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Abstract

The clustering task consists in delivering labels to the members of a sample. For
most data sets, some individuals are ambiguous and intrinsically difficult to attribute to
one or another cluster. However, in practical applications, misclassifying individuals is
potentially disastrous. To overcome this difficulty, the idea followed here is to classify only
a part of the sample in order to obtain a small misclassification rate. This approach is well
known in the supervised setting, and referred to as classification with an abstention option.
The purpose of this paper is to revisit this approach in an unsupervised mixture-model
framework. The problem is formalized in terms of controlling the false clustering rate
(FCR) below a prescribed level «, while maximizing the number of classified items. New
procedures are introduced and their behavior is shown to be close to the optimal one by
establishing theoretical results and conducting numerical experiments. An application to
breast cancer data illustrates the benefits of the new approach from a practical viewpoint.

1 Introduction

1.1 Background

Clustering is a standard statistical task that aims at grouping together individuals with sim-
ilar features. However, it is common that data sets include ambiguous individuals that are
inherently difficult to classify, which makes the clustering result potentially unreliable. To il-
lustrate this point, consider a Gaussian mixture model with overlapping mixture components.
Then it is difficult, or even impossible, to assign the correct cluster label to data points that
fall in the overlap of those clusters, see Figure 1. Hence, when the overlap is large (Figure 1
panel (b)), the misclassification rate of a standard clustering method is inevitably elevated.

This issue is critical in applications where misclassifications come with a high cost for
the user and should be avoided. This is for example the case for medical diagnosis, where
an error can have severe consequences on the individual’s health. When there is too much
uncertainty, a solution is to avoid classification for such individuals, and to adopt a wiser
“abstention decision”, that leaves the door open for further medical exams.

In a supervised setting, classification with a reject (or abstention) option is a long-standing
statistical paradigm, that can be traced back to Chow (1970), with more recent works includ-
ing Herbei and Wegkamp (2006); Bartlett and Wegkamp (2008); Wegkamp and Yuan (2011),
among others. In this line of research, rejection is accounted for by adding a term to the risk
that penalizes any rejection (i.e., non classification). However, this approach does not provide
a prescribed control of the classification error among the classified items (those that are not
rejected).

More confidence in the labelling can be brought via conformal prediction, Vovk et al. (1999,
2005), see also Angelopoulos et al. (2021) for a review. This generic technique can be applied
to supervised classification for producing confidence sets for the label vector. However, such
inference does not incorporate the abstention rule. Very recently, Denis and Hebiri (2020)



proposed a conformal approach with a rejection option. The method consists in minimizing
the probability of misclassification conditionally on the fact that it has been classified, while
controlling the probability of being classified. This brings a safety guarantee on the label
assigned to the classified items.

1.2 Aim and approach

The goal of the present work is to propose a labelling guarantee on the classified items in the
vein of Denis and Hebiri (2020), but in the more challenging unsupervised setting, where no
training set is available and data are assumed to be generated from a finite mixture model.
This is achieved by the possibility to refuse to cluster ambiguous individuals and by using the
false clustering rate (FCR), which is defined as the average proportion of misclassifications
among the classified objects. Our procedures are devised to keep the FCR below some nominal
level «, while classifying a maximum number of items.

It is important to understand the role of the nominal level a in our approach. It is
chosen by the user and depends on their acceptance or tolerance for misclassified objects.
Since the FCR is the misclassification risk that is allowed on the classified objects, the final
interpretation of FCR control at level « is clear: if for instance « is chosen to be 5% and
100 items are finally chosen to be classified by the method, then the number of misclassified
items is expected to be at most 5. This high interpretability is similar to the one of the false
discovery rate (FDR) in multiple testing, which has known a great success in applications
since its introduction by Benjamini and Hochberg (1995). This is a clear advantage of our
approach for practical use compared to the methods with a rejection option that are based
on a penalized risk.

In our framework, a procedure is composed of two intertwined decisions:

e a selection rule deciding which of the items are labelled;
e a clustering method inferring the labels for the selected items.

Both decisions heavily rely on the appropriate quantification of the uncertainty of the cluster
labels. As such, our approach is model-based, and can be viewed as a method that thresholds
the posterior probabilities of the cluster labels with a data-driven choice of the threshold.
The performance of the method will depend on the quality of the estimates of these posterior
probabilities in the mixture model.

The adaptive character of our method is illustrated in Figure 1: when the clusters are well
separated (panel (a)), the new procedure only discards few items and provides a clustering
close to the correct one. However, when the clusters are overlapping (panel (b)), to avoid a
high misclassification error, the procedure discards most of the items and only provides few
labels, for which the uncertainty is low. In both cases, the proportion of misclassified items
among the selected ones is small and in particular close to the target level a (here 10%).
Hence, by adapting the amount of labeled or discarded items, our method always delivers a
reliable clustering result, inspite of the varying intrinsic difficulty of the clustering task.

1.3 Presentation of the results
Let us now describe in more details the main contributions of the paper.
e We introduce three new data-driven procedures that perform simultaneously selection

and clustering: the plug-in procedure (illustrated in Figure 1) and two bootstrap pro-
cedures (parametric and non-parametric), see Section 3.2.
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Figure 1: Data from Gaussian mixtures with three components (n = 200), in a fairly separated
case (panel (a)) and an ambiguous case (panel (b)). In each panel, the left part displays the
true clustering, while the right part illustrates the new procedure (plug-in procedure at level
a = 10%), that does not cluster all items. The points not classified are depicted by grey
crosses. Points circled in red correspond to erroneous labels.

e We prove that the plug-in procedure controls the FCR at the desired level «, up to
a reminder term which becomes small when the sample size grows. In addition, this
procedure is shown to satisfy the following optimality property: any other procedure
that provides an FCR control necessarily classifies equal or less items than the plug-in
procedure, up to a small remainder term. All results are non-asymptotic in the sample
size (Theorem 6), and it is shown that the reminder terms tend to zero when the sample
size tends to infinity (Corollary 7). We also put forward specific convergence rates
depending on the parameter estimation accuracy (Corollary 8).

e Numerical experiments establish that the bootstrap procedures improve the plug-in pro-
cedure in terms of non-asymptotic FCR control, and thus are more reliable for practical
use, where the sample size may be moderate, see Section 5.1.

e Our analysis also shows that the fixed threshold procedure that only labels items with
a maximum posterior probability larger than 1 — « is generally suboptimal for an FCR
control at level «, see Section 5.1. To this extent, our procedures can be seen as more
refined algorithms that classify more individuals while maintaining the FCR control.

e The practical impact of our approach is demonstrated on a real data set, see Section 5.2.

1.4 Relation to previous work

Other clustering guarantees in unsupervised learning While we provide a specific
FCR control guarantee on the clustering, other criteria, not particularly linked to a rejection
option, have been previously proposed in an unsupervised setting. Considering the cluster
labels as fixed parameters, minimizing the misclassification risk has been proposed in Lei and
Rinaldo (2015); Lu and Zhou (2016), among others. When clusters are rather considered as
latent variables generated concomitantly with the observations (as we do here), other criteria
have been investigated: the probability to make a different decision than the Bayes rule
(Azizyan et al., 2013), the probability of exact recovery (Arora and Kannan, 2005; Bickel and
Chen, 2009), or the fact that all clusters are mostly homogeneous with high probability (Najafi
et al., 2020). All these works provide a guarantee only if the setting is favorable enough. By
contrast, providing a rejection option is the key to obtain a guarantee in any setting (in the
worst situation, the procedure will not classify any item).



Comparison to Denis and Hebiri (2020) and Mary-Huard et al. (2021) We describe
here two recent studies that are related to ours, because they also use a FCR-like criterion.
The first one is the work of Denis and Hebiri (2020), which also relies on a thresholding
of the (estimated) posterior probabilities. However, the control is different, because it does
not provide an FCR control, but rather a type-II error control concerning the probability of
classifying an item. Also, the proposed procedure therein uses an additional labeled sample
(semi-supervised setting), which is forbidden in our case.

The work of Mary-Huard et al. (2021) also proposes a control of the FCR. However, the
analysis therein is solely based on the case where the model parameters are known (thus
corresponding to the oracle case developed in Section 3.1 here). Compared to Mary-Huard
et al. (2021), the present work provides number of new contributions, which are all given in
Section 1.3. Let us also emphasize that we handle the label switching problem in the FCR,
which seems to be overlooked in Mary-Huard et al. (2021).

Relation to false discovery rate The FCR is closely related to the false discovery rate
(FDR), defined as the average proportion of errors among the discoveries, in a multiple testing
context. In fact, we can roughly view the problem of designing an abstention rule as testing,
for each item ¢, whether the clustering rule correctly classifies item ¢ or not. With this analogy,
our selection rule is based on quantities similar to the local FDR values (Efron et al., 2001), a
key quantity to build optimal FDR, controlling procedure in multiple testing mixture models,
see, e.g., Storey (2003); Sun and Cai (2007); Cai et al. (2019); Rebafka et al. (2019). In
particular, our final selection procedure shares similarities with the procedure introduced in
Sun and Cai (2007), also named cumulative ¢-value procedure Abraham et al. (2021). In
addition, our theoretical analysis is related to the work of Rebafka et al. (2019), although the
nature of the algorithm developed therein is different from here: they use the g-value procedure
of Storey (2003), while our method rather relies on the cumulative ¢-value procedure.

1.5 Organization of the paper

The paper is organized as follows: Section 2 introduces the model and relevant notation,
namely the FCR criterion, with a particular care of the label switching problem. Section 3
presents the methods: the oracle, plug-in and the bootstrap approaches. Our main theoretical
results are provided in Section 4, after introducing the appropriate assumptions. Section 5
presents numerical experiments and an application to a real data set, while a conclusion is
given in Section 6. Proofs of the results and other technical details are deferred to appendices.

2 Setting

This section presents the notation, model, procedures and criteria that will be used throughout
the manuscript.

