that the class of anytime-valid e-statistics (or e-processes) is strictly larger than the
class of test martingales. A priori it is not obvious whether the GRO criterion, which
maximizes the expected growth rate without referring to any particular stopping time,
also yields powerful e-statistics when specific stopping rules 7 are applied. Therefore,
Koolen and Griinwald| (2022)) propose, for fixed alternative distribution #; = {P*}

and stopping time 7, to look for the anytime-valid e-statistic that maximizes
(En)nen — Ep«[log E,(D7)]. (D.5)

It turns out that there are settings in which the optimal anytime-valid e-statistic is
actually equal to the GRO test martingale. One of the settings in which this happens
is given in their Theorem 12. We present a slightly rephrased version of this theorem

here.

Theorem D.1 (Koolen and Grinwald| (2022)). Assume that the data is given by an
i.i.d. stream (D;);en and that the alternative is given by H1 = {P*}, where P* admits
a density p*. Suppose further that the GRO e-statistic is given by the likelihood ratio
p*/q, where q is the density of an element of Ho. Then the process (p*(D;)/q(Ds));cn
also maximizes for any stopping time 7.
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In the proof of our Theorem (see Section [D.2.3), we show that the GRO e-
variable is exactly of the form described in Theorem [D.I] It therefore follows that
the test martingale that we give in is actually also the optimal anytime-valid
e-statistic. We therefore chose to focus on the GRO property in Chapter [6]
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E.1 Proofs

E.1.1 Proof of Proposition |7.4

Proposition[74 For X"~! € X" ! and X,, € X, define F,(v,_1(X"" 1), X,,) =
Yo (V-1 (X" 1), X,,)), where, with a slight abuse of notation, we use (7,1 (X" 1), X,,)
to refer to the concatenation of ~, 1(X™™!) and X,,. We will show that F}, has the
claimed properties. First, we will show that the vectors (v, (X" '), X,) and X"
are in the same orbit, so that also v, ((7n—1(X""1), X,,)) = v.(X™). To this end, let
g € G,_1 denote the group element such that ¢’ X"~ =, _;(X"~!). Then it holds
that

{9(m-1(X"1), X) 1 g € Gn} ={g(¢’ X", Xp) : g € Gy}
={gm(9) X" : g€ G,}
={gX": g€ Gy},

where we used of Definition for the second equality and called X™ the con-
catenation of X”™! and X,,. This shows the first claim. For the second claim,
that F,( - ,X,) is one-to-one for each fixed X,,, we show that we can reconstruct
Yn—1(X"71) from X,, and 7, (X™).

Pick any gx, € Gy such that (gx, 7 (X™))n = X,. We furthermore know that
there exists some g € Gy, such that gX™ = ~,(X"™). Note that gx, g does nothing to
the final coordinate of X, so by item of Definition thereis a ¢;_; € Gp—1
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such that gx, gX™ =1(g}_1)X"™. Then we see

{6(gn-1)gxn 7 (X") : gn-1 € Gr-1} = {1(gn-1)9x»gX" : gn-1 € Gp-1}
= {(gn-1)1(g5-1) X" : gn—1 € Gn_1}
= {1(gn-1)X" : gn—1 € Gp_1}.

It follows from item [(ii)| of Definition[7.2that Gp,—1proj, _; (gx, Vn(X™)) = Gp_1 X",
It therefore follows that 7, _1(proj,,_;(g9x, ¥ (X™))) = yn_1(X"1). O

E.1.2 Proof of Theorem |7.8

Theorem [Z.8. The proof can be divided in two main steps: (1) to show that, condition-
ally on v, (X™), Ry, is uniformly distributed for each n and (2) to show that Ry, Rs, ...
are also independent. The second step is completely analogous to the proof of Theorem
3 by [Vovk| (2002)). For each n, define the o-algebra G, = (v (X™), Xnt1, Xnt2,---)-
Notice that G,, contains—among others—all G ,-invariant functions of X™ because v,
is a maximally invariant function of X"—any other G,-invariant function of X™ is
a function of ~,(X™). Let ¢’ € G, such that v,(X™) = ¢’X", then we have that
{9 € Gt A((9X™)ns 1 (X™))n < an} = {g € G+ A((g70 (X" )y Y0 (X)) < an}g'
Here, we define Bg = {bg : b € B} for a subset B C G,,. By the invariance of p,—it

is the Haar probability measure—, it follows that

tn({9 € Gr + A((9X™ ), 10 (X™))n < an})
= ptn({g € G+ A((g7 (X)), 1 (X)) 0 < an}).

An analogous identity can be derived for the second term in . We have a,, | G, Z
AU (X)) Y (X)) | G-

We will denote F(b) := pu({g € Gpn : A((g7n(X™)n, ¥u(X™))n < b}) and define
G(6) =sup{b e R: F(b) < 6}. If oy | Gy, is continuous, then F is the CDF of that
distribution, otherwise it is the CDF minus the probability of equality. In any case,
F is is increasing and right-continuous. For any ¢ € (0, 1), we have that F(G(J)) = ¢’

for some ¢’ < §, with equality if F' is continuous in G(6). Then we can write
P(R, <6|Gn)=P(R, <8 |Gn)+P(8 <R, <3]|Gn). (E.1)

For any 6 € (0, 1], we have that R,, = F(a,) + 0(F (o) — F(a,)) < ¢ if and only if
either F'(a,) < ¢’ or F(a;t) — F(aw,) = 0, which happens precisely when «a,, < G(0).

