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Abstract: In cluster analysis one often finds several partitions of a data set using different clustering
methods and algorithms set with a variety of hyperparameters and tunings. The number of clusters
K is one of the most relevant of such hyperparameters. Cluster selection is the task of choosing the
desired partitions. The Bootstrap Quadratic Scoring is a recently introduced method where the cluster
selection is performed by optimizing a score attached to a partition that is based on the quadratic
discriminant function. Previously, we proposed the estimation of this cluster score via bootstrap
resampling and investigated the proposed estimator based on numerical experiments and real data
applications. However, that earlier work did not provide theoretical guarantees. In this paper, we
fill that gap. We study the asymptotic behavior of the scoring method and show that the proposed
estimator converges to well-defined population counterparts.

Keywords: cluster validation; model-selection; method-selection; resampling methods; asymptotic
analysis

MSC: 62H30; 62F05

1. Introduction

Clustering remains a fundamental challenge in the analysis of complex datasets.
Researchers frequently apply multiple algorithms with varying configurations, producing
several candidate partitions from which they must choose a final solution. The diversity
in partitioning reflects the inherent ambiguity in defining clusters, especially given the
unsupervised nature of most clustering problems (see [1]). A long-standing challenge
within this context is the selection of the appropriate number of clusters, K, a decision
complicated by the fact that many algorithms also require tuning of hyperparameters that
affect the granularity of the data structure representation. Even at a fixed K, different
hyperparameter choices can lead to different partitions ([2]).

Recent efforts, such as those of Ullmann et al. [3], have sought to categorize different
validation approaches providing a complete overview of what has been done in the litera-
ture. For a comprehensive overview of the problem of cluster validation and selection see
[4]. The central issue is that most clustering methods implicitly pursue particular notions
of what constitutes a “good” cluster, reflecting assumptions about the structure within the
data. Despite this, many new proposals claim universal applicability, suggesting that they
can uncover the “true” clusters, a claim that oversimplifies the reality of unsupervised
analysis. In reality, the existence of “true” groups is often an illusory concept and different
methods prioritize different cluster characteristics. In a previous work [2], we introduced
a novel approach that starts from a different perspective. There, we introduce the notion
of clustering and we propose a method that is designed to retrieve partitions that are
consistent with the target cluster concept. In particular, we design criteria, called quadratic
scores (reviewed in Section 2), that are consistent with clusters generated from the class of
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elliptical-symmetric distributions that includes Gaussian models as a special case. Clusters
of this type form partitions of the data space where the boundaries separating clusters
can be meaningfully obtained based on the quadratic discriminant scores used in classical
Quadratic Discriminant Analysis (QDA). By connecting these quadratic scores criteria to
likelihood-type quantities from the model-based clustering literature (see [5]), we provided
a robust framework for selecting the optimal clustering solution.

In [2], we estimate the quadratic score of clustering solutions, using sample informa-
tion, via an estimation strategy based on bootstrap resampling, a novel proposal that is
validated with an extensive experimental analysis. In this article, we extend the existing
literature by providing a novel theoretical characterization of this cluster selection method-
ology. In particular, we derive asymptotic results showing the consistency of the estimation
procedure. At the same time, it is acknowledged that our consistency results are based on
sufficient conditions that involve assumptions on the unobservable underlying population
distributions. Therefore, the results of this paper should be taken as a characterization
of the statistical environment that would provide theoretical guarantees for a reasonable
cluster selection.

The rest of this paper is organized as follows: Section 2 reviews the hard and smooth
quadratic scores introduced in [2], as well as the bootstrap estimation strategy. Section 3
develops the novel asymptotic results, by first characterizing the asymptotic behavior of
the bootstrap estimation strategy for a generic scoring function, and then, specializing the
results to the hard and smooth scores. Section 4 provides a discussion of the asymptotic
results and, finally, Section 5 concludes the paper.