2.1 Model

Let X = (Xq,...,X,) be an observed random sample of size n. Each X; is an i.i.d. copy of
a d-dimensional real random vector, which is assumed to follow the standard mixture model:

Z ~ M(my,...,mq),
X|Z=q~Fy, 1<q¢<Q,

where M(mq,...,mg) denotes the multinomial distribution of parameter 7 (equivalently, 7, =
P(Z = q) for each q). The model parameters are given by



e the probability distribution 7w on {1,...,Q} that is assumed to satisfy m, > 0 for all ¢.
Hence, 7, corresponds to the probability of being in class g;

e the parameter ¢ = (¢1,...,pg) € U?, where {F,,u € U} is a collection of distributions
on R?. We moreover assume that each distribution F,, has a density with respect to the
Lebesgue measure on R?, that we denote by f,. Also, we assume that the ¢g’s are all
distinct.

The parameter @, coding for the number of classes, is assumed to be known and fixed through-
out the manuscript (see Section 6 for a discussion). The overall parameter is thus 6 = (7, ¢),
the parameter set is denoted by ©, and the distribution of (Z, X) is denoted by Py. The
distribution family {Py,6 € ©} is the considered statistical model. We also assume that © is
an open subset of R¥ for some K > 1 with the corresponding topology.

In this mixture model, the latent vector Z = (Z1,...,Z,) encodes a partition of the n
observations into ) classes given by {1 < i <n : Z; = ¢}, 1 < ¢ < Q. We refer to this
model-based, random partition as the true latent clustering in the sequel.

In what follows, the “true” parameter that generates (Z, X) is assumed to be fixed and is
denoted by 6* € ©.

2.2 Procedure and criteria

Our approach starts with a given clustering rule, that aims at recovering the true latent
clustering. In general, a clustering rule is defined as a (measurable) function of the observation
X returning a vector label Z= (Zi)lgign € {1,...,Q}" for which the label ¢ is given to
individual 7 if and only if Z; = ¢.

The classification error of Z is thus given by (Z,Z) = S H{Z # Z;}. Obviously,
since switching the labels in Z does not change the true latent partition, we should allow for
switching the labels when making the decision Z from the data. The clustering risk of Z is
thus defined by

R(Z) = Ey- <min Ee- (n—ls(a(i), Z) | X)) , (1)
o€lQ]
where [@] denotes the set of all permutations on {1,...,Q}. Above, the minimum over o is

added to handle the aforementioned label switching problem.

Remark 1. Note that the position of the minimum w.r.t. o matters in the risk (1): o is
allowed to depend on X but not on Z. Hence, this risk has to be understood as being computed
up to a data dependent label switching. This definition coincides with the usual definition of
misclassification risk in the situation where the true clustering is deterministic, see Lei and
Rinaldo (2015); Lu and Zhou (2016). Hence, it can be seen as a natural extension of the latter
to a mixture model where the true clustering is random.

Classically, we aim to find a clustering rule Z such that the clustering risk is “small”.
However, as mentioned above, whether this is possible or not depends on the intrinsic difficulty
of the clustering problem and thus of the true parameter 68* (see Figure 1). Therefore, the idea
is to provide a selection rule, that is, a (measurable) function of the observation X returning a
subset S C {1,...,n}, such that the clustering risk with restriction to S is small. Throughout
the paper, a pmcedure refers to a couple C = (Z S), where Zis a clustering rule and S is a
selection rule.



Definition 1 (False clustering rate). The false clustering rate (FCR) of a procedure C = (Z, S)
s given by

FCRQ* (C) = ]EG* <01-2E5} E@* <m ‘ X)) 7 (2)

where es(Z,Z) = Y.
S.

ies WZ; # ZZ} denotes the misclassification error restricted to the subset

In this work, the aim is to find a procedure C such that the false clustering rate is con-
trolled at a nominal level a, that is, FCRg- (C) < a. Obviously, choosing S empty implies
es(0(Z),Z) = 0 a.s. for any permutation o and thus satisfies this control. Hence, while
maintaining the control FCRy«(C) < «, we aim to classify as much individuals as possible,
that is, to make Ey«|S| as large as possible.

The FCR (2) involves an expectation of a ratio, which is more difficult to handle that a
ratio of expectations. Hence, the following simpler alternative criterion will also be useful in
our analysis.

Definition 2 (Marginal false clustering rate). The marginal false clustering rate (mFCR) of
a procedure C = (Z, S) 1is given by

min Eq- <es(a(2), Z) ’ X>>

o€l@]

B Eg* (
mFCRy-(C) = By (5] : (3)

with the convention 0/0 = 0.

Note that the mFCR is similar to the criterion introduced in Denis and Hebiri (2020) in
the supervised setting.

2.3 Notation

We will extensively use the following notation: for all ¢ € {1,...,Q} and 6 = (7, ¢) € ©, we
let

7qu¢q(X)
Uy(X,0)=Py(Z =¢q|X) = —5———; 4
(X,0) =Py(Z = q|X) ST g (X) (4)
T(X,0)=1— max £,(X,0)€[0,1—1/Q]. (5)

q€{17“‘)Q}

Hence, £4(X, 0) is the posterior probability of being in class ¢ given the measurement X under
the distribution Py. The quantity T'(X,0) is a measure of the risk when classifying X: it is
close to 0 when there exists a class ¢ such that £,(X,0) is close to 1, that is, when X can be
classified with a large confidence.

3 Methods

In this section, we introduce new methods for controlling the FCR. We start by identifying
an oracle method, in the sense that it uses the true value of the parameter 8*. Substituting in
that oracle the unknown parameter 8* by an estimator provides our first method, called the
plug-in procedure. We then define a refined version of the plug-in procedure, that accounts
for the variability of the estimator and is based on a bootstrap approach.



3.1 Oracle procedures

MAP clustering Here, we proceed as if an oracle had given us the true value of 6*
and we introduce an oracle procedure C* = (Z*,S*) based on this value. As the follow-
ing lemma shows, the best clustering rule is well-known and given by the Bayes clustering
Z* = (Z,...,Z*) which can be written as

7} € argmax 0g(X;,07), ie{l,...,n}, (6)
q€{17"'7Q}

where £,4(+) is the posterior probability given by (4).

Lemma 1. We have ming R(z) = R(z*) =n~t Y | Eg-(T7), for the Bayes clustering zZ*
defined by (6) and for

T =T(X;,0%) =Py (Z; # Z7|1X:), i €1{1,...,n}, (7)
where T(+) is given by (5).

In words, Lemma 1 establishes that the oracle statistics T corresponds to the posterior
misclassification probabilities of the Bayes clustering. To decrease the overall misclassification
risk, it is natural to avoid classification for points with a high value of the test statistic 7T} .

Thresholding selection rules In this section, we introduce the selection rule, which as-
sesses which items have to be classified. From the above paragraph, it is natural to consider
a thresholding based selection rule S = {i € {1,...,n} : T} <t}, for some threshold ¢ to be
suitably chosen. The following result gives insights for choosing such a threshold t.

Lemma 2. For a procedure C = (2*, S) with Bayes clustering and an arbitrary selection S,

FCRy-(C) = Eg- <m§xa§1)> . (8)

As a consequence, a first way to build an (oracle) selection is to set
S={ie{l,...,n} : T} < a}.

Since an average of numbers smaller than « is also smaller than «, the corresponding procedure
controls the FCR at level a. This procedure is referred to as the procedure with fized threshold
in the sequel. It corresponds to the following naive approach: to get a clustering with a risk
of o, we only keep the items that are in their corresponding class with a posterior probability
at least 1 — . By contrast, the selection rule considered here is rather

S={ie{l,...,n} : T} <t(a)},

for a threshold ¢(a) > o maximizing |S| under the constraint ), 77" < «|S|. It uniformly
improves the procedure with fixed threshold and will in general lead to a (much) broader
selection. This gives rise to the oracle procedure, that can be easily implemented by ordering
the T7"’s, see Algorithm 1.



Algorithm 1 Oracle procedure

Input: Parameter 6%, sample (X1,...,X,), level a.

Compute the posterior probabilities Py« (Z; = q|X;), 1 <i<n, 1<q¢g<Q;
Compute the Bayes clustering Z* 1 <1 < n, given by ( );

Compute the probabilities T, 1 < i < n, given by (7);

Order these probabilities in increasing order T(*l) < <L T(’;l);

Choose k* the maximum of k € {0,...,n} such that max(k,1)~! Zf 1 14 ( ) <
. Select S7, the index corresponding to the k* smallest elements among the T*’
Output: Oracle procedure Co = (Z*, S7).

AN S

Algorithm 2 Plug-in procedure

Input: Sample (Xq,...,X,), level a.

1. Compute an estimator 0 of 0;

2. Run the oracle procedure given in Algorithm 1 with 6 in place of 6*.
Output: Plug-in procedure Ezl = (ipl, :9\21).

3.2 Empirical procedures

Plug-in procedure The oracle procedure cannot be used in practice since 8* is generally
unknown. A natural idea is then to approach 6* by an estimator 6 and then to plug this
estimate into the oracle procedure. The resulting procedure, denoted ¢ = (2”,5;’1), is
called the plug-in procedure and is implemented in Algorithm 2.

Obviously, the quality of the plug-in procedure relies on the chosen estimator 0. In a
mixture model, the maximum likelihood estimator (MLE) is not computable in general. A
standard way to approach the MLE is to use an Expectation Maximization (EM) algorithm
(Dempster et al., 1977). The property of the EM estimator 0 in the current framework has
been extensively studied both empirically and theoretically in the literature, see Balakrishnan
et al. (2017) and references therein.

In Section 4, we establish that the plug-in procedure has suitable properties: when n
tends to infinity, provided that the chosen estimator 6 behaves well and under mild regularity
assumptions on the model, the FCR of the plug-in procedure is close to the level o while it is
nearly optimal in terms of average selection number.

Bootstrap procedure Despite the favorable theoretical properties shown in Section 4, the
plug-in procedure achieves an FCR, that can exceed « in some situations, as we will see in our
numerical experiments (Section 5). This is in particular the case when the estimator 6 is too
rough. Indeed, the uncertainty of 0 near 0* is ignored by the plug-in procedure.

To take into account this effect, we propose to use a bootstrap approach. It is based on
the following result.