254



E | Appendix to Chapter |7|

We therefore see
P(R, <0 | Gn) =P(an, <G(8) | Gn) = F(G(5)) =4".

If F is continuous in G(d), then this shows that P(R, < ¢ | G,) = ¢, since ¢’ = ¢ in

that case. If F' is not continuous in G(d), then we have that
P(0' < R, <8|Gn) =P8 < Flay,) +0(F(a)t) — Flan)) <6 Gn).

Notice that &' < F(ay) + 0(F(ot) — F(a)) < 4§ if and only if a,, = G(d) and
0 <(6—08)/(F(a}) — F(awn)), so that we can write

@) ~ FIG0)) |
6— 46
F(CE)) — FG@)

B(§' < Rn <3| Gn) = Plan = G(8) | Ga)P (es S e gn)

= (F(G(d")T) = F(G(2")))
=54

Putting everything together, we see that P(R, < 0 | G,) = ¢. This shows the first
part, that R, has a conditional uniform distribution on [0, 1].

For the second part of the proof, we show that the sequence Ry, Rs,... is also an
independent sequence. We have that R,, is G,,_i-measurable because it is invariant
under transformations of the form X" — (¢X"7 1, X,,) for g € G,,_1 (see also [Vovk,
2004, Lemma 2). We proceed (implicitly) by induction:

P(R, <6n,...,R1 <61 Gn) =E[1{R,, <0p,...,R1 <61} | Gy
=E[E[1{R, <0pn,...,R1 <01} | Gn-1] | Gn]
=E[1{R, <0} E[1{pn-1 <0p-1,...,R1 <01} | Gn-1] | Gul
=E[1{R, <0} 6n_1- 01
— 6,0y,

It follows by the law of total expectation that
P(R, < 0n,...,R1 <81) =0y 01,

which shows that Ry, Ra,..., R, are independent and uniformly distributed on [0, 1]
for any n € N. This implies that the distribution of Rj, Ro,... coincides with U
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by Kolmogorov’s extension theorem (see e.g. Shiryaev, 2016, Theorem I1.3.3). This

shows the claim of the theorem. O

E.1.3 Proof of Proposition [7.9

The proof of Proposition [.9] follows directly from Lemma [EI] It states that, with
probability one, enough of the original data can be recovered using the smoothed ranks
and the orbit representative. We state Lemma prove Proposition and then
prove Lemma

Lemma E.1. Suppose, for each n € N, that A( - ,v,(X™)) is a one-to-one function
of Xn, then there exists a map D, : [0,1]" x X™ — [0,1]" x X™ s.t. for any Q € Hy,
Q(Dpn(R™, 4 (X™)) = (6™, X™)) = 1. Here, " = (0,)nen is the sequence given by
5?1 = 0n1{pn({g € Gn : A((9X" )0, Y (X™))n = an}) # 0}

Proposition[7.9. Consider, without loss of generality, the case that A(X",v,(X™)) =
X,. Because of the independence of R, and 7, under P and the assumption that the
dP(R" yn (X))
dQ* (R, yn(X™))

Using the sequence of functions (D,,)pen from Lemma and that the external

randomization is independent of X", the claim follows. O

marginal distribution of v, under @* and under P are equal, M,, =

Lemma[EJl As in the proof of Theorem [7.8] we will denote F(b) = u,({g € G, :
A((9X™)n, ¥ (X™))n < b}) and define G(0) = sup{b € R : F(b) < 6}. Furthermore,
we will write Py, |, (xn») for the distribution of c, given 7, (X™) and denote its support

by

[vn

supp(Pa, |y, (xn)) = {z € R | for all I open, if z € I then P, |, (x»)(I) > 0},

If b € int(supp(Pq,, |y, (xn))), then there exists an open interval B with b € B and
B C supp(Pq, |y, (xn))). For all ¢ € B with ¢ > b, we have that F(c) — F(b) =
Pe., |y, (xm)([b,¢)) > 0, since [b, c) contains an open neighborhood of an interior point
of the support. It follows that F(c) > F(b). In words, there are no points ¢ to the
right of b such that F(c) > F(b). Consequently, we have

G(F(b)) =sup{a € R: F(a) < F(b)} =b.