2. Evaluating Partitions Using the Quadratic Scoring

In this section, we review the scoring method introduced in [2]. The general notation
is as follows. X, = {x;,i € {1,...,n}} indicates the observed sample of size n, where each
observation is a p-dimensional feature vector x; € Ry; Xy is the realization of a random
sample, ie., X, = {X;,i € {1,...,n}}, where X; € R? is the p-dimensional random vector
of features representing the i-th unit. K indicates the number of groups into which the n
observations are clustered. Group memberships are introduced through the random vector
of 0-1 variables Z; = (Zj,... Zix), where Zy = 1 if the i-th sample point belongs to the
k-th group, and 0 otherwise. For clusters that are meaningfully described by a triplet, 6,
of size, center, and scatter parameters 6y, = {7, p, Lx }, the quadratic score at point x for
cluster k is defined by

as(x,Br) = log(7ty) — 5 log(det(¢)) — 5 (¥ — ) B¢ (x — ), )

where ;. € (0,1), Yk 1 = 1 is the size of the cluster, and p, € R?, &y € RP*? are the
cluster center and scatter, respectively. The quadratic score gs can be seen as a measure
of how well point x fits into cluster k (higher values being associated with better fit) and,
given clustering 6 = {6,k € {1,...,K}}, it defines a quadratic partition of the space

Q(0) = {Qk(0),k e {1,...,K}}, (2)

where the quadratic region Qy () is the region of the space where the quadratic score for
cluster k is maximal:

Qu(6) = {x € R qs(x,0) = max as(x, 6,-)}- 3)

Elliptic-symmetric clusters are well described in terms of parameters 0y, and in [2], it
is shown that the quadratic score gs and the associated quadratic partition Q are optimal to
describe a general class of elliptic-symmetric data generating processes (DGPs) in the sense
that, under any DGP in this class, parametrized at 8, the quadratic partition achieves the
largest probability for points generated from the k-th sub-population to fall within the k-th
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region Qi (0); any other partition of the space is sub-optimal, achieving a lower probability.
The aforementioned class of elliptic-symmetric DGPs is characterized as follows.

Definition 1 (Quadratic-clustered DGPs). DGPs compatible with elliptic-symmetric clustered
regions of points that are optimally described by quadratic partitions are so characterized: for
ke{1,...,K}, P(Zy = 1) = my and the group-conditional distribution X|Z = k has density

F (i Ei) = det(E) “2g (v — ) T (x - ), @

where g(-) is a strictly decreasing function on [0, 4co|, u, € RP is the centrality parameter and
Xy € RP*P is a positive definite scatter matrix. Moreover, at least one of the following holds

(C1)  f(-) is the Gaussian density function (for an appropriate choice of g(+));
(C2)  log(m/mj) = 1og(det(>:,-)%/ det(zj)%).

Remark 1. The group-conditional density (4) belongs to the key class of elliptical-symmetric
distributions (ESDs). The ESD class includes popular models like the Gaussian, the Student-t,
the Laplace, the multivariate logistic, etc. They generate groups of points lying in regions that are
intersections of ellipsoids described by the pairs of centrality-scatter parameters (pu, Ly ) and, within
each group, the features are connected via covariance relationships. The generating mechanism is
consistent with data generated from finite mixtures of such elliptically-symmetric families. Outside
the Gaussian case, DGPs are required to produce groups for which there is a balance between size
and generalized variance (see (C1)).

Most often, there is no prior knowledge on viable grouping of the data, which may
also exhibit no clustering structure at all. In practice, it is common to estimate different
clustering structures on the data X,;, compare them on some goodness-of-fit measure, and
select the best ones. Let M be a set indexing clustering solutions, with corresponding
representation in terms of triplets of parameters given by 6", forindex m € M. Given that
the quadratic partition Q(6) optimally describes elliptic-symmetric clusters parametrized
at 0, it can be shown that point-wise maximization of the quadratic score gs is achieved
by those clustering solutions that better capture the main clustered regions, allowing us to
define what we call the Hard Score criterion:

Ha(00) = 1YY 1 € Qu00) Jas (xs0(™), ©)

where K(6(™)) is the number of clusters in the m-th clustering solution, and I{-} is the
indicator function. Comparing 8") with 80", for m, m’ € M, we say that solution 8" is
preferred to 8" if H,(8™)) > H,(6(™)), in line with the idea that 8") provides a better
description of the elliptic-symmetric clustered regions in the data X,,. H,(-) attaches hard-
weights (0-1 weight) to each point score gs(-). For situations where a smooth transition
between clusters is desired, ref. [2] introduced the Smooth Quadratic score, defined as