Lemma 3. For a given level a € (0,1), the FCR of the plug-in procedure 821 s given by

~ S{1- (X3, 0)}1{i € SE/(X)}
FCR(C"') = Exp,, | min == /Z7X) . (9
€[Q)] max(]SF(X)[, 1)

The general idea is as follows: since FCR(C ) can exceed «, we choose o/ as large a5

possible such that FCRO/ < «, for which FCRO/ is a bootstrap approximation of FCR(C )
based on (9).



Algorithm 3 Bootstrap procedure

Input: Sample (X1,...,X,), level o, number B of bootstrap runs.
1. Choose a grid of increasing level (a(k))1<k<k;

2. Compute Fﬁf(k), 1 <k < K, according to (10);

3. Choose k according to (11).

Output: Bootstrap procedure Eiom = /C\ZI(,;,).

The bootstrap approximation reads as follows: in the RHS of (9), we replace the true
parameter 6* by 6 and X ~ Pp- by X' ~ P, where P is an empirical substitute of Ppy«.
This empirical distribution P is Pj for the parametric bootstrap and the uniform distribution
over t/}\lgl X;’s for the non-parametric bootstrap. This yields the bootstrap approximation of

FCR(C, ) given by

— ) i {1l - EU(ZPI(X’))(X£7 é(X))}ﬂ{Z € SEI(X/)}
FCRa = Ey,_p | min : - X
o€l@] max(|SEI(X’)], 1)

Classically, the latter is itself approximated by a Monte Carlo scheme:

.y = Sl =4,z (XP,0(X))}1{i € SEI(XP)}
FCRL = =3 min == X , (10)
B = o<l max(| S5 (X?)], 1)

with X!, ..., XP iid. ~ p corresponding to the bootstrap samples of X.
Let (a(k))1<k<k € (0,1)X a grid of increasing nominal levels (possibly in restriction to
values slightly below the targeted level o). Then, the bootstrap procedure at level « is defined

~boot

asC, = CZI(,;) where
- N
k:max{ke{l,...,K} :FCRa(k)ga}. (11)

This procedure is implemented in Algorithm 3.

Remark 2 (Parametric versus non parametric bootstrap). The usual difference between para-
metric and non parametric bootstrap also holds in our context: the parametric bootstrap is fully
based on Py, while the non parametric bootstrap builds an artificial sample (with replacement)
from the original sample, which does not come from a Py-type distribution. This gives rise to
different behaviors in practice: when 0 is too optimistic (which will be typically the case here
when the estimation error is large), the correction brought by the parametric bootstrap (based
on Py) is often weaker than that of the non parametric one. By contrast, when 0 is close to
the true parameter, the parametric bootstrap approximation is more faithful because it uses the
model, see Section 5.

4 Theoretical guarantees for the plug-in procedure

In this section, we derive theoretical properties for the plug-in procedure: we show that its
FCR and mFCR is close to a while its expected selection number is close to be optimal under
some conditions.



4.1 Additional notation and assumptions

We make use of an optimality theory for mFCR control, that will be developed in detail in
Section A.1. This approach extensively relies on the following quantities (recall the definition
of T(X,6) in (5)):

mFCR; = Ey« (T(X,0%) | T(X,0) < t);
t*(a) =sup{t € [0,1] : mFCR; < o}
ae = inf{mFCR} : t € (0,1], mFCR} > 0};
a =mFCR].

In words, mFCR; is the mFCR of an oracle procedure that selects the 7} smaller than a
threshold ¢ (Lemma 11). Then, t*(«) is the optimal threshold such that this procedure has a
mFCR controlled at level a. Next, . and & are the lower and upper bounds for the level a,
respectively, for which the optimality theory can be applied.

Now, we introduce our main assumption, which will be ubiquitous in our analysis.

Assumption 1. For all 0 € O, under Py«, the r.v. T(X,0) given by (5) is continuous, that
is, t = Py« (T'(X,0) < t) is continuous on [0,1]. In addition, it is increasing on (o, @).

Assumption 1 is useful to several regards: first, it prohibits ties in the T'(X;,0)’s, 1 <
i < m, so that the selection rule (see Algorithm 1) can be truly formulated as a thresholding
rule. Second, it entails interesting properties for function ¢t — mFCR], see Lemma 11 (this in
particular ensures that the supremum in (13) is a maximum). Also note that the inequality
0 <a.<a<1l-1/Q holds under Assumption 1.

The next assumption ensures that the density family {f,,u € U} is smooth, and will be
useful to establish consistency results.

Assumption 2. For Pp«-almost all z € R, w € U — f,(x) is continuous.

Let us now introduce some additional quantities measuring the regularity of the model
and that will appear in our remainder terms (recall definition (4), (5) and (13) of £,(X,6),
T(X,0) and t*(«), respectively): for €,d,v > 0,

We(e) = sup {Eg* LglanXQ [0g(X,60%) —Ly(X,0)]] , |0 —0%]]2<¢ 0€ @} ; (16)
Wr(8) = sup{] Py~ (T(X,67) < t/) — Py (T(X,07) <t)], t,t' e [0, 1], |t/ -t <éh; (A7)
W(e) = i {Vr(0) + Wile)/o}; (18)

Wi a(v) = sup{[t*(a + §) = t*(a)], |B] < v}. (19)

Note that W(e) < Wr(W(e)'/?) + Wy(e)'/? for e small enough. The following lemma is
straightforward.

Lemma 4. Under Assumption 1, we have lims_,o Wr(0) = 0, lim,_,0 Wi o(v) = 0. Under
Assumption 2, we have lim¢_,o Wy(e) = 0. Under both assumptions, we have lim._,o ¥(e) = 0.

We can derive rates for the convergences in Lemma 4 under the following additional
regularity condition.

Assumption 3. There exists positive constants r = r(0*),C; = C1(0%),Co = Ca(0*, ), C3 =
C3(0*, ) such that

10



(i) for Pys-almost all x, w € U — f,(x) is continuously differentiable, and

> Ep sup [ Voly(X,0) | < Cus

oe
1sq<@Q lo—6%|<r

(i) for all t,t' € [0,1], | Py (T(X,0%) < t) — Py (T'(X, 6%) < )| < Colt — /|
(iiz) for all B € [(ae+ @) /2, (a + @)/2], [t*(B) — t*(a)| < C5]8 — a.

Lemma 5. Under Assumption 3, we have Wy(e) < Cre, Wr () < C26, W= o(v) < C3v and
Ule) < (14 Cg)Cll/261/2 for €,0,v small enough.

In Appendix D, it is proved that Assumptions 1, 2 and 3 hold true in the homoscedastic
two-component multivariate Gaussian model, see Lemma 18.

Let us now discuss conditions on the estimator 8 on which the plug-in procedure is based.
We start by introducing the following assumption (used in the concentration part of the proof,
see Lemma 14).

Assumption 4. The estimator 0 is assumed to be valued in a countable subset D of ©.

This assumption is a minor restriction, because we can always choose D C QX (recall
O C R¥). Next, we additionally define a quantity measuring the quality of the estimator: for
all e > 0,

n(e, 0%) =Py <min 107 — 6*||5 > e) . (20)
o€[Q]

In the Gaussian case, the quantity n(e, 8*) is provided to be small for a constrained MLE, see
Proposition 16.

4.2 A general result

The following theorem is our main theoretical result: it provides non-asymptotical bounds on
the mFCR/FCR of the plug-in procedure and on its average selection number.

Theorem 6. Let Assumption 1 be true. For any o € (ae, @), for s* = s*(a,0*) € (0,1) and
e* = e(a,0%) > 0 two constants only depending on o and 0%, the following holds. Consider

the plug-in procedure 82[ = (ZP’, §§’) introduced in Algorithm 2 and based on an estimator 0
satisfying Assumption 4, with n(e, 6*) defined by (20). Then for e < e* and n > 4, letting

Ap(€) =2 Wr(We o(20, + 8¥(€)/s™)) + 4¥ (e) + 20,,) + 50/n + 10n(e, 67),

for 6, = (2/s*)y/(logn)/n and with the quantities Wy, Wy, W, W= o defined by (17), (16),
(18), (19), respectively, it holds:

° EZI controls both the FCR and mFCR at level close to a in the following sense:

max (mFCR(Fz’;’), FCR(E;”)) < o+ Ap(e)/s™;

11



° (Ale s nearly optimal in the following sense: for any other procedure C = (Z,S) that

controls the mFCR at level c, that is, with mFCR(C) < «, we have

n B (|1SE]) > n Ege(

S|) — Ap(e).

The proof employs techniques that share similarities with the work of Rebafka et al.
(2019) developed in a different context, see Appendix A. Here, a difficulty is to handle the
new statistics 7'(Xj, §) which is defined as an extremum, see (5).

4.3 Corollaries

In this section, we present two straightforward consequences of the main result. By Lemma 4,
assuming Assumptions 1 and 2, we have that for all e small enough, the limit of the remainder
term lim sup,, A, (€) can be bounded by a function of € that vanishes when € tends to 0. This
yields the following consistency result.

Corollary 7 (Asymptotic optimality of the plug-in procedure). Consider the setting of The-
orem 6 where, in addition, Assumption 2 is supposed to hold. Then, we have

~PI ~PI
« «

limsupFCR(C, ) < a, limsupmFCR(C, ) < a,

and for any procedure C = (2, S) that controls the mFCR at level o, we have
lim inf{n~" Eg- (|SZ"]) — n~ ' Eg-(|S])} > 0.

As shown by Lemma 5, by strengthening the assumptions, Theorem 6 delivers in addition
convergence rates.

Corollary 8 (Optimality of the plug-in procedure with rates). Consider the setting of The-
orem 6, where in addition Assumption 3 holds. Then, with constants C1 = Ci(«, 6*) > 0 and
Cy = Cy(a,0*) > 0, we have for any sequence €, > 0 tending to zero, for n larger than a
constant only depending on o and 0%,

max((FCR(C.),mFCR(C.)) < a + C4 (63/2 + /(ogn)/n + nlen, 9*)) (21)
n Eg (IS7]) — n L B (|S]) > —Cs (e}ﬂ + /{ogn)/n + e, 0*)) , (22)

for any procedure C = (2, S) that controls (non asymptotically) the mFCR at level .

The assumptions of Corollary 8 are all satisfied in the homoscedastic two-component
multivariate Gaussian model. Applying this result in this case with €, = ¢y/(logn)/n (for
some constant ¢ > 0 not depending on n) and with 6 being a constrained MLE, Proposition 16
ensures that n(ep, 0*) is smaller than 1/n. This indicates that the convergence rates in (21)
and (22) are of order ((logn)/n)'/* in this case.

5 Experiments

In this section, we evaluate the behavior of the new procedures: plug-in (Algorithm 2), para-
metric bootstrap and non parametric bootstrap (Algorithm 3). For this, we use both synthetic
and real data.

12
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Figure 2: FCR (left panel) and selection frequency (right panel) as a function of the mean
separation . Known mixture proportions and covariances setting with Q) = 2, n = 100, d = 2,
a=0.1.

5.1 Synthetic data set

The performance of our procedures is studied via simulations in different settings with var-
ious difficulties. All of them are gaussian mixture models, with possible restrictions on the
parameter space. For parameter estimation, the classical EM algorithm is applied with 100
iterations and 10 starting points chosen with Kmeans++ (Arthur and Vassilvitskii, 2006). In
the bootstrap procedures B = 1000 bootstrap samples are generated. The performance of
all procedures is assessed via the sample FCR and the proportion of classified data points,
which is referred to as the selection frequency. For every setting and every set of parameters,
depicted results display the mean over 100 simulated datasets. As a baseline, we consider the
fixed threshold procedure in which one selects data points that have a maximum posterior
group membership probability that exceeds 1 — a. The oracle procedure (Algorithm 1) is also
considered in our experiments for comparison.
Finally note that some figures are postponed in Appendix E for space reasons.

Known proportions and covariances In the first setting, the true mixture proportions
and covariance matrices are known and used in the EM algorithm. We consider the case
Q =2, m =m =1/2 and ¥y = X9 = I; with I; the (d x d)-identity matrix. For the mean
vectors, we set py = 0 and py = (¢/V/d, ..., e/v/d). The quantity € corresponds to the mean
separation, that is, |1 — p2l|2 = € and accounts for the difficulty of the clustering problem.

Figure 2 displays the FCR for nominal level a = 0.1, sample size n = 100, dimension
d = 2 and varying mean separation ¢ € {1,v/2,2,4}. Globally, our procedures all have an
FCR close to the target level a (excepted for the very well separated case e = 4 for which the
FCR is much smaller because a large part of the items can be trivially classified). In addition,
the selection rate is always close to the one of the oracle procedure. On the other hand, the
baseline procedure is too conservative: its FCR can be well below the nominal level and it
selects up to 50% less than the other procedures. This is well expected, because unlike our
procedures, the baseline has a fixed threshold and thus does not adapt to the difficulty of the
problem.

We also note that the FCR of the plug-in approach is slightly inflated for a weak separation
(e = 1). This comes from the parameter estimation, which is difficult in that case. This also
illustrates the interest of the bootstrap methods, that allow to recover the correct level in
that case, by appropriately correcting the plug-in approach.
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Figure 4: FCR (left panel) and selection frequency (right panel) as a function of the sample
size n. Diagonal covariances setting with Q =2, d =2, e = V2, a = 10%.

Diagonal covariances In this setting, the true parameters are the same as in previous
paragraph, but the true mixture proportions and covariance matrices are unknown and not
used in the EM algorithm. However, to help the estimation, the diagonal structure of ¥; and
Y9 is used in this algorithm.

Figure 3 displays the FCR and the selection frequency in function of the separation € for
this case. The conclusion is qualitatively the same as in the previous case, but with larger FCR
values for a weak separation. Overall, it shows that the plug-in procedure is anti-conservative
and that the bootstrap corrections are able to recover an FCR /selection frequency close to the
one of the oracle. However, for a weak separation € = 1, note that the parametric bootstrap
correction is not enough and that the latter procedure still overshoots the level a. Indeed, in
our simulations, it appears that Py is typically a distribution that is more favorable than Py«
from a statistical point of view (for instance, with more separated clusters). Note that these
conclusions also hold when making the FCR /selection frequency vary with n, see Figure 4.

Figure 5 displays the FCR and the selection frequency for varying nominal level a, with e =
V2 and n € {200,1000}. The plug-in is still anti-conservative while the bootstrap procedures
have an FCR that is close to a for both sample sizes and uniformly on the considered a range.
Moreover, we note that for all our procedures (including the plug-in), the gap between the
FCR and the nominal level is roughly constant with «: this illustrates the adaptive aspect
of our procedures. This is in contrast with the baseline procedure, for which this gap highly
depends on «, and which may be either anti-conservative or sub-optimal depending on the «
value.

14



0.5 T T 100
—o— Oracle
~#— Plug-in
0.4 —¥— Baseline i 80 e
—+— Parametric bootstrap g
3
Non Parametric Bootstrap =
503 2 60 e
o 0. o] y
9 ] /
K] g
g =
c
802 — S 40
3 - = i =
— o —o— Oracle
$ —#— Plug-in
0.1 20 ~— —¥— Baseline i
/ 7 —+— Parametric bootstrap
‘4/ Non Parametric Bootstrap
0.0 === 4 +
0.025  0.050 0.100 0.200 0.025  0.050 0.100 0.200
Nominal level a Nominal level a
(a) n =200
0.5 T T 100 T— T
—o— Oracle —e— Oracle
—4— Plug-in —4— Plug-in /
0.4 —¥— Baseline | 804 —¥— Baseline 2|
—+— Parametric bootstrap 9 —+— Parametric bootstrap
Non Parametric Bootstrap = Non Parametric Bootstrap
« 9
S o3 $ 60
e >
2 g Y
g =
802 — - § a0
=1
©
2 /
[
@ / /
0.1 - 20
’_/%v/ /V
”*/ |
0.0 == 0
0.025 0.050 0.100 0.200 0.025  0.050 0.100 0.200

Nominal level a Nominal level a
(b) n = 1000

Figure 5: FCR (left panel) and selection frequency (right panel) as a function of the nominal
level a. Diagonal covariances setting with Q =2, d =2, e =2, n € {200, 1000}.

15



Other settings We also consider the following settings:

e Larger dimension (Figure 9). Same as in the previous paragraph but for d = 20.

e Three components (Figure 10): Same as in the previous paragraph but for @ = 3,
mo=m=my=1/3, 51 =% =3 =D, ;n =0, p2 = (¢/v2,¢/V2), p3 = (0,/€) (s0
that pg is at equal L2-distances from pq and pus).

e Unconstrained model (Figure 11): In this case, the EM algorithm is agnostic in the
sense that does not use any knowledge, whatsoever, of the structure or values of the
parameters. The true parameters are the same as the previous paragraph.

e An additional “typical” setting (Figure 6): an unconstrained model with three compo-
nents () = 3, dimension d = 4 and a separation € = 2.

In the three first settings, the difficulty of the estimation problem is increased with respect to
the previous section. Hence, the behaviors the aforementioned procedures is deteriorated. In
particular, it puts forward that the non parametric bootstrap can be anti-conservative (resp.
over-conservative) in some cases when n is too large (resp. small). Finally, the last setting
is intended to be a faithful summary of the procedure behaviors in a “typical” situation. For
a fairly large sample size n = 1000, the new bootstrap procedures are correctly mimicking
the oracle. The more challenging case of a small sample size n = 100 is handled differently
by these two corrections: the parametric one is anti-conservative while the non-parametric is
very conservative.

In conclusion, in our experiments, the parametric bootstrap procedure shows overall the
more “stable” behavior: it uniformly improves the plug-in procedure across all the explored
parameter ranges. In addition, it gets an FCR and a selection frequency close to the one
of the oracle when the sample size n is fairly large. For more challenging cases where the
sample size is small and we seek for a stricter FCR control, the non-parametric bootstrap is
an interesting alternative.

5.2 Real data set

We consider the Wisconsin Breast Cancer Diagnosis (WCBD) dataset from the UCI ML
repository. The data consists of features computed from a digitalized image of a fine needle
aspirate (FNA) of a breast mass, on a total of 569 patients (each corresponds to one FNA
sample) of which 212 are diagnosed as Benign and 357 as Malignant. Ten real-valued measures
were computed for each cell nucleus present in any one image (e.g. radius, perimeter, texture,
etc.). Then, the mean, standard error and mean of the three largest values of these measures
were computed for each image, resulting in a total of 30 features. Here, we restrict the analysis
to the variables that correspond to the mean of these measures.

We choose to model the data as a mixture of Students as proposed in Peel and McLachlan
(2000). Student mixtures are appropriate for data containing observations with longer than
normal tails or atypical observations leading to overlapping clusters. Compared to Gaus-
sian mixtures, Students are less concentrated and thus produce estimates of the posterior
probabilities of class memberships that are less extreme, which is favorable for our selection
procedures. In our study, the degree of freedom of each component is set to 4, and no con-
straints are put on the rest of the parameters. The t-mixture is fit via the EM algorithm
provided by the Python package studenttmixture (Peel and McLachlan, 2000).

For illustration, Figure 7 (panel (a)) displays the first two variables of the dataset, the mean
radius and the mean texture of the images. Different colors indicate the ground truth labels
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Figure 6: Same as Figure 5 with dimension ) = 3, d = 4, ¢ = 2, for an unconstrained model.
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Figure 7: Comparison of the clustering result with t-mixture modelling with ground truth
labels on the WCBD dataset, restricted to the variables radius and texture, with and without
selection. With the parametric bootstrap procedure applied at @ = 5%, the FCR w.r.t. the
ground truth labels is of 3% versus 14% without selection.

(this information is not used in the clustering). One can see that the Student approximation
is fairly good for each of the groups, and there is some overlap between them. Figure 7 (panel
(b)) displays the MAP clustering result for the t-mixture model without any selection. The
FCR is computed with respect to the ground truth labels and amounts to 14 %. Finally,
Figure 7 (panel (c)) provides the result of our parametric bootstrap procedure with nominal
level a = 5%. The procedure does not classify points that are at the intersection of the
clusters and the FCR equals 3%, which is below the targeted level.

Figure 8 (panel (a)) provides a comparison of all our procedures and the baseline for
varying nominal level a. The new procedures yield quite similar results. In particular, we see
that the false clustering rate is always close to the nominal level, which illustrates once again
the adaptive behavior of our procedures. By contrast, the false clustering rate of the baseline
procedure is significantly below the nominal level and selects far less data points than our
procedures, especially for large values of . In addition, Figure 8 (panel (b)) displays results
for the dataset where seven variables (d = 7) are analyzed and the conclusions are qualitatively
the same.

6 Conclusion and discussion

We have presented new data-driven methods providing both clustering and selection that en-
sure an FCR control guarantee in a mixture model. The plug-in approach was shown to be
theoretically valid both when the parameter estimation is accurate and the sample size is large
enough. When this is not necessarily the case, we proposed two second-order bootstrap cor-
rections that have been shown to increase the FCR control ability on numerical experiments.
Finally, applying our unsupervised methods to a supervised data set, our approach has been
qualitatively validated by considering the attached labels as revealing the true clusters: our
approach produces a selection/clustering close to what one would have done by observing the
labels with some misclassification error range.

We would like to underline that the cluster number ) is assumed to be fixed and known
throughout the study. In practice, it can be fitted from the data by using the standard AIC
or BIC criteria. In addition, if several values of () make sense from a practical viewpoint, we
recommend to provide to the practitioner the collection of the corresponding outputs.

Concerning the pure task of controlling the FCR in the mixture model, our methods
provide a correct FCR control in some area of the parameter space, leaving other less favorable
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parameter configurations with a slight inflation in the FCR level. This phenomenon is well
known for FDR control in the two group mixture multiple testing model (Sun and Cai,
2007; Roquain and Verzelen, 2019), and facing a similar problem in our framework is well
expected. On the one hand, in some cases, this problem can certainly be solved by improving
on parameter estimation: here the EM algorithm seems to over-estimate the extreme posterior
probabilities, which makes the plug-in procedure too anti-conservative. On the other hand, it
could be hopeless to expect a robust FCR control uniformly valid over all configurations, while
being optimal in the favorable cases. To illustrate that point, we refer to the work Roquain
and Verzelen (2019) that shows that such a procedure does not exist in the FDR controlling
case, when the null distribution is Gaussian with an unknown scaling parameter (which is
a framework sharing similarities with the one considered here). Investigating such a “lower
bound” result in the current setting would provide better guidelines for the practitioner and is
therefore an interesting direction for future research. In addition, in these unfavorable cases,
adding labeled samples and considering a semi-supervised framework can be an appropriate
alternative for practical use. This new sample is likely to considerably improve the inference.
Studying the FCR control in that setting is another promising avenue.
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A Proof of our main result

A.1 An optimal procedure

We consider in this section the procedure that serves as an optimal procedure in our theory.
For t € [0,1], let Cf = (2*, S;) be the procedure using the Bayes clustering A (6) and the
selection rule S} = {i € {1,...,n} : T} < t}. Let us consider the map ¢ € [0, 1] — mFCR(C})
and note that mFCR(C;) = mFCR; as defined by (12). Lemma 11 below provides the key
properties for this function.

Definition 3. The optimal procedure at level o is defined by C:*(a) where t*(«) is defined by
(13).
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Note that the optimal procedure is not the same as the oracle procedure defined in Sec-
tion 3.1, although these two procedures are expected to behave roughly in the same way (at
least for a large n).

Under Assumption 1, Lemma 11 entails that, for o > a, mFCR(C;(a)) < «. Hence,
C;. () controls the mFCR at level a. In addition, it is optimal in the following sense: any
other mFCR controlling procedure should select less items than Cj. ()"

Lemma 9 (Optimality of Cf. (). Let Assumption 1 be true and choose o € (o, a]. Then
the oracle procedure C:*(a) = (2*, Sz;(a)) satisfies the following:

(1) mFCR(C}. ) = a;

(ii) for any procedure C = (Z,S) such that mFCR(C) < a, we have Eg-(|S]) < Eg«( S:*(a)‘)'

A.2 Preliminary steps for proving Theorem 6

To keep the main proof concise, we need to define several additional notation. Let for t € [0, 1]
and 0 € © (recall (5))

(9 t ZT leg)]]'T(X 0)<ts
i=1

1 n
t) = - Z Lr(x, 0)<t
=1

Denote L = Lo/Ly, Ly = Eg- Lo, Ly = Eg+ Ly, L = Lo/Ly (with the convention 0/0 = 0).
Note that for any a > a., the mFCR of the optimal procedure C’t**( o) defined in Section A.1
is given by mFCR(C;. (a ) = L0, t"(a)) = o

Also, we denote from now on ¢; = Pyp-(Z; = ¢|X;) for short and introduce for any
parameter 6 € O (recall (4) and (5))

4(X;,0) € argmax £4(X;,0), 1<i<m; (23)
(]E{l,u.,Q}
UXi6) =1-Lgxie 1Sism (24)
Mo (6.1) ZU Xi, O)r(x,00<t, ¢ €[0,1], (25)
=1

Note that MO(Q* t) = L0(9* t) but in general ﬁg(G t) is different from f;g(@ t). We denote
M = Mg/Ll, Mg = Ey- Mo and M = M /L; (with the convention 0/0 = 0).
When « € (o, a] (recall (14) and (15)), we also let

s = 5"(a,0%) = " Egn (| (et |) = L1 (0%, t*((a + ae)/2)) > 0. (26)

We easily see that the latter is positive: if it was zero then Sy, t((atae)/2) would be empty
which would entails that mFCR(Cf ((44q,)/2)) 18 zero. This is excluded by definition (14) of
a. because (o + a.)/2 > ac.

Also, we are going to extensively use the event

Q= { min [|§7 — 6% |2 < 6} :
o€[Q]
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On this event, we fix any permutation o € [Q] (possibly depending on X) such that ||é” —
0*|]2 < e. Now using Lemma 12, the plug-in selection rule can be rewritten as SL' = {i €
{1,...,n} : T; <t(a)} (denoted by S in the sequel for short), where

#(e) = sup{t € [0,1] : L(h,t) < a}. (27)

With the above notation, we can upper bound what is inside the brackets of FCR(/C\PI)
and mFCR(@PI) as follows.

Lemma 10. For the permutation o in Q. realizing |07 — 6* |2 < €, we have on the event Q.
the following relations:

<(c'(Z),Z —
min g W’X < M, i(a)).
o'€[Q] max(]S|, 1)

Finally, we make use of the concentration of the empirical processes f;(] 0,1), il(ﬁ, t), and
My (0,t), uniformly with respect to § € D (where D is defined in Assumption 4). Thus, we
define the following events, for d,€ > 0 (recall s* defined by (26)):

Lose = {Sup ﬁo(Q,t) — LO(H,t)’ < 5} ;
9eD

sup |L1(6,¢) — Ly (6, t)‘gé};
0eD

I =

0eD,
L1 9t >s*

Yos¢

{
r&t{ sup )—L(G,t)’gé :
{

sup Mo (0,1) Mo(ﬁ,t)‘ < 5}.
0eD

Note that the following holds:

Lo /2,6 N1 6554726 C Lot (28)

Indeed, on the event I'g s¢« /2y NIy 54+ /24, provided that Li(6,t) > s*, we have

Lo(6,t)  Lo(8,1)
Li(0,t) Lai(0,1)

Lo(6,t) — Lo(6,1)
Li(0,t)

< (35 /2)/s" + (6% /2)/5° =,

1 1
L.(0,t) Li(0.¢)

IN

+Lo(0,1) | =

because Lo(6,t) < L;(0,t). This proves the desired inclusion.

A.3 Proof of Theorem 6

Let us now provide a proof for Theorem 6.
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Step 1: bounding #(a) w.r.t. t*(a) Recall (13), (27) and (26). In this part, we only
consider realizations on the event 2. Let § € [2“% aral By Lemma 13, we have

)

Ly (67,6°(8)) > Li(6,¢°(8)) — (|07 — 67 }2) > Li(6°,¢" (20 + ) /3)) — W (e),

because t*(8) > t*(Lgm) since ¢*(-) is non decreasing by Lemma 11. Hence L1 (67, ¢*(8)) >
s* for € smaller than a threshold only depending on 6" and a. Hence, we have on I's ;«(g) that

L(6°,t(8)) — 6 <L(67,47(8)) < & + L(67,¢°(8)).
By using again Lemma 13, we have
L(0%,t(8)) — 3W(e)/s* < L(07,t*(B)) < L(6",*(8)) + 3W(e) /5*.
Given that L(0*,t*(B)) = mFCR(C;‘*(ﬁ)) = f (see Lemma 9 (i)), it follows that for v =
Y(e,0) = 6 +4¥(e)/s*, on the event I's (o) N L5 (a4r)
L7, (@ =7)) <@, L@, t"(a+7)) >a,

where we indeed check that a — v > % and a + v < % for 6 and € smaller than some
threshold only depending on 6* and «. In a nutshell, we have established

Fé,t*(a—'y) N F(;’t*(a_;'_fy) N Qe C {t*(a - ’y) S f(oz) S t* (Oé + ’Y)} . (29)
Step 2: upper-bounding the FCR Let us consider the event

AO&,&E = F0,55*/2,15* (=) N F1,55*/2,15* (=) N F0,55*/2,15* (a+7) N Fl,&s*/?,t* (a+7) N TO,d,t* (a+7) NQ,

where the different events have been defined in the previous section.
Let us prove (21). By using Lemma 10 and (29),

o~ A

FOR(C) < Egr [M(0,i(0)) 1, 5] + P((Ae )
My (0°, (o + )
L1(07.t*(a =)

< Eo- [ Lngse| +P((Aase)):

Now using a concentration argument on the event Ag 5c C I't 54+ (a—y) N Y0,6,6%(atr), We have

5 Mo (07, t*(a +7)) + 6 .
FCR(C) < Eg- L t(a—) 3 La, ;. | +P((Aage))
Mo (6%, t*(a + 7)) 4+ 3T (e) + 6 .
S L@ Fa—) -0 -5 T Rasd))
_ Lo(0", t*(a+7)) +3¥(e) +6 .
L1 (0%, t*(a — 7)) — ¥(e) — 6 +P((Aase)), (30)

by using Lemma 13 and that Mq(0*,t) = Lo(6*,t) for all ¢ by definition. Now, using again
Lemma 13, we have

Lo(0%,t"(a +7)) < Lo(0%,t" (o — 7)) + Wr(t"(a +7) —t*(a — 7))
< Lo(0%,t" (a — 7)) + Wr(We a(27))
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This entails
Lo(6%,t* (a0 — 7)) + Wr(Wi=o(27)) +3¥(e) + 6
Ly (0%, t*(a — 7)) — ¥(e) = 6

Lo(07, (o — 7)) * joy— c
S L0t (a—7)) — U(e) — 0 +(s7/2) ! Wr(Wi a(27)) + 3¥(€) + 6) + P((Aa5e)),

FCR(&) < + P((Aa,é,s)c)

by choosing €, 0 smaller than a threshold (only depending on 6* and «) so that Ly (6, t* (o —
7)) — ¥(e) — § > s*/2. Now using Lo(0*, t* (o — 7)) = (o — y)L1 (6%, t* (v — 7)), we have

L@t ea—) ()1
L@ () W 5 @) <” L0 (o — 7)) 0() —6)
<a(l+(s/2)"(T(e) +6)).

This leads to
FCR(C) < o + (2/5") Wr(Wis o(26 + 8T (€)/5*)) + 4T(e) + 28) + P((Ans50)°),

which holds true for §, € smaller than a threshold only depending on 8* and «.

Step 3: upper-bounding the mFCR We apply a similar technique as for step 2. By
using Lemma 10 and (29),

Eg-[Mo(67,1(c))La,, 5.] + P((Aas,0)°)
Eg[L1(07, ()1, ;]

_ Eor [Mo(07, (e + )L, 5] + P((Aase))
Eg+ (L1 (67, t*(a — 7)) 1A, 5] '

mFCR(C) <

Now using a concentration argument on Aq 5¢ C I't 50+ (a—v) N To,5,¢%(atr), We have

Ep- [(Mo (67, t*(ar+ 7)) + 8) L, 5] + P((Aas))
Eg-[(L1(67, t*(a = 7)) = 8)1a,..]

Mo (6", t*(a + 7)) +3¥(€) + 6 + P((Aas.e)%)
— La(0% (= 7)) = W(e) = 0 — P((Aase)®)
_ Lo(6%, " (a+7)) +3¥(e) + 6 + P((Aas.e)®)

- Li(0nt*(a =) = ¥(e) = 0 — P((Aase)®)

by using Lemma 13 and that My(0*,t) = Lo(6*,t) by definition. Letting = = Ly(6*,t*(a +
7)) +3¥(e) + 0,y =L (0%, t* (0 — 7)) — V(e) — § and u = P((An5,)¢), we have obtained the

bound (z + u)/(y — u), which has to be compared with the FCR bound (30), which reads
z/y+u. Now, when y € [0,1], 2 > 0, z/y <2, u/y <1/2, y —u > s*/2, we have

@l -0

As a result, for €,0 small enough, and P((Aq5¢)¢) < s*/4, we obtain the same bound as for
the FCR, with P((Aq,s¢)¢) replaced by (10/s*)P((Aq,s.6))-

mFCR(C) <

+(2/s")u < x/y(1+2u/y) + (2/s")u < x/y + (10/5 )u.
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Step 4: lower-bounding the selection rate In Step 3, when bounding the mFCR, we
derived a lower bound for the denominator of the mFCR, that is, Eg«(|.S]). It reads

n B (|S]) > L (0%, ¢ (o0 — 7)) — U(e) — 6 — P((Aase))
> Ly (0", t"(a)) = Wr(t" (o) =t (@ — 7)) — ¥(e) — 0 — P((Ans6))
> 0" Epr (1S] (y)]) = WrWisa(7)) = U(€) = 6 = P((Aa,5.0)°);

by using (17) and (19). Now consider another procedure C = (Z, S) that controls the mFCR
at level «, that is, mFCR(C) < a. By Lemma 9, we then have Eg*(\Sz;(a)D > Ko« (]5])-

Step 5: concentration Finally, we bound P((A,s.)¢) by using Lemma 14 with u =
(logn)/n and x = 24/(logn)/n. This gives for 6 = 2x/s*, and n such that log(n) > 1,

P((Aa,s.e)) < 5/n+ P(8).

B Proofs of lemmas

Proof of Lemma 1 The clustering risk of 7 is given by

R(Z) = Eg« (UH.gl%(Igl] Eg+ (n_l Z ]]-{Zz % U(ZZ)} | X))
=1

where, by independence, the minimum in the lower bound is achieved for the Bayes clustering.
Thus, R(Z) > n~! Y% | Eg«(T}). Moreover, n=t S°1 | Ep«(T7") > R(Z*), since

R(Z*) = Eg- <min Y Py (Zi £ 0(Z) | X)) < Egy- <n—1 > Py(Zi # Z7 | X)) .
=1

c€lQ] =1 —
Thus, ming R(z) = R(z*) and the proof is completed.

Proof of Lemma 2 Following the reasoning of the proof of Lemma 1 that, we have

FCRy: (C) = Eq- (52%3] E,- <Zzesijjl‘;éflf)( )i ‘X>> _E, (n%) |

Proof of Lemma 3 By definition, we have

. S, L 1{i € SP(X)}
FCR(C.) = Eg- | min Eg- L Zito(27 (X)) ’
o€l@] max(|STH(X)[, 1)

so that (9) follows by a direct integration w.r.t. the latent variable Z.
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Proof of Lemma 4 The only non-trivial fact is for Wi« (v). Assumption 1 and Lemma 11
provide that ¢t — mFCRY is a one-to-one continuous increasing map from (t*(a.),t*(@)) to
(o, @). Hence, for a € (o, @), B — t*(a + B) is continuous in 0 and lim, 0 Wi= o(v) = 0.

Proof of Lemma 9 By Lemma 11, we have that mFCR(C}) is monotonous in ¢ and con-
tinuous w.r.t. ¢ on (¢*(ac), 1], thus for a € (ac, @], mFCR(C}.(,)) = a which gives (i). For
(ii), let C = (2, S) be a procedure such that mFCR(C) < a. Let us consider the procedure
C' with the Bayes clustering Z* and the same selection rule S. Since C’ is based on a Bayes

clustering, by the same reasoning leading to R(z*) < R(Z) in Section 3.1, we have that
mFCR(C') < mFCR(C) < a with

Eg- (ZiES Tz*)

mFCR(C') = Eo- (15))

Hence,

S|). (31)

Ep- (ZT{*) < aEg(

€S
Now we use an argument similar to the proof of Theorem 1 in Cai et al. (2019). By definition
of S;"*(a), we have that

n

> (llies;*(a)(X) - ﬂz’eS(X)) (T — () <0
i=1
which we can rewrite as
Z ( Sty (X) ieS(X)) (T —t"(a) +a—a) <0
=1

and so

Eg- (Z <Jl¢es;*(a)(X) - ]lieS(X)) (17 — a)) < (" () — @) Eg- (Z <ﬂz€St*(a)( X) — ﬂieS(X)))

i—1 i=1
= (t"(@) — @) (Eo- (|54 (o)) — Eo= (|S]))-

On the other hand, mFCR(C;(a)) = « together with (31) implies that

Eg-~ (Z (]lies;;(a)(x) - L‘ES(X)) (T - a))

i=1

=Eo | Y T7 —o|Spol =D T7 +alS| | > 0.

zESt*(a> i€S
Combining, the relations above provides
(t"(a) = a)(Bp- (|55 (o) — Eo~([S1)) = 0

Finally, noting that *(a) — a > 0 since a = mFCR(C}.(,)) < t*(@) by (ii) Lemma 11, this
gives Eg*(|S;‘*(a)|) — Ep«(|S]) > 0 and concludes the proof.
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Proof of Lemma 10 First, we have by definition £,(X;,07) = £, (X, 0) and thus T'(X;, 0) =
T(X;, é") by taking the maximum over ¢. This gives S = S and yields the first equality.
Next, we have on €,

min Eg- <8§(J/(2),Z) ‘ x) < Eg- <5§(0(2),Z) ‘ X)

o'€lQ)

still because S° = S. Now observe that,

5 1 & .
B (250 (0(2).2) | X) = 1 o7 #0060 ) [ X0 oy

n Z 7, U(q X;,0) ))HT(Xi,éU)<f(a)

= Mo(9”, t(a)),

because o (g(X;,0)) = (Xi,67). This proves the result.

C Auxiliary results

Lemma 11. Let us consider the procedure C; defined in Section A.1 and the functional mFCR}
defined by (12). Then we have

Ep- (Z?:l ﬂ*ﬂTi*<t)
Eg* (z?:l ]lTi*<t)
Moreover, the following properties for the function t € [0,1] — mFCR(Cy):

mFCR(CY) = = mFCR?, te0,1]. (32)

(i) mFCR(C}) is non-decreasing in t € [0,1] and, under Assumption 1, it is increasing in
te (t"(ae), t"(@));
(1) mFCR(Cy) <t fort e (0,1];
(11i) Under Assumption 1, mFCR(C}) is continuous w.r.t. t on (t*(ac), 1], where t*(a.) is
given by (14).

Proof. First, (32) is obtained similarly than (8). For proving (i), let t1,t2 € [0,1] such that
t1 < tz. We show that mFCR(C;,) < mFCR(C;,). Remember here the convention 0/0 = 0
and that mFCR(C}) = Eg- (T'(X,0%) | T(X,0%) <t). First, if Py (T'(X,0*) <t1) = 0 then
the result is immediate. Otherwise, we have that

mFCR(C},) — mFCR(C},)

B Py (T'(X,0%) < t1)
_ . * 1 . * . 46 .
= (Pp+ (T(X,0) < t1)) ' Ey <T(X79 ) {IIT(X,Q <4 T B, (T(X,07) < &) Lr(x,6%)<ts

where, given that ¢; < to, the quantity in the brackets is positive when T'(X,0*) < ¢; and is
negative or zero otherwise. Hence,

. Py« (T(X,0%) <t
T(X,0%) {ﬂT(X,e*)<t1 — PG* ETE o ; <1 iﬂ T(X,0* )<t2}
X, 0" <ty
<t {]lT(X,G*)<t1 E EX *; <t ;JLT(Xf? )<t2}
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Taking the expectation makes the right-hand-side equal to zero, from which the result follows.
Now, to show the increasingness, if mFCR(C},) = mFCR(C;,) for t*(ae) < t1 < ta < t*(a),
then the above reasoning shows that

) Po- (T(X,07) <t1)
(T(X79 ) - tl) {HT(X,G*)<251 - ]P)g* (T(X, 9*) < t2) HT(X,Q*)<152 <0

and has an expectation equal to 0. Hence, given that T'(X,#*) is continuous, we derive that
almost surely

Py (T(X,0%) < t2) Lp(x,6v)<t; = Por (T(X,0%) < t1) Lp(x,0)<to

that is, Py« (t1 < T} < t2) = 0, which is excluded by Assumption 1. This entails mFCR(Cj,) <
mFCR(C},).

For proving (ii), let t > 0. If Py« (T(X,0*) < t) = 0 then the result is immediate. Other-
wise, we have that mFCR(C})—t = (Py (T'(X,0*) < t)) 1 Eg- ((T(X, 0*)—t)1{T(X, 0*) < t}).
The latter is clearly not positive, and is moreover negative because (T'(X, 6*)—t)1{T(X, 6*) <
t} <0 and Py«(T(X,6*) =t) = 0 by Assumption 1.

For proving (iii), let ¢o(t) = Eg«(T'(X, 0*)1{T (X, 0%) < t}) and ¢ (t) = Pp=(T'(X, 0*) < 1),
the numerator and denominator of mFCR(C;) = mFCR;, respectively. 1)1 (t) is non-decreasing
in ¢, with ¢1(0) = 0 and ¥1(1) > 0. Moreover, ¢y and t; are both continuous under
Assumption 1. Then denote by t¢. the largest ¢ s.t. 11(¢) = 0. 11 is zero on [0, t.| then strictly
positive and non-decreasing on (t., 1], and we have that ¢. = t*(a.). Hence, mFCR(C}) is
zero on [0, t.] then strictly positive and continuous on (%, 1]. O

Remark 3. With the notation of the above proof, t — mFCR(C}) may have a discontinuity
point at t. since fort, .2 te, as1(t,) — 0, one does not necessarily have that mFCR(C}) —

0.

Lemma 12 (Expression of plug-in procedure as a thresholding rule). For any a € (0,1),
let us consider the plug-in procedure 6;1 = (2’3’, §§I) defined by Algorithm 2 and denote
{( = |SE| the mam’rzzum of the k € {0,...,n} such that max(k,1)™! Z?:l Ty < a for
T; = 1 — max, £,(X;,0), 1 <i <n. Consider also t(a) defined by (27). Let Assumption 1 be
true and consider an estimator 0 satisfying Assumption 4. Then it holds that t(a) = T(KH)
and

SPr={ie{l,...,n} : Ty < i(a)}.

Proof. If T( K) < T( K+1) then the result is immediate. Thus it suffices to show that T( K) =

T(k+1) occurs with probability 0. From Assumption 4 (with the countable set D defined
therein), we have

Py (Tiry = Tixern) <Py | (T =T33 | <Py | | J{T(X0,0) = T(X;,0)}
i 0eD i)

Now, the right term is a countable union of events which are all of null probability under
Assumption 1. The result follows.

30



Lemma 13. We have for all 6 € O,

sup [Ly(0,t) — Lo (6%, )] < W([[6" —0]]); (33)

tel0,1]
sup |Lo(0,t) — Lo(6", )] < 2% ([|0" — 0]]); (34)

te(0,1]
sup [L(0,t) — L(0%, )] < 3W([|6" —0]])/s"; (35)

teft* ((atac)/2),1]
sup |[Mo(0,t) — Mo(6",¢)| < 3W(|[6" — 0]]); (36)
te[0,1]

sup IM(0,t) — M(07,t)| < 4V(]|6" —6]])/s; (37)

teft*((atac)/2),1]
where a € (ae, @] and s* > 0 is given by (26). In addition, for all 6 € © and t,t' € [0,1],
Lo (6, 1) — Lo(6,t")] < 4 ([|6* - 0]]) + Wr (|t — t')). (38)
Proof. Fix §# € © and t € [0, 1]. We have for any ¢ > 0,
[Po+ (T(X,0) < t) — Py (T(X, 6%) < 1)
< (B (T(X,07) < t+5) — Py (T(X,0%) < ) V (Byr (T(X,8%) < 1) — By (T(X,0%) < ¢ — 5))
+ Py (|T(X,0") — T(X,0)| > 9)
< Wr(6) + Eo- (IT(X, 07) = T(X,0)]) /0.

In addition, by definition (5),

*) < *)
[T(X,0%) = T(X.0)| <| max £,(X,0%) — max ¢,(X,6)]

< max wq(Xve*)_eq(Xaeﬂ

1<q<@
Hence,

[Py (T(X,0) <) = Pp-(T(X,07) < 1) < 56%% {Wr(6) + Wi(l16* = 61))/0} = ([[6" - 6])),

which establishes (33).
Next, we have
Lo(0,t) — Lo(6%, 1)
= Eo[T(X, 0)(17(x,0y<t — Lr(x,0)<t) + Lrix,00) < (T(X,0) — T(X,07))]
< Py (T(X,0) <t) = Pye(T(X, 0%) < t)| + | Eg- [L1(x,0) <t (T(X, 0) — T(X, 67))]]
<Py (T(X,0) <t) —Pp(T(X,0%) < t)| + Ep- |[T(X,0) — T(X,0%)| <2¥(||6" —0])

By exchanging the role of § and 6* in the above reasoning, the same bound holds for L (6*,¢)—
Lo(6,t), which gives (34). To prove (35), we use for any ¢ € [t*(2%52<), 1],

’Lo(evt) - LO(G*vt) ’
Li(6,t) Li(6%,¢)

Lo(6,t) — Lo(6", 1) 1 1
< ‘*LO(G’” ‘Ll(e*,t) T L0, 0)
<20(10" = 0/s" + pop ILJ?EZQ By (T(X,8) < t) — Py (T(X,0) < )]

< 30(]|0™ —0[])/s",

31



because Lo(0,t) < L;(0,t) and Ly (6*,t) > s* by monotonicity. Similarly to the bound on Ly,
we derive

[Mo(6, ) — Mo(6", 1))

<Py (T(X,0) < t) — Pype(T(X,0%) < t)] + Eop-

U(X,0) — U(X,0%)].

Define ¢(X, 0) € argmax {,(X, ). Now, since U (X, 0*) < U(X,0) by definition (24), we have

qe{1,...,Q}
Eo- [U(X,0) = U(X,0%)] = Ep-[U(X, 0) — U(X, 67)]
=Egp«[¢ (XB)(X 0%) — Lgx.,00)(X, 07)]
= g [lg(x,0) (X, 07) — Lg(x,0)(X, 0) + Lg(x,0) (X, 0) — Lgx,6+) (X, 07)]
< Eg-[ max |6, (X 07) = Lg(X, O)] + Eo- [ max £4(X,0) — max £4(X,07)]
< 2K, [lrgnqe%xQ 64(X,6%) — £4(X, 0)] < 200" — ).
This proves (36) and leads to (37) by following the reasoning that provided (35). O

Next, we have for 0 < ¢ <t <1, by (34),
[Lo(0,t) — Lo(0,t)] < [Lo(0",t) — Lo(6",¢)| +4¥(]|0" — 0]]).
Moreover,

‘LU(H*v t) - LU(H*v t,)| = L0(0*7 t) - L0(0*7 t/) = Ep- [T(X7 9*)]lt’§T(X,9*)<t]
< Eg [Ly<r(x,00)<t] = Pg(T(X,0%) <t) — Py (T(X, 0) < t'),

which is below Wy (t — t') by (17). This leads to (38).
Lemma 14 (Concentration of f;(), il, and 1\710). For alln >1, x > 0,t €]0,1],

Pgs <SUP Lo(9,t) — Lo(6,t)| > 56) <em (39)
0eD
Py <Sup il(ﬁ,t) —Li(0,t) > CB) <e ™ (40)
0eD
Py <sup 1\710(9,t) — My(0,t)| > x) < 67"“2, (41)
0D

where u > 0 is s.t. xZ%—{—u.

Proof. The concentration of each is a direct application of Talagrand’s inequality. To be more
precise, Theorem 5.3. in (Massart, 2007)) states the following. Let &,...,&, independent
r.v., F a countable class of measurable functions s.t. a < f < b for every f € F for some real
numbers a,b, and W = sup ez | > f(&) — E(f(&))|. Then, for any x > 0,
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P(W —E(W)>z)<e n0-a7,

The result then follows by applying Lemma 15, which bounds the expectation term E(W) in
each case by 2y/n. O
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Lemma 15. Let &y, ..., &, be independent r.v. and F be a countable set of measurable functions
s.t. | fllooe <1 for f € F. Then, one has

E <?1€1§ Z f(&) —E(f(&))

i=1

) < 2y/n.
Proof. We have that

E | sup ,
feF

where the &/s are independent r.v. with the same distribution as the &s. Let (€;)1<i<n be
independent Rademacher variables. Then, we have

> &) -E (Z f(&)) D <E (;1612

i=1 i=1

> F&) — £(€)
=1

n

STHE) - £E) 2D el f (&) — £(€)
=1

=1

and
> f(&) - f(€) =E ( > el f(&) - £(&) 517---,§n,§17---752> :
i=1 i=1
Thus,
E 1) — E 1 >~ 2 E 1 ) g e QM
<;g§ ;f(ﬁ) (;f(ﬁ >) D < 2eup ( ;e F&)| e ¢ )
2 \% 7 7 PRIICIERS ¢
< Jsclelg (;6 f&)|& 13 )
—9 )2
sup ;(f(ﬁ ))
< 2¢/n.
where the second inequality is due to Jensen’s inequality. O

D Auxiliary results for the Gaussian case

D.1 Convergence rate

The likelihood of Gaussian mixture models is unbounded in general (Chen, 2017). Thus, the
convergence of MLEs has been studied over a constrained subspace of the parameter space
that may expand as the sample size increases, which is often referred to as a sieve MLE.

Proposition 16. Consider the mizture model (Section 2.1) in the d-multivariate Gaussian
case where ¢q = (mq,5q) € U with constrained parameter space defined as follows: U =
[—an, an)?x{S € STT A < A\(D) < A () < A} where a,, < L(logn)? for some L,y > 0, S§+
denotes the space of positive definite matrices, with A, A some strictly positive constants. Then
the (constrained) MLE is such that the corresponding quantity n(-,0*) defined by (20) satisfies
N(0n, 0*) < 1/n for n large enough, where &y, is a sufficiently large multiple of \/logn/n.
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Proof. In the considered model, any mixture can be defined in terms of {f,, v € U} and a dis-
crete mixing measure G = 222:1 Tq0¢, With () support points, as 22221 Tqfo, = | fu(x)dG(u
As shown by Ho and Nguyen (2016), the convergence of mixture model parameters can
be measured in terms of a Wasserstein distance on the space of mixing measures. Let

Z g=1 q6¢1 and Gy = Z(?:l 71'35(;53 be two discrete probability measures on some param-
eter space, which is equipped with metric [|.|]. The Wasserstein distance of order 1 between
G and (s is given by

Wi (G, G2) lﬂfzpq, ¢ — &7

q,l

where the infimum is over all couplings (pyi)1<qi<q € [0,1]9%9 such that >, p,; = Ty
and Eq Dgl = 7rl2. Let G*, G, denote the true mixing measure and the mixing measure
that corresponds to the restricted MLE considered here, respectively. Theorem 4.2. in Ho
and Nguyen (2016) implies that, with the notation of Ho and Nguyen (2016), for any €, >
(v/C1/c)dp, and 6, < C\/logn/n we have Py (W1 (G, G*) > (¢/C1)ep) < ce™™en. We apply
this relation for €, = max((v/C1/c)dn, /log(cn)/n). In that case, we have still €, of order
V/logn/n and the upper-bound is at most 1/n. On the other hand, if we have a convergence
rate in terms of W7y, then we have convergence of the mixture model parameters in terms of
||l.|| at the same rate, see Lemma 17. This concludes the proof. O

Lemma 17. Let G, = Z 1 Tq 5¢n be a sequence of discrete probability measures on U,
and let G*, W1 be defined as in the proof of Proposition 16. There exists a constant C only
depending on G* such that if W1 (G, G*) — 0, then for sufficiently large n,

Wi(Gy,G*) > C min |6y —0%|.
o€[Q]

Proof. In what follows, we let {pzl} denote the corresponding probabilities of the optimal
coupling for the pair (Gn,G*). We start by showing that (¢7); — (¢;)q in [|.]| up to a
permutation of the labels. Let ¢" the permutation of the labels such that |¢7 — @7 >
H(bgn(l) — ¢7|| for all ¢,1 € {1,...,Q}. Then, by definition,

Wl (GTm G*) Z Z pg,l

1<q,1<Q

= Zm 165y — &7 I

It follows that each Hqﬁgn(l) — ¢7|| must converge to zero. Since (¢}), — (¢;)q up to a
permutation of the labels, without loss of generality we can assume that ¢y — ¢y for all g.

Let A¢y = ¢y — ¢y and Amy = ) — my. Write Wi (Gp, G*) as

boy — o1l

W1 (G, G*) = quqHAcb"H + Y oplley — o7
q#l

Define Cy = ||¢; — ¢7|| and C = ming Cy > 0. It follows from the convergence of ¢"
that for ¢ # [, ||¢y — @] || = C/2 for sufficiently large n. Thus,

W1(Gp, G*) > Z P
qsﬁl
We deduce that Zqﬂpql — 0. As a result, py, = 7, El#qplq — 7rq, and S0, pqq >
(1/2)mk ., := min; 77 for sufficiently large n. On the other hand, >° , py = — Dgq =
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g g —Paq Where pg, <min(ry, mg). Thus, >° , py = >, 7g —min(rg, mg) = >_, > Ty —
T = Zq,wf}ZW; g — | and similarly we have that >, py > >° g — Ty Tt follows

that 23, py > >, Img — my|. Therefore, for sufficiently large n,

* n
g,y >my

1

Wi(Gn, G7) 2 5 ZIIA%IH Z\Aﬂgl-

This gives the result. O

D.2 Gaussian computations
The following lemma holds.

Lemma 18. Let us consider the multivariate Gaussian case where ¢g = (f1q, 5q), 1 < ¢ < Q,
with @ = 2, ¥1 = Yo is an invertible covariance matriz and p1 and po are two different
vectors of R%. Then Assumptions 1, 2 and 3 hold true for a. = 0 and for a level a € (0,@)\E
for € a set of Lebesque measure 0.

Proof. Let us first prove that T'(X,0) is a continuous random variable under Py« (this is
established below without assuming ¥; = ¥ for the sake of generality). We have

- =17 0

Q

=Py (121% {mafo,(X)} = (1-1) Zﬂefm(X))
Q

< Z * <7qu¢q (1-1) Zﬂ'gf@ > .

Since @ = 2, the latter probability is (for say ¢ = 1), equal to

PG* (ﬂ—lfd)l (X) = (1/t - 1)7T2f¢2(X))
Py (f3,(X)/ fo(X) = (1/t = 1)ma/m1)
=Py (X = p1)"STHX = 1) — (X = p2)' S5 (X — po) = —2log ((1/t — 1)ma/m1) — log(|S1]/[%2])) -

Now,

(X = )" 571X = 1) = (X = o) 551 (X — o)

= (X = )" STHX = ) = (X = )" S5 (X = p2) = (i — p12) 5 (X — o)

= (X — )" (Z7 = Zg (X — ) = (X = )25 (1 — p2) — (1 — p2)' 51 (X — o)
= (X =) (E =2 (X = 1) = (1 — p2)'25 12X — pa — pua).

Since the real matrix 21_1 -5 1 is symmetric, we can diagonalize it and we end up with a
subset of R? of the form

d
yERd : Z(ajy]2~+,3jyj)+’}/:0 ,
j=1

for some real parameters «;, 8,7. The result follows because this set has a Lebesgue measure
equal to 0 in any case.
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Now, since 31 = Xy = X, we have for all t € (0, 1),

{T(X,0)>t}:{qu{1,...,Q} mofs,(X) < (1—1) mew }

= {m1fe, (X) < (1/t = Dmafe,(X)} 0 {7T2f¢z( ) < (1/t = )mify, (X)}

_ _ -t < M (X) _
_{(1/75 1) <7r2f¢2(X)<(1/t 1)}.

Applying 2log(-) on each part of the relation, we obtain
{T(X,0) >t} = {—2log(1/t — 1) < a'X + b < 2log(1/t — 1)},
for
a = a(f) = 257" (1 — p2) € RN\{0}
b="b(6) = — (1 — p2)'S ™" (11 + p2) + 2log(m1 /m2) € RY.

Since under Py« we have X ~ miN (uf, %) + m3N (u3, £*), we have a'X + b ~ 7iN (a'uf +
b,a'>*a) + w3 N (alps + b,a'>*a). This yields for all ¢ € (0,1),

Py (T(X, 0) > 1) =my [@ (21°g(1/t — 1) —alpi - b) " (‘210%(1/t —1) —a'pi — bﬂ

(ats*a)l/2 (atT7a)1/2
2log(1/t — 1) —alps —b —2log(1/t —1) —alus —b
#m [0 (B ) o (P )|
(42)

A direct consequence is that for all ¢ € (0,1), we have Py« (T(X,6) > t) < 1, that is,
Po« (T'(X,0) < t) = Pg-(T'(X,0) < t) > 0. Hence, . defined in (14) is equal to zero.
Moreover, from (42), we clearly have that t € (0,1) — Py« (T'(X, 6) > t) is decreasing, so that
t € (0,1) — Pp«(T(X,0) < t) is increasing. This proves that Assumption 1 holds in that case.

Let us now check Assumptions 2 and 3. Assumptions 2 and 3 (i) follow from Result 2.1
in Melnykov (2013).
As for Assumption 3 (ii), from (42), we only have to show that the function ¢ € (0,1) —

%Cb <l°g(1/t6¢> is uniformly bounded by some constant C' = C(a*, 5*), for any o* € R
and f* > 0. A straightforward calculation leads to the following: for all ¢ € (0, 1),
(log(l/tfl)fa* )2/2

9 [log(1/t—1) — a*) ’ e CR 1
=P = . 43
it (2 Fvar W10 )
Consider now tg = to(a*, ") € (0,1/2) such that (W)g > 2log(1/t) for all t €

. . . . 1
(0,tp). It is clear that the right-hand-side of (43) is upper-bounded by Frvari—ig) O™

t € (0,tg). Similarly, let t; = t1(a*, 8*) € (1/2,1) such that (M)2 > 210g(1/( —t))
for all t € (t1,1). It is clear that the right-hand-side of (43) is upper-bounded by
t € (t1,1). Finally, for ¢t € [to, 1], the upper-bound
Assumption 3 (ii) holds.

B*\/ﬂtl

m is valid. This proves that

Let us now finally turn to Assumption 3 (iii). Lemma 11 ensures that ¢ € (0,t"(a)) —
mFCRY is continuous increasing. Hence, t* : 5 € (0, @) +— t*(/3) defined in (13) is the inverse of
this function and is also continuous increasing. It is therefore differentiable almost everywhere
n (0, @), so everywhere in (0,@)\E where £ is a set of Lebesgue measure 0. By taking a in
(0, @)\&, this ensures that ¢t* is differentiable in o and thus that Assumption 3 (iii) holds. [
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Figure 9: Same as Figure 5 with dimension d = 20.

E Further experiments
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Figure 10: FCR and selection frequency as a function of the nominal level ce. Three-component
model Q@ =3, m =m =m3 = 1/3, 51 =Xy = U3 = I, iy = 0, g2 = (¢/V2,¢/V2),

ps = (0,2¢/v/2).
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Figure 11: FCR and selection frequency as a function of the nominal level a. Unconstrained
model with Q = 2, d = 2, € = v/2, n € {200, 1000}.
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