In a similar fashion, we can conclude that the same identity holds whenever b €
supp(Pq,, |, (x»))\int(supp(Py,, |, (x=))). Notice furthermore that G(R,,) = G(F () +
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0, (F(a;f) — F(ay))) = G(F(ay,)) whenever 6, < 1, which happens with probabil-
ity one. Together with the fact that Py |, (xn)(supp(Pq, |y, (xn))) = 1, this gives
Po,jy(x)(G(Ry) = ap) = 1, so also P(G(R,) = an) = 1. If (F(G(R,)T) —
F(G(Rn))) = pn({g € G : (90™)n = an}) =0, set 0, = 0. If p1,({g € G : (90™)n
ap}) > 0, then it follows that P(0,, = (R, — F(G(R,)))/(F(G(R,)")— F(G(R,)))) =
1, so set 6, = (R, — F(G(Ry)))/(F(G(Rn)") — F(G(R,))). Since A(-,v,(X™)) is

one-to-one by assumption, its inverse maps a,, to X,. By Proposition @, there also

exists a map from X,, and 7, (X") to v,_1(X""1). At this point, we can repeat the
procedure above to recover X,,_1 from (R, _1,7,_1(X" 1)), from which we can then
recover v, _2(X""2), etc. Together, all of the maps involved give the function as in

the statement of the proposition. O

E.1.4 Proof of Theorem |7.10

Theorem [Z10. We first show (7.6). Assume that P is such that R™ L ~,(X") for all
n. Let @* denote the distribution under which the marginal of ~,,(X™) coincides with
that under P, and such that X™ | 4, (X™) 2 Uyn(X™) | v (X™), where U ~ p, is
uniform on G,, and independent from ~,,(X™). First note that

=1 dQ*
-G (U {Hﬁ(&) # o >}>
>1-> ({Hfi(R» # (fé( t)}) =1

In the last inequality, we used Lemma By assumption, we have P« @*, SO we
also have P (H;l fi(R;) = dQ* (XT)> = 1. We have shown that M, is a modification
of the likelihood ratio evaluated at X7. We now show that the latter is optimal.

dQ* D (X™) and let f(a) = Ex [In((1 - a)f; + aE7)]; a concave func-
tion. We will show that the derivative of f in 0 is negative, which implies that f

Denote ¢,, =
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attains its maximum in a = 0. This in turn implies our claim. Indeed,

where we use that differentiation and integration can be interchanged, because

gmax I (>
l—a «

so that the dominated convergence theorem is applicable. Finally, this gives that

Ex[ln [, f(R)] = Ex[InEl] > Ex[InE7]. The proof of (7.5) follows from the

same argument, but using ¢, = ddg* (R™). O

E. 0,

@ =| o

E.2 Linear Models and Isotropy Groups

The rotational symmetry described in Section is that of symmetry around the
origin, which we argued is equivalent to testing whether X; ~ A (0, o) for some o € R™T.
Of course, there are many applications where it is not reasonable to assume that the
data is zero-mean and it is more interesting to test whether the data is spherically
symmetric around some point other than the origin. One particular instance of such
noncentered sphericity is to test whether, for each n, the data can be written as
X" = ul, + €", where u € R, the error €” is spherically symmetric and 1,, is the n-
vector of all ones. If p is known, we can test for spherical symmetry of X™ —p1,, under
O(n) and the problem reduces to that of the previous section. It is still possible treat
the more realistic case where p is unknown because the null model is still symmetric
under a family of rotations. Notice the following: for any O, € O(n) it holds that
O, X™ = uO,1, + Ope™. Unless u = 0, it follows that X" £ 0, X™ every time
that O,1, = 1,. That is, the null distribution of X" is invariant under the isotropy
group of 1,, ie. G, = {0, € O(n) : 0,1, = 1,,}. Invariance under the action of
G, has previously appeared in the literature as centered spherical symmetry (Smith,

1981)). Through the lens of test martingales, testing sequentially for centered spherical
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symmetry is equivalent to testing whether the data was generated by any Gaussian.
This holds because any probability distribution on R* for which the marginal of the
first n coordinates is centered spherically symmetric for any n can be written as a
mixture of Gaussians (Smith| [1981} |[Eaton), 1989, Theorem 8.13).

Using some geometry, a test is readily obtained. Note that we can write X" =
Xi + X7, , where X7 = %ln is the projection of X™ onto the span of 1,,
and X7, the projection onto its orthogonal complement. We have that gX" =
X1, +9X",, forany g € G,. Consequently, the orbit of X™ under G,, is given by the
intersection of S"~1(||X™||) and the hyperplane H,,(X™) defined by H,(X") = {2/ €
R™: (2™, 1,) = (X™,1,,)}. There is a unique line that is perpendicular to H,(X™)
and passes through the origin 0, = (0,...,0); it intersects H,(X™) in the point
O, == WIH. For any '™ € S"~1(||X™||) N H,(X™), Pythagoras’ theorem gives
that ||z —0g, ||* = | X™||*~ |0, —0,]|?. In other words, S™~1(||X™|)NH,,(X™) forms
an (n — 2)-dimensional sphere of radius (|| X"||?> — ||0z, —0,]*)*/? around 0y, . If one
considers the projection of this sphere on the n-th coordinate, then the highest possible
value is given by || X ™|, and the lowest value therefore by w — (| x"- @)
The relative value of X,, is therefore given by X,, := X, — Q(nil")Jr%(HX"H - Q(nil"))
As a result, R, is the relative surface area of the (n — 2)-dimensional hyper-spherical
cap with co-latitude angle ¢ = 7 — cos (X, /(| X™||2 = |05, — 0,]2)!/2), so that
equation can again be used to determine R,,. With this construction, we recover
what [Vovk| (2023)) refers to as the “full Gaussian model”, which is an online compression
model that is defined in terms of the summary statistic o, = ((X™, 1,,), | X™]|)-

This model can be extended to the case in which there are covariates, i.e. X, =
(Y, Z%) for some Y, € R and Z¢ € R?. Denote Z,, for the matrix with row-vectors
Z% and, as is a standard assumption in regression, assume that Z,, is full rank for
every n. The model of interest is Y™ = Z,,3 + €" where 3 € R? and €" is spherically
symmetric for each n. Similar to the reasoning above, this model is invariant under
the intersection of the isotropy groups of the column vectors of Z,,, i.e. G, = {O, €
O(n) : OnZ, = Z,}. The orbit of X™ under G,, is given by the intersection of
S™=1(]|X™||) with the intersection of the d hyperplanes defined by the columns of Z,,,
so that for (Y™, Z,)) = Y™, computing R, is analogous. Interestingly, however, it
does not always hold that testing for invariance under G,, is equivalent to testing for
normality with mean Z,,3%. A sufficient condition for the equivalence to hold is that
lim,, 00 (Z!,Z,)~! = 0, which is essentially the condition that the parameter vector 3

can be consistently estimated by means of least squares (Eaton, 1989, Section 9.3).
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F.1 Invariance and Sufficiency

The relationship between invariance and sufficiency has been thoroughly investigated
(Hall et al., 1965, 1995; [Berk, (1972; [Nogales and Oyolal |1996). Consider a G-invariant
hypothesis testing problem such that a sufficient statistic is available. If the action of
G on the original data space induces a free action on the sufficient statistic—that is, if
the sufficient statistic is equivariant—, there must be a maximally invariant function
of the sufficient statistic. With this structure in mind, the results presented thus
far suggest two approaches for solving the hypothesis testing problem. The first is
to reduce the data using the sufficient statistic, and to test the problem using the
maximally invariant function of the sufficient statistic. The second approach is to use
the maximally invariant function of the original data. These two approaches yield two
potentially different growth-optimal e-statistics, and one question arises naturally: are
both approaches equivalent? In this section we show that this is indeed the case, under
certain conditions.

We now introduce the setup formally. At the end of this section we revisit our
guiding example, the t-test, and show how the results of this section apply to it. Let
© be the parameter space, and let § = §(f) be a maximally invariant function of
for the action of G on ©. Let s, : X" — S, be a sufficient statistic for § € ©.
Consider again the hypothesis testing problem in the form presented in . Assume
further that G acts freely and continuously on the image space S,, of the sufficient
statistic S,, = $,(X™). Denote by (g,s) — gs the action of G on S,,. We assume
that s,, is equivariant, that is, s, is compatible with the action of G in the sense
that, for any X™ € X™ and any g € G, the identity ¢gs,(X™) = s,(¢gX™) holds. Let
My, = mx o(X™) and Mg, = ms (Sy) be two maximally invariant functions for the

actions of G on X™ and S,,, respectively. Because of their invariance, the distributions
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of My , and Ms , depend only on the maximally invariant parameter §. Hall et al.
(1965, Section II.3) proved that, under regularity conditions, if Sy, = sxn(X™)
is sufficient for # € ©, then the statistic Ms,, = ms,(s,(X™)) is sufficient for §.
In that case, we call Mg, invariantly sufficient. Here we state the version of their
result, attributed by [Hall et al.| (1965]) to C. Stein, that suits best our purposes (see

Remark [F.1)).

Theorem F.1 (C. Stein). If there exists a right Haar measure on the group G and
G is o-finite, the statistic Mg p, = ms n(sn(X™)) is invariantly sufficient, that is, it is

sufficient for the maximally invariant parameter 6.

With this theorem at hand, and the fact that the KL divergence does not decrease

by the application of sufficient transformations, we obtain the following proposition.

Proposition F.2. Let s, : X" — S, be sufficient statistic for 0 € ©. Assume that G
acts freely on S, and that s,(gX"™) = gsn(z™) for all X™ € X" and g € G. Let ms
be a mazimal invariant for the action of G on Sy, and let Ms.,, = msn(sn(X™)).
Then,

KL (Py0r Py ) = KL (Pysr, Pyl ).

Proof. The function Mg, = ms (s, (X™)) is invariant, and consequently its distribu-
tion only depends on the maximally invariant parameter §. Since My ,, is maximally
invariant for the action of G on X™, there is a function f such that Ms,, = f(Mx ).
By Stein’s theorem, Theorem Ms ., is sufficient for §. Consequently, f is a suffi-
cient transformation. Hence, from the invariance of the KL divergence under sufficient

transformations, the result follows. O

Via the factorization theorem of Fisher and Neyman, the likelihood ratio for the
maximal invariant My , coincides with that of the invariantly sufficient Ms,. As a
consequence, we obtain the answer to the motivating question of this section: per-
forming an invariance reduction on the original data and on the sufficient statistic are

equivalent.