K(e(m))

T, (8) = Tlli Y w (xi;ﬂ(m))qs (xi} 9;(("1)). (6)

k=1

The previous score rests on the same considerations that led to definition (5), but replaces
the indicator function with a smooth weighting scheme, using

gy _ exp(as(xi; 6r))
T (x;;0) = Y exp(gs(x;60g))

Other weighting schemes are possible, but the softmax transformation is used as it guaran-
tees some form of optimality for Gaussian clusters. Solutions achieving a higher smooth
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score are preferred. With respect to (5), using (6) tends to select simpler clustering solu-
tions in cases of strong cluster overlaps, preferring solutions that cluster together highly
overlapped groups of data points. A full account of the properties of the hard and smooth
scores and a comparison between them is provided in [2].

Remark 2. When clusters are generated by the ESD group-conditional model f(-), by selecting a
partition described by a 8" maximizing (5) or (6), it is shown that one finds an optimal quadratic
partition. In practice, for real data applications, one cannot expect the previous assumption to hold
precisely. In fact, our work [2], based on a massive numerical experiment, showed that the criteria
proposed work when: (i) clusters are well-described by size-centrality-scatter parameters 0, and
(ii) whenever the clusters can be reasonably separated by linear and quadratic boundaries.

Bootstrap Resampling of the Scores

In the previous section, we assumed the existence of a set of clustering solutions,
indexed by set M, from which an optimal solution needs to be selected, glossing over the
origin of the set itself. In fact, such a set needs to be estimated in practice. The usual approach
is to identify a pool of clustering approaches, and then define settings and hyperparameters
for each of them. A clustering approach, its hyperparameters, and its algorithmic controls
define a clustering method fitting the data, thereby producing a clustering solution. With a
slight abuse of notation, we use the set M to index the clustering methods to be fit on the
data. For each clustering solution, we denote its representation in terms of triplet parameters

as é,(j”) = {@,(;;?, ke{l,...,K (m)}}, where K(m) is the number of clusters implied by method

m € M, and the subscript n highlights the dependence on sample data and its size.

Once the set of clustering solutions is estimated, we can then use criterion (5) or (6) to
pick the desired solution. Unfortunately, this strategy is likely to return an over-optimistic
assessment of the quality of fit. Estimates of (5) or (6) will tend to favor more complex
clustering solutions as these have higher degrees of freedom to adapt to the data better.
However, overly complex solutions might capture not only patterns from the unknown
data-generating process but also artifacts of the sampling process. In this case, the selection
problem is affected by the bias—variance trade-off that arises with clustering methods of
different complexity, and can not be decided using the same set of data both to fit the
clustering solution and to score it. This fact is well known in the supervised learning
context and is well documented in [2].

More formally, let us generalize our notation by calling s(x, 8) the point-wise score,
that is the score attached to the point x based on the solution described by 6. Let us rewrite
the score attached to the partition as

K(®) n

hard score: s(x,0) = ) I{x € Qc(8)}qs(x,8),  Su(Xy,0) = % Y s(x,0);
k=1 i=1
K®) L

smooth score: s(x,0) = ) Ti(x,0)qs(x, 6), Sn(Xy, 0) = - Y s(x;,0).
k=1 i=1

To ease the notation, S, (-) identifies both the hard and the smooth score depending on the
weighting scheme in the point-wise score s(-). When it is important to distinguish the two
types of score, S, (-) will be denoted specifically as Hy(-) (hard type) or T, (-) (smooth type).
Further, fixing method m € M, let us write as Q(Xn) =0, the clustering solution obtained
fitting method m on the sample data X,,. The naive strategy described above that results in
over-estimating the performance of solution 8, consists of computing the score

n

0 (%0, 00%,)) = s (x50, @)

where it is evident that the same data source is used both to estimate the clustering solