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Abstract

Safe hypothesis tests are tests that are robust under accumulation bias, namely when there are depen-
dencies between the results of previous studies and the decision whether to conduct further studies.
We construct two types of safe test for the 2 x 2 contingency table, the conditional and unconditional
safe tests. In general safe tests are given by an information projection that may be difficult to com-
pute. The conditional tests we construct however are given either in explicit form or implicitly via a
defining equation. The same can be said of many of the unconditional tests we construct, for which
we prove a number of theoretical results enabling their quick calculation when not given explicitly.
The method we develop to accomplish this may perhaps be used to identify optimal safe tests in many
other scenarios.
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Notation

KL(P||Q) | The Kullback-Leibler divergence between the distributions P and Q
Ki(pllq) The Kullback—Leibler diYergence between two Bernoulli distributions with pa-
rameters p and q respectively
e The parameter set
O, 01 The null and alternative parameter sets respectively
W(A) The set of all distributions on a given set A
E(Vy) The set of all S-values defined with respect to the null parameter set O

For 2 X 2 contingency tables in particular, we also use the following notation.

The probability of observing a 1 in group a or b respectively under the alter-

Oa, O native hypothesis
oL oY The lowest and highest values of 6, permitted under the prior knowledge
GbL, ng The lowest and highest values of 6, permitted under the prior knowledge
PKR [02,6Y] x [0F,67], the prior knowledge rectangle
0o(p) (p,p), where p € [0,1]
CH {6o(p) : p € [0,1]}
0 B N PKR, the restricted null parameter set for the given PKR
Byr [max{6Z, 0L}, min{0Y, 67 }], namely the p € [0,1] such that 6y(p) € O
O {(04,0p) €[0,1]%: 0, > 0,}
| 01 N PKR, the restricted alternative parameter set for the given PKR
0 =0(04,0p) | Op — 04, the risk difference for the given (6, 6y)
A= A(0q,0) | Op/04, the relative risk for a given (6,,6,) (also called the risk ratio)
W = (00, 0) 1%{) 1.55“, the odfis ratio for a giv.en (04, 6y) (for Conditionafl S-values, we will
occasionally specify values of 1 without reference to a specific (6, 6;))
©1(9) {(0a,0) € O1:(04,60,) > 6} for the given risk difference threshold d
©1(N) {(0a,0) € O1: A(b4,0,) > A} for the given relative risk threshold A
O1(¢) {(ba,0y) € ©1 :¢(04,6y) > 9} for the given odds ratio threshold v
O1(e) Used to denote ei'ther 01(0), ©1(A) or ©1(¢)) when it is not specified which is
the parameter of interest
O1(e) ©1(e) N PKR for the given PKR




Chapter 1

Introduction

1.1 The need for a new type of statistical hypothesis test

Suppose we wish to know whether a novel drug is effective in treating a particular condition. A clinical
trial with 100 patients may be conducted in which 50 are randomly selected to receive the drug while
the remaining 50 receive the placebo, and the number of patients in each group making a recovery
within one year being recorded. Suppose, at the conclusion of the trial, 38 of the patients who received
the drug recovered, while 32 of the patients who received the placebo recovered. Clearly this is evidence
in favour of the hypothesis that the drug is more effective than the placebo, but is it sufficient evidence
to be conclusive? Or perhaps the result is only suggestive and further trials should be conducted before
prescribing the drug.

Statistical hypothesis tests are methods that can be used to quantify evidence in order to more
objectively determine the degree of certainty one should place in either of two opposing hypotheses,
referred to as the null and alternative hypotheses. In the case of the clinical trial, the null hypothesis
is that the drug is only as effective as the placebo, while the alternative hypothesis is that it is more
effective than the placebo. While hypothesis tests come in a number of forms, they broadly fit into
two methodologies; Frequentist and Bayesian.

Frequentists generally quantify evidence by asking the following question: “If the null hypothesis is
indeed true and we repeat the trial in identical manner, what is the probability that we will get evidence
at least as extreme as we obtained the first time round?” This probability is called a p-value. If the
calculated p-value is very small, this means that the evidence we in fact observed was quite unlikely to
occur under the null hypothesis, meaning the null hypothesis is likely to be false. A commonly used
threshold is p = 0.05, where the null hypothesis is deemed to be false (or is ‘rejected’) if and only if
the p-value is less than 0.05.

Bayesians, on the other hand, first attempt to quantify their prior credence in each of the hypotheses
before seeing any data. Their prior belief in the odds of the alternative versus the null hypothesis is
referred to as the ‘prior odds’. The evidence is then used to update the ‘prior odds’ to ‘posterior odds’,
namely the odds of the alternative versus the null hypothesis after observing the evidence. This is done
by using Bayes’ rule, which, informally, allows one to calculate the probability of each hypothesis after
seeing the evidence, provided one has access to the probabilities that each hypothesis would produce
the observed evidence were it true.

There is a long history of disagreement among statisticians about whether the Frequentist or the
Bayesian approach is correct. While the methods are not wholly incompatible, they are underpinned
by fundamentally different philosophies. Since both are frequently used, this is problematic for the
meta-analyst wishing to combine the results of many different trials that may have been analysed using
both Frequentist and Bayesian methods.

Safe hypothesis testing is a new method of statistical inference developed by Griinwald et al. [7]
that, while developed from a Frequentist framework, permits the construction of hypothesis tests with
both Frequentist and Bayesian interpretations. Thus, statisticians of both schools can use these tests
in accordance with their own private philosophies, but in a way that is still straightforward to translate
and reinterpret.



A further, significant, advantage of safe hypothesis tests is that they are unaffected by accumulation
bias. To explain this, suppose a meta-analyst working for a pharmaceutical company has an incentive
to show that a particular drug is effective. If the evidence so far does not look sufficiently convincing,
the meta-analyst may decide to wait for more results before ‘cashing out’ and conducting the meta-
analysis. Since trials inherently involve an element of randomness, this choice in timing means there
are more chances for the cumulative evidence to look convincing. In this way, the meta-analyst can
increase the probability that the evidence will look convincing at the time of the analysis. This is
clearly a form of bias and is one aspect of ‘accumulation bias’. Safe tests, by their construction, are
impossible to ‘game’ in this way; they are safe under optional continuation.

One of the most commonly encountered situations in which a statistical test is required is that of
determining whether there is a connection between two binary variables. In a clinical trial for example,
we want to know whether there is a connection between whether the patient receives the drug or the
placebo and whether the patient recovers or not. Tests in these scenarios are referred to as 2 x 2
contingency table tests. In this thesis we construct safe versions of such tests. For an outline of the
thesis and our contributions, see section 1.5.

1.2 The importance of full knowledge of the experimental procedure

For a statistical experiment, the p-value is defined as the probability of obtaining data at least as
extreme as the data actually observed. From this definition it is clear that in order to calculate the
p-value, the exact details of the experimental procedure that produced the results must be known. To
see how things can go wrong if this knowledge cannot be obtained in full, suppose we are told that
a coin was tossed n = 100 times came up heads m = 59 times and that we want to use this data to
test whether the coin is biased in favour of heads. Let g be the true probability of the coin coming up
heads. Denote the null hypothesis that the coin is fair by Ho : ¢ = 1/2 and the alternative hypothesis
that the coin is biased in favour of heads by H; : ¢ > 1/2, and suppose we pick significance level
a = 0.05. Let M be the number of heads, so that under the null hypothesis M ~ Bin(100,0.5). We
then have the p-value P = Py(M > 59) = 0.04431 < o. May we therefore conclude that the coin is
biased in favour of heads? In fact we cannot. To see why, note that in our analysis we assumed that
the total number of tosses n = 100 was fixed before the experiment began, but we were not given this
information, we were only told that the coin happened to be tossed 100 times. Thus the assumption
that M ~ Bin(n,1/2) where n = 100 was assumed to be fixed in advance is not justified.

Indeed, suppose it is now revealed that it was decided in advance that the coin would first be tossed
50 times, at which point the coin would tossed a further 50 times if and only if the above (incorrect)
analysis would fail to reject the null hypothesis. Perhaps after the first 50 tosses the coin in fact only
came up heads 28 times, at which point we would not have concluded the coin was biased in favour
of heads, since P(Mso > 28) = 0.2399438 > «. Thus, since the decision was made to continue for
another 50 tosses, we were given an extra chance to conduct our flawed analysis and possibly conclude
that the coin was biased in favour of heads. Calculating a valid p-value, would require incorporating
knowledge of the decision made at the halfway point.

Note that it follows directly from the definition that if P is a p-value then Py(P < «a) < «, where
Py represents the distribution of the data under the null hypothesis (for continuous random variables
this will be an equality, whereas for discrete random variables equality is not always attained). Let N
be the number of times the coin is tossed, so that N € {50,100}, and let Psy and Pjgp be the invalid
p-values calculated as above by falsely assuming NV is fixed from the beginning of the experiment as
50 or 100 respectively. Therefore the invalid p-value P calculated above is equal to Py, where N is
revealed in the course of the experiment. We can now see that Py is not a valid p-value by showing
that Py(Py < a) > «. First, let M,, be the number of heads after n tosses. Then we have

L] Po(M50 > 31) = 0.05946 and P(](M50 > 32) = 0.03245. Therefore P50 = Po(M50 > T)’L50> <« iff
mso Z 32.

(] P(](Mlgo > 58) = 0.06660 and PO(M100 > 59) = 0.04431. Therefore P100 = P(](Ml(]o > mloo) <
« iff mqgg > 59.



It then follows that

Py(Py < a) = Py(Py < a, N = 50) + Py(Py < a, N = 100)
= Py(Pso < a) + Po(Psp > o, Piroo < )
= Po(Mg,g > 32) + PO(M5O < 32, Moo > 59)

31

=0.03245 + > Py(Mso = k, Migo — Mo = 59 — k) (1.4)
k=9

= 0.03245 + 0.03025 (1.5)

= 0.0627,

which is indeed greater than «. In other words, if the coin is in fact unbiased and the experiment was
conducted repeatedly, by this faulty analysis we would conclude that the data was at most 5% likely
more than 5% of the time. Clearly the analysis underestimates the true p-value and so rejects the null
hypothesis too readily.

1.3 Meta-Analysis and Accumulation Bias

Large sample sizes are crucial for statistical tests in order to maximize power (the probability of
correctly rejecting the null hypothesis). Therefore one advantage of conducting a meta-analysis is the
increase in power that comes from pooling the results of many studies. In general, the hope is that by
combining the data of many studies one can be more confident of the inferences drawn.

Suppose, after a systematic review of the literature, a series of IV studies is found, each testing the
same null hypothesis and providing a p-value. Let P, be the p-value of the n’th study, namely the
probability, under the null hypothesis, that the results obtained by repeating that experiment would
be at least as extreme as those actually observed. One might then suppose that the probability under
the null hypothesis that all the studies, were they to be repeated, would produce results at least as
extreme as those observed would then be P := Hfj:l P,,. However, this is not the case, since it would
be making the same mistake as in the coin tossing example: the number of studies is not fixed in
advance. In the coin tossing example, it is possible to overcome this difficulty by incorporating the
decision process behind the total number of tosses. However this approach cannot possibly work in the
case of meta-analyses since the full experimental protocol leading to the full series of studies has so
many complicating factors that cannot be quantified before the first study commences. For example:

e A highly powered study concluding with a significant finding may be deemed conclusive enough
that further studies are not performed, thus terminating the series.

e The statistician performing the meta-analysis may make the decision of when to perform the
meta-analysis based on the results of the studies known at each point in time. This is like the
coin tossing example above.

e An unexpected cut or influx of funding to research institutes may increase or decrease the number
of studies performed.

o [f the first study produces significant results, this may lead to a flurry of replications from
researchers also wishing to obtain significant results.

e Conversely, if the first studies produce results that are not significant, this may be sufficient to
dissuade researchers from pursuing the same lines, thus terminating the series.

In summary, the problem is that while the results of any two studies may be independent, the existence
of later studies may be dependent on the results of previous studies. Second, the timing of the meta-
analysis may also depend on the results of the studies hitherto available. These two dependencies have
been collectively termed Accumulation Bias |11]. Moreover, the dependencies may be complex and
impossible to quantify, meaning it is impossible to incorporate them into the meta-analysis since this
would involve knowing the probability of every possible sequence of events in advance.



As in the coin tossing example, one solution would be to stipulate in advance the number of
studies that will be conducted before the meta-analysis. This would eliminate dependencies between
the existence of studies and dependencies between the results of the studies and the timing of the
meta-analysis. However, this would lead to research waste and hamper the progress of science. For
example, if the first few studies produce highly significant results (they have p-values far below the
significance threshold), then, since further studies are unlikely to overturn these results, resources may
be better spent on follow up research or entirely different lines of research. Conversely, if the first few
studies produce results that give very little evidence against the null hypothesis, it may be best to
abandon the line of research. In medical contexts it may be especially important to preserve the option
to terminate the experiment. Further, it is impossible to rule out the possibility that future studies
will become impossible due to unforeseen circumstances such as a cut in funding.

To avoid causing research waste, one might suggest a more nuanced policy whereby a series of
studies is permitted to be terminated or extended, provided all the ways in which this may happen are
pre-registered. In other words, we make require the pre-registration of a protocol fully specifying the
decisions that will be made on whether to terminate or continue the series of studies based on the results
so far accumulated. Such a policy however is highly unrealistic since the registration process would be
extremely involved, requiring agreements between all researchers with any intention to pursue a line
of research even before seeing the first study. Further, the issue remains that series can be terminated
by outside events that are impossible to quantify.

A much more practical approach is to find a method of statistical analysis that is robust to post-hoc
decisions on whether to continue or terminate a series. This is exactly the problem that analysis via
S-values solves.

1.4 How S-values solve the problem of Accumulation Bias

We require a test statistic which gives a type I error guarantee that is robust to accumulation bias.
This may seem like a lot to ask of a test statistic given the number of possible strategies that could be
used to decide when to terminate the series and conduct a meta-analysis. In fact, we are asking that
the type I error guarantee hold even for adversarial decisions on when to terminate.

Suppose we have an almost surely positive test statistic S such that the expectation of S under
the null hypothesis is at most one. We will refer to such test statistics as S-values. Note that such a
test statistic is unlikely to be large under the null hypothesis. Thus, if S is large, this indicates that
the null hypothesis may not be correct. In fact, 1/S is a conservative p-value by Markov’s inequality

Eo[] 1

Po(1/8 < @) = (S 2 1/0) < S0 < 7 =

a. (1.7)

We can reframe this as a bet that pays out $S per dollar invested, where under the null hypothesis
the bet is at most fair, namely Eg[S] < 1. If we win a large sum after investing $1 in this bet, we may
suspect that the null hypothesis is not correct. Suppose now that Si,Ss,... is a (possibly infinite)
sequence of S-values. If we consider these as successive bets, where at each stage we either invest
all our accumulated capital into the next bet or decide to cash out, our final winnings is equal to
SK = 5185 - Sk, where K is the number of bets we made.

Suppose the S-values S1,.59,... are independent. Then S™ := 5155---5, is a super-martingale
under the null hypothesis, since by definition each S-value has expectation at most one under the null.
It follows from martingale theory that whatever strategy one employs for deciding when to ‘cash-out’,
one cannot in expectation make a profit from bets that are at best fair, namely bets for which the
winnings W satisfies Eg[/W] < 1. Somewhat more precisely, suppose each S-value S; is a function of
data Z;, which is a random variable on sample space Z;. Further, suppose that for each k, the decision
on whether to continue to bet k + 1 can be based not just on the S-values S7,.599,...5, but on the
data Zy, Zo, ..., Z; on which those S-values are calculated. Formally, a decision rule can be modelled

as a function
k

f: G (H ZZ) — {STOP, CONTINUE}. (1.8)
k=1

i=1

10



If we now define the stopping time K by
K =min{k : f(Z1,...,Z) = STOP}, (1.9)

we see that our final winnings is given by S¥ = 55, ---S). Now the random variable K is a stopping
time in the sense of random process theory and this implies!, since S™ is a super-martingale, that
Eo[S%] < 1. Thus S¥ is also an S-value and any choice of decision rule cannot destroy the type I
error guarantee. In particular, suppose we use the greedy decision rule that continues betting until
S™ > 1/a. We then see, again by Markov’s inequality, that

k
Py <3k 15 = 1/a> = Py(SK >1/a) < 1/aq, (1.10)
=1

implying that it is likely we will never cash out at all. While such an adversarial strategy would
constitute p-hacking were we working with p-values, we see that S-values are robust to this kind of
‘gaming’. It is thus clear that whatever decision rule is followed to decide whether to conduct further
studies or to move to meta-analysis, multiplying all S-values together gives a conservative p-value once
the reciprocal is taken. Thus S-values can provide a type I error guarantee even in the presence of
accumulation bias. Finally, we note that while we assumed Si,Ss,... were independent, the result
that S¥ is also an S-value for any stopping time K in fact generalizes beyond far beyond that. For
details, see |9, section 2].

Can we always find a non-trivial test statistic with expectation at most one under the null hypoth-
esis? If we can find several such test statistics, how should we choose between them? In the following
section, we outline the theory of these so-called S-values in more detail and provide answers to these
questions.

1.5 Thesis outline

Chapter two outlines some of the general theory developed by Griinwald et al. [5] on safe hypothesis
testing that will form the foundation of this thesis. Section 2.1 formally defines safe tests in terms
of S-values and gives the first examples of S-values, namely Bayes factors for simple null hypotheses.
Section 2.2 then introduces the GROW criterion that will be used to select S-values that ‘grow’ as
quickly as possible under the alternative hypothesis. Section 2.3 presents the main result found in [5]
which characterizes the GROW S-value in terms of information projections. This gives the GROW
S-value as the solution to a convex optimization problem that can then be approximated numerically.
In section 2.4 we apply the result to a large class of statistical models, namely exponential families, and
prove a corollary of a theorem found in [5]. We will use this corollary in chapter four when constructing
conditional S-values. Finally, in section 2.5, we explore the connection between GROW S-values and
the concept of a uniformly most powerful Bayesian test (UMPBT), developed by Johnson [7]. The
connection is discussed in [5] and in this chapter we give a rigorous proof.

The short chapter three introduces 2 x 2 contingency tables. After providing some brief context
in section 3.1, section 3.2 fixes the notation that will be used in the rest of the thesis. Section 3.3
introduces Fisher’s exact test, which is commonly used when evaluating 2 x 2 tables and will be used
as a benchmark by which to measure the power of the S-values we construct in subsequent chapters. In
section 3.4 we clarify the difference between ‘conditional’ and ‘unconditional’ S-values; the two types
of S-values that we will construct in this thesis. Finally, section 3.5 discusses the relation of this thesis
to previous work.

Chapter four is where we begin constructing safe tests for 2 x 2 contingency tables, starting with
conditional tests. The GROW S-value can be found in explicit form by using a corollary proved in
chapter two, since the underlying distribution forms an exponential family in the conditional setting.
The uniformly most powerful GROW S-values (UMPG S-values) are defined and can also be found
using theory from chapter two, but only in implicit form. We then evaluate the growth and power of

'We have omitted many details here. For a rigorous measure-theoretic proof, see [5, section 2].
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these S-values. Although they are developed in the conditional setting, we show that these tests can be
used in a valid way also in the unconditional setting. Their evaluation in this setting is postponed to
chapter seven, so that they can be compared with the S-values constructed in the following chapters.

Chapter five explores the unconditional setting, which in many cases is closer to reality (indeed,
for the drug trial example, the unconditional case refers to the scenario where the total number of
patients who recover, referred to as N1, is not known in advance). Similar to the conditional S-values
constructed in chapter four, we will construct two types, namely the unconditional GROW S-values
and, where they exist, the unconditional UMPG S-values. We discuss a number of ways in which the
parameter sets can be restricted to ensure that they are positively separated (which is necessary to
prevent the GROW S-value being degenerate). We do this by setting threshold values for the risk
difference, relative risk or the odds ratio; all parameters that are frequently used in clinical research
when analysing 2 x 2 tables. We also allow for the possibility that the practitioner has prior knowledge,
showing how this can be incorporated into the test. Chapter five focuses on situations in which the
shortcuts of chapter six cannot be used and the information projection must be approximated directly.
While this can be very slow, we provide a simplified expression for the gradient of the objective function
that can speed up calculations by around an order of magnitude.

In chapter six we provide a number of theoretical results that bypass the slow information projection
approximation used in chapter five and significantly speed up the calculation of the GROW S-values.
We show that in most cases of interest the GROW S-values can be calculated very quickly without
an information projection. Indeed, in two cases we provide explicit formulas for the GROW S-values.
The method developed in this chapter to identify GROW S-values may perhaps be used in other
testing scenarios. Although the chapter is heavily algebraic, the results can frequently be visualized
geometrically. This is by far the longest chapter and contains a significant proportion of the original
work in this thesis. For a more detailed summary of the results, see the introduction to the chapter.

Chapter seven collates the unconditional S-values developed in chapters three to six and evaluates
them in terms of growth and power. Unfortunately there is not a clear winner overall, although it can
be seen that in some cases certain S-values are to be preferred.

12



Chapter 2

S-values and safe hypothesis testing

In this chapter we outline some of the general theory developed by Griinwald et al. [5] on safe hypothesis
testing that will form the foundation of this thesis. Section 2.1 formally defines safe tests in terms
of S-values and gives the first examples of S-values, namely Bayes factors for simple null hypotheses.
Section 2.2 then introduces the GROW criterion that will be used to select S-values that ‘grow’ as
quickly as possible under the alternative hypothesis. Section 2.3 presents the main result found in [5]
which characterizes the GROW S-value in terms of information projections. This gives the GROW S-
value as the solution to a convex optimization problem that can then be approximated numerically (see
chapter 5). In section 2.4 we apply the result to a large class of statistical models, namely exponential
families and prove a corollary of the relevant theorem found in [5]. Finally, in section 2.5, we explore
the connection between GROW S-values and the concept of a uniformly most powerful Bayesian test
(UMPBT), developed by Johnson |7]. This connection is discussed in [5] and here we give a rigorous
proof.

2.1 Definitions and first examples

Suppose we have the model P = {Fy : § € ©}, indexed by © = ©¢gU O, where the null and alternative
hypotheses are Hg : 0 € ©g and H; : 8 € O1 respectively. Denoting our data by the random variable
Z ~ Py for some unknown 6 € O, we assume that each Py has an associated density or probability
mass function pg.! At this point we make no assumption on the structure of ©; it is simply an indexing
set, so the model may be parametric or non-parametric. The following definitions are made.

Definition 1. An S-value is any non-negative statistic S = S(Z) such that Eg[S] < 1 for all 6 € Oy.

Definition 2. For any S-value S and significance level «, we define the associated safe test T, (S) as
the test that rejects Ho iff S > 1/a. We see by (1.7) that T, (S) has type I error bound a.

Since S-values are defined with respect to ©g, we are justified in denoting the set of S-values for
a given null parameter set Oy by £(0¢). As a first example, suppose the null hypothesis is simple,
namely ©g = {fp} is a singleton. Then for any 6; € O, the test statistic

Do, (Z)
Tg Z) = 2.1
(2= 1)
is an S-value. This can be seen by directly calculating the expectation of Ty, (Z) when Z ~ Py, as
follows
pel(Z)] / pe, (2)
Ez.p [ = [ po,(z dz 2.2
) p9o (Z) 0( )peo (Z) ( )
=1. (2.4)

'For the purposes of this thesis, Z will always be a discrete random variable and pg will be a probability mass
function. If Z is continuous however, it is assumed that all the distributions P, have densities py with respect to a
common measure, say U.
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Now, for any set A, let W(A) be the set of probability distributions on A. For any W; € W(0)
(which we will also call a prior as discussed below), let Py, denote the marginal distribution of Z
when 6 ~ W;. If W; has a density wy, then Py, has density

pwi (2) = /@ wi (6)po(=)de. (2.5)

More generally, if W7 does not necessarily have a density (for example if it is a point mass), we can
define

pw (2) = Egw, [po(2)]. (2.6)
The Bayesian approach to testing H; : 6 € ©1 against Hg : 0 € ©Og is to take prior probabilities
m and 7y as estimates of P(6 € ©1) and P(6 € ©q), respectively. Also, priors W; € W(0;) and

Wo € W(©q) are used to reflect prior beliefs on the likelihood of different values of . Once data Z is
observed, Bayes rule can be used to obtain, for i € {0,1},

p(Z|0 € ©;)P(0 € ©;)
p(Z)

_ pWi(Z)Wi

p(Z)

The densities py, and pyy, are referred to as the Bayes marginal probability distributions. The posterior
odds can then be calculated as

P(0 € ©;|Z) = (2.7)

(2.8)

PO €012)  pwi(2)m

= —, 2.9
PO e€0Oo|lZ) pw,(Z)m (2.9)
where the likelihood ratio )
%]
BF10(Z2) = ) 2.10
W)= (@) 210

is referred to as the Bayes factor. Thus the posterior odds is equal to the prior odds 71 /7 times the
Bayes factor.

If a definitive decision is required, a threshold v > 1 may be chosen to determine when to reject
the null hypothesis. More precisely, it may be decided that Hy will be rejected in favour of H; iff
BF19 > v. We will refer to such a test as a Bayesian hypothesis test and we will return to them in
section 2.5 when discussing uniformly most powerful Bayesian tests. This is reminiscent of the safe
test T (S), for any S-value S, which rejects Ho iff S > 1/a. Indeed, if ©g = {0y} is a singleton then
BF1p is an S-value. This can be see by direct calculation, in exactly the same way as above

_ pwi(2)

B [BF0(2)] = Bz, 220 (2.11)
_ 5 bw, (Z) 5
= [on 2B (212)
:/pwl(z)dz (2.13)
=1. (2.14)

Note that BFjg is an S-value for singleton ©g even if Wi € W(0©1) is an arbitrary probability
distribution, not necessarily in alignment with our prior beliefs about the likelihood of different values
of 8. We may therefore wonder, for general Og, whether BFg is an S-value for arbitrary probability
distributions Wy and Wy. We will see in the following sections that while this is not true in general,
there do always exist probability distributions W; and Wy for which the corresponding Bayes factor
BFqp is an S-value, even for non-trivial ©¢. In fact—in a sense to be defined later—the ‘best’ S-value
is always a Bayes factor.

We should note that in this thesis we will refer to elements of W(©g) and W(©1) as ‘priors’, and
test statistics pw, (Z)/pw,(Z) as ‘Bayes factors’ whether or not the priors W; and Wy align with our
prior beliefs on the likelihood of different values of . For the purposes of this thesis, a prior is any
distribution on (a subset of) the null or alternative parameter set.
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2.2 Optimal S-values: growth rate and the GROW criterion

Since large values of S are unlikely under the null hypothesis, a good S value should be likely to be
large under the alternative hypothesis, which can then be interpreted as evidence against the null.
Ordinarily, for example in the Neyman-Pearson setting, this would be formalized by saying we want a
statistical test with large power, where power is defined as the smallest probability of correctly rejecting
the null hypothesis, namely the power is equal to

1— B = inf Py(Ta(S) = REIECT) = inf Py(S > 1/a), (2.15)
SCH 0cO)

where ( is the type II error. This is the choice made in the Neyman-Pearson paradigm; once a type I
error threshold « has been fixed, the most powerful test satisfying the type I error constraint is chosen.
With such a worst-case methodology, it is usually necessary to take a subset ©] C ©; to ensure Qg
and O are strictly separated.
Instead of working with power however, [5] define the growth rate of an S-value at any particular
0 € O as
GR@(S) = EZNPg [log S], (2.16)

and the worst case growth rate as

GR(S) = €1€n®f1 Ez. p,[logS]. (2.17)
[5] then formulate the GROW criterion (Growth Rate Optimal in the Worst case), which states that

the S-value that maximizes the worst case growth rate should be chosen. This S-value is then denoted
S* and is referred to as the GROW S-value. Thus 5%, if it exists, achieves

sup inf Ez.p,[logS]. (2.18
S€E(00) PEO 4 | )

While growth rate is analogous to power, choosing an S-value with larger growth rate does not nec-
essarily mean it will have larger power (and vice versa). Just as in the Neyman-Pearson paradigm, it
may be necessary to restrict ©; to a subset ©). This is to ensure that the parameter sets are suffi-
ciently separated so that the worst case growth rate is not degenerate. For any given ©] C ©1, the
corresponding GROW S-value is denoted S .-

A number of explanations are given in [5] as to why the logarithm of S is taken in the definition
of growth rate, rather than defining the growth rate at 6 by Ez.p,[f(S)] for some other function
f, perhaps the identity. First, if f is the identity, it ends up being the case that the GROW S-
value is frequently zero with positive probability. This is undesirable from the viewpoint of optional
continuation (which is indeed the purpose of S-values), since if any S-value in a sequence of S-values is
zero, the product will remain zero after that point, meaning the null hypothesis will never be rejected
however strong any subsequent evidence against it is. A similar problem arises when f is any other
polynomial. However, the problem does not arise with the logarithm.

A second justification is that, if the alternative hypothesis is true, we would like the running product
of a series of S-values to grow as quickly as possible. This is because a large product is interpreted
as greater evidence against the null. It is shown in |5, section 3.1] that the logarithm is the natural
choice since it minimizes the average time at which the running product doubles. For a more detailed
discussion and other reasons for choosing the logarithm, see |5, section 3.1].

It is not immediately apparent how one would go about finding the GROW S-value. However,
Griinwald et al. [5] provide a remarkable theorem (Theorem 1), which states that the GROW S-value
is in fact a Bayes factor—as in 2.10—where the priors Wy, Wy are such that the KL divergence between
the marginals Pyy,, Py, is minimized. These special priors are denoted by W7 and W, and in general
are unlikely to coincide with our prior beliefs on the likelihood of different values of §. Furthermore,
they prove that the GROW S-value is ‘essentially unique’, meaning any other S-value satisfying the
GROW criterion is almost surely equal to S*, regardless of the true value of the parameter 6. We
discuss this theorem in the following section.
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2.3 Characterizing the GROW S-value using information projection

Let P and @) be any two distributions defined on the same probability space Z, such that P is absolutely
continuous? with respect to Q. We define the KullbackLeibler divergence from @ to P by

KL(P||Q) = /Z log (;zg) dP, (2.19)

where dP/dQ is the Radon-Nikodym derivative of P with respect to Q.
Now let P and Q be two arbitrary sets of distributions, where every distribution in both sets is
defined on the same probability space Z. For a given Q € O, we may define

d(P,Q) = inf KL(PQ). (2.20)

If there exists a unique P € P achieving this infimum, it is denoted by P* and is referred to as the
information projection (IP) of @ onto P, namely

P* := arg min KL(P||Q). (2.21)
Pep

Likewise, for any P € P, we may define the reverse information projection (RIP) of P onto Q by
Q" = argmin KL(P||Q), (2.22)
QeQ

provided Q* exists and is unique. Finally, we may define the joint information projection (JIP) of P
and Q onto each other by
(P*,Q") = argmin KL(P||Q), (2.23)
(P,Q)EPXQ
provided P* and Q* exist and are unique.

Now take P = {Pw, : W1 € W(01)} and Q = {Pw, : Wy € W(O¢)} and suppose the JIP
(P*,Q*) € P x Q exists and is achieved uniquely by the priors W} and Wj, namely P* = Py and
Q" = Py Then the following theorem states that the GROW S-value S is given by the Bayes factor
generated by these priors, namely,

. pw(2)

pwp(Z)

Further, the worst case growth rate of S* is attained at Wy, where it is equal to KL(Pyy || Pw; ), which

can be thought of as the minimum ‘distance’ between distributions in P and Q. Thus, informally, the

greater the separation between P and Q, the more S* will grow (at least in the worst case) and so the

easier it will be to correctly reject the null hypothesis. Finally, it states that the GROW S-value S*

is ‘essentially unique’ where this is taken to mean that if S is any other S-value satisfying the GROW

criterion, then Py(S* = §) = 1 for all # € ©g U ©;. Since this means their growth rates and powers

at any 6 are equal, it is irrelevant from an inference perspective which we choose to use. We now give
the theorem.

Theorem 1 (Griinwald, [5]). Let ©) C ©1 and suppose that for all 6y € Oy and Wy, € W(O)) we
have that Py, is absolutely continuous relative to Py, . If infy, wiyew(e,) xwien) KL(Pw; [Py ) < 00
and the infimum is achieved uniquely by (W, Wy), then the GROW S-value Sg,l exists, is essentially
unique, and is given by

(2.24)

pw;(Z)
St (7)) = 227 2.25
@1( ) pr(Z) ( )
Further,
ydnt o, Brw, [logSe,J = Ep,. [logS ,1} — KL(Pw: || P ), (2.26)

meaning S¢, achieves its worst case growth rate at Wy
1

*Meaning Q(A) =0 = P(A) = 0 for any set A in the underlying o-algebra. While we do not explicitly refer to
o-algebras in this thesis, it is always assumed that we take the Borel o-algebra, which is the o-algebra generated by the
open sets.
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This characterization of S§, clarifies the importance of ensuring the parameter sets are sufficiently
1
separated. For if the infimum is achieved and equals zero, we have

KL(PWfHPWJ) =0 = Pwl* = PW(T - S@/l =1, (2.27)

meaning the test T, a(S@/1 ) is useless as it never leads to a rejection of the null hypothesis.

Although the above theorem does not provide a closed formula for the GROW S-value, the char-
acterization reformulates the search as a convex optimization problem since the KL divergence is
jointly-convex. More precisely, the map k : P X Q — [0, o] given by

(P, Q) — KL(P[|Q) (2.28)

is jointly convex in the sense that for any two pairs of distributions (P, @Q1), (P2, Q2) € P X Q and
any « € [0,1], we have (see [13])

K(a(Pr, Q1) + (1 — a)(P2,Q2)) = k(aPr + (1 — a)P2,aQ1 + (1 — a)Q2) (
= KL(aP1 + (1 — o) P]|a@Q1 + (1 — a)Q2) (2.30
< oKL(P1|[@Q1) + (1 — a)KL(1%[|Q2) (
= ar(Pr, Q1) + (1 — a)r(P2, Q2). (

Further, the map m : W(©]) x W(0y) — P X Q given by
(W1, Wo) = (Pwy, Pwy) (2.33)
is linear as follows. Let W;, W/ € W(©;) for i € {0,1} and « € [0, 1]. Then

m(a(Wy, Wo) + (1 — o) (Wi, W})) = m((aWq + (1 — a)W{,aWp + (1 — )W) (2.34)

= (PaW1+(17a)Wl’7 Pon0+(lfa)W6)7 235)

where, for ¢ € {0, 1}, the distribution Py, (1—ayw is given by

PaW¢+(17a)Wi’ (Z> = E9~aWi+(1fa)Wi/ [PG(Z)] (236)
= aEgw; [Pp(2)] + (1 — )Egu1—ayw: [Fo(2)] (2.37)
= aPw,(z) + (1 — a) Py (2). (2.38)

Substituting this into (2.38), we have

m(a(W1, Wo) + (1 — a)(W1, Wp)) = (aPw, + (1 = ) Piyy, aPi, + (1 — ) Pyy) (2.39)
:a(PWuPWo)+(1_O‘)(PW1’7PW6)' (2.40)

Finally, since the composition of a linear map with a convex map is itself convex, we see that the map
kom : W(O)) X W(0g) — [0, 00], which is then given by

(le WO) = KL(PW1”PW0)’ (2'41)

is convex. Since the parameter sets may be of arbitrary size, this may still be an infinite-dimensional
convex optimization problem. Notwithstanding, we will see later how discretizing the parameter sets
does not destroy convexity and leads to a convex optimization problem reasonable enough to permit
numerical approximation.

2.4 Exponential families

Let ® C R be a one-dimensional parameter set and suppose we have a set of distributions on R"™
parametrized by O, say P = {Fy : 0 € ©}. We call such a set a one-parameter exponential family if
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there exist functions h,7n,T and A such that each Py has a probability mass function or a density py
(relative to some common background measure A say) that can be expressed in the following form

po(z) = h(z) exp (1(0)T () — A(9)). (2.42)

In this case, 7 is referred to as the canonical parameter and the set E := {n(0) : 0 € ©} as the canonical
parameter space.

The same exponential family may be parametrized in different ways. An important example is the
so-called mean-value parametrization. Suppose we have a one-parameter exponential family P = { P :
0 € ©}, where 0 is in fact the canonical parameter. We may define the mean-value parameter p by

p(0) = Ex.p,[X]. (2.43)

It can be shown that p(0) is strictly increasing in 6 and so the map (2.43) is one-to-one [0, Section
18.3]. This means the family P can be re-parametrized in terms of p as follows

P={Qu:p€ M}, where M :={u(0):0c€0O} and Qg = Fp. (2.44)

The mean-value parametrization will be useful in the later construction of some S-values (see chapter
4, section 3).

Griinwald et al. [5, Section 4.1, proof in Appendix D] provide the following theorem, which states
that for exponential families with mean-value parameter 6 and alternative parameter set 01 = [f1, 00)N
O, the GROW S-value is achieved by the prior W} that puts all its mass on ;.

Theorem 2. Let P = {Py: 0 € ©} with ©® C R be a one-parameter exponential family for sample space
Z, giwen in its mean-value parametrization. Suppose 0 € O, let ©g = {0} and take ©1(8) = [4,00) N O
for some threshold value § contained in the interior of ©. Then the GROW S-value Sg, (), referred to
as the 0-GROW S-value and denoted by Sy, is given by

_ ps(Z)

S5(Z) = So,5(2) = 0(Z) (2.45)

where, for each 0, pg is the density or probability mass function of the distribution Py.

Suppose we have a one-parameter exponential family as in Theorem 2, but we wish to test ©g =
{6p} against ©1(0), for some 6y # 0 in the interior of © such that § > 6p. Theorem 2 can be
readily extended to this scenario using simple properties of the KL-divergence and exponential families.
We have the following proposition, which will be used later when we look at Fisher’s noncentral
hypergeometric distribution. Intuitively, this is a simple corollary of the previous result, since shifting
all the distributions and random variables does not change the KL—divergences or the fact that we are
dealing with an exponential family. However, a precise proof requires some work.

Proposition 3. Let P = {Py : 0 € O} with © C R be a one-parameter exponential family for sample
space Z, given in its mean-value parametrization. Suppose Oy = {0y} and ©1(9) = [J,00) N O, where
0 > 6y and both 0y and ¢ lie in the interior of ©. Then the GROW S-value Sel(é), referred to as the
0-GROW S-value and denoted by S5, is given by

_ n(2)

Do, (Z) ,
where, for each 0, pg is the density or probability mass function of the distribution Py.
Proof. Let Q = {Q, : ¢ € ®}, where ® := {# — 0y : € O} and Q,, is the distribution of Z — 6y for
Z ~ Pg,ig,. Now, since P is an exponential family, the density of Py can be written as

po(2) = h(z) exp (n(0)T(z) — A(0)), (2.47)

for some h,n,T and A. Since, for any ¢, ), is simply a translation of P, 4,, then the density of @,
can be written as

Si(2) = 55,.)(2) (2.46)

4o(Y) = Poto,(y + o) (2.48)

18



and so
4o (y) = h(y + 60) exp (n( + 00)T (y + bo) — A + 60)) (2.49)
= h(y) exp (7i(¢)T(y) — A()), (2.50)

where h(h) = h(y + 0o), 7(p) == n(e + 0p), T(y) == T(y + 0) and A(y) := A(p + ;). Therefore Q is
also an exponential family. Further, since

Ev.q,[Y] =Ey~q,[Y + 0] — 0o (2.51)
=Ez-p,.q,[Z] = b0 (2.52)
=@+ 6o —bo (2.53)
=, (2.54)

we see that @ = {Q, : ¢ € ®} is in fact in the mean-value parametrization. Lastly, since 6y € ©q, by
the definition of ® we have 0 € ®.
We can therefore apply Theorem 2 to Q, with &g = {0} and ®1(J) = [J — 0y, 00) N P, to obtain

* q5—0o (Y)
S Y)=—=——+—~-. 2.55
<I>1(é)( ) QO(Y) ( )
Recall that GROW S-values are constructed using the JIP, so that the previous line implies
Wé_go = argmin KL(Qw,||Qo), (2.56)
WieWw(®1(9))

where Wé_go represents a point mass on § — fg.
By definition of @, we have that Y ~ Q. implies Y + 0y ~ P,19,. We now see that this holds
more generally. Namely, for any W, € W(®1(9)), let f(W1) € W(©O1(9)) be defined such that

o ~W1 = o+~ f(W1). (2.57)
We then have
aw, () = Epow [4,(y)] (2.58)
= Epow [Poto,(y +60)] by (2.48) (2.59)
= Egpw) [Py + 60)] (2.60)
= prwy) (Y + o), (2.61)

and so Y ~ Qw, implies Y + 6o ~ Pry,).
Note that, since ®;(0) is a translation of ©1(0), f : W(P1(d)) — W(©1(9)) is a bijection. Now, it is
a fact that the KL-divergence is invariant under transformations of the variables that are differentiable

and invertible, which includes translations [10]. Thus, for any W3 € W(®1(9)), we have
KL(Qw: [|Qo) = KL(Prwy)l| Poy)- (2.62)
Combining these two facts, (2.56) becomes
Wé_go = arg min KL(QW1HQ0) (2.63)
WieW(21(4))
= argmin  KL(Py,)|[Po,) (2.64)
Wiew(®1(9))
and so . .
Wy = f(Ws—g,) = argmin KL(Pyy, || Py,). (2.65)
WieW(01(9))

Since O is a singleton, we therefore see that the RIP is given by PWa = Ps and Py, so that, by
Theorem 1, the GROW S-value Sg, (4 is given by -

ps(2)

S@1(§)(Z) = m-

(2.66)

O
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2.5 UMPGTs and connections to UMPBTSs

Suppose, for a given experiment, that there is a natural way of constructing a restriction ©1(J) of
©; based on some parameter § with a threshold value § > 0 (where ¢ is perhaps deemed a minimum
clinically relevant effect size). In such cases, following the terminology used in [5], we will refer to
the resulting GROW S-value S§ = S(’f)l@ as the 6-GROW S-value. For example, if we are testing
whether the mean of a normal distribution is equal to zero or not, we may choose ©g = {0} and
©1(n) = {p € R : |u| > u} based on a given threshold p > 0, and refer to the resulting S-value
Sy = 58, s the ;-GROW S-value. -

For a given significance level a, we can inspect the power of S§ across the whole of ©1 for each
each § > 0. Then, if there exists a § > 0 such that

V0 € ©1 V&' >0 Pp(S5 > 1/a) > Py(Sy > 1/a), (2.67)

this threshold value ¢ is denoted by ¢* and referred to as a uniformly most powerful threshold (UMP
threshold). Likewise, we call S}. a uniformly most powerful GROW S-value (UMPG S-value) and the
associated test To(S);+) a uniformly most powerful GROW test of significance level a, or UMPGT ()
for short. Note that in some cases this terminology is somewhat misleading, since there may exist some

other subset ©} C ©1 not of the form ©1(d) such that the test Ta(Sg,l) based on the GROW S-value
S§&, is more powerful than T, (S5.). However, in the case of one-parameter exponential families, we
will see that T, (S5.) is always more powerful than Ta(S’é/1 ) for any GROW S-value Sg,l , meaning in
that case the terminology ‘UMPG S-value’ is fully justified. This is shown in detail in Theorem 5.
Recall that in this thesis we will be concerned solely with one-sided tests since, as noted in [5],
finding GROW S-values for two-sided tests produces extra difficulties. Now, as we saw in Theorem
1, GROW S-values are Bayes factors for very particular priors on the null and alternative parameter
sets. Thus a test based on a GROW S-value is an instance of a Bayesian hypothesis test, in which the
null hypothesis test is rejected iff a Bayes factor exceeds a given threshold. To find a UMPGT(«v), we
go via the concept of a uniformly most powerful Bayesian test (UMPBT), first introduced by Johnson
[7]. The idea is that for a fixed parameter space © and null hypothesis Hy : 6 ~ 7, there may exist
an alternative hypothesis H; : 8 ~ m; that maximises the probability that the associated Bayes factor

_ Pm (X)
Pro(X)

exceeds a certain threshold v uniformly across ©. More precisely, Johnson gives the following definition.

BF10 (X) E

(2.68)

Definition 3. A uniformly most powerful Bayesian test for evidence threshold v > 0 in favor of the
alternative hypothesis H; against a fixed null hypothesis Hy, denoted by UMPBT(7), is a Bayesian
hypothesis test with Bayes factor BFo(X), where BF(X) satisfies the following inequality for any
alternative hypotheses Ha : 6 ~ m2(0):

V0 € © Py, (BF10(X) > 7) = P, (BF20(X) > 7). (2.69)

Johnson then states and proves the following theorem on the existence of a UMPBT(y) in the
case of exponential families with a one-sided test against a point null hypothesis. It shows that a
UMPBT () can be constructed by using a prior w1 with very restricted support, usually a single point.

Theorem 4. (Johnson’s theorem) Assume that x1,...,x, are i.i.d. from an exponential family with a
density (or p.m.f. in the case of discrete data) with canonical form
po(x) = h(x)exp (n(@)T(:p) — A(G)), (2.70)

where n is monotonic. Consider a one-sided test of a fired point null hypothesis Hg : 0 = 0y against
an arbitrary alternative hypothesis. Let v denote the evidence threshold for a UMPBT(~v). Define

Gv.n(0,60) according to
logy + n(A(6) — A(%))

n(6) —n(6o)
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In addition, define u to be 1 or —1 according to whether n is monotonically increasing or decreasing,
respectively, and define v to be either 1 or —1 according to whether the alternative hypothesis requires
0 to be greater than or less than 0y, respectively. Then a UMPBT(7y) can be obtained by restricting the
support of w1 to values of 6 that belong to the set

arg min wvgy (60, 6o). (2.72)
0

Thus finding a UMPBT(v) reduces to minimizing uvg, (6, 6p).

The above theorem is used in [5] to show the existence of a UMPGT(«). The key idea is that
since GROW tests (with significance level ) are themselves Bayesian tests (with threshold 1/«), if a
UMPBT(1/a) turns out to be a GROW test, it is automatically a UMPGT(«).® The authors then state
that Johnson’s theorem implies a UMPBT(1/a) can be found by solving KL(FP||FPy,) = (—loga)/n
for 8. We now state a slightly modified version of their theorem and provide a proof.

Theorem 5. Consider the setting of Johnson’s theorem with parameter set © and hypotheses Hy :
0 = 0y and Hy : 0 € O where ©1 = [0p,00) N O. Assume that A and n are differentiable,
n'(0) >0 for all 8 and that, in the case of continuous random variables, we can take the derivative of
[ h(z)exp (n(0)T'(x) — A(0)) dx with respect to 0 through the integral. For 6 > 6y define

dn(0) = KL(P§'|| Py, ), (2.73)

where Py denotes the n-fold product measure of Py. Suppose dy, is continuous and strictly increasing
in 0. Let L := limg_,o0 dn(6). Then for all o € (™1, 1) there exists a UMPGT(a), namely the test
To(Sp.) based on the 6*-GROW S-value Sp., where 0% is the unique solution to d,(6*) = —loga.
Further, the terminology UMPGT(a) is fully justified in this setting since To(Sp.) is more powerful
than To (S ) based on GROW S-value S*, for any alternative parameter set ©) C ©1.

In order to prove the above theorem, we first need the following lemma.

Lemma 6. Fiz v > 0 and suppose the conditions of the above theorem hold. Then %g%nw, 0o) =0 if
and only if d,(0) = log~.

Proof. First, the Kullback-Leibler divergence can be simplified as follows.

h(z) exp (n(0)T(z) — A(6)) ,
® h(w) exp (1(00)T(x) — A(0))

Z/h(iﬁ) exp (1(0)T'(x) — A(0)) ((n(0) — n(00))T(x) + A(6o) — A(0)) da (2.75)

di(0) = /h(CE) exp (n(0)T'(z) — A(f)) log x (2.74)

= (n(0) — U(Ho))/T(x)h(iv) exp (n(0)T(x) — A(0)) dz (2.76)
+ (A(bo) — A(9))/h(w) exp (n(0)T (x) — A(6)) dz (2.77)
= (n(0) = n(60))Eo[T(X)] + A(6o) — A(6). (2.78)

Then, since the KL-divergence is additive for independent distributions, we have

dn(0) = 0| (1(0) — n(00))Eo[T(X)] + A(60) — A(D)] (2.79)

Next, since distributions integrate to one, we have that for all 6

/h(:p) exp (n(0)T(z) — A(F)) dx = 1. (2.80)

3The UMPGT () will in fact be based on a GROW S-value S* for which the optimal prior W{ puts all its mass on
the value of 0 closest to 6y. This makes it straightforward to implement.
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Hence, by taking a derivative with respect to # through the integral, we have

[ @) O)T@) - 2©)exp (OT@) - A©) d =0 (2.81)
— 1/(6) [ T@)h(w)exp (6)T (@) — A©) d = 46) [ ) exp )T () ~ A®) do (252)
— A (O)E[T(X)] = A'(9). (2.83)

Using the quotient rule for differentiation and then substituting the above line for A’(6) gives

aaag%n(e, gy = 1O = 1Go)n AL 2n(9[)10g7(+)7; ) — A6 ) (2.84)
_ (n(0) = n(60))nr' (0)Eg[T(X)] — [logy + n(A(6) — A(69))]n'(6) (2.85)
(n(0) —n(6o))?
_ n/(e)"[(nw) n(% )>E07£(T() )] ? A)()ZO) A(0)] —logy (2.86)
- n’(e)m. (2.87)
The result now follows since by the assumption that 7'() > 0 for all 6. O

We can now prove Theorem 5.

Proof (of Theorem 5). Since dn(6o) = KL(F || Pg,) = 0, and d,, is continuous and strictly increasing,
d,, takes on every value in [0, L) exactly once. Thus, since e % < a < 1 and so 0 < —loga < L, there
is then a unique solution 6* to d,,(0*) = —log a. Defining v = 1/«, by Lemma 6 we then have

9 "
=597 (0",00) = 0, (2.88)

0
so that, by Johnson’s Theorem (Theorem 4), a UMPBT(~) can be obtained for v = 1/« by choosing a
prior m; with support a subset of arg ming g,,» (6, 6). We now show that argming g, (6, 6p) is a single
point, and in fact
6* = argmin g, ,(6,6o). (2.89)
0

Since the null hypothesis is simple, this implies that the UMPBT () uses point mass priors m; and g
on 6* and 6, respectively. Thus it uses the Bayes factor

pm(X) _ po-(X)
Pro(X) Py (X)

and rejects the null hypothesis iff pg-(X)/pg, (X) > 7.

To show (2.89), note that since A and 7 are assumed to be differentiable, g, , is partially differ-
entiable with respect to 6 except at 8 = 6y. Therefore its minimum is attained either at the unique
stationary point 6*, the endpoint §y or at infinity (note 8* = 6y is impossible since it would imply
d(0*) = d(0y) = 0 whereas in fact d(6*) = —loga > 0).

We first exclude the possibility that the minimum is attained at y by showing that g, (6, 6g) — oo
as 0 — 0y. Since A and n are differentiable, they are continuous. Thus for 6 close enough to 6, we
have |A(0) — A(6p)| < 1/(2nlog~y) and so

BF10(X) =

(2.90)

logy +n(A(0) — A(bo))

grnl0:80) = =)~ (ay) e
_1/2logy
= 00) — n(6)’ (2.9

which is positive (as 7 is strictly increasing) and tends to co as 8 — 6.
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Second, we exclude the possibility that the minimum is attained at infinity by showing that g, , is
strictly increasing for 6 > 6*. This follows immediately by noting that

59 (0:00) = n’(e)W >0 for 6> 6%, (2.93)

since 1/ (0) > 0 for all 6 and d,, is strictly increasing. Thus (2.89) holds and the UMPBT(~) rejects Ho
iff pp(X)/poy(X) = v = 1/av

Now, since we are dealing with a one-parameter exponential family, we can apply Proposition 3 to
see that for any threshold value > 6y, the §-GROW S-value Sy := 561(6) is given by

_ pne(X)
B P, (X)
In particular, we find that the 6*-GROW test T,,(S;.) based on the #*-GROW S-value Sj. rejects Hg

iff pg«(X)/pg,(X) > 1/a and therefore coincides with the UMPBT(y) given in (2.90). Finally, recall
Theorem 1, in particular (2.25), which shows that the GROW S-value Sg,l based on any ©) C Oy is

given by a Bayes factor, so that all GROW tests T,,(Sg, ) are instances of Bayesian tests. Thus, since
1

the uniformly most powerful Bayesian test UMPBT () is in fact equal to the 6*-GROW test T, (Sp. ),
we see that T, (Sp. ) is the most powerful of all the GROW tests, so that the terminology ‘UMP GROW
test for significance level « is fully justified in this case. O

(2.94)

The remainder of this thesis is devoted to finding GROW S-values and UMPGT(«)’s (when they

exist) in the specific case of 2 x 2 contingency tables.
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Chapter 3

2 x 2 Contingency tables

In this short chapter we introduce 2 x 2 contingency tables. After providing some brief context in
section 3.1, section 3.2 fixes the notation that will be used in the rest of the thesis. Section 3.3
introduces Fisher’s exact test, which is commonly used when evaluating 2 x 2 tables and will be used
as a benchmark by which to measure the power of the S-values we construct in subsequent chapters. In
section 3.4 we clarify the difference between ‘conditional’ and ‘unconditional’ S-values. Finally, section
3.5 discusses the relation of this thesis to previous work.

3.1 Context

Suppose a number of categorical random variables are measured across a sample of individuals. The
resulting frequencies can then be represented in a contingency table, which may be used to investigate
any dependencies that may exist between the variables. For the purposes of this thesis, we will be
interested only in 2 x 2 contingency tables, which are the result of measuring two variables, where
each variable can take only two values. Although simple, this scenario is very common, for example in
clinical trials.

Suppose one wants to determine whether a particular treatment improves recovery or increases
the chance of survival. After choosing a (perhaps arbitrary) cut-off point, recovery or survival may
be modelled as a binary random variable. If the subset of the patients who receive the treatment (as
opposed to the placebo) are selected randomly, the resulting data can be used in a causal investigation
of the efficacy of the treatment.

We now outline the mathematical details. Although what follows is clearly not specific to clinical
trials, for clarity we will continue to use words such as ‘patient’ and ‘recover’.

3.2 Mathematical setup

Suppose we have a sample of n patients, n, of which are randomly selected to receive the placebo, while
the remaining ny receive the treatment. Let 6, be the probability that an individual in the placebo
group will recover and #;, be the probability that an individual in the treatment group will recover. Let
Ng1 and Ny be the numbers of patients that recover in the placebo and treatment groups respectively.
Likewise, let Ny and Npy be the number of patients in the two groups that do not recover. According
to our model, we have

Nal ~ Bin(na, Qa) and Nbl ~ Bin(nb, Qb), (31)

where N, and Ny are independent. Throughout this thesis we will abbreviate Z = (Ng1, Np1).

Suppose after the trial has been completed, we have data (ng1,na0, 7p1,Mp0), Summarized in the
table below. We want to infer—for a one-sided test—whether 6, = 0, (the treatment does not improve
the chance of recovery) or 6, > 0, (the treatment improves the chance of recovery). We take parameter
sets ©g = {(0o,00) : 6o € [0,1]} and ©1 = {(04,6) € [0,1)> : 6, > 0,}. The null and alternative
hypotheses are then H; = {Py : 6 € ©;}, for i = 0, 1 respectively.
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Group Recovery 0 (No) | 1 (Yes) | Total
a (Placebo) g0 Nal Ng
b (Treatment) nyo np1 np
Total ng n1 n

Since the practitioner selects n, and ny, these are assumed to be known. Note that if we know
N1 = ng then there is only one degree of freedom remaining. Indeed, given the value of just one of
Ng1, Nao, Ny or Nyg, we can infer the other values using the marginal sums. Therefore, given the
marginal sums, the data can be summarized simply by Np; (picked arbitrarily). In chapter four we
will consider the case in which the value of Ny is known in advance. While this is unrealistic in the
context we have just given, there are situations in which this is possible. Chapter five then considers
the case when N; is treated as a random variable whose value is not known in advance.

3.3 Fisher’s exact test

Many different statistical tests have been proposed for analyzing 2 x 2 contingency tables. Examples
include Pearson’s chi-squared test [3], Fisher’s exact test [1], Boschloo’s test [2] and Barnard’s test [1].
Since Fisher’s exact test bears some resemblance to the ‘conditional S-values’ we construct in the next
chapter, we will discuss it here.

If the null hypothesis were true—where 8, and 6, both equal p say—patients receiving the treatment
would face the same chance of recovery as those receiving the placebo. We would therefore expect the
proportion of patients that recover to be approximately the same in both groups. For any fixed nq,
we would expect Ng1 &~ ngni/n and Ny ~ nyni/n. Therefore if Ny is ‘large’, we should interpret
this as evidence against the null. To formalize this, we need to be precise about what we mean by
‘large’. A key insight is that under the null hypothesis Nj is a sufficient statistic for p. This implies
that, under the null hypothesis, the distribution of (Ng1, Np1)|N1 = n;—and hence the distribution of
Np1|N1 = ni1—does not depend on the true parameter p.

Thus, Fisher’s exact test finds the distribution of Ny when conditioned on the actually observed
value N7 = n; and, for a one-sided test with significance level a and observed values ny; and nq, rejects
the null hypothesis if and only if

P(Np1 = np1|[N1 =n1) < a. (3.2)

Now, for a given value of nj, the conditional distribution of Np; under the null hypothesis is the
hypergeometric distribution. More precisely,

(s 25,,) o)
n1—np1/ \Np1

Npt | N1 =ny ~ hypg(n,np,m1)  where P(Np =np1 | N1 =m1) = ") ) (3.3)
ni
Therefore Fisher’s exact test rejects the null if and only if
min{ng,n1} Na np
zb: 1 (m*nbl/) (”21) <o (34)

)

N ="Np1

To see that the conditional distribution of Ny given N = ny takes the above form, let Py, be the
distribution of Z = (N41, Np1) given any true parameter 6g = (p,p) € Og. Then Ny ~ Bin(ng, p) and
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Np1 ~ Bin(ny, p) are independent and, for any fixed values ny; and nj, we have

Pyy(Np1 = np1 | N1 = n1) == Py (N1 = np1 | N1 = ny) (3.5)
_ Boo(Npy = npy, Ni = ma) (3.6)
Py (N1 = 1)

_ Ppy(Na1 = n1 — np1, Nex = ng) (3.7)

P90 (Nl = nl) '
_ Pyy(Nar = n1 — np1) Poy (Npy = 1) (3.8)

Py, (N1 = ny) '
B (n1r—h;bb1)pn1_nb1 (1-— p)na_(nl_nbl) (;Lbbl)pnbl(l — ) 39)

()P (1= p)n—m
)0
()
which is independent of 0y and is in fact the p.m.f. of the hypergeometric distribution with parameters
N, Np, N1 .

Fisher’s exact test is exact in the sense that since no asymptotic approximation is been made (as
is common in other tests), and instead the true distribution of Ny is used, the test’s true significance
level is equal to o.! While this is based on the assumption that Nj really is fixed in advance—which
of course in the context of clinical trials it is not, since we do not know in advance the total number

of patients that will recover—the exactness in fact carries over to the case when Nj is not known in
advance by the law of total probability. More precisely, for any 6y € ©q, we have

(3.10)

n
Py, (FET rejects Ho) = Z Py, (FET rejects Ho | N1 = n1) Py, (N1 = n1) (3.11)
n1=0
n
A Z aPy, (N1 =ny) (3.12)
n1=0
= . (3.13)
Nevertheless, there is some controversy around conditioning on Nj [3]. There are three cases; N; really

is known in advance; N7 is not known in advance, but we analyse the data as though it were; and N
is not known in advance and we do not treat is as though it were. In the following section, we briefly
outline how we will construct S-values in these three cases.

3.4 Conditional and unconditional S-values

First, if N7 truly is known in advance, then the data can be summarized by Ny;. We will see in the next
chapter that Np; then follows Fisher’s noncentral hypgergeometric distribution, which is parametrized
by the odds ratio v, defined as

0, 1—0,
1-6, 4,
This is a one-dimensional exponential family, so we can use the relevant results from [5] to find the
GROW and UMPG S-values, which will then be referred to as conditional S-values.

Second, suppose Nj is not known in advance, but we analyze the data as though the discovered value
of N7 were in fact known from the beginning. More precisely, we can calculate the conditional S-value
using the value of N; discovered in the course of the experiment. This is similar to the methodology
of Fisher’s exact test and in fact this statistical test shares the property of Fisher’s exact test that the
type I error guarantee is preserved even after taking expectations over Ny. When using the conditional
S-value in this way, we still refer to it as the conditional S-value, but we will evaluate its growth and

= (3.14)

!Strictly speaking, since we are dealing with discrete random variables, the true significance may be slightly less than
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power in the unconditional setting, where N7 is unknown. The details of these first two choices can be
found in the following chapter.

Finally, suppose Ni is not known in advance and we do not treat it as though it were. In this
case we no longer have an exponential family and so we resort to calculating (or approximating) the
JIP. Recall that this requires restricting the parameter sets so that they are positively separated. At
this point a number of choices can be made. For example, if we are interested in the risk difference
0 = 9(04,0p) == 0y — 04, we may pick a threshold value of this parameter that is deemed ‘substantial’.
We may therefore choose

Oy = {(Ha,gb) S [0, 1]2 10, = 91,} and @1(5) = {(9a,0b) S [0, 1]2 20y > 64+ (5} (3.15)

We can then calculate the JIP to get the GROW S-value S§. Thus for each threshold value of §, we
have an associated GROW S-value S5. Out of these, we can then choose the uniformly most powerful
one (if it exists), S5 . These S-values are referred to as unconditional S-values. The full details of
the different choices to be made and the resulting S-values can be found in chapter 5.

3.5 Relation to previous work

This thesis is of course heavily based on the methodology and results developed by Griinwald et al.
in [5]. It also builds on the work of Turner [12|, who conducted an empirical investigation of some of
the unconditional GROW and UMPG S-values we explore here, bolstered by some theoretical work
in specific cases. We extend the work of Turner by investigating other choices for restricting ©;. We
prove a number of theoretical results that give closed formulas for the GROW S-values in some cases
and in other cases give methods for finding the GROW S-values that are dramatically quicker than
approximating the JIP directly. While in some cases it is still necessary to approximate the JIP directly
(and this is computationally intensive), we have found a simplification of the calculation in the specific
case of 2 x 2 contingency tables that speeds up the calculation by around an order of magnitude. Our
calculation of a conditional UMPG S-value in the subsequent chapter is heavily reliant on a theorem
of Johnson [7], extended by Griinwald et al. [5].
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Chapter 4

Safe tests for 2 x 2 contingency tables
when Ny 1s known

In this chapter we construct safe tests for 2 x 2 contingency tables in the case where Ny is known in
advance. We shall call these tests conditional safe tests. In fact, as we will see in Proposition 7, it is
also valid to use these tests in the unconditional setting, namely when N7 is not known in advance,
simply by substituting the discovered value n;. This is valid in the sense that the type I error guarantee
is preserved.

In section 4.1 we show that the distribution of Np; when conditioned on Nj is equal to Fisher’s
noncentral hypergeometric distribution (fnchypg), of which the hypergeometric distribution is a special
case. The parameters of this distribution are n,ny,n; and 1, where ¢ is the odds ratio. Since the
fnchypg distributions form an exponential family, the methods discussed in chapter 2 can be used
to produce GROW and UMPG S-values, which we will call the conditional GROW and conditional
UMPG S-values. We provide a closed formula for the conditional GROW S-value in section 4.2 and
an implicit expression for the UMPG S-value (when it exists) in section 4.3. The growth and power
of these conditional S-values in the conditional setting (when Nj is known in advance) are evaluated
in section 4.4, while the evaluation in the unconditional setting (when Nj is not known in advance) is
postponed to chapter 7.

4.1 Fisher’s noncentral hypergeometric distribution

Recall that under the null hypothesis 8 = (0,,6;) € ©p, the distribution of Np; conditioned on N;
follows the hypergeometric distribution, namely

(s “550) G
n1—np1/ \Np1

Ny | N1 =nq ~ hypg(n,ny,n1) where P(Ny =np | N1 =ny) = T, (4.1)
ni
We now show that this is in fact a special case, in that for an arbitrary 8 = (6,,60;) € [0,1]?, the
distribution of Np; conditioned on N7 = nq is equal to Fisher’s noncentral hypergeometric distribution,
which is a generalization of the hypergeometric distribution which only depends on 6 via the one-
dimensional parameter (6, 6y), referred to as the odds ratio. We are thus justified in writing the
conditional distribution of Ny as Py. More precisely, we have

1- a
Nin | Ny = 1 ~ fuchypg(o, . ), where % = 900, 0) = Tt (42)
and!
_ - _ _ _ (TL171”7’151) (:bbl)wnbl
Pq/)(Nbl = nbl) = Pﬁaﬁb(Nbl = Np1 | N1 = nl) = min{ng,ni} . (43)
Z p by11 ( na/)(n/b)?/)nbl
nblzmaX{O,n1fna} n1—ny, /) \ny,

1Although we are using P for both the conditional distribution of Np1 given N; and a particular ¢, and the uncon-
ditional distribution of Z = (Ng1, Np1) for a particular 6, no confusion should arise so long as one of the symbols v or 6
is present. If values are substituted, it should still be clear since 1 is a scalar while @ is a tuple.
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Recall that N, and N are independent and have distributions Ny ~ Bin(ng, 6,) and Ny ~
Bin(ng, 6y). If we define

0q 0,
- d = 44
Va=1_"g, ™ =14, (4.4)
so that ¥ = 1y /104, we can derive (4.3) as follows
Py, 6,(Np1 = np1, Ny = nq)
B, Ny =n Ni=nq) = a,Y% s
90,0, (Np1 = np1 | N1 = nq) oo r =) (45)
_ Pga,ab(Nal =N —nbl,Nbl :nb1> (4 6)
— Zmin{nb,m} P (N - o N — ) .
n/bl:max{ovnlfna} 0a,0p al = 11 nbl’ bl — nbl
= Py, 0,(Na1 = n1 — np ) Py, 9, (No1 = np1) (4.7)
Zzlniﬁézgvnl—na} Boo 6, (Nar = 1 — 1y, ) Py, 9, (Np1 = 1)
I R e e ug)
min{ny,n1} i n1—n ; ; - .
Z"’bl:niix}(ovnl—na} (nlzngl)aa (1 = )" a0 (;Zbl)@b PL(1 — )"0
_ (1 ) 07 (L= B0)" (ot )™ (1 = 6)™ (4.9)
= min{ny,n1} " ny—n! o .
Zn’bl:nfax%{oml_na} (nlzngl) a bl(l — Ha)na (:f,bl)wb bl(l _ eb)nb
T L 0 L i (4.10)
= min{n ,n } o ni—nl n! .
Zn’bl:ni)ax%{o,nl—na} (nl’,—Lngl) (:;)bl)q/}a bl ¢b b1
_ (yoy) (st~ g -
= min{ny,n1} N ni—nl - +n! 1 .
Zn’bl:nfax%{mnl—na} (nl’,—Lngl) (:;)bl)q/)a bl bl wnb
Na n
o (T_n“) S : (4.12)
min{ny,n1 N p
Zn’bl:nfax{o,nlfna} (nlﬁn;ﬂ) (szl)wnbl

The sum introduced in the denominator is simply a sum over all possible values of ny;. This sum has
a more complicated form than might first be supposed. This is because the lowest and highest values
ny, can take depend not just on the size of group b but also on the size of group a. More precisely, the
lowest value ny, can take is when as many 1’s as possible are in group a. If n, > n1, then we can fit
all the 1’s in group a. However, if n, < nq, then we can only fit at most n,, leaving n; — n, in group
b. Thus the smallest value nj, can take is max{0,n; —nq}. Similar reasoning gives min{ny,n1} as the
upper limit of the sum.

In the rest of the thesis, we will let K denote the set of possible values of ny; for a given n1, namely
K = {k € N:max{0,n1 — ny} <k < min{ny,n1}}, (4.13)

where N is the nonnegative integers (which includes 0). Further, for k € K, we will use the abbreviation

o = <m"j k) @b) (4.14)

We can then write (4.12) more concisely as

cnbl wnbl

min{ny,n1 } k-
Zk:max{O,nl —na} Ckw

Py(Npr = np1 | N1 =m1) = (4.15)

As a sanity check, we can confirm that the denominator is never zero by checking that K # () and
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all the binomial coefficients are valid. We have

K # 0 < min{ny,n1} > max{0,n; —ng} (4.16)
< ny,n1 > max{0,n1 — ng} (4.17)
<~ ny,n1 >0 and np,n1 > ng —Ng (4.18)
<~ np,n1 >0 and ng+ny,>ny and ny > ng—ng (4.19)
<~ np,n1 >0 and n>n; and ng >0 (4.20)
< Ng,np >0 and 0<n; <n. (4.21)

Clearly then for all sensible values of (n,n1,np) the sum contains at least one term. In order to do
statistical inference however, K must contain at least two values, otherwise Ny is constant and nothing
can be deduced from knowing its value. Now |K| > 2 iff all the inequalities above are strict, namely
ng,Np > 0 and 0 < n; < n. While we will always assume ng,n; > 0, it may occur that n; = 0 or
n1 = n. We will make it clear in this thesis when we are excluding such cases. Finally, we see that

max{0,n1 —ng} <k <min{ny,n1} = 0,n1 —n, <k and k <mny,n (4.22)
= 0<k<n, and ny—n,<k<ng (4.23)
= 0<k<n, and 0<n;—k<ng, (4.24)

and so all the binomial coefficients are valid for sensible values of (n,n1,np).
Since the conditional distribution of Np; given N; depends on 6 only via the one-dimensional
parameter 1, we may reparametrize the model in terms of 1. Thus the null parameter set becomes

1

= ((00) 00 € 00} = { {21 pe 11} = ), (4.25)

which is a singleton. Further, since z +— %= is a strictly increasing function on [0, 1), we have
Oy >0 < g > Yy < > 1. (4.26)

Therefore, if we are performing a one sided test with parameter set ©1 = {(6,,6;) € [0,1]2 : 6, > 0,},
we have

Uy = {Y(61): 01 € ©1} = (1,00). (4.27)

With this parametrization, ¥y is a singleton and so, as we saw above, for any prior W; € W(Wy)
the likelihood ratio

Py, (Np1)
Nyp) = ——"2 4.28
Sw, (Np1) P (No) (4.28)
is an S-value, where the marginal Py, is defined by
Py, (No1) = Eypow, [Py (No1))]. (4.29)
In particular, for a prior Wi = {«} that is a point mass on some v, we have
Sy(No1) = S5y (No1) (4.30)
— Do) (4.31)
P1(Np1)
Na n n Na n -1
_ (n1fnb1) (nbbl)w b1 <(n1nb1) (nbbl)> (4 32)
min{n ,n } Na n, n’ n '
znglznfax%[o,nl—na} (nlfn;)l) (n;}bl)w bl (nl)
LR PY/LLIS
= YT (”1)w . (4.33)
min{ng,n na ng n!
anlzmax{o,nl—na} (nlfn/bl) (n;ﬂ)w bl

We will now see that the GROW and UMPG S-values are all of this form.

Now it is straightforward to show that any test statistic that is an S-value in the conditional case
is also an S-value in the unconditional case. This follows simply by taking expectations over Ni. The
following proposition spells this out in more detail and in a more general setting.
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Proposition 7. Let Z = (X,Y) be a random variable, where Z ~ Py for some 6 € ©9g U O1. For any
value y and any 6y € Oy, let ng(- | y) denote the conditional distribution of X given' Y = y. Suppose
S(X1Y) is a conditional S-value, in the sense that for any value of y known in advance, S(X|y) is an
S-value. More precisely, for all values of y we have

Then S(XY) is also an unconditional S-value, in the sense that
Vly € O EZNPQO [S(X‘Y)] <1. (4.35)

Proof. This follows simply by taking the expectation over Y. For any 6y € Oy, let P(}; be the marginal
distribution of ¥ when Z ~ P,,. Then, by the law of total expectation, we have

Bz |S(X[Y)] = By _py [ Bxpix (v [S(X V)] (4:36)
< EY~P9YD [1] (4.37)

= 1. (4.38)

O

We therefore see that Sy, (Np1) is both a conditional and an unconditional S-value for any prior
Wi. We will now find which W gives the S-value with the highest growth rate in the conditional case,
namely the conditional GROW S-value, using the results for exponential families found in [5].

4.2 The conditional GROW S-values

To avoid the GROW S-value being degenerate, we must pick W) C Wy strictly separated from ¥y. As
in section 2.5, we can define (1)) = [, 00) for each threshold value ¢» > 1 and refer to the resulting
GROW S-value Sd) =Sy V() 33 the Y-GROW S-value. Further, for significance level o € (0, 1), we will

call the safe test Ta(S*) the -GROW test for significance level a. We now derive a closed formula
for the »-GROW S—VaHles. We first need the following lemma.

Lemma 8. Let P = {P, : p € E} be an exponential family given in the canonical parametrization and
let P={Qu: € M} be the same family in the mean-value parametrization. Then

1(n) = Ex~p,[X] (4.39)
1s a strictly increasing function of 7.

Proof. See |6, Section 18.3]. O

We can now state and prove the following theorem, which says that the optimal prior W7 is simply
a point mass on the threshold value 1.

Theorem 9. Let n,ny, and ny be fized, and suppose Ny ~ fnchypg(n,ny, ni,) for some ¢ > 1. If we
have null parameter set o = {1} and, for some fived threshold value v > 1, alternative parameter set

Uy = [¢,00), then the Y-GROW S-value S} is given simply by

Py(Np1)

PN o) (4.40)

S (Now) =

Proof. Let Py denote the probability mass function of a fnchypg(n,ny,ni,1) distribution. Then, for
any nyy, we can write Py(Np; = ngp) as

) )
(nl—nbl b1 w
Zmin{nb,ru} ( Na )(nb)f[/}nbl
n’bl:maX{O,nl—na} ny—np,

Mgy

Py(Npr = 11) = = h(np1)exp [n()T(np1) — A(Y)],  (4.41)

where

31



] h(nbl) = (n17ic;1b1) (:bbl)
o 1(¢) =logy

o T'(np1) = np1

o AW)=log (Tpled |y (o) Gl v ).

Ny

We therefore see that P = {Py : ¢» > 1} forms an exponential family. We define the canonical and
mean-value parametrizations of P as follows

e The canonical parametrization is P = {P/™ : n € E}, where E = {n(¢)) : ¢ € [1,00)},
n(y) == log 1 and P;azl) = Py.

e The mean-value parametrization is P = {P*" : p € M}, where M = {u(n) : n € E},

p(n) = By, ~pgan [Np] and Poesn ;= pean,

Since 7 is strictly increasing in 9 and, by Lemma 8, p is strictly increasing in 7, we see that p is
strictly increasing in ¢. Thus the null and alternative parameter sets ¥o = {1} and ¥; = [1), 00)
induce null and alternative parameter sets for the mean Mg := {p(n(1))} and Mi(¥) = [u(n(¥)),a),
where a > pn(y) and pu(n(y)) > wu(n(1l)). We can now apply Proposition 3, which states that the
GROW S-value S}kw W) is given by

Pty (Ner)— Pitly(Noa) — Py(Ny1)

S N = = — . 4.42
Ml(w)( bt) = Py (NVe1) P;?B(N ) Pi(Np) (4.42)

Finally, since we have simply reparametrized, we know that S"il( v) = Sin (¥) and the result follows. [

Note that by Proposition 7 we know that S;Z is also an unconditional S-value, though it is not
necessarily the unconditional GROW S-value.

4.3 The conditional UMPG S-value

As discussed in section 2.5, instead of deciding a fixed threshold value ¢ > 1 in advance and using
the »-GROW S-value 57, we can choose the threshold value 1 such that the P-GROW test Ta(S;Z)
has the greatest power of all the -GROW tests, uniformly over U, = [1,00). If such a 1 exists, it
called the UMP threshold and is denoted by ©*. The resulting S-value S;Z* is called a uniformly most
powerful GROW S-value for significance level «, abbreviated to the UMPG S-value for significance
level av. Further, the test safe T, a(SfZ)*) is called a uniformly most powerful GROW test for significance
level a, abbreviated to UMPGT(«). Formally, we are asking whether, for given n, ny,n1 and a € (0, 1),
there exists 1* such that for all 11,19 > 1 we have

Py, (S5 > 1/a) > Py (S5, > 1/a). (4.43)

Since P = {Py : ¢ > 1} forms an exponential family, we can apply Theorem 5 to get Proposition
10 below. This states that not only does a UMPGT(«) exist (provided « is not too small), it is in fact
more powerful than any safe GROW test. Thus the terminology UMPGT(«) is fully justified. Recall
the abbreviations K = {k : max{0,n1 —ng} < k < min{ny, n1}} and

o = (nlnj k) @b) (4.44)

Proposition 10. Fiz n,n, and nq and take o = {1}. Let kyax = max(K) = min{ny,n1}, and
suppose | K| > 2. Then for all o € (Cpype/ () ) 1) there exists a UMPGT(a), namely To(S)).), where
WY* is the unique solution to d(v*) = —log «, “where

d() == KL(Py||P,). (4.45)
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In order to prove Proposition 10, we require the following important fact for exponential families
in the mean-value parameterization.

Lemma 11. Let P = {P, : p € M} be an exponential family given in the mean-value parametrization.
Then, for any p' € M, we have that

A1) = KL(P,|[Py) (4.46)
1s a strictly convex function of p.

Proof. See |6, Section 18.4]. O
We can now prove Proposition 10.

Proof. First note that if || = 1 then Np; can only take one value, meaning all S-values are identically
equal to one. In this uninteresting case all the associated tests are UMP since they all have the same
power. For the remainder of the proof assume |K| > 1.

Recall that P = {P, : ¢ > 1} forms an exponential family:

Py(Npr = np1) = h(npr)exp [n(¢)T (np1) — A()], (4.47)
where
o hlnn) = (,,"5,,) (i)
* () =logy

° T(nbl) = Np1

o AW) = log (Tl (o) ()9,

To prove the proposition, it therefore suffices to verify the conditions of Theorem 5.

Clearly, n and A are differentiable and n is strictly increasing. We do not need to worry about
swapping an integral and a derivative since Np; is a discrete random variable. Since for all k € K,
Y — Py(k) is continuous, d(v) is also continuous. To see that d(v) is strictly increasing, we use
Lemmas 11 and 8, which make use of both the canonical and mean-value parametrizations (of which our
parametrization in terms of ¢ is neither). We therefore use the same notation for these parametrizations
as in the proof of Theorem 9. We then have

d(¥) = KL(P,|| ) (4.48)
= KL(PS[[PS) (4.49)
= KL(Pn(y 1 Patn(1)))- (4.50)

Now n(¢) = log v is clearly strictly increasing in . Further, by Lemma 8, we see that p(n) is strictly
increasing in 7. Thus p(n(v))) is strictly increasing in 1. Now since d(1) = 0 and the KL-divergence is
always nonnegative, Lemma 11 implies that d(¢) is strictly increasing for ¢ > 1.

It remains to show that limy_,o d(1)) = log<(:1)/ckmax>. For k € K, let

felw) = et*. (4.51)

leK

For k < kmax there exists | > k and so fr(1) = oo as ¢ — oo. If k = kpax, then all terms in the sum
tend to zero except the last, which equals ¢y, ... SO fr,.. (V) = Cky.. @S ¥ — 0o. Using these facts,
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R
= 7 log o
e Dk Gy 2 mek CmY

—log -k 4.52
el e
Ck

1 n
B keZK Yt avtk [log > omex Cm¥™F o <”1>} (4.53)

=3 7 [log fk;w *loe <:1ﬂ 5

keK
X b 0] b
,K% A [Og ) %\ T R @) [ Fon @) % (4.55)
— zzmﬂx |:10g Ckl + log (TZ>:| as 1 — 0o (456)
= log (c(/:1>> . (4.57)

4.4 Growth and power of conditional S-values

We now inspect the (worst case) growth rate and power of the conditional GROW and conditional
UMPG S-values in the case where n, = n, = 50. We took n; € {5,10,20,50}, noting that, by
symmetry, nj = n —ny will give the same results in reverse. For each of these values of n;, a UMPG
S-value exists and is denoted by 5’1’2*(”1), where ¢*(ny) is the UMP threshold given by Proposition 10
as the solution to

KL(Pyn, || P1n,) = —loga, (4.58)

where Py, denotes the fnchypg(n,ny, n1,1) distribution. We start at n; = 5 since (4.58) only has a
solution for ny > 5.

For a sequence of twenty evenly spaced odds ratio thresholds from ¥ = 1 to ¥ = 5, we calculated
the (worst case) growth rate and power of the conditional GROW S-value Sf},l( w; and the conditional
UMPG S-value Sl*b*(m) on Wi(¢). The results are found in figure 4.1 to 4.4, where we write simply v
for the threshold value rather than . It is worth stressing that, as the threshold value v increases,
the GROW S-value changes while the UMPG S-value does not. Nevertheless, when P = *, the two
S-values coincide. Therefore the growth and power curves meet when ¢ = *. This is not always
apparent in the figures if ¢* is very large. a

Note that the GROW S-value always has growth rate at least as high as the UMPG S-value, and
the UMPG S-value always has power at least as high as the GROW S-value. Indeed, this follows from
the definition of these S-values. Interestingly however, there are cases where their power appears equal
while the GROW S-value has larger growth rate (for example when n; = 50 and ¢ > 3). In these
cases, it seems that the GROW S-value is clearly the better choice. We also see that Fisher’s exact
test always has power at least as large as either S-value (for n; = 5 the power of Fisher’s exact test
seems to be identical to the power of the conditional UMPG S-value). Indeed, it should perhaps be
expected that since S-values satisfy the extra requirement of having a type I error guarantee robust to
optional continuation, that they will necessarily perform worse in some other respect. The fact that
the S-values have lower power than Fisher’s exact test is by no means a definitive argument against
using them.
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Figure 4.3: n; = 20. There exists a UMP v, namely ¢* = 3.62.
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Chapter 5

Safe tests for 2 X 2 contingency tables
when N is unknown

In the previous chapter it was assumed that N1 was known in advance. Here we drop that assumption
and construct safe tests for 2 X 2 contingency tables where Ny truly is a random variable whose value
is not known before the experiment begins. This is, in most cases, much closer to reality. For example,
when running a clinical trial, the total number of patients who will recover is not known in advance.
Since these tests do not condition on the value of Ny, we refer to them as unconditional safe tests.
The S-values on which the unconditional safe tests are based will be referred to as the unconditional
S-values. As before, we will construct two types, namely the unconditional GROW S-values and, where
they exist, the unconditional UMPG S-values.

Given restricted parameter sets, the GROW S-value can be estimated by numerically approximating
the JIP between the sets of Bayesian marginals. Practitioners analysing 2 x 2 contingency tables
commonly use the risk difference, relative risk or the odds ratio between 6, and 0, to quantify the
effect size. In section 5.1 we describe how threshold values of any of these parameters can be used
to construct a subset of the alternative parameter set. In the case of the risk difference, this suffices
to strictly separate the parameter sets, but for the relative risk or the odds ratio further restriction
must be made. We permit further restriction in the form of a prior knowledge rectangle, representing
the range of values of 6, and 6, that the practitioner deems reasonable. In section 5.2 we recap the
conditions of the main result of [5] and refer to Appendix A for a discussion of their justification in
our case. We also specify what we mean by a UMPG S-value in the unconditional setting.

Section 5.3 outlines the process used to discretize the parameter sets so that the JIP—and therefore
the GROW S-value—can be approximated numerically. While numerically approximating the JIP is
rather computationally intensive, we provide a simplified formula for the gradient of the objective
function in Proposition 12 that speeds up the calculation by around an order of magnitude. Later, in
chapter six, we will prove a number of results that bypass the JIP approximation altogether by either
reducing the problem to a much simpler computation or even finding an explicit expression for the

GROW S-value.

5.1 Parameter of interest and prior knowledge

The risk difference §, relative risk A and odds ratio 9 for any (64,6;) € [0, 1]? are defined by

5 = 6(04,04) = 0 — 04 (5.1)
A= )\(Ha, 91)) = Ob/Ha
B 0 16,

When discussing facts that hold whichever parameter is chosen, we use € = €(6,,60p) to denote an
arbitrary choice. Recall that we are only considering one-sided tests of 8, > 60, versus 6, = 6,. This
corresponds to the one-sided test of § > 0, A > 1or ¢ > 1 versus 6 =0, A =1 or ¢ = 1. Thus, given
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any threshold value § > 0,A > 1 or ¢ > 1 deemed a minimum clinically relevant effect size, we define
the following restrictions® of ©

©1(8) = {(a, 0) € [0,1]* : 6, > 0, + 5} (5.4)
©1(2) = {(6a: 0) € [0,1]% : 6,/6, > A} (5.5)
01(0) = { 0ust0) € D175 120 1% > u ) (5:6)
Thus, in general, we have
O1(€) == {(04,6) € [0,1])% : €(0a,6) > €}. (5.7)

As mentioned above, ©1(0) is already strictly separated from ©q for any ¢ > 0. However, for the
other parameter choices, we have

61(3) Ny = {(070)} and ®l(¢) Ny = {<O70)7 (17 1)}7 <5~8)

for any A > 1 and ¢ > 1. In these cases the GROW S-value is degenerate unless we make further
restrictions. We now discuss prior knowledge that may be incorporated to achieve this, when it exists.
We will allow prior knowledge also in the case of the risk difference.

Suppose the practitioner already has knowledge on which values of 6, and 6 are reasonable. For
example, if the probability of recovery without treatment or placebo is known to be 0.1 from data
drawn from the general population, it may be reasonable to assume that receiving a placebo cannot
decrease the probability of recovery, namely, the practitioner has the prior knowledge that 6, > 0.1.
More generally, the practitioner may have prior knowledge on the range of values that 8, and 6, can
reasonably take. We will refer to this as the prior knowledge rectangle (PKR). More precisely, suppose
the practitioner knows that 6, € [0Z,07] and 0, € [0F,0Y] for some 0,07 0L 0Y € [0,1], where

a’ra a’’a

0L < 0V and HbL < QbU . Then the prior knowledge rectangle is defined by

PKR = [0F 0Y] x [0F,67]. (5.9)

a’”a

We allow the possibility that 8¢ = Y (or 9,{4 = 9{7] ). This may reflect, for example, knowledge of
previous large studies using the same placebo for the same condition that determined the probability
of recovery for the placebo group to a high accuracy. We now define

O1(e)' = O01(e) NPKR and Oy := ©¢nNPKR. (5.10)
Further, it may occasionally be necessary to refer to
| =01 NPKR, (5.11)

the alternative parameter set restricted by the prior knowledge rectangle but not by any threshold
value.

5.2 The unconditional GROW and UMPG S-values

Given a threshold value € and prior knowledge rectangle PKR such that ©(¢)’ and O} are strictly
separated, we wish to find the the GROW S-value Sgh(g)" It is these such S-values that we will refer
to as the unconditional GROW S-values. Recall Theorem 1, which states that these S-values exist and
are given by

S5 (6),(Z):pwl*(z), where (W, W) = KL(Py, || Pw, ), (5.12)
He pwy(2)

in
(W1,Wo)eW(07) xW(6o)

provided the following conditions hold

!This notation is ambiguous once numerical values for the threshold is substituted. In such cases we will make it
clear which parameter is being used.
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1. For all §y € ©p and W, € W(O]) we have that Py, is absolutely continuous relative to Py, .
2. The infimum inf y, wy)ew(er) xw(eo) KL(Pw, || Pivy) is finite.

3. The infimum is achieved by some (W, Wy).

4. The infimum is achieved uniquely.

For an exploration of whether these conditions indeed hold in the cases we consider, see appendix A,
the conclusion of which is essentially that in every case, each condition either holds or its failure to
hold is not problematic, meaning we can always apply the theorem.

As in the conditional case, instead of fixing a threshold value €, we may instead choose the value of
€ that uniformly maximizes the power of S(t)l(e)’ over ©]. More precisely, for a given PKR, let E be the
values of € such that ©1(e)’ # 0 (for example, if we have the risk difference § and PKR = [0.5,1] x [0, 1],
then E = (0,0.5]). Then, given unconditional GROW S-values {S(t)l(e)’ € € E}, if there exists € € E

such that, for a given significance level a € (0, 1), we have

V0 € O, Ve € B Pp(Sg, oy > 1/a) > Pa(55,(y > 1/a), (5.13)

e*

we refer to €* as the uniformly most powerful (UMP) threshold, the GROW S-value Sgl(e*), as the
unconditional uniformly most powerful GROW (UMPG) S-value and the test Ta(S(tjl(e*)’) as an un-
conditional uniformly most powerful GROW test for significance level c, abbreviated to UMPGT(«v).

5.3 Estimating GROW S-values by numerically approximating the
JIP

Chapter six discusses cases in which there are shortcuts to finding the unconditional GROW S-values.
However, there are still cases where it is necessary to estimate the unconditional GROW S-values
by directly approximating the JIP numerically. Although, as seen in Chapter 2, this is a convex
optimization problem, it can still be very computationally intensive. We now discuss how the parameter
sets can be discretized to make the problem amenable to numerical methods, and how the gradient
of the objective function can be found in closed form, which speeds up the calculation by around an
order of magnitude.

Suppose, for given threshold value ¢ and PKR, we discretize the null and alternative parameter
sets by

: 6 = {00’1, e ,907[(0} Q @6 and @1(§)/ = {0171, ceey 91,[(1} g @1(§), (514)
respectively, where Ky, K1 € N. A natural choice is to construct an evenly spaced n X n grid of points
O, = {(i/n,j/n) : 1,5 € [n]}, (5.15)

where [n] :={0,1,...,n}, and then take
)b =0pN06, and Oi(e) = O1(e) NO,,. (5.16)

This is the discretization we used in our experiments.
For any K € N, let AX denote the set of distributions on K points, namely

K
AK:_{WERK:Zwk—landwkZOfork—l,...,K}. (5.17)
k=1

Then, for any w = (wg, w1) € AK0 x AKL et Wo(w) € W(O}) be the prior that puts puts mass
wo on Oy i, for each k =1,..., Ko, and let Wi(w) € W(©1(€)’) be the prior that puts puts mass wy j,

on 6y for each k =1,..., Ko. The corresponding marginal distributions on Z = (N1, Ny1) are then
given by
K;
Py, (w) = Zwi,kpgi,k for i € {0,1}. (5.18)
k=1
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Finally, let f : AKo x A1 5[0, 00) be defined by

f(W) = KL(PW1(W)HPWO(W))' (5'19)
We therefore have
inf  KLPwllPw) = inf  KL(PwwllProew)  (5:20)
(Wo,W1)EW(Oh) X W(O1(€)") weAKox AKL
= inf 5.21
ettt f(w) (5.21)
= min f(w), (5.22)

weAKox AK1

where the last line follows since f is a continuous function on a compact set and so attains its infimum
at some w*.

Let W} := Wi(w*) for i € {0,1}. Then we can define the likelihood ratio

) Pi.(7)
S*(Z) = PZI(Z) (5.23)

which, by Theorem 1, is then the GROW S-value for the discretized parameter sets. Suppose the
conditions of Theorem 1 are satisfied for the original (non-discretized) parameter sets and the GROW
S-value for these original parameter sets is given by

Pw+(Z
_Bw) e (Wi, W) = arg min KL(Pyw, || P, ). (5.24)

S* = ,
Py (2) (W1, Wo)eW(5) x W(O1(¢)')

We will take S* as our approximation of $*. By Theorem 1, we know that the worst case growth rates
for S* and S* are given by
GR(5%) = KL(PWT||P~5) and  GR(S™) = KL(Pw;||Pw;)- (5.25)

Now, if our discretizations are sufficiently fine, we expect that

KL( Py || Pw=) = i KL(P P 5.26
(Pwy | Pwg) o W)V W1 (e)) (P [ Povy) (5.26)
~ min  KL(Pw,||Pw,) (5.27)

(Wo,W1)eEW(©5) xW(O1(¢e))
= KL(Py. || Py, (5.28)

meaning the worst case growth rates of $* and S* are approximately equal. Thus S* has approximately
optimal worst case growth rate and so in this crucial sense it is a good approximation to S*.
In summary, the optimization problem that we will solve numerically is to minimize

J(w) = KL(Pw, (w)| [ Pwg (w)) (5.29)
subject to
K;
> wik =1 forie{0,1}, (5.30)
k=1
wor €[0,1] fork=1,..., Ky, (5.31)
w1k € [0, 1] fork=1,..., K. (532)

Recall (chapter 2) that this is a convex optimization problem. Further, for any z, the gradient of
Pwi(w)(2) with respect to w is well-defined for i € {0,1}. Finally, since Z takes on finitely many
values, we see that the gradient of f(w) with respect to w is also well-defined. Since optimization
packages can often take the gradient as an argument in order to speed up calculation, the following
proposition will be useful.
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Proposition 12. The gradient of f(w) is well-defined and is given by

O Py, v (2) P, z
f (W) = _Z Wi ( )( ) 6’o,k( ) (5.33)
dwo . Py w) (2)
fork=1,2,... Kq, and
of PWI(W)(Z)
w) =1+ P, log —————— 5.34
8w1’k( ) ; ‘91 k( ) g PWO(W)(Z) ( )
fork=1,2,...Ky.
Proof. Using the definition of the marginals Py (w) and Py, (w), we can write f(w) as follows
fw) = D(Pw, w)l [ Pwy(w)) (5.35)
= EZ~P w [log 1:| 5.36
w10 |'% By (2) (5:30)
K,
= wl,rEZNP [log 1:| 5.37
2 i |18 P (7) (537)
1
=> w1 Ezep,, | [108 P, (w)(Z) =108 Py (w)(Z)] (5.38)
K K Ko
=Y wi Ezup, [log > wioPo, (Z) —log > wo.Py,,(Z) (5.39)
r=1 s=1 t=1

Now since Z = (Ng1, Np1) is a discrete random variable, the expectations are finite sums and so we
are permitted to pass derivatives inside the expectations. First, let & € {1,..., Ky}. Then by passing
the derivative through the sum and expectations, we have

af & _P90 k (Z)
_ By , 5.40
a'l,UO,k; (W) ; wl, Z P91,T‘ [Z){i)l wo,tPHO,t (Z) ( )
K1
_P6'0 k (Z) :|

N Eper { (5.41)
; L | Pyy(wy (Z)

_ P@o k( )
=Ez Py () [PWO (Z)] (5.42)

Py, ow(2) P
g P () oo (2) (5.43)
. Py w) (2)

which can be fairly efficiently computed by first computing the three distributions Py, (w), Py, , and
Py, (w), and then combining them as in the given sum. Next, let k € {1,... K1}. Similar to above,
except now using the product rule, we have
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of ) & =
8w1 B W = Z w1 r W1k EZNPgl [log Z wLSP@l,s (Z) — log Z wO,tPGO,t(Z) (5.44)
’ s=1 t=1
all ow atl 9
1,
+ Z Do, ;EZNPG1 log Z w1,sPp, ,(Z) — log Z wo ¢ Py, ,(Z) (5.45)
r=1 ) s=1 t=1
K
Py, (Z)
= wL EZNP (546)
; T Y wn By, (2)
Ko
+Ez.p, llog > w1 P, (Z) —log > wosPp,,(Z) (5.47)
s=1 t=1

: Py, . (Z)
= Zwl”’EZNPGLr [PI/V:(};)(Z):| + EzNPGLk [log PWI(W)(Z> - log PWD(W)(Z)] (5.48)

P91k( ) :| |: Wl(w (Z):|
=Ez. ———— | + Ezo log 5.49
e [PW )(2)] T [ Py (2) (549
PW1 W) P91k( PW1(W (Z)
= + Py, ,,(2) log 5———— 5.50
"L T ) Tl T (550
P,
= 1+ZPM logm (5.51)

Pyow)(2)

Again, this can be fairly efficiently computed by first computing the three distributions Py, ,, Py (w)
and Py, (w), and then combining them as in the given sum. O

We can now see the effect of passing the gradient to the minimization procedure. We used the
minimize function from the optimize package of the SciPy library with the SLSQP method, for which
the gradient vector is optional. If the gradient vector is not passed to the optimization method, the
gradient is estimated using the method of finite differences with two points. For each coordinate,
this would require two evaluations of f, each evaluation requiring a single sum over z. On the other
hand, using the above expression for the true gradient vector, each coordinate requires a single sum
over z. We may initially suppose that this halves the overall computation time of the minimization
problem. However, as figure 5.1 shows, the computation time can be much more than halved by using
the true gradient vector, especially for discretizations with many elements. This is likely because the
true gradient allows faster convergence to the minimum than an estimated gradient.

We now present the results of numerically approximating the solution to the convex optimization
problem (5.29) to (5.32). Note that chapter six provides quicker methods or even closed formulas
for the GROW S-value in many cases. However, the method used to derive such results depends on
the parameter sets being convex. Since this does not apply to ©1(¢)’, in this case it is necessary to
approximate the JIP directly. B

We considered ten values of ¢ evenly spaced between 1.5 and 4.5. To ensure the parameter sets were
positively separated, we used prior knowledge rectangle PKR = [0.2,0.8]2. To reduce computation
time, for each threshold value ¢ we assumed that the optimal prior Wy places all its mass on the
boundary of ©1(¢)’. We therefore discretized ©1(1))" by taking K evenly spaced points along its
boundary. We also discretized Oy by using K evenly spaced points. The objective function (5.29) was
then minimized using the minimize function from the optimize package of the SciPy library with the
SLSQP method.

We initialized the weights to the discrete uniform distribution and passed the minimize function
the simplified gradient from Proposition 12. The initial and optimized weights can be seen in figure 5.2,
which shows the unit square (representing all possible values of (6,,6;) € [0,1]?), the prior knowledge
rectangle and the boundary of ©1(1), namely the curve (04, 6) = 7). It can be seen that the optimial
priors put nearly all the mass on just two points each. While W seems to put its mass on four points,
these are two pairs of neighbouring discretization points. Indeed, experiments with larger numbers of
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Figure 5.1: Comparison of computation times with and without the gradient. In both cases, n, = ny =
10, ©¢9 = {(p,p) : p € [0,1]} and ©1 = {(04,0, + I) : 0, € [0,1 — 5]} for some & > 0. A discretization
of size K means both ©g and ©; were discretized by K evenly spaced points. The log plot on the
right demonstrates that the time taken to compute the GROW S-value is approximately an order of
magnitude lower when using the true gradient.

discretization points indicate that this may simply be an artefact of using a discretization, and that
the truly optimal prior W7 is indeed a mixture of just two point masses.

Using the approximately optimal priors, each of the GROW S-values Sgl () Was approximated,

along with its (worst case) growth and power over ©1(1)’. The results can be seen in figure 5.3. Finally,

it was checked whether a UMP threshold ¢* exists, which it did not. Therefore, for this choice of prior
knowledge at least, no unconditional UMPG S-value exists.

Initial weights forp=2.5 Optimized weights for p=2.5
10 10
0. - o 0. - .
o i ’ R
0.6 - 0.6
d * . I.J'J'f.l
- -
0.2 S 0.2
0.0 - 0.0 -
0o 02 04 06 0E 10 0o D2 04 06 0E 10

Figure 5.2: The initial and optimized weights for n, = n, = 50 and the odds ratio. ©f and the
lower-right border of ©1(1))" were discretized into 25 evenly spaced points, initialized to the uniform
distribution. After optim?zing, it can be see than the JIP approximation concentrates its mass on a
small number of points. The two pairs of green circles become closer for finer discretizations, indicating

that the fact their are four rather than two is an artefact of having to discretize the parameter sets.

5.4 Using conditional S-values in the unconditional setting

Recall the conditional setting, where it is assumed that N; = n; is known in advance. The data can
then be summarized by Ny, which has Fisher’s noncentral hypergeometric distribution for some odds
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Figure 5.3: The growth and power of the unconditionl GROW, conditional GROW and conditional
UMP S-values with Fisher’s exact test for comparison. Here n, = n, = 50 and 10 evenly spaced values
between 1.5 and 4.5 have been used for the threshold .

ratio ¥, namely
Nbl ~ fnchypg(n, ny, N1, Q,Z)) (552)

Further, given parameter sets Wo = {1} and ¥(¢)) = [, 00) for some threshold value v, we saw that
the GROW S-value S;Z = S\"I‘,( ) is given by

S(No1) = Py (M)

1 7P1(Nbl) , (5.53)

since the optimal prior Wy € W(W1(¢)) is always a point mass on ¢, independently of n;.
Now, as we saw in Proposition 7, conditional S-values are also unconditional S-values. Thus for

any 1 > 1, the conditional S-value
Py(Np1)
Su(Np1) == ———= 5.54
o) = P (550
(which is indeed a conditional S-value since the null parameter set is a singleton) can be legitimately
used for statistical inference even when Ny is not in fact known in advance and is instead discovered
in the course of the experiment. In fact, for any function W : {0,1,...,n, + np} — W(¥1), we can
define the random variable Sy (Ny1|N1) by

Py (ny)(Npa)

SN = = ()

(5.55)

Then, since Sy (Np1|n1) is a conditional S-value for each n; (again since the null parameter set is a
singleton), Proposition 7 gives that Sy (Ny1|NV1) is an unconditional S-value.

Suppose we are in the unconditional setting, with ‘unconditional’ parameter sets ©f and O;(¢)
for some threshold value ¢ and prior knowledge rectangle PKR. Then we can define the ‘conditional’
parameter sets Uy and ¥y to be the sets of values of the odds ratio consistent with ©f and ©(¢)
respectively, namely

Vo = {¢(04,0p) : (04,60,) € O} = {1} and (5.56)
vy = {¢(0a79b) : (ea,gb) S ®l(§)/} = [wa¢max]- (5'57)

Thus the ‘unconditional’ parameter sets define a threshold value 7 for the odds ratio® that is inde-
pendent of Ni. We consider two possibilities for S-values defined as in (5.55). First, we can take

2Tt is worth emphasizing that the parameter ¢ may already be the odds ratio 1. In this case we have that the induced
threshold is equal to the original threshold, so that there is no ambiguity in denoting both by 1.
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W(n1) = ¢ for all ny, so that Sy (Npi|Np) is simply the conditional GROW S-value but in the un-
conditional setting. Second, for any ¢ > 1 and 0 < ny < n, let Py, denote the fnchypg(n, ny, n1,v)
distribution. Then, for a given significance level a, we can take W (ni) = ¢*(n1) where ¢*(n;) is
defined as the unique solution to d(¢) = —loga, where d(v) = KL(Py p,||Pin,), as in Proposition
10. Then Sy (Np1|V1) is simply the conditional UMPG S-value but in the unconditional setting. For
an evaluation of these S-values in terms of growth and power, see chapter seven.
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Chapter 6

The DOT S-value and bypassing the JIP
approximation

Preliminary results of the numerical convex optimization used to find W} and W seem to show that
both of the priors put all their mass on single points provided ©1(€)" is convex. If this is indeed the
case, then it may be possible to find closed formulas for the point masses and therefore for S*. Thus,
the goal of this chapter is to find when the priors W} and W defining the GROW S-value are in fact
point masses.
Recall that for a given ©) and ©1(¢)’ the GROW S-value is given by
. Py (Z) . e .
S*(Z) = =——=, where (W], Wy):= arg min KL(Pw, || Pw,)- (6.1)
Pys(2) (W1,Wo)EW(O1 (¢)) x W(E))

If W} and W happen to be point masses, they must of course be masses on the two points §; and 6y
minimizing KL(Py, || Py, ). Defining

Py (Z
RGO (0%,05) =  argmin  KL(Py,||Py, ). (6.2)

S*(Z) = :
Pos(Z) (01,00)€01 () x ),

we therefore want to know whether W* = 69; for i € {0,1}, since this would give S* = S*. We

7

will refer to S* as the unconditional DOT S-value! even if we do not know whether S* = S* (this
will be justified in Theorem 15 where we see that the DOT S-value is indeed an S-value). At first
glance it seems that this alone would greatly reduce the difficulty of computing S*. However, it is
not quite so straightforward; while KL(Py, ||Pw,) is convex in (W7, Wp) and so can be minimized by
simple gradient descent (albeit over a large number of discretization points), KL(Py, || Py,) might not
be convex in (61, 6p) if we are restricting to point masses. However, as we demonstrate in this section,
there are cases in which §* = $* where there exist closed formulas for 07 and ¢3. Computing S* in
theses cases is therefore very straightforward. Moreover, in such cases S* has a cleaner interpretation.

In section 6.1, Theorem 13, we determine, for a fixed #; which 6y minimizes KL(Py,||Pp,). This is
denoted 65, or 6(01) for clarity. Theorem 15 in section 6.2 then shows that pg, (Z)/pg; (Z) is an S-value.
Sections 6.3 and 6.4 attempt to generalize this by replacing 6; with an arbitrary prior Wj. While we
are able to find an expression for the associated 6, it is seen that the likelihood ratio pw, (Z)/ pgg(Z )
is not necessarily an S-value. In section 6.5, Theorem 19, we prove that if the parameter sets are
convex and S* achieves its minimum growth rate at 6% defined in 6.2, then S* is in fact the GROW
S-value S*. Section 6.6 then explores the different cases of parameter and prior knowledge rectangle,
making significant use of Theorem 19 to show that indeed $* = $* in many cases. The method we
use relies on Lemma 20, which shows that the optimal 07 always lies on the boundary of ©;(e)’. This,
combined with the aforementioned Theorem 19, makes it substantially easier to find S* when S* = §*,
since the problem is reduced to a one-dimensional minimization rather than a very high-dimensional
constrained minimization as when finding the JIP. While it may be tempting to believe that we always
have S* = S*, in section 6.7 we conclude the chapter by showing providing a counterexample to this
conjecture.

Unformally, ‘DOT’ can be thought of as abbreviating ‘deltas on thetas’.
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6.1 Finding the closest F, to a fixed F,

For fixed ng, ny, PKR and 6 € [0,1]?, there is a simple geometric way to find

05 == arg min KL(Ps, || Py, )?. (6.3)
60€0;

First draw a straight line with gradient —n,/n; through 6; and label the point where it intersects
Qg by 05 = (p*,p*). Then let 65 be the point in Of that is closest in Euclidean distance to 6,
namely 03 = (p*,p) where
pt = argmin|p — pX|. (6.4)
PEIPKR
The following theorem then states that 05 = BOL. Since the prior knowledge is always a rectangle, this

implies that 6 is to the lower right of 6.

Theorem 13. Fiz ng,ny, PKR and 01 := (0,,0;) € [0,1)% and let 65 = (p*,p*) and 05 = (p*,p*) be
defined as above. Then
05 = 0. (6.5)

Proof. First note that
X naea + Tbbeb

6.6
u (6.6
This is easily verified by calculating the gradient between 61 = (6,,6,) and 6 = (p*,p>):
X —0 aba 0y — nb
P b _ Naba + by — N0, (6.7)
pX —0, ngbs + npby — nb,
na(ea — 9{,)
=22 I/ 6.8
ny (0 — 0a) (6:8)
Ng
=T (6.9)
Now, for all p € [0, 1], let 0(();)) = (p,p) and define
f(p) = KL(Fp,[| Fy»). (6.10)

a’’a
Gép) € Ipkr}, where Ipkr = [max{0, 0L}, min{0Y, 67 }]. Note that by definition of 65 = (p*, p*), f(-)
takes its minimum value over Ipkgr at p*. Since projecting 96< onto Oy is equivalent to projecting p*
onto the interval Ipkgr, we have one of the following cases:

Recall that our prior knowledge is of the form PKR = [0Z,0V] x [0L,6Y]. Therefore ©f = {p € [0,1] :

1. p* € Ipkgr, which implies p* = p*,
2. p* < min Ipkgr, which implies p~ = min Ipkg, or
3. p* > max Ipkgr, which implies p* = max Ipkrg.

Our goal is to show that f(-) has a unique minimum over Ipgg at p*, so that p* = p and hence
0 = 0. In all three cases, the result will follow if we can show that the global minimum of f(-) over
[0, 1] is attained at p* and that f(-) is strictly increasing away from p*. This can be seen by inspecting
f'(+) directly as follows. First, by independence,

f(p) = KL(P91||P9(()17)) (6'11)
= nakl(0a|[p) + nekl(6s|[p) (6.12)

0, 1-46, 0 1-46
=n, <¢9a log — + (1 —6,) log > + <9b log 2 + (1 —6y)log b) . (6.13)

p I—p p l-p

*We are abusing notation by calling this point 65 since it is dependent upon 6;. However, the notation 65 (6:1) would
be quite cumbersome for many parts of this section. We therefore omit the dependence on 6; and trust that it is clear
from the context whether 65 = 65 (01) for some 61, or whether 6 is defined by (6.2).
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Next, taking the derivative with respect to p, we obtain

f'(p) = a7 nafalogp — na(1 — 04)log(1 — p) — npbylog p — np(1 — 6p) log(1 — p))] (6.14)

dp
1-— 1-—
_ nafa + by N na(1 —04) +ny(1 — 6p) (6.15)
p L—p
pn — (ngby + nplp)
_ 6.16
p(1—p) .
n(p —p>)
_nlp—p) 6.17
p(1—p) o

Therefore f'(p) =0 <= p = p* and so f(-) has a unique stationary point at p*. Moreover, since
the sign of f'(p) is equal to the sign of p —p*, we see that f(-) is strictly increasing away from p*. [

Corollary 14. For any 01 = (04,0,) € O1, its associated 05 = (p*,p*) lies to the lower right of 6,
namely
0, <p* and 0, > p*. (6.18)

Proof. With some thought this should be clear geometrically. Nevertheless, we give the following
algebraic proof.
Note 01 € ©1 implies 0, > 0,. If no projection is required to obtain 6, then
* naea + nbeb

—, (6.19)

which is a mixture of 6, and 8, and so clearly 6, < p* < 6. If projection is required, we either have
px < min(IpKR) or pX > max(IpKR). (620)

In the first case, we have p* = min(/pkr). Suppose, for a contradiction, that (p*,p*) does not lie to
the lower right of 81, namely
0, >p* or 0, <p". (6.21)

Recalling Ipkg = [max{0%, 0L}, min{0Y,0Y}], this implies
0, > max{0L 0F} or 6, < max{6L 6F}. (6.22)

In the first case, since 6}, > 6,, we have 6,,6, > max{6L, GbL }. Now p* is a mixture of 6, and 6}, and
so this implies p* > max{0%, 0L’} = min(Ipkgr), which is a contradiction. In the second case we either
have 0, < HbL , which is clearly a contradiction, or 6, < 6%, which implies 6, < 6% (since 6, > 6,), which
is also a contradiction. Since every option ends in a contradiction, we therefore have that 67 does in
fact lie to the lower right of #;. By symmetry, this also holds in the second case of (6.20). O

6.2 Showing that the DOT S-value is indeed an S-value

For a fixed 6, € [0,1]? and its associated 6 := arg ming,cer KL(Fy, [Py, ), the natural question to ask
now is whether Py, (Z)/Py:(Z) is an S-value. The following theorem shows that the answer is yes,
regardless of the parameter choice or prior knowledge.

Theorem 15. For any ng,npy and any 61 = (04, 0;) € (0,1)%, let 05 = (p*, p*) be defined by

05 = arg min KL(Py, || Py, )- (6.23)
906@/0
Then Py (2)
0
So, o (Z) = =2 6.24
61790 ( ) PQ* (Z) ( )

1s an S-value.
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Proof. Define R(p) =Ez.p 0 (S, 6z for p € [0,1]. We need to show that R(p) <1 for all p € Ipkr.

In fact, we will show that R( ) <1 for all p € [0,1]. We do this by showing that R(-) achieves its
maximum value at p* which suffices since

P, Pp: (2) Pa, (
R(y") =Ez.p, [szf ] Z Pa*l ZPQ1 ) =1. (6.25)

We first expand the definition of R(p). By independence,

Py, (Z)
=Ez. L 2
RO)=Bsery | 77 (6.26)
Pp, (Na1, Ni1)
= EN,,~Bin(na,p), No1 ~Bin(ns,p) [Pei(]\’al,]\flﬂ) (6.27)
Py, (Na1) Pp, (Np1)
- ENa ~Bin(na,p) |:1:| Ey, ~Bin(ny,p) |:1 : (628)
1 p P@* (N ) bl bsP. PBO (Nbl)
Looking at just the first of these terms for the moment, we have
Pe (NCLI) 9Na1 (1 _ ea)nafNal
E ~ ———| =E - “ 2
Ng1~Bin(ng,p) |:P93 (Nal):| Nq1~Bin(ng,p) |:(p*)Na1 (1 _ p*)na—Nal (6 9)
1—0,\"™ 0q(1 —p*)\ N
= Ex  ~Binn —_ 6.30
<1_p*) Nq1~Bin(na,p) [((1_0(1)17* ( )
1 _aa fta ea(l_p*)]na :
= l—-p+p——-= using the PGF 6.31
(=) [-reriiag (031
1*‘90, Na 0*])* :|na
= 1+p——7-——| . 6.32
<1—p*) [ A= b0.p (6:32)

Note that it is permitted to divide by 1 — 6, and 1 — 6, since 61 € (0,1)2. Further, we can divide by
1 — p* since 6,6, < 1 implies p* < 1 and so p* < 1. Combining the two terms again, we have

N e N o e O

Rp-( ) ( ) [1+p ] [1—1—19 6.33
@) ={i= p* 1—p* (1 —0a)p* (1 —6p)p* (6.3
=1+ cap]™*[1 + cop]™, (6.34)

where L g /1 g\ 0

— b0\ (10 i —p*
o= and ¢;:=-——— fori € {a,b 6.35
(1—19*) (1—p*> (1—6;)p* a0} (6:35)
Since 01 € (0,1)2, we know that v > 0 and
0; — p*

=L S >0—1=—1. 6.36
(1—6;)p* (6.:36)

Therefore 1 + ¢;p > 0 for i € {a,b} and we are justified writing the logarithm of R(-) as
r(p) = log R(p) = log~y + nqlog(1 + cap) + nplog(1 + cop). (6.37)

Taking the derivative, we see that

NaCq npCy

r! = 6.38
() = ol (639
and so

Pp) =0 = —lafa e 6.39
) ate o (6:39
< ngca(l+ epp) + npcp(l + cap) =0 (6.40)
e p=ppim — e TS (6.41)

NCLCh
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so that 7(+) has a single stationary point at pg, provided py € [0, 1]. Inspecting the second derivative,
we have

NaC> nbc%

" (p) = —(Hc:p)Q T tap? (6.42)

which is nonnegative for all p € [0, 1]. Therefore r(-) is (weakly) concave on [0, 1] and thus on Ipkr C
[0,1].
Going back to (6.38), we see that

/[ k Na ny
T = + 6.43
#") l/co+p*  1/cy +p* (6.43)
Ng ny

= + (6.44)

(1—=04)p* «  (1=6)p* «

Tt TP g TP

0, —p* 0y — p*

(1 = 0a)p* +p*(0a —p*) (1 —6p)p* +p*(0p — p*)
na(0a —p*)  np(0p — p*)

= + 6.46
ngBq + nply — np*

=T - (647
_n(p* —p")
S (6.48)

Thus r/(p*) has the same sign as p* —p*. We now conclude the proof by considering the three possible
cases.

1. If p* € Ipkr, then p* = p*. This implies that '(p*) = 0 and so p* = py, the unique stationary
point of 7(-). Since r(-) is (weakly) concave, this implies that r(-) achieves its maximum over
[0,1] at p*. Since the map = — logz is increasing, we therefore see that R(-) also achieves its
maximum over [0, 1] at p*.

2. If p* < minlpkgr then p* = minlpgg. Therefore p* < p* and we see from (6.48) that
r/(min Ipkr) = 7' (p*) < 0. Since r(+) is (weakly) concave, this implies that r(-) is non-increasing
on Ipkg. Since the map x — log x is increasing, we therefore see that R(-) is also non-increasing
on Ipggr. Thus R(-) attains its maximum value at min Ipxr = p*.

3. If p* > max Ipkr then p* = max Ipkr and the rest follows similarly to case 2.

Thus in all three cases R(-) achieves its maximum over [0,1] at p*, where R(p*) = 1. Therefore
R(p) <1 for all p € Ipkr C [0,1] and Sp, g; = % is an S-value. O
0

Since 01 may be chosen arbitrarily, the above theorem holds for 61 = 607 as defined in (6.2), proving
that S*(Z) = Py; (Z2)/Pp;(Z) is an S-value. We state this as a corollary.

Corollary 16. For any ng,ny, let

Py (Z
- PQI(Z), where (07,0%) = argmin KL(Py, || Py,)- (6.49)
0:(2) (61,00)€0), X ©),

S*(Z)
Then S* is an S-value.

6.3 Finding the closest F, to a fixed Py,

Suppose we have a fixed prior Wi € W(©1) on the alternative parameter set and we form the test

statistic P (Z
Tw,(Z) = i (2) where 67 := arg min KL(Py, || Py, )- (6.50)
Pz (Z) 00€0),
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Is Ty, then an S-value? In general, the answer is no. For example, suppose we are interested in the risk
difference with threshold § = 0.05, we have no prior knowledge (namely PKR = [0,1]?) and n, = ny.
If we take the prior Wi € W(O1(6)) that is uniform across the boundary of ©1(J), namely

0, ~ U[0,0.95] and 6 = 6, + 0.05, (6.51)

then we will show that Ty, is not an S-value. We begin with the following lemma which gives a closed
form expression for 6.

Lemma 17. Fizng,ny and Wi € W(O1). Suppose we have no prior knowledge, namely, PKR = [0, 1]?.
Then 0f := arg ming, cer KL(Pw, [|Fp,) is given by 05 = (p*,p*), where
« By [0a] + 1y Ew, [0

Pt = n . (6.52)

Proof. For all p € [0, 1], define f(p) := KL(Pw||P,w)). Then
0

f(p) =Ez.p,, |log W (6.53)
=Bz, 08 Py (2)] — Ezpy, [log Py (2)] . (6.54)

Inspecting the second term and using independence, we see that

Ez~ Py, [lo% Pyw) (Z)} =Ez~pry, [log (PH(” (Na1) Py) (Nbl)ﬂ (0:59)
0 0 0
o E 1 Mg Nul(l _ )na—Nal nb Nbl(l — )nb—Nbl (6 56)
= BP0\ \ )P P Ny )? P |

na nb p
- log(1 = p) +log | ~—— | Ezepyy, [Na1 + Noal.
og<<Nal><Nb1>>+n og(l—p)+ og(1p> ZPWl[ 1+ N1
(6.57)

Since the first terms in (6.54) and (6.57) are independent of p, they disappear when we take the
derivative of f with respect to p. Thus

d
fp) =+ [—nlog(l —p) — log <p> Ez~py, [Na1 + Nbl]:l (6.58)
dp 1—p
_on 1 1 E N N
= 1 — — 5 + ﬂ ZNPW1 [ al + bl] (659)
== ! g [Na1 + N (6.60)
“1-p pi—p) Z~Py, [Val b1 - ~
Inspecting the expectation, we have
Ez~py, [Na1 + Niu] = Eg, g,)w; [Ez~p, [Na1 + Npil] (6.61)
= E,.0,)~w, [nafa + 10 (6.62)
= naE(%,@(,)NWl [Qa] + nbE(9a,9b)~W1 [9(,] . (663)
Setting the derivative equal to zero, we see that
n 1
f'p) =0 <= 1—-p - p(1—p) (naE(9a,9b)~Wl [0a] + K, 0,)~w, [91)}) =0 (6.64)
n,E ~ 0, + npE ~w. |0
s p— py = MeE W [0a] + 16Eg, 00)~ w1 10] (6.65)

n

Note that Ey, [0;] € [0,1] for z € {a,b}, so po, being a mixture of Eyy,[0,] and Ey, [64], is also in
[0,1]. Substituting pg back into the expression for f’(p), we have

f'(p)

_n npo
1—-p p(l-p)

(6.66)
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and so the second derivative is

n npo
p) = + 1—2p
®) (1-p?  p2(1 —p)z( )
__n [1 po(l — 229)}
(1-p)? p?
Therefore
1-2
Fpo) >0 = 1+ U
Po
<~ 1-2pp > —po
<~ po < L.

Since po € [0, 1], we conclude that pg is the unique global minimum of f(-) on [0, 1].

(6.67)

(6.68)

6.4 For fixed W; € W(0©,), the closest P, does not necessarily give an

S-value

We can now use the closed form expression for 6 given by Lemma 17 to show that Ty, is not necessarily

an S-value for arbitrary Wj.

Lemma 18. Let W3 € W(0O1) where ©1 C [0,1]? is arbitrary. Define the test statistic Ty, by

Py, (Z)
Tw,(Z) = —
' Po;(2) 600,

Then Ty, 1s not in general an S-value.

Proof. For a fixed Wi € W(01), let p = p* be defined as in Lemma 17, so that

_ PWI(Z)
Twn(2) = w(Z)

0

For all ¢ € [0,1], let g(q) be the expectation of Ty, when Z ~ P, . Then
0

PW1 (Z)
9(q) =Ez.p
9(()q> Pe(()P) (Z)
—Ey.p E91~W1 [P91 (Z)]
0
=Ez.p 01~ W 0 (7)
o B0 | B (2)
Py, (Z) .
=Eg ., |Ezup L Fubini)
o B | B ||

where 6 = arg min KL(Py, || Py, )-

(3,081 (0= 0"~ (32 )1 (1 — =2

=Eq,.0,)~wm:

(1 —0g)" (1 — )™
= E(9a,9b)NW1 (1—p)m

0a(1 —p)\ V!
X ENalein(an) [(}9(1—9@))

592

E(n, Ny )~P
(Na1,Np1) o) (anl)pNal(l_p)na—Nal (ﬁ:l)prl(l_p)nb—Nbl

ENMNBin(”b,fI) [ (

(6.72)

(6.73)

(6.74)

(6.75)

(6.76)

(6.77)

(6.78)

)],



where we have used independence in the last two lines. The use of Fubini is justified since the integrand
is nonnegative. Inspecting one of the inner expectations of the final line and using the formula for the
probability generating function of a binomial random variable, we obtain

ea(l - p) Nat o ea(l - p) fta

EN,,~Bin(na.q) [(M) ] = [1 +4q <M - 1>} (6.80)

_ b —p 1™
_ [1 i Ga)] . (6.81)
(6.82)

Substituting this back into (6.79) we get,
1—6,)" (1 —6p)™ 0, — e Oy — "

o) =B [SH Gt ] e o
= ME(ea,eb>~w1 “P(l = 0a) + (02 — p)I"* [P(1 = 0) + q(6) — p)}”b} (6.84)
= ME(QQ,GZ;)NW1 [[P(l —q) + 0a(qg — )" [p(1 — q) + Op(q — p)]" } (6.85)

To prove the lemma, we need to find an example where this is larger than 1. First, suppose we have

ng = Ny = 1. Then
E[0.] + E[6)]

p=—t (6.86)
This allows us to simplify g(q) as follows
0(0) = =3B | (1= 0) + 0u(a = D] (1 — 1)+ 0h(a = )] (6.87)
E ME(Ga,eb)~W1 P*(1= ) + p(1 = 0)(a = P)[Ba + 0] + (a — ). (6.88)
= M P2(1 = 0)* + p(1 = q)(q — p) (Elbu] + BI6]) + (g — p)*El0u0)]] (6.89)
= P - 0+ 2= 0a =)+ a0 (using (656)  (6.90)
— o - 20— 0 )+ - PP (6.91)
N2
— e -0 20 - 0l )+ =)+ (0 [FO ] (6.92)
1—q)+(a—p)°  (q—p)? [E[fa0
o oo
—p)? [E[f,0
:1+E‘i_§§2 [ [p2 b]—1]. (6.94)
(6.95)
Thus PWI(Z)/Peép) (Z) is an S-value iff g(q) <1 for all ¢ € [0,1]. For any particular ¢, we have
(q - p)2 E[eaeb]
9(q) €1 = 1= p)? [ . 1} <0 (6.96)
— qg=p or E[f.6,) <p (6.97)
Recalling the definition of p, we have
Bl0.0,] <7 <= Elfu0)] < (EW;EWY (6.98)
< 4E[0,0y] < E[0.)* + 2E[0,]E[0,] + E[0;)%. (6.99)
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Now suppose ©1 C {(64,0;) € [0,1)% : 6, > 6,} so that E[f,] < E[f;]. Using the fact that the function
x + 22 is convex, we also have E[f,]? < E[6?]. Thus (6.99) implies

E[0,0s] < p° = 4E[f] < E[0]] + 3E[6,]? (6.100)

— E[0?] < E[6]%. (6.101)

We now provide an example for which (6.101) does not hold. As outlined previously, we consider

the risk difference with arbitrary threshold § > 0 in the case of no prior knowledge (PKR = [0, 1]?).
Now let Wi € W(0O1(6)) be uniform across the boundary of ©1(d), namely

0o, ~U[0,1 —6] and 6, =0,+0. (6.102)

Recall that for a uniformly distributed random variable X ~ Ula, 8], the first second moments are
given by

2 2
E[X] = a‘;ﬁ and E[X?] = % (6.103)
Therefore ) ,
1— 1
E[p? = 35) and  E[g,? = . 25) (6.104)
If we now set let § = 0.05, we have
9 0.952 5 1.05%
E[0%] = ~030 and E[f* = = —~028 (6.105)

and so E[02] > E[f,]?>. Working backwards, we now see that (6.101) fails and so (6.97) fails for any
q # p. Therefore g(q) > 1 for all ¢ # p and Ty, is not an S-value. O

6.5 A sufficient condition for the DOT S-value to be GROW

Suppose 01 is convex and define the following

(07,65) = argmin KL(Py,||Py,) and (6.106)
(91,90)€@1X@0

(Wi W) = arg min KL(Pw, || Pw,)- (6.107)
(W1,Wo)eW(01) x W (o)

Our aim now is to show that W7 and W{ are simply point masses on 07 and 6 respectively, so that
Pp;(Z2)/ Pa;(Z) is in fact the GROW S-value. This will make finding the GROW S-value substantially
less computationally intensive. The following theorem gives a sufficient condition for this to be true.
It will be extensively used in the next section to find closed form or implicit expressions for GROW
S-values that dramatically speed up their computation. Note that this theorem is not specific to the
setting of 2 X 2 contingency tables, so that the methods developed in the next section may prove to be
useful in other statistical settings.

Theorem 19. Suppose the conditions of Theorem 1 hold and that in addition ©1 and ©¢ are conver.
Define the DOT S-value by

Py« (Z
010)  here (07,00) = argmin  KL(Py, || Py, ). (6.108)

S* Z) = )
( ) PQS(Z) (01,600)€01 X600

For each 6 € ©1, let g(0) = Ez.p,, [log S*] be the growth rate of S* at 0. If g(-) achieves its minimum

at 05 then Py(S* = 5’*) =1 for all 0 € Oy U O1, so that it is irrelevant from an inference perspective
which we use.
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Proof. Let 07,65, W and W be defined as above. For each o € [0,1], let W :== (1 — a)dpr + aW
for ¢ € {0, 1}, where dp denotes the point mass on 6. Now the function

f(a) = KL(Pw, .|| Pw,..) (6.109)
is convex since the KL divergence is jointly convex. Further, for any « € [0, 1], we have

= KL(A P > i KL(Pw, ||Pw,) = KL(Pw=||Pw+) = f(1 6.110
F(0) = KL(w,[Pwo) = i KL(P | Pig) = KL(A; [ Pig) = £, (6110

0. To see that this proves the
£(1) = mingep 1 f(a) and so

so f achieves its minimum value at 1. We will now show that f/(0)
result, note that the continuity and convexity of f then implies f(0)

f(0) = f(1). Thus

>
<

KL(Py; || Poy) = KL(Pw [[Pw ), (6.111)

which, since we are assuming the conditions of Theorem 1 hold (in particular that the infimum over
priors is obtained uniquely), implies that W and W{ are point masses on 6] and 6 respectively,
and so clearly S* and S* are almost surely equal. We will check that f’ (0) > 0 by calculating and
simplifying the derivative. First note that for i € {0,1} we have

Pw, . = P1-a)sye+awr = (1 — a)Ppr + aPyr. (6.112)
Using this, we have
f(e) = KL(Pw, [P, o) (6.113)
== D((l - Oé)Pgik + aPWfH(l - OZ)PQS + aPW(T) (6.114)
(1 —a)Pp+(Z) + aPw=(2)
= Eg (1o P (2 sl () |1 1 d 6.115
Z~(1=a) Fox (Z)+aPy+(Z) |:Og (1— O‘)PGS (Z) + aPWD* (Z) ( )
ﬂ—@%%@+aﬂw@q
1—a)Ez p. lo 1 1 6.116
( a)Ey Pel(Z)[ g(l*()&)Pg(’;(Z)+OZPW6=(Z) ( )
(1—a)Py;(Z2)+ aPW*(Z)]
+aEz p . 1 ! ! 6.117
abiy Pwl(Z) |:Og (l—a)PGB‘(Z)"i_aPWJ(Z) ( )
Assuming we can pass the derivative through the expectation, we obtain
Py:(Z) —Pp; (Z2) + Pwy(2)
/ — *E N 1 1 ~Pox 1 1 11
£(0) = ~Ez, [ogpes(z)}+ g | s ] (6.118)
—Py; (Z) + Pw; (Z) Py: (Z)
—Ez . p,. 2 0 Ez.p . |lo L 6.119
Z~Py; [ Py (Z) ] +Ez Py gP@g; ] ( )
Py (Z) Py (Z) Py (Z)
=—-Ez.p. |l L 1-Ez.p,. u Ez.p . 12
ovri; |08 gy | + 1 Bovri | gy | + Boar [ plz| 01
> _E ICACI A (6.121)
i [ B P [ ) | |
Py
The last line is obtained by switching Fpr and Py and then recalling that %i is an S-value:
0
Py (Z) Py (Z)
Ez.p. > =Ez.p, . L <1. 122
o lo; [ Py: (Z) } o, [Peg(Z)] - (6.122)
It remains to show that
Py (Z) Py (Z)
Ez.p . |l ! >Ez.p,. |l 6.123
o bwi [ngeg(z)] = Tty [O Pe*(Z)] ( )
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but this follows directly from the assumption that S* achieves its minimum growth rate at 07 as follows

Pz (Z) Py: (Z)
EZNPW{‘ |:10g Pei(Z):| = ngwl* |:EZ~P9 |:10g Pgi (Z):|:| (6124)
0 0

>E E log 221(Z) (6.125)

2 Eowy |Ez~p,. |log Py (2) .
—Byp. [log 2 (2) (6.126)

~rig |8 57| .
0

While we have not been able to prove that the reverse of the theorem is true, namely that if
Py(S8* = §*) =1 for all § € Oy U O then g(-) achieves its minimum at 6, the following argument
suggests that it is indeed true. Suppose, for a contradiction, that g(-) does not achieve its minimum
at 07, namely there exists § € ©1 such that g(0) < g(67). We then have

EZNPg [log S*] = :EZN]:J(9 [lOg S*] = g(@) < g(&f) = EZNPBT []Og S*] = EZ"’PGI [log S*], (6127)
and thus
Ez.p,[log S*] < EZNPHI [log S*]. (6.128)
Now Theorem 1 states that S* achieves its minimum growth rate at W;* and so

EZNPWl* [log S*] § EZNp9 [log S*] < EZNPG{ [log S*], (6.129)

which implies that Wy # dg;. It thus seems unlikely that the priors W and dg; could be such that
the difference between W and dp: is always cancelled out, for every 6 € ©¢ U O1.

6.6 Finding the DOT S-value for 2 x 2 tables and checking whether it
is GROW

The following lemma states that 67 always lies on the boundary of ©1(e)’. This will be useful in finding
(07,63) in the different cases since it reduces the search to a one-dimensional space, as we will explain
below.

Lemma 20. For any parameter of interest with threshold €, and any prior knowledge rectangle PKR,
we have

07 € BD(O1(¢)"), where (67,05) = argmin  KL(Py, || Ps,)- (6.130)
(91,90)661(6)')(@6

Proof. For any fixed 6 = (0a,0,) € ©1(¢)’, recall that its associated 67 = argming cer KL(Pp, |[Py,)

lies to the lower right of 6 (this is the case even if there is a projection involved). Let 61 € ©; be any
point inside the rectangle spanned by 61 and 6;. In other words, let 61 satisfy

p<0,<0, and p<6 <6, (6.131)

Then, by independence and the strict monotonicity of the KL divergence between two Bernoulli dis-
tributions, we have

KL(PngPeép)) = noKL(Bern(6,)||Bern(p)) + nyKL(Bern(6)||Bern(p)) (6.132)
> nKL(Bern(6,)||Bern(p)) + nyKL(Bern(6y)||Bern(p)) (6.133)
= KL(F| Py p))- (6.134)

Thus for (07, 605) = argmin, g,)co, () xo, KL(Fo, [|Fp,), it must be the case that all of the points to
the lower right of 67 lie outside ©1(e)’. For all the permutations of parameter of interest and prior
knowledge that we have considered, this implies 67 lies on the boundary of ©1(e)’. O
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For each combination of parameter of interest and prior knowledge, the above lemma suggests the
following method for finding (67, 05) as follows. First, parametrize the boundary of ©1(e)" by

BD(©1(e)') = {(¢,¢(q)) : ¢ € [0,1]} NPKR, for some ¢. (6.135)

For each ¢, define

f(a@) = KL(Py, () [ Poz () (6.136)

where 61(q) = (¢, »(q)) and 6(q) == argming ce; KL(Fy, (|| Py, ). Defining

¢ = argmin f(q), (6.137)
4:01(q)€O1(e)’
we then have
(07,05) = (61(¢7), bo(q"))- (6.138)

Thus finding (07, 6;) reduces to a one-dimensional optimization problem. We use this method in a
number of cases below.

We now prove the following lemma, which implies that S* achieves its minimum growth rate at
some ¢ lying on the boundary of ©1(e)’, provided no projection is required to obtain 6. This gets
us part of the way to satisfying the requirement of Theorem 19 since, as we have just seen (Lemma
20), 07 lies on the boundary of ©;(e)’ regardless of the parameter of interest, its threshold value, or
the prior knowledge. We will then consider each case separately to see whether 6g in fact equals 67
and so, by Theorem 19, S* = S*.

Lemma 21. Let 0 = (0,,0) € [0,1]2 be such that 0, > 0, and define the test statistic

Py(Z
v(Z) where 03 == argmin KL(Py||Py,). (6.139)

Ty(Z) = ,
Po:(Z) 00c0),

For any 0’ = (0, 0;) € [0,1]2, let g(¢') be the growth rate of Ty at 6'. Then
9(0") = cob, + by, + c, (6.140)

for constants cq, ¢y and c. Further, ¢, <0 and ¢, > 0, meaning g(-) is decreasing in 0!, and increasing

in 0). For all combinations of parameter of interest and prior knowledge, this implies that the growth
rate of Ty is minimized on the boundary of ©1(e)’.
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Proof. Let 65 = (p*,p*). Using independence we have

9(0") = Ez~p, [log Ty] (6.141)
Py(2) }
=E;_p |lo 6.142
Z~P) [ ngg(Z) ( )
Bin(Ny1; ng, 04)Bin( Ny ; np, 0p)
=Ez. 1 6.143
ot [Og Bin(Nut; g, p*) Bin(N; 1, p*) (6.143)
Bin(Ng1; na, 0a) Bin(Nyy; ny, 0p)
=E ; |1 E ; |1 144
No-Binone 0c) [Og Bin(Nal;na,m] N~ Bin(rn ) [Og Bin(Npw: 11, 1) N
_ ( N )99]6\7901(1 _ Hx)nIfol
= EN,, ~Bin(n,.0,) |108 o2 (6.145)
xe%:,b} BB | TR () ()N (1 = pr)e N
[ Hm Ngz1 1— 91 Nz —Ng1
= Y Ex,~Bin(n.g,) |log <> (1 - *> ] (6.146)
z€{a,b} L p p
0 1—6,
= Z log | = | En,\~Bin(n.0,) [Ne1] + log T EN, ~Bin(ne,00) [Nz — Na1]  (6.147)
p -p
z€{a,b}
0 1-6,
= Z n.0% log (*) +nz(1 —6,)log ( *) (6.148)
p 1—p
z€{a,b}
0, 1—p* 1-6,
=) [0;10g<1_9 *p>—|—log<1_ ﬂ (6.149)
z€{a,b} z P p
= c b, + by + ¢, (6.150)
where
0, 1-—p* . 1-6,
cz—nxlog<1_9x e > for x € {a,b} and c= Z nxlog<1_p*>. (6.151)

z€{a,b}

Thus g(-) is linear in ¢, and ¢, and so to minimize it we simply need to find the sign of the coefficients
¢q and ¢p. Recall Corollary 14, which states that 65 = (p*, p*) lies to the lower right of 61, namely

0, <p* and 6, >p". (6.152)

Since the function 2 +— 2 is increasing on [0, 1], we have

0 p* 0, 1-p*
0, < p* < 1 = <0. 6.153
S e ) Og(l—t% p* )‘ (6152)
Likewise,
O, >p" — L2 > P = log O 11" > 0. (6.154)
B 1-6, — 1—p* 1—-6, p* B

This shows that g(-) is decreasing in 6;, and increasing in ¢;. For all combinations of parameter of
interest and prior knowledge, this implies that the growth rate of Ty is minimized on the boundary of

@1(6)/. O

Finding 0] and 6; in the case of the risk difference

In the case of the risk difference, we are only able to find explicit formulas for (67, 6f) when n, = n,.
For a fixed 0 € (0,1), we parametrize the boundary of ©;(d) as follows. Take ¢(q) = ¢ + 0, so that
(6.135) becomes

BD(01(5)) = {61(q) : ¢ € [0,1 — 8]} N PKR (6.155)
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where 01(q) = (¢,q + 6). Suppose for the moment that we have no prior knowledge. Then there is
no need for projection to find 6(q) for each 61(g). Therefore 65(q) := arg ming cer KL(Fy, 4| FPy,) is

given by (p*(q),p*(q)), where p*(q) is given by (6.6), namely

p*(q) = n“q+7:(q+5) =q+70, (6.156)
where r :=np/n. As in (6.136), for each ¢ we define
f(q) = KL(Fy, gl Fo; () (6.157)
= KL(Plg.q+) || Plg+rs,g+rs)) (6.158)
= n.kl(ql|q + r8) + npkl(q + ||q + 70), (6.159)

where the last line follows by independence.

The following lemma shows that f(-) is a strictly convex function of ¢ (since linear combinations
of strictly convex functions are themselves strictly convex) and so has a unique minimum occurring
either at an endpoint of [0,1 — 4] or at a unique stationary point if one exists. This minimum can be

found in closed form in the case when n, = n;, where we have ¢* = 1775, so that

1—-0 1 11

This is stated and proved below as Corollary 24. When n, # ny, the following lemma at least shows
that f(-) is straightforward to minimize computationally. Since the proof of the lemma is somewhat
tedious and uninsightful, we relegate it to Appendix B.

Lemma 22. Let v € [-1,1]\ {0} and define f(q) = kl(¢+ v||q) for max{0,—v} < ¢ <min{l,1—~}.
Then f is strictly convez.

Theorem 23. Fiz n,, ny (not necessarily equal) and risk difference threshold 6 € (0,1) and let r ==
ny/n. Then the equation

q(1 — (q+70)) (g+6)(1—(g+rd))

nglog —— = + ny log =0 6.161
)i —a) " o) (1 +0) (0461

has a unique solution in [0,1 — J], which we denote q*. Define
(07,05) = argmin  KL(Py, || Ps,)- (6.162)

(01,00)€01(0)' X O

Then 07 = (¢*, ¢* +0) and 0§ = (¢* +rd, ¢" +rd), provided these lie in PKR. Further, in this case the
GROW S-value S* is given by

S§* =8 = L (6.163)

Proof. By Lemma 20 we know that 67 lies on the boundary of ©1(d)’. Let us first suppose that we
have no prior knowledge. Parametrize the boundary of ©1(d) as in (6.155), namely

BD(61(6)) = {(g.q+6) g € (0,1 — 5]}, (6.164)

As in (6.156), for each 61(q) == (¢, ¢ + 9), the corresponding 6(q) = (p*(q),p*(q)) is given by p*(¢q) =
q + ré. Finally, for ¢ € [0,1 — 4], we define

f(q) = KL(Pp, (o) | Pz (g))- (6.165)
Expanding the KL divergence, we have
f(q) = KL(Pg,q16) || Pigrrsgrs) (6.166)
= ngkl(qllqg + 70) + npkl(g + 0||q + 19) (6.167)
lI—gq

= ng |q] 1-q)1 1

o fatog s (1= g tog (6.168)
q+0 1—(q+0)

1- — . 1

+nb[(q+6)logq+ws+( (q+5))log1_(q+r6) (6.169)
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Differentiating with respect to ¢, we obtain

f'(q) = na [log fr5+1—qfré—1ogM—1+M] (6.170)
+ ny [log T R qué —1og1((qq++55)) 1+ m] (6.171)
= g [1og q:,(;qg TZ; —all _(q( it;“)‘?f = ((ql ;fg)(;] - M)} (6.172)
] e R ) (R N M
o [log ?q1+_r5q Ti&é; (g +70)(1 - —(g+r ))] (617
[log =8 G (047
ot S ot
= ralos ?; Jr_fm(;)](Jlr —2; o E + rfs()tl %qt:“g; ’ (6.177)
where the last line follows since

nar — np(1 — ) = e —nb+7§= %(na—n+nb) —0. (6.178)

Since § € (0,1) and r < 1, using continuity we have
lim f'(g) = —c0 and  lim f'(q) = co. (6.179)

q{0 qt1-4

Therefore, since Lemma 22 implies f(-) is convex, we know that there exists a unique ¢* € [0, 1 —¢] for
which f’(¢*) = 0. This proves the first part of the theorem, namely that (6.161) has a unique solution
in [0,1 — o]

If a convex function has a stationary point, then this is in fact the global minimum. Thus ¢* =
argmingco 1) f(g) and so

KL(F, P, = KL( Py, || Pa,)- 6.180
Bosa 1 Bag) =, i KL(Py|Py) (6.150)

Since restricting the parameter sets cannot decrease the minimum, we have

. Po, || P KL( Py, || Py, ). 6.181
(91,90)‘?91111(6)><60 ( 01” 00) (91,90)681( GCH ( 91” 00) ( )

Now, by assumption 61 (¢*),0p(¢*) € PKR and so

i KL(Py, || Py,) < KL(P, P, 6.182
(61790)61’1@1111(15)/X®6 ( 01” 90) ( 01(q H 00(q ) ( )

These three lines together imply that (6.181) is in fact an equality, which proves the second part of
the theorem, namely 07 = 01(¢*) = (¢*,¢" +0) and 6§ = 0o(¢*) = (¢* + 16,¢" + 19).

We now show that S* achieves its minimum growth rate at 7. By Theorem 19, this will complete
the proof. By Lemma 21, we know that the minimum growth rate of S* is attained at the boundary
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of ©1(8)". Let g(q) equal the growth rate of S* at 61(q) = (q,q + 6), for g € [0,1 — §]. We have

(@) =B log LA (6.183)

g\q) = ZNPgl(q) 0og PB* .

Foi(@) Dor(a)
= EZ~P91<q) |:10g P s IOg P : (6184)
= KL(Py, (g1 Pay) — KL(P91 (@) ||P9;) (6.185)
= KL(Py g+5) 1Py ) — KL(Pig.gs5)| Plgr g+ +6)) (6.186)
= nakl(q||p") + mekl(q + 6|[p*) — nakl(allq") — nekl(q + dllg" + 0) (6.187)
q l—gq q l—gq ]
=n, |qlog— + (1 —9q)lo —qlog—= —(1—¢q)lo 6.188
[q g (1—q) g1, e (1—q) S (6.188)
1- 5
+ np {(q—i—é) logq +(1- (q—|—5))log1(_q;k) (6.189)
1—(qg+9)
1 1-— log—————= 1
—(g+9) Og 5 —(1=(g+9))log 1— ¢ +0) (6.190)
=Ny [qlog Z—* +(1—gq) log } (6.191)
q* 1—(q*+0
+ [(q+5) log +(1—(g+9))log 1((1;*_)] . (6.192)
Differentiating with respect to ¢, we obtain
g (q) =na [log 4 _ log 1=q ] + np [log ¢+ log W] (6.193)
¢(1-p") (¢" +0)(1 —p)

=nglog ——~ +mlo , 6.194
Cp =gy P (¢ 1 0) (6159

which is independent of ¢. If we now substitute the expression for p*, namely p* = ¢* + rd, we have

g (1= (q" +rd)) (¢" + )1 —(¢" +1rd))

g’(q) = ng log @ + )1 =" + ny log @+ = (¢ 10)

This is equal to zero by the definition of ¢*. Therefore g(-) is constant and so trivially attains its
minimum at ¢*, regardless of the prior knowledge. O

(6.195)

In the case of ng = np, (6.161) has a closed form solution, namely ¢* = (1 — 0)/2. We state this as
a corollary.

Corollary 24. Fiz n, = ny and risk difference threshold 6 € (0,1). Then the GROW S-value S* is
given by
Py (2) 1—-0 1496 11
(Z) = =2 h 0=—,—— d 05=1\=,= 1
S*(Z) Py () where 0] < 5 3 ) and 6} (2,2>, (6.196)

provided 07 and 0 lie in PKR. Further, the worst case growth of this S-value is
140
GR(S™) = < i H > (6.197)

Proof. By Theorem 23, it suffices to show that ¢ = (1 — d)/2 solves (6.161) in the case of r := ny/n =
1/2. Substituting n, = np and r = 1/2, the equation becomes

qq+6)(1 = (¢ +6/2))

n
™ og 6.198
25 (1~ (a+ 9)la+ 027 (6195
If we now substitute ¢ = (1 — §)/2 into the left hand side, we obtain
1-6(1— — 2 1-6 148 (112
(2401 — (52 +46/2 S22 (5
glog 217(52 ¥ )1<75 Gy 1—:5/ ) 2 glog Y, 135%)2 =0 (6.199)
(1=3)A = (F + ) (7 +0/2) 23 ()
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The growth of S* is minimized at 67. Thus

P *
GR(S") = Ezp,, [log Gt } (6.200)

Py
= KL(Pp; || Pox) (6.201)

1-9||1 1
= ngkl <5H> + npkl ( +0 H > (6.202)
:;k1<1—1+5H > k1<1+5H ) (6.203)
140

< i H > (6.204)
The final line follows by the identity kl(p||¢) = kI(1 — pl||g), which is easily seen by writing out both
sides. O

The proof of Corollary 24 relies on Theorem 23 which in turn depends on the fiddly Lemma 22.
However, there exists a more direct proof without reference to this lemma, which we now present as
an alternative.

Proof. (Alternative proof of Corollary 24) Recalling (6.177) from Theorem 23 (the derivation of which
is independent of Lemma 22), we have

, n q(g +0)(1 — (¢ +4/2))
q) = =1lo . 6.205
T =318 T =+ onla + 027 (6205
Thus
+0)(1— (¢ +6/2)
(@) >0 e 1 >1 6.206
ra) = a)(1—(a+3)a+ /27 (6:200)
= qlqg+6)(1—(¢+6/2)* = (1= aq)(1 - (¢+0))(g+6/2)> >0 (6.207)
5 62 52
<~ 0+2q—1>0 (6.209)
1—90
— q> 5 (6.210)
Clearly, by symmetry, we also have
, 1—-90 , 1-6
f(q)<0<:>q>T and f(q):()(:)q:?. (6.211)
Thus f(+) is strictly increasing away from 12 and so has a unique minimum at ¢* 1—5‘5. O

Finding 0] and 0 in the case of the relative risk

In the case of the relative risk, ©1(\) and ©¢ get arbitrarily close near (0,0), and so S* is degenerate
unless we have prior knowledge that positively separates ©1(A) and ©g. When dealing with the relative
risk we therefore always assume that either 2 > 0 or 6F > 0.
For a fixed A > 1, we parametrize the boundary of ©1()\) as follows. Take p(q) = Mg, so that
(6.135) becomes
D(©1(A\)) ={01(q) : ¢ € [0,1/A]} N PKR, (6.212)

where 01(q) == (g, Aq). If, for a given 61(g), no projection is required, then

05(q) = arg min KL(Py, ()| Py,) (6.213)
00€0],
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is given by (p*(q),p*(q)), where p*(q) is given by (6.6), namely

. Naq + npAq
p*(q) = % =rq (6.214)
where r = %)‘"b As in (6.136), for each ¢ we define
f(a) = KL(Fp, q)| | Po; (q))- (6.215)
If, for a given ¢, no projection is required, then this can be written as
f(q) = KL(Pa, ()| Pay (q)) (6.216)
= KL(P(q,Aq)HP(rq,rq)) (6.217)
= ngkl(g||rq) + npkl(Aq||rq), (6.218)

where the last line follows by independence.

The following lemma shows that f(-) is strictly increasing in ¢, since both of its terms are. This
means that if, for ¢min = min{q : (¢, \q) € ©1(\)’}, no projection is required, we have ¢* = guin and
p* = p*(¢*) = rq*, so that

GT = (Qmina )\Qmin) and 93 = (TQminaTQmin)- (6219)

We restate this as Theorem 26, where we give a condition for no projection being required for gmi, and
prove the result more formally. First we state the following necessary lemma. Its proof is uninsightful
and so can be found in Appendix B.

Lemma 25. Let v > 0 and define f(q) :=kl(q||vq). Then f is strictly increasing in q.

Theorem 26. Fiz arbitrary n, and ny, (not necessarily equal) and relative risk threshold X > 1 and let
r = (ng + Anp)/n. Suppose either 0L > 0 or 6L > 0, so that ©1(\)' and O} are positively separated,
and define
(07,05) = argmin  KL(Py, || Py,)- (6.220)
(61,00)€01(8)' x O,
Assume 0Y > NOL (otherwise ©1(N) is empty). If 0F < roL <0V, then the GROW S-value S* is given
by

. Py (Z
S*(2) = §"(2) = 012)  here 07 = (0L, \0F) and 0 = (roL,r6k). (6.221)
Pz (Z)
Proof. As before, for ¢ such that 01(q) € ©1(\)’, define
05< (¢) == argmin KL(Pgl(q)Hpgo) and 6;(q) = argmin KL(Pgl(q)HPQO), (6.222)
0p€Og 00€0y

and recall that 6;° = (p*(q),p*(¢)) is given by (6.6), namely

_ ngq +mpAqg

p*(q) - rq. (6.223)

Further, define
7(a) = KL(Ph | P) o F*(q) 1= KL(Poyipl| Ppr ) (6.224)

By Lemma 25, f*(-) is strictly increasing in ¢ and so attains its minimum at g, = min{q : 61(q) €
©1(N\)'}. Note that

(a,7q) € PKR = [07,67] x [0y,0)] <= (¢,9) € [0z, 05] X [05°/X, 6 /A (6.225)

a’’a

and 80 gmin = max{0Z, 0L /\}. Moreover, since r := (ng+Anp)/n < (Ang+Anp)/n = A, the assumption
that 05 < 7"6{; implies GbL < /\95 and SO quin = 95 . We now show that no projection is required for
(0L, X0L), namely p* (L) € Ipkgr = [max{0L, 0L}, min{0Y,0Y}]. First, note

naeé + nb)\eg _

p=(0F) = e roL. (6.226)

63



By assumption, 6F < rL < 0V. Now r := (n, + Anp)/n > (ng +np)/n = 1 implies r6% > 6L, Further,

using again that 7 < A, and the assumption that 67 > A%, we have r0Z < M9l < Y. In summary,

0L oL <roL and rof <Y 6Y (6.227)
and so 705 € Ipkg. This means no projection is required, meaning p*(8X) = p>*(6%) and so 6;(0%) =
05 (0L). By the definitions of f(-) and £*(-), this implies f(6L) = f*(6L).

Since ©f C Op, we know that for any ¢ such that (¢, Aq) € ©1(A\)’, we have f(q) > f*(q) (this
again follows from the definitions of f(-) and f*(-)). Thus

Fla) = FX(9) = £ (02) = £(62) (6.228)

and so f(-) also attains its minimum at #~. Taken together, this implies
07 = (6L, 20L) and 6} = (r6L,r6L). (6.229)
To complete the proof, it suffices (by Theorem 19) to show that S* achieves its minimum growth
rate at 07 = (0L, \0L). Let g(q) be the growth rate of S* at 61(g). Recall (6.149), which states that

for any 6 € ©1(e)’, its associated 6 and an arbitrary 6 € ©1(e)’, the growth rate of Tp := Py/Pps at
0’ is given by

Py 0, 1—p* 1-6,
) =Ez.p, |1 Ll = « |01 — 1 . 2
o) =By o] = 5 e |dton (72550 ) +ion (757 (6:20)

06

Thus, substituting § = 07 = (0%, \0L), 05 = (r0k,r6L) and ¢’ = 01(q) = (¢, \q), we have

Po: (Z)
o) = Batg [PZ;(ZJ

HT z 11— p* 1— 01(,:(;
- Z N lal(q)x log (1 T ) +Iog< T ) (6.232)

(6.231)

z€{a,b}
oL 1 —rok NOL 1 — oL
=ng |ql 4 4 kq Agql 4 4 k 2
o fooe (2 )+ o o (g )+ ) 10239
oL \GL 1 —rok
= 1 2 1 2 1 2 234
Naq Og(1—0£>+)\an og(l_/wé)—i—(na—i-)\nb)q og( oL )—i—k (6.234)

oL AL n — (ng + Anp)0%
= al a 1 a a 1 a 2
q[n og<1_95>+)\nb 0g<1_)\95>+(n + Anp) og( (e + M) )]—i—k‘ (6.235)

=q [ — nglog(1 — 95) + Any log A — Any log (1 — )\05) (6.236)

n— (na + Anb)e(g
Ng + Any

+ (g + Any) log ( ) } +k, (6.237)

where kq, ky and k are constants that are independent of ¢ and in (6.235) we substituted the value of
r. Thus, as expected, g(q) is linear in q. Let c¢(%, \) denote the coefficient of ¢ in the final line. We
now show that for all values of ng, 1y, 0% and A, we have ¢(f#Z, \) > 0. This completes the proof since
it shows that g(-) is strictly increasing and therefore obtains its minimum value at the minimum value
of ¢, namely 6%

First, for fixed ny, np, we have that

n
= = 1 a 1 e — .2
F(A) =¢(0,\) = Anplog A + (ng + Anyp) log (na n )\nb> (6.238)

64



is positive for all A > 1. This is because f(1) =0 and f'(\) > 0 for all A > 1 as follows

'(N) = np + nplog X + ny log <na—f)\nb> —ny (6.239)
~nplog [ —2 (6.240)
=08 Ng + Any ’

Ang + Any
=nyl _— . 241
nbOg(na+)\nb)>0 (6.241)

Further, for any A > 1, the partial derivative of ¢(AX, \) with respect to 8L is positive. This follows
by direct calculation

dc Na A na + Amp)?
90E ~1-0L  1- Agg o —( (na + A;L)b)% o
_na(1=MH) + Xy (1 =08 (na+ Amy)? (6.243)
(1—0L)(1 — N0E) n — (na + Anp)0% |
_ Mo+ Xy — Mna + Am)0y (o + Any)? (6.244)
(1—6L)(1—X0L) n — (na + Any)0g |
[0+ Ny — A(na + Anp)0%] [n = (na + Amy)0E] — (na + Anp)*(1 = 02)(1 — A0y) (6.245)

(1—0L)(1—NoL) [n — (ng + /\nb)ﬁcﬂ
(Mg 4+ Anp) [ = An = (ng + A2np) + (A + 1) (ng + Anp) |02 + n(ng + A2np) — (ng + Ang)?
(1 —60L)(1 = X0L)[n — (na + Any)0L]

a

(6.246)

_ nng+Nmp) — (ng + Amp)? (6.247)
(1= 65)(1 — AE) [ — (na + Anp)BL]

_ nanpy + Nngnp — 2Xnany, (6.248)
(1= 05)(1 = ML) [0 — (nq + Any)0F]

nanp(1 = A)? (6.249)

T (1= 6)(1 — MDY [0 — (ng + Anp)0L]”

Line (6.247) follows by using n = n, + ny and expanding the coefficient of the #Z in the numerator
to see that the coefficient equals zero. Now, since we assumed 62 € (0,1/\) where A > 1, we know
that 1 — 6L > 0 and 1 — A0L > 0. Further, since ML < 1, we have n — (ng + Anp)0L > n — Anfl =
n(l — )\05) > 0. Thus the final expression is positive and the proof is complete. O

6.7 The DOT S-value is not always GROW

At this point we might conjecture that the optimal priors are always point masses, provided 6 and
©1(e)’ are convex. However, this turns out to be false, as the following example shows. The example
is rather simple. As we will see later in Theorem 26, it comes from violating the condition that
0F < roL < Y by taking 6L > 0 and 62 = 0. We then show that the S* does not achieve its minimum
growth rate at 67, which, by Theorem 19, shows that S #+ S*.

Lemma 27. Suppose we have PKR = [0, 1] X [GbL, 1] and that our parameter of interest is the relative
risk. For any values of ng and ny, there exists a threshold value A such that S* % S*. Likewise, for
any values of ng and X, there exists a value of ny such that S* # S*.

Proof. We show that in the two cases either \ or n, respectively can be chosen such that $* does not
achieve its minimum growth rate at 6. For the moment, let n,, n; and X be fixed, with choices to
be made at the end. As before, we know that 67 lies on the boundary of ©;()\)". Parameterize the
boundary of ©1(\)" by

O1(\)' = {01(a) - g € [65//X. 1/A]}, (6.250)
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where 61(q) == (¢, A\q) and for each ¢ let

05(q) = arg min KL(Fp, (4)[| Py, )- (6.251)
9069’
If we define
f(q) = KL(Py, () [ Pz () (6.252)
then
(07,05) = (61(q"),05(q")), where ¢":= argmin f(q). (6.253)

€0y /X 1/A]

Due to the shape of PKR, there exists a value of ¢, say qqg, such that if ¢ > go no projection is required
while for ¢ < gy we have 65(q) = (0F,0F). Thus for ¢ > g9 we have f*(q) = f(q). We have seen
in Lemma 25 that f*(-) is strictly increasing in ¢. This implies that ¢* < gy and so 65 = (HbL, 05).
Therefore it suffices to find the minimum of f(-) on the interval [HbL /A, qo], where

f(q) = KL(Py, g Pg g2y)- (6.254)

We now show that f/(6F/\) <0, so that ¢* > 6L /A. For ¢ < g, we have

f(q) :KL( (g,\q) HP(HL ob) ) (6255)
= nakl(q||05") + npkl(Aq||67) (6.256)
q 1-— Aq 1—)Aq
=ng [qlog = + (1 —q) log L +ny [Aglog — + (1 — A )log 7 - (6.257)
0, — 0 0 — 0,
Differentiating,
q l—q Aq — g
f(q) =ng {log@];—i-l—logl_tglf 1} + [/\loge—i—)\ Alog —GbL_)\] (6.258)
q(1 - 0;) Ag(1 - 6y)
= nglog ———= + Any log ———2=. 6.259
a8 G gy A G ) (6:259)
If we now set ¢ = 6L /), we obtain
o 1—0F 0k (1 —6f)
") =n,l Any log -0~ 6.260
f<)\> n Og)\—eL+ nbogeL(l_eL) ( )
1—6F
= nglog —5. 6.261
A (6.261)

Since A > 1, this shows that f/(L/\) <0 and so ¢* > 0F /.
Recall Lemma 21, which states that the growth rate of S* is minimized somewhere on the boundary
of ©1(A\). Let g(q) be the growth rate of S* at #1(q). Recalling (6.149), we have

Poy
9(9) = Ezup, [log Pe*] (6.262)
Plgr rar)
=Ez.p log ———— (6.263)
(g,2a) P(ebLﬂzf‘) ]

¢ 1-06f At 1—06f
= 1 Agl . 6.264
naqogl_q* %—J + np qogl_)\q* 05 +c ( )

where ¢ is a constant that does not depend on ¢. Differentiating,

* 1—6F Ag* 1 —6F
"(q) = |nq log — L+ Ayl b 6.265
q'(q) [naOgl_q* o7 + mlog nak ( )
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which is a constant. Now ¢* > 0 /X implies A\¢* > 6F. Recalling x — x/(1 — x) is a strictly increasing
positive function on [0, 1), we have

>0k = N> 0F (6.266)
— - iq;q* .. ;bLHbL (6.267)
— - iq;q* ! gbLQbL >1 (6.268)
— log iq;q* ! ;bLebL > 0. (6.269)

Further, this final term is increasing in A. Thus, regardless of the value of

q* 1—95

6.270
L—g* oL 7 ( )

ng log

J'(q) is a positive constant if ny or A is chosen large enough. This would then imply that the growth
rate of S* is minimized by taking ¢ as small as possible, namely at the point 6 = (QbL /A, 05 /A). Since
we have just seen that ¢* > HbL/)\, we see that g # 07. Thus, by Theorem 19, S* # S*. O
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Chapter 7

Results

The plots in this chapter show the growth rate and power of a number of S-values in the unconditional
setting (namely where we take expectations over Nj rather than assuming its value is fixed). We focus
on the more computationally feasible S-values, namely the conditional S-values (constructed in the
unconditional setting) of section 5.4 and the DOT S-values of chapter six. Since using a threshold
value v of the odds ratio to restrict the alternative parameter set ©1 leads to the non-convex ©1(v)),
the results of the previous chapter do not apply. We therefore consider only the risk difference and
relative risk in this chapter.

7.1 Process for generating the S-values

First, recall the process for generating the unconditional DOT S-values:

1. Choose a parameter € (in this chapter ¢ or \).
2. Specify the prior knowledge rectangle PKR.
3. For each threshold value €, construct the null and alternative parameter sets ©f and ©1(e)’.

4. For each threshold ¢, calculate the DOT S-value Sé)l(e)’ using the methods of the previous chapter.

For each €, we then calculate the worst case growth rate and power of 561(6), over ©1(¢)’. Finally, we
see whether there exists a threshold value €* such that the power of Sgl(e*), exceeds that of any other
Sél(e)/ uniformly over ©1(ep)’, where for the risk difference 6y = 0 and for the relative risk \g = 1. If
such an S-value exists, it will be referred to as the uniformly most powerful DOT S-value or simply
the UMP DOT S-value.

Second, recall the process for generating the conditional S-values in the unconditional setting. The
first three steps are the same as in the unconditional case. Thereafter:

1. Construct the induced parameter sets

Vo = {9(04,0p) : (04,6p) € O4} = {1} and (7.1)
\Ill(%) = {Q/J(Oa, 91)) : (HCU gb) € GI(E),} = [ﬁ? Q/)max]- (72)

2. For each induced threshold ¢, the GROW S-value is given by
Sg(No1) = Sy, () (No1) = Py, vy (No1)/ Pr.vy (Noa), (7.3)

where Py, ,, denotes the fnchypg(n,ny, n1) distribution.
3. The UMPG S-value is given by
S () Nor) = Py ny (Non)/ Prvy (Noa ) (7.4)

where for each ny, ¥*(n1) is the unique solution to KL(Py n,||P1n,) = —loga.!

LFor small values of n; this equation may not have a solution. In these cases we used an arbitrary value of 1.
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As before, for each threshold value €, the worst case growth and power of these S-values is calculated
over O (e)".

In summary, for each threshold e with induced threshold v, we calculate the worst case growth and
power over ©1(e)’ of a

1. The DOT S-value S, (.,

2. The UMP DOT S-value S .,

3. The conditional GROW S-value S;Z
4. The UMPG S-value S*.
For the risk difference, we repeated this process with prior knowledge of each of the following forms:
1. no prior knowledge, namely PKR = [0, 1]2
2. prior knowledge 60, > 0.1, namely PKR = [0.1,1] X [0, 1]
prior knowledge 6, < 0.9, namely PKR = [0,0.9] x [0, 1]

L

prior knowledge 6, > 0.1, namely PKR = [0, 1] x [0.1, 1]
5. prior knowledge 6, < 0.9, namely PKR = [0, 1] X [0,0.9]
6. prior knowledge 6, = 0.3, namely PKR = [0.3,0.3] x [0, 1]
7. prior knowledge 6, = 0.3, namely PKR = [0, 1] x [0.3,0.3].

For the relative risk some of these choices do not suffice to strictly separate the parameter sets. In this
case we just use 2, 4, 6 and 7

7.2 Growth and power plots

We now present all the results in figures 7.1 to 7.11, which were conducted using n, = n; = 50
throughout. Note that in some cases there is no line for the UMP DOT S-value. This is because in
those cases no such UMP S-value exists. In the caption for each figure, we state whether it is known
that §* = S* by theoretical results from chapter six. As before, for all the power plots we have included
Fisher’s exact test as a benchmark.

Growth Rate on ©,(8) against threshold value & Power on 8;(5) against threshold value &
1z | — Unconditional DOT 10 R ——
Conditional GROW
1 — Uncohqltlonal DOT UMP 08
Conditional UMPG
8
= , 06 4
2 u ‘
g 6 2 -
s
= 0.4 7
4 ‘ — Uncenditional DOT
Conditional GROW
2 0.2 —— Unconditional DOT UMP
Conditional UMPG
0 00 Fisher's Exact Test
010 015 020 025 030 035 040 035 050 010 015 020 025 030 035 040 035 050
Thresheld value, & Threshold value, &

Figure 7.1: Risk difference with no prior knowledge. In this case, for every threshold value considered,
it is known theoretically that S* = S*.
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Figure 7.2: Risk difference with prior knowledge 6, > 0.1. In this case, for every threshold value

considered, it is known theoretically that S* =
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Figure 7.3: Risk difference with prior knowledge 6, < 0.9. In this case, for every threshold value

considered, it is known theoretically that S*
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Figure 7.4: Risk difference with prior knowledge 6, > 0.1. In this case, for every threshold value

considered, it is known theoretically that S*

S*.
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Figure 7.5: Risk difference with prior knowledge 6, < 0.9. In this case, for every threshold value

considered, it is known theoretically that S* = S*.
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Figure 7.6: Risk difference with prior knowledge 6,
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Figure 7.7: Risk difference with prior knowledge 6, = 0.3. In this case, for every threshold value

considered, it is known theoretically that S* =
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Figure 7.8: Relative risk with prior knowledge 6, > 0.1.
considered, it is known theoretically that S* = S*.
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considered, it is known theoretically that S* = S*.
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Figure 7.11: Relative risk with prior knowledge 0, = 0.3. In this case, for every threshold value
considered, it is known theoretically that S* = S*.

7.3 Analysis

In most cases we see that Fisher’s exact test is more powerful than all of our S-values. However, for
degenerate prior knowledge rectangles, namely when one of 6, or 6 is known precisely, it appears that
the unconditional DOT and unconditional UMP DOT S-values are more powerful, at least for large
threshold values. As before, the fact that Fisher’s exact test is usually more powerful is perhaps to
be expected, since S-values have to satisfy the additional requirement of being safe under optional
continuation.

While there is no clear ‘winner’ for growth rate and power simultaneously among the four S-
values, some qualitative judgements can be made. For example, it is noteworthy that between the
unconditional DOT and the unconditional UMP DOT S-values, the first is likely to be preferable in
many cases. The reason is that while by definition the DOT S-value has growth at least as good and
power at most as good as the UMP DOT S-value, it frequently exceeds the growth rate of the UMP
DOT S-value by a large margin, while falling short of the UMP DOT S-value in terms of power by only
a small margin. The same appears true in the conditional case, namely that the conditional GROW
S-value is slightly preferable to the conditional UMPG S-value in many cases.

A significant disadvantage of the conditional UMPG S-value is that its growth rate is occasionally
negative, for small values of the threshold. This means that there are some cases in which the UMPG
S-value may actually shrink under the alternative hypothesis. While the unconditional DOT UMP also
suffers this disadvantage in a small region of figure 7.11, it is the UMPG S-value that is most affected.
Overall, it appears that there should be a slight preference for the unconditional DOT S-value, but
this is not clear cut in every case, meaning the practitioner should first check the specifics of their trial
before deciding which S-value to use.

7.4 Similarity between growth of unconditional DOT and conditional
GROW S-values

Curiously, the growth of the unconditional DOT and conditional GROW S-values is very similar if not
identical in a number of cases. We explore here why that might be.
First, as in [5], for any p > 0, we can define

@1(/)) = {91 € 06, :Ooing)o KL(P91||P90) > p} . (75)

The boundary BD(01(p)) of O1(p), is then referred to in [5] as the ‘lemon’ due to its bulging shape
around the main diagonal. Intuitively, to find the (0],6;) for a given ©f and ©;(e)’ minimizing
KL(Py,||Pp,, one can imagine increasing the value of p until the ‘lemon’ intersects first intersects
©1(¢)’. The point of intersection is then 7. Now ©1(¢)’ is a polygon for the risk difference and relative
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risk. Further, the shape of the curves (60, 6,) = 1 are quite similar to the lemon and they share the
same symmetry about the line 8, = 1 — 0,. It is not hard to imagine therefore that increasing g to
find the point where ¥(6,,0,) = 1o first intersects ©1(e)’ might also give 7. In the case of the risk
difference with no prior knowledge, the symmetry alone suffices to see this. Letting 67 = ( 1as 01 b)s
this implies that the induced threshold for the odds ratio is given by ¢ = ¥ (67 ,,67,). Suppose we are
indeed in this scenario and let 65 = (p*, p*). Then the conditional GROW S-value is given by

S;(Nblle) - 512(9;7a,9;7b)(Nb1\N1) (7.6)
_ Py .01 ). (Np1) (77)
Py N, (Np1) '
Py ,.01,) (No1|N1)

Pl po) (N1 [N1) (since 9 (p™,p") = 1) (7.8)

Py 01,)(Nat, No) Pz o7 ) (N1)

(7.9)
P(p*,p*)(N(Zl? Nbl)P(p*yp*)(Nl)
Further, the unconditional DOT S-value is given by
S*(Z) _ Pgi‘ (Z) . P(of,maib)(Nal’ Nbl) (7 10)
PQS(Z) P(p*7p*)(Na17Nb1) ) '
Therefore, taking the ratio, we have
SYz) Pog .07,)(N1)  Ppe (1) (7.11)

Si(Z) Py (N1) — Pay(N)’
Using this fact, we can inspect the difference in growth rate between the two S-values as follows. For
any 61 = (64,0p) € ©1(¢)’, we have

Ez,\,lz'g1 [log S*] — EZngl [log S;Z] = EZNP91 log ST (7.12)
B ¥
Pp; (V1)
=Ez. log ——=|. 1
Z~Py, |:Og Pe6 (Nl):| (7 3)

Now if S* is in fact the GROW S-value then it achieves its minimum growth rate at 07. Further, for
any Ny, S;Z achieves its minimum conditional growth rate at ¢* = (07). Suppose this implies S:Z
achieves its minimum unconditional growth rate at 6;. B

We now take a particular example, namely that of the risk difference with threshold § = 0.2 and
ng = np = 40. Recall that we then have

0r = <1;‘”;”5> =(0.4,0.6) and 6 = (0.5,0.5). (7.14)

Plotting log<5'* / S;Z) against ni, we have the figure 7.12. Note that the difference is approximately
zero in a neighbourhood of ny = 40, which is the expected value of Ni. Since this is where the majority
of the mass of the distribution of Nj lies, we see that 7.13 is indeed small, meaning the difference in
growth between the two S-values is small (provided all the assumptions we made along the way are
satisfied).
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Difference between logarithms of the Conditional and Unconditional GROW S-values
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Figure 7.12: The logarithm of the ratio S*(nl)/S:;(nl) plotted against n;.
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Chapter 8

Conclusion

The bulk of the contribution of this thesis is the series of results either giving closed expressions
for the S-values we considered, or providing calculation methods that are dramatically faster than
approximating the JIP directly. While the evaluation of our safe tests did not provide a definite
answer to the question of which should be used for statistical inference, the methods used to construct
them and the results developed along the way contribute to the general understanding of safe tests
for 2 x 2 tables. Some of our results and methods may find wider application in the study of safe
tests more generally; perhaps most promisingly Theorem 19, which can be used to check whether it
suffices to look at point mass priors. If future research validates the conjecture that this theorem can
be reversed, it could also be used in other cases to falsify the claim that point mass priors suffice,
showing that the JIP approximation may have to be used.

It was seen in chapter six that while the unconditional GROW S-value for 2 x 2 tables is frequently
given by point priors, this is not always the case, even when the parameter sets are convex. Nevertheless,
the cases in which point priors did not suffice were also the cases in which projection was required to
find the optimal 6. This suggests the conjecture that, provided the parameter sets are convex and no
projection is required to obtain 6, namely §; = (p*,p*) where

naba + 1y

— pX — Na%a T ™% 8.1
pr=p - , (8.1)

then point priors suffice. This would be consistent with the results found in this thesis and may be a
direction for future work.
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Appendix A

Conditions of Theorem 1

Recall the conditions of Theorem 1, which is the main result of the paper |5]:
1. For all 0y € ©g and W7 € W(0O)) we have that Py, is absolutely continuous relative to Py, .
2. The infimum inf w, wy)ew(er) xwe0) KL(Pw |[Pw, ) is finite.
3. The infimum is achieved by some (W{, W).
4. The infimum is achieved uniquely.

We will now explore when these conditions hold for our different choices of ©1(¢)’ and ©y,.

The first condition holds if ©} does not overlap with the boundary of the unit square. To see this,
note that for all 6 = (6,,0,) € (0,1)%, Nu1 € [ng] and Ny € [np], we have Pp(Ng1, Np1) # 0. Thus
for any W1 € W((0,1)?), we also have Py, (N1, Ny1) # 0, and so the absolutely continuous condition
trivially holds.

However, the first condition may not hold if ©] does overlap with the boundary of the unit square.
For example, suppose there exists 6y = (p,p) € O for some p € (0,1) and some 0; = (6,,0;) € O] such
that 6, = 0 (6, = 0 will lead to the same problem by swapping the values of N,; and Nyp). Let Wi be
a point mass on 61, and take Ny = 1 and Np; = k. Then Py, (Nq1, Np1) = 0, while Py, (Ng1, Np1) # 0.
Thus Py, is not absolutely continuous relative to Py, .

In many of our cases O1(¢)’ does contain elements of the boundary of the unit square. This can be
remedied by taking the intersection with [c, 1 —¢]?, for any ¢ > 0. However, note that all the numerical
experiments of chapter five and theoretical results of chapter six demonstrate that the supports of W
and Wy are strictly separated from the boundary of the unit square for every choice of parameter,
threshold and prior knowledge rectangle for which Wi and W are not degenerate. Hence their supports
already lie in [c,1 — ¢]?, for some positive c¢. Therefore the parameter sets can be safely intersected
with this smaller square without increasing the infimum or altering the priors which achieve it. This
then ensures the first condition holds without altering the GROW S-value. Thus we can safely ignore
condition one.

For the second condition to hold, there need only exist 6y = (p,p) € O and 0; = (6,,0) € O]
such that p,0,,6, € (0,1). By independence, we have

KL(Py, || Po,) = nakl(0a||p) + npkl(6p]|p) (A.1)

o 1-6, 1-—
= Ng Qalogi+(1 —6,)log ] 0 } +np {leogeb+(1 — 6p) log 1 il . (A2)
p p

which is finite since none of the values 6, 6 or p is equal to 0 or 1. Such nontrivial p, 8, and 6, exist
in all the cases we consider.

We now prove Theorem 30, which states that the third condition holds provided O (¢) and ©f are
compact. This suffices, since in all the cases we consider 01 (¢)’ and Oy, are indeed compact. The result
relies on Prokhorov’s Theorem and a theorem due to Posner |9, Theorem 1], for which the following
definitions are required.
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Definition 4. A metric space (X, d) is complete if every Cauchy sequence in X has a limit in X.
Definition 5. A metric space (X, d) is separable if X contains a countable dense subset.

Definition 6. A topological space (X, 7) is sequentially compact if every sequence of points in X has
a convergent subsequence converging to a point in X.

Definition 7. The Borel o-algebra on a metric space (X,d) is the o-algebra generated by the open
sets defined by d.

Definition 8. Let (X, d) be a metric space with Borel o-algebra B. Let P denote the collection of all
probability measures defined on B. A subset Q C P is tight if for any € > 0 there exists a compact
K. C X such that, for all measures p € Q,

p(Ke) >1—e (A.3)

Definition 9. Let (X, d) be a metric space with Borel o-algebra B. A sequence of probability measures
Py, Py, ... on B is said to converge weakly to the probability measure P if

Ex~p,[f(X)] = Ex~p[f(X)] (A4)

for every bounded continuous real-valued function f on X. This is written P, = P.

Theorem 28 (Prokhorov’s Theorem). Let (X, d) be a separable metric space with Borel o-algebra B
and let P denote the collection of all probability measures defined on B. A subset Q C P is tight if
and only if the closure of Q is sequentially compact in the space P equipped with the topology of weak
convergence.

Theorem 29 (Posner, [9]). Let (X,d) be a complete separable metric space and let P, = P and
Qn = Q. Then
KL(P|[Q) < lim inf KL(P,[|Qn). (A.5)

In other words, KL(P||Q) is jointly lower semi-continuous in P and Q.

With these definitions and theorems, we can now state and prove the following theorem, which
states that condition three holds provided the parameter sets are compact.

Theorem 30. Let ©7,0; C [0, 1]2 be compact. Let n, and ny be positive integers and, for any 6 =
(0a,0y) € [0,1]2 let Py denote the distribution of Z = (Na1, Np1), where Nu1 and Ny are independent
with distributions

Na1 ~ Bin(ng,0,) and Ny ~ Bin(ng, 0p). (A.6)

Then there exist Wi and W such that

KL(Pyy;

Pw;) = inf KL(Pyw. || Py ). AT
WO) (WLWO)GV{/I(l@’l)xW(eo) (P || P ) (A7)

Proof. By the definition of the infimum, there exists a sequence (Wl(n), Wén)) forn = 1,2,... such
that
KL(P._ w||P. ) = inf KL(Pw, || P A8
(P [Py em) o oweo) (P | [P ) (A.8)
asn — oco. Let Q; = {Wi(n) :n=1,2,...} for i € {0,1}. Then, since every W,L-(n) is a probability
distribution on the compact set [0, 1]?, we see that Q1 and Qp are tight (we simply take K. = [0, 1]
for each € > 0). Thus, by Prokhorov’s Theorem (Theorem 28), their closures are sequentially compact,
meaning they have subsequences weakly converging to some W; and Wy respectively. By taking the
subsequences sequentially, we can thus find a subsequence (Wln), Wo(n)) of (Wl(n), én)) such that

Wl(n) = W1 and Wén) = W() (A.Q)
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as n — oo. Now, let f: Z — [—B, B] be an arbitrary bounded continuous real-valued function. We
can then define g : [0,1]> — R by
9(0) = Ez~p,[f(2)] (A.10)

for any 6 = (0,,0) € [0,1]?. Then for any @
19(0) < Ezop[|f(2)]] < Ezwp,[B] < B, (A11)

so g is bounded. Further, since Py(z) is continuous in 6 for every z € Z, we see that ¢ is continuous.
Thus, for ¢ € {0,1}, by the definition of weak convergence we have

EZNPWi(n) [F(Z)] = Eqy_ e [Ezp,[f(2)]] (A.12)
=B, _ml9(0) (4.13)
= By, [9(0)] (A.14)
=By, [Ez~p, [f(2)]] ( )
= EZNPV-VZ, [f(Z)]. ( )
Since f was an arbitrary bounded continuous real-valued function, we see that PW{”) = Py, and

Py = Py, . Finally, by the joint lower semi-continuity of the KL-divergence (Theorem 29), we see
0
that

KL(PW1 | ‘PWO) < linrgiol.}f KL(PWI(") HPW(E")) (A.17)
= nhﬁngo KL(PWI(") ‘ |PV~V(§")) (A.18)
= inf KL(P{/V1 ‘ |PW0) (A.19)

(Wl,W())EW(Qll) XW(O0)

and so

KL(Py, [ Py,) = KL(Pw, || Py )- (A.20)

inf
(W1,Wo)eW(©]) xW(Oo)
O
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Appendix B

Proofs

We restate and give the proof of Lemma 22.

Lemma. Let v € [—1,1] \ {0} and define f(q) = kl(q + 7||q) for max{0, —v} < ¢ < min{l,1 —~}.
Then f is strictly conver.

Proof. We show that f is always either continuous or infinite at the endpoints and has positive second
derivative on the open interval.
First, suppose v > 0, so that g € [0,1 —7]. Then

£(0) = K(0) = ylog T+ (1= 7)log = = ox, (B.1)
F(1=9) = M(1]1 =) = Tlog = + 01og3 — _log(1—7) and (B.2)
Jim @) = i L+ )1os 5 4 (1 (g iog P 1E ®3)
= —log(1 —), (B4)

using continuity and the fact that xlogx — 0 as x | 0. Therefore f is infinite at the left endpoint and
continuous at the right endpoint.
Likewise, if v < 0, so that ¢ € [—~, 1], we have

F(=2) = KI(0]| =) = 0log =+ 1log 15— = ~log(1+ ) (B.5)
F1) =K1 +A]1) = (14 7)log T — 1o %7 = oo and (B.6)
lim f(q) = lim {(qﬁv)logm+(1—(q+7))10g1_(q+7)} (B.7)

al— =y q 1—-¢q
= —log(1 — ), (B.8)

again using continuity and the fact that xlogz — 0 as = | 0. Therefore f is infinite at the right
endpoint and continuous at the left endpoint.

We now calculate the second derivative of f in the open interval. Expanding the KL divergence,
we have

1—(q+) (B.9)

£(@) = (a-+)1os LT 4 (1~ g+ 7)) log — 1,
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and, taking the derivative, we get

, g+~ 1 1) 1—(q+7)

q) =lo + (g + <— —log ————~ B.10
f(q) =log . (g+7) v . (B.10)
1 1

+ (1 —(qg+ <— + ) B.11
] e e (B.11)
1 —
:logQ+’Y—l—log l+7) T (B.12)
q q 1—q 1—g¢q
The second derivative is then

1 1 v 1 1 vy
fflg)=——-—-+—5+ - - B.13
@ qg+y ¢ ¢ 1-(¢g+v) 1-q (1-¢)? (B.13)

_ P2ya—v-3¢1-q) +1)
(1= q)%(q+7A = (g+7))

(B.14)

Since we are now working in the open interval, we have ¢+~ >0,¢ >0,1—¢ > 0and 1—(¢++) > 0.
Therefore

(@) >0 = 2y¢—~v—-3¢(1—q¢)+1>0 (B.15)
— 32+ (2y-3)g+1—7>0. (B.16)
The discriminant of this quadratic is (2y — 3)% — 12(1 — 7) = 49% — 3. Thus if v € (—v/3/2,V3/2)

the quadratic is always positive and f is strictly convex. Alternatively, suppose v < —v/3/2, so that
q € [=7,1]. Let ¢_, g+ be the lower and upper solutions of the quadratic respectively. We have

3-2v+/42 -3
gp = 7+6 VT2 o e 12 _3< 4y -3 (B.17)
= 492 -3< 1692+ 24y +9 (since 49 —3>0)  (B.18)
— Y2429 +1>0 (B.19)
= (v+1)?*>0. (B.20)

Since the last line is trivially true, we see that ¢4 < —v and so f”(q) > 0 for ¢ € [—, 1].
Likewise, if v > 1/3/2, so that ¢ € [0,1 — ], we have

s TN PR (B.21)

= 49?7 -3 <169 - 247+ 9 (since 44> -3 >0) ( )

— Y14+ 294+1>0 (B.23)

— (y+1)2>0. (B.24)

Again, since the last line is trivially true, we see that ¢- > 1—~ and so f”(¢) > 0 for g € [0,1—~]. O
We now restate and give the proof of Lemma 25

Lemma. Lety > 0 and define f(q) := kl(q||vq). Then f is strictly increasing in q.

Proof. By direct calculation, we show that f’(0) > 0 and f”(¢) > 0 for all ¢, which, since f is
continuously differentiable, implies that f’(¢) > 0 for all q.

q —
flqg) =qlog— + (1 —q)log B.25
(@)= qlo L+ (1 - )log — L (5.25)
= —qlogvy+ (1 —q)log . B.26
(1-a)log T~ (5.26)
(B.27)
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Differentiating, we get

1 Y l—q
/

q) =—logy+(1—-¢q) |———+ — B.28
f(@) gv+(1-4q) i g T (B.28)

1-— 1-—
=—logy—1+ =a) log 4 (B.29)

L —q L—q
Y- l—q
= —logvy+ — log . B.30
1 —nq 1 —nq (B.30)
This gives f'(0) = —log~y + v — 1 which is positive by the well-known inequality logz < x — 1.
Differentiating again, we have

1 —1) 1 gl
' (q) = + — B.31
@ (I-=7vq)* 1-q¢ 1-1q (B.31)

(-1 11—~
= + B.32
(1=7q)? (1-q91 -9 (B.32)
v—1
= Y(1—¢q)—(1—"q B.33
T -9~ (1= 0) (B.33)
—1)2

__ 0= (B.34)

(1 —=79)*(1—q)’

which is positive since ¢ € Ipkr N [0,1/A], s0 ¢ < 1/XA < 1 since A > 1. Thus f/(0) > 0 and f"(q) >0
for all ¢, meaning f’(q) > 0 for all ¢ and so f(-) is strictly increasing. O
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