Corollary F.3. Under the assumptions of Proposition if S = s, (X™),

¢ (ma(X™) _ gMor (msn(Sn))

pMrn(my (X)) pMen(msn(Sn))

Hence, if assumptions of Corollary[8.3 also hold, the likelihood ratio for the invariantly
sufficient statistic Ms p, is (relatively) GROW.
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Example F.1 (continues=ex:t-test). We have seen that a maximally invariant func-
tion of the data is My ,, = my (X") = (X1/|X1],..., X,/ |X1|) while the t-statistic
Ms ., = mgn(X™)  fin/6, is a maximally invariant function of the sufficient statistic
$n(X™) = (fin, 64). Stein’s theorem (Theorem shows that the t-statistic Mg, is
sufficient for the maximally invariant parameter 6 = p/o. Corollary shows that
the likelihood ratio for the t-statistic is relatively GROW.

Remark. In the present form, the assumptions in Theorem avoid issues that
may arise with almost-invariant functions (see Lehmann and Romano| 2005, Section
6.5). Almost-invariant functions are functions that are invariant under the action of
a group almost surely up to a null set that may depend on the group element in
question. Under the assumptions in Theorem every almost invariant function is
equivalent to an invariant one (Lehmann and Romanol 2005, Theorem 6.5.1). In turn,
the assumptions in Theorem [F.1] are implied by Assumption [8:I} so that the same is
true in the general setting of Chapter See also [Hall et al.| (1965, discussion in p.
581).

F.2 Detailed Comparison to Sun and Berger (2007)
and Liang and Barron (2004)

As the example in Section [8.5.1] illustrates, it is sometimes possible to represent the
same Ho and H; via (at least) two different groups, say G, and G,. Group G,
is combined with parameter of interest in some space A, and priors 1'[;75“ on A,
achieving relative to group G, for j = 0,1; group G} has parameter of in-
terest in A, and priors H;f‘s” achieving relative to group Gjp; yet the tuples
To = (G, Aq, {H;’S“ }i=o0,1) and Tp = (Gb, A, {H;‘s” }j=0,1) define the same hypothe-
ses Ho and H;. That is, the set of distributions {P}},ec, obtained by applying
Proposition with group G, (representing Ho defined relative to group G,) coin-
cides with the set of distributions {P;} geq, obtained by applying Proposition with
group G, (representing Ho defined relative to group Gy); and analogously for the set
of distributions {P}},ec, and the set of distributions {P}},cc,. In the example, G,
was GL(d) and the priors HS‘;“,HI&I were degenerate priors on 0 and v as in ,
respectively; Gy was the lower triangular group with a specific prior as indicated in
the example. In such a case with multiple representations of the same Hg and H;,
using the fact that the notion of "GROW" does not refer to the underlying group,
Corollary can be used to identify the GROW e-statistic as soon as the assump-
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tions of Proposition hold for at least one of the tuples 7, or 7,. Namely, if the
assumptions hold for just one of the two tuples, we use Corollary [8-8 with that tuple;
then T™ as defined in the corollary must be GROW, irrespective of whether T based
on the other tuple is the same (as it was in the example above) or different. If the
assumptions hold for both groups, then, using the fact that the GROW e-statistic is
essentially unique (see Theorem 1 of |(GHK]| for definition and proof), it follows that
T*(X™) as defined in Corollary must coincide for both tuples.

Superficially, this may seem to contradict|Sun and Berger| (2007)) who point out that
in some settings, the right Haar prior is not uniquely defined, and different choices for
right Haar prior give different posteriors. To resolve the paradox, note that, whereas
we always formulate two models H( and H1, Sun and Berger| (2007) start with a single
probabilistic model, say P, that can be written as in for some group G. Their
example shows that the same P can sometimes arise from two different groups, and
then it is not clear what group, and hence what Haar prior to pick, and their quantity
of interest, the Bayesian posterior, can depend on the choice.

In contrast, our quantity of interest, the GROW e-statistic T, is uniquely defined
as soon as there exists one group G with Hg and H; as in for which the as-
sumptions of Theorem [8.2] hold; or more generally, as soon as there exists one tuple
T = (G, A, {H;f‘s}j:o}l) for which the assumptions of Proposition hold, even if
there exist other such tuples.

To reconcile uniqueness of the GROW e-statistic 7,7 with nonuniqueness of the
Bayes posterior, note that the former is a ratio between Bayes marginals for different
models Hy and H; at the same sample size n. In contrast, the Bayes predictive
distribution based on a single model P is a ratio between Bayes marginals for the
same P at different sample sizes n and n — 1. The role of ‘same’ and ‘different’
being interchanged, it turns out that this Bayes predictive distribution can depend on
the group on which the right Haar prior for P is based. Since the Bayes predictive
distribution can be rewritten as a marginal over the Bayes posterior for P, it is then
not surprising that this Bayes posterior may also change if the underlying group is
changed.

The consideration of two families Hy and H; vs. a single P is also one of the main
differences between our setting and the one of [Liang and Barron| (2004), who provide
exact min-max procedures for predictive density estimation for general location and
scale families under Kullback-Leibler loss. Their results apply to any invariant proba-
bilistic model P as in where the invariance is with respect to location or scale (and

more generally, with respect to some other groups including the subset of the affine

264



F | Appendix to Chapter |§|

group that we consider in Section|8.4.2)). Consider then such a P and let p*» (m,,(X™))
be as in . As is well-known, provided that n’ is larger than some minimum value,
for all n > 1/, 1(Xprg1, - X | X1,. oo, X)) i= pMr (m (X)) /pM (M (X™)) de-
fines a conditional probability density for X, 1,..., X,; this is a consequence of the
formal-Bayes posterior corresponding to the right Haar prior becoming proper after n’
observations, a.s. under all P € P. For example, in the t-test setting, n’ = 1. |Liang
and Barron! (2004) show that the distribution corresponding to 7 minimizes the P™-
expected KL divergence to the conditional distribution P™ | X "/, in the worst case
over all P € P. Even though their optimal density r is defined in terms of the same
quantities as our optimal statistic T, it is, just as Berger and Sun| (2008]), considered
above, a ratio between likelihoods for the same model at different sample sizes, rather
than, as in our setting, between likelihoods for different models, both composite, at
the same sample sizes. Our setting requires a joint KL minimization over two families,
and therefore our proof techniques turn out quite different from their information- and

decision-theoretic ones.

F.3 Anytime-Valid Testing Under Optional Stopping

and Optional Continuation

Consider the setting of Section Let X = (X,)nen be a random process, where
each X, is an observation that takes values on a space X. Let (M,,)nen be a sequence
where, for each n, M,, = m,(X") is a maximally invariant function for the action of
G on X".

Suppose that data X7, Xs,... are gathered one by one. Here, a sequential test is
a sequence of zero-one-valued statistics & = (£,,)nen adapted to the natural filtration
generated by Xip, Xo,.... We consider the test defined by &, = 1 {TM" > 1/a} for
some value a. We note that Wald-style—Sequential Probability Ratio Tests—tests
are different because they would output "no decision" until a particular sample size n.
Afterwards, they would output 1 ("reject the null") or 0 ("there is no evidence to reject
the null") forever. In contrast, in the present setting §,, = 1 means "if you stop now, for
whatever reason, it is safe to reject the null". Below we prove the anytime validity of &.
Additionally, we show that, for certain stopping times 7 < oo, the optionally stopped
e-statistic 7™~ remains an e-statistic. This fact validates the use of the stopped T™M~
for optional continuation because we can multiply the e-statistics 7™~ across studies

while retaining type-I error control. This result is not new and we add it merely for

265



F.3 Anytime-Valid Testing Under OS and OC

completeness; it follows by standard arguments as Ramdas et al.[ (2023) or GHKL

Proposition F.4. Let T* = (T'™»),.cn, where, for each n, T™~ is the likelihood ratio
for the mazimally invariant function M, = m,(X™) for the action of G on X™. Let
&€ = (&n)nen be the sequential test given by &, =1 {TM" > 1/a}. Then, the following

two properties hold:

1. The sequential test & is anytime valid at level «, that is,

for any random time N, sup Py, {&ny =1} < .
00€O0

2. Suppose that T < 00 is a stopping time with respect to the filtration induced by
M = (M,)nen- Then the optionally stopped e-statistic T™7 is also an e-statistic,
that is,

sup Ej [TM7] < 1. (F.1)
ESSH

It is natural to ask whether also holds for stopping times that are adapted
to the full data (X™),en but not to the reduced (M, )nen. In our t-test example, this
could be a stopping time 7* such as “7* := 1 if |X;1| & [a,b]; 7* = 2 otherwise” for
some 0 < a < b. The answer is negative: after proving Proposition we show that,
for appropriate choice of a and b, this 7" is a counterexample. This means that such
nonadapted 7* cannot be safely used under optional continuation. However, using
such a stopping time has no repercussions for optional stopping, since the time N in
part 1 of the proposition above is not even required to be a stopping time—AN is not
restricted by the filtration induced by M and it is even allowed to depend on future

observations.

Proof of Proposition[F.] From Proposition we know that T* = (TMn),cy is a
nonnegative martingale with expected value equal to one. Let & = (&,), be the
sequential test given by &, = 1 {TM” >1/ a}. The anytime-validity at level a of &,
is a consequence of Ville’s inequality, and the fact that the distribution of each T~

does not depend on g. Indeed, these two, together, imply that

sup P, {TM» > 1/a for some n € N} < a.
geG
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This implies the first statement. Now, let 7 < co be a stopping time with respect to
the filtration induced by M. If the stopping time 7 is almost surely bounded, TM~
is an e-statistic by virtue of the optional stopping theorem. However, since T* is a
nonnegative martingale, Doob’s martingale convergence theorem implies the existence
of an almost sure limit 7% . Even when 7 might be infinite with positive probability,
Theorem 4.8.4 of Durrett| (2019) implies that T~ is still an e-statistic. O

F.3.1 Importance of the Filtration for Randomly Stopped E-
Statistics

Consider the t-test as in Example Fix some 0 < a < b, and define the stopping
time 7% := 1 if | X| € [a,b]. 7" = 2 otherwise. Then 7* is not adapted to (hence not
a stopping time relative to) (M,,), as defined in that example, since M; € {—1,1}
coarsens out all information in X; except its sign. Now let dg := 0 (so that Hy
represents the normal distributions with mean p = 0 and arbitrary variance). Let
T (X™) be equal to the GROW e-statistic 7~ (X™) as in (8.6); here we make
explicit its dependence on d;. For Hj, to simplify computations, we put a prior 1:[‘{
on A; := R. We take IT{ to be a normal distribution with mean 0 and variance .
We can now apply Corollary (with prior l:Ig putting mass 1 on § = §y = 0), which

gives that T), = to(X™) is an e-statistic, where

1= e (L)

coincides with a standard type of Bayes factor used in Bayesian statistics. By exchang-
ing the integrals in the numerator, this expression can be calculated analytically. The
Bayes factor T for &' = ; is found to be equal to 1 for all #; # 0, and the Bayes

factor for (z1,x2) is given by:

T — 21%2-5-1'(.%‘%-"-.%‘2)
27 K2 (wy — 22)2 + (2] +23)

Now we consider the function

f(@) :=Ex, n(01)[t2(z, X2)].

f(z) is continuous and even. We want to show that, with 7* as above, Ty« is not

an E-variable for some specific choices of a,b and x. Since, for any o > 0, the null
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contains the distribution under which the X; are i.i.d. N(0,0), the data may, under

the null, in particular be sampled from N (0, 1). It thus suffices to show that

Ex, xoon00) L] = Px,onon X1 € [a, 6]} + Ex, ono,1)[1x1 |€fa,p f(X1)] > 1.

From numerical integration we find that f(xz) > 1 on [a,b] and [—b, —a] if we take
k =200, a = 0.44 and b = 1.70. The above expectation is then approximately equal
to 1.19, which shows that, even though T, is an e-statistic at each n by Corollary

(it is even a GROW one), T« is not an e-statistic (its expectation is 0.19 too large),

providing the claimed counterexample.

F.4 Further Derivations, Computations and Proofs

In this appendix, we prove the technical lemmas whose proof was omitted from the
main text. In Section [F.4.1] we prove the lemmas used in the proof of Theorem [8:2]
In Section [F-4:2] we show the computations omitted from Section

F.4.1 Proof of Technical Lemmas [8.11} [8.12, and |8.13| for The-

orem (8.2

Proof of Lemma[8.11 Let {e;}; be a sequence of positive numbers decreasing to zero.
Let {K;}ien and {L;};en be two arbitrary sequences of compact symmetric subsets
that increase to cover G. Fix i € N. The set K;L; is compact and by our assumption
there exists a sequence {J;};en and such that p{J;}/p{J1K;L;} — 1 as Il — oco. Pick
I(i) to be such that p{Jy;)}/p{Ji(s)KiLi} > 1—¢;. The claim follows from a relabeling

of the sequences. O

Proof of Lemma[8.13 Let h € N. Then we can write

/ 1{g € NL} g,(hlm)dp(g) = / 1{g € NL} qu(g~"hlm)dp(g)

- / 1{ge (VL)"') a(ghlm)dA(g) = A(h™) / 1{ge (NL)"'h} qu(glm)dA(g)

=Ah"HQ{H € (NL)'h | M =m}
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The same computation can be carried out for p. Consequently
[1{g € NL} ay(blm)dpls) | Qu{H € (NL)"'h | M = m}
[1{g € NL} p,(hlm)dplg) " Pi{H € (NL)1h | M = m}

< —InPy{H € (NL)"'h | M =m}.

In

By our assumption that h € N, we have that (NL)~'h = L=*N~='h D L=! = L. This
implies that the last quantity of the previous display is smaller than —InP{H €
L | M =m}. The result follows. O

Proof of Lemma[8.13 The result follows from a rewriting and an application of Jensen’s

inequality. Indeed,

I mdntg) J ag(hlm) B3 T (g) /pg(h‘mdn(g\h,m)

Jag(hm)dti(g) ~ " g (h]m)dTi(g) g9 (hlm)

py(hlm) [y gg(hlm) -
<~ [m AT, m) = /1 Aol m).

as it was to be shown. O

F.4.2 Derivation and Computation for Section |8.4.1

We now provide Proposition [F.5] giving the derivation underlying Lemma [8.10] in
the main text about the likelihood ratio 7§, for dp = 0, followed by details about

numerical computation.

Proposition F.5. Let X ~ N(v,I), and let mS ~ W(m,I) be independent random
variables. Let LL' = S be the Cholesky decomposition of S, and let M = ﬁL‘lX.
If Py, is the probability distribution under which X ~ N(0,I), then, the likelihood

p"1>/,[m/ péV,fm ratio is given by

P (M)

T :e*%\lvl\Q/e<%TA_1M>de+LI(T)
0,m

where A € LT is the Cholesky factor AA" =1+ MM', and PL | is the probability
distribution on Lt such that TT" ~ W (m +1,1I).

Proof. Let ¥ = AA’ be the Cholesky decomposition of ¥. The density pfﬁ A of X with
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respect to the Lebesgue measure on R? is

1 1
b'e _ ity —1y _ AV
pfy,A(X) - (27T)d/2 det(A) etr ( 2(A X 7)(A X FY) ) )

where, for a square matrix A, we define etr(A) to be the exponential of the trace of
A. Let W =mS. Then, the density p,‘;VA of W with respect to the Lebesgue measure
on RUA—1)/2 jg

1
~ 2md/2T 4 (n/2) det(A)™

1
pKA(W) det(8)m=d=1/2¢tr <_2<AAI)_1W> .
Now, let W = TT’ be the Cholesky decomposition of W. We seek to compute the
distribution of the random lower lower triangular matrix 7'. To this end, the change of

P
pd—i+l

variables W — T is one-to-one, and has Jacobian determinant equal to 2% [T}_, ¢

Consequently, the density pa A(T) of T with respect to the Lebesgue measure is

2d 1 <
T (1) = ————— det(A™'T)™etr [ —= (A~ 'T)(AT) i
PalT) = garap ) 4HATT) etr( S (AT1T)( ))il:[lt“

g:l ti;-idT to be a left Haar measure on £, and consequently

We recognize dv(T) =[]

2d

PrA(D) = Gy det(A7T) et (—;(A_lT)(A_lT)’)

is the density of T with respect to dv(T'). After these rewritings, The density ﬁfAT (X,T)
of the pair (X,T) with respect to dX x dv(T) is given by

d e -1 m
o) = 22 D e (A Ty - - ) ix - )

with K = (27)%/22™/204(n/2). The change of variables (X,T) ~ (T~'X,T) has

Jacobian determinant equal to det(T). If M = T~1X, then, the density ]336’3 of
(M, T) with respect to dM x dv(T) is given by

—1 m—+1
%etr <;(A1T)(A1T)’ - %(A*TM —)(ATITM — 7)'> :

We now marginalize T to obtain the distribution of the maximal invariant M. Since
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the integral is with respect to the left Haar measure dv(7T'), we have that

/ P (M, T)du(T) = / T (M, AT (T) = / T (M, T)aw(T),
TeL+ TeL+ TeL+

and consequently,

d
P =% [ den(rym et (< TT - Sy - )T =) ) au()
’ K Jrec+
d
~ 2 2”7“2/ det(T)™ etr —fT(I—i—MM’)T’—ky(TM)’ du(T).
K T€£+ 2

The matrix I+ MM’ is positive definite and symmetric. It is then possible to perform
its Cholesky decomposition (I+MM’) = AA’. With this at hand, the previous display

can be written as

=5l

PAA(M) = det(T)™ etr (—;(TA)(TA)’ + 7(TM)’) dv(T).

K TeLt
We now perform the change of variable T+ T'A~1. To this end, notice that dv(A~1) =
duv(T) H‘i a7 and consequently

=1 "1

2t HIP T 2/ det(T)™letr [ — 27T 4 v(TA- MY ) du(T)
K det(A)ymtarz [ . 2 g

m d i
_ La(m)  Thiiged ez lnII? Pl [mm-lm}
T/ (%) det(A)m+d+2

p%(M) =

)

so that that at v = 0 the density p)’y (M) takes the form

_ T (mTH) H?:l a3}
- 2Ty () det(A)mre?

and consequently the likelihood ratio is

py%; — o 3InI? /ew,TA—lM)deH(T).
Po,a

)

O

Remark (Numerical computation). Computing the optimal e-statistic is feasible nu-
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merically. We are interested in computing

/ @TVAP,, 1 (T),

where T is a LT-valued random lower triangular matrix such that 77" ~ W (m+1,1),
and z,y € R?. Define, for i > j, the numbers a;j = x;y;. Then (x,Ty) = ij a;;Ti;.
By Bartlett’s decomposition, the entries of the matrix 7" are independent and T3 ~

X*((m+1) —i+1), and T;; ~ N(0,1) for i > j. Hence, our target quantity satisfies

/[e(z,Ty)]Pm+l(T) _ /ez,;zj aijTidem+1(T) — /Hea1,jT¢Jde+1(T).

i>j

On the one hand, for the off-diagonal elements satisfy, using the expression for the

moment generating function of a standard normal random variable,

T 1
El;L+1[ea”T”] = exp <2a12j> '

For the diagonal elements the situation is not as simple, but a numerical solution is
possible. Indeed, for a; >0, and k; = (m+1) —i+1

1 oy 1
EP [eviTi] = —— — / :z:%fl exp (m + aiiﬁ) dz
251 (5) b 3
ki 1 a2 V2a;T (R ki+1 3 a2
_ F1< n>+ ( 2 >1F1< 5 u),

“i\2r2 o T (&) 2 2 2

where 1F1(a,b, 2) is the Kummer confluent hypergeometric function. For a;; < 0,

1 o 1 T (k) )
i/2—1 _ - . I S VA B ()
oA (R (%> /0 x exp( 2:c+a“\/:73> dx SFmiT (&)U 55 3 )

5

and U is Kummer’s U function.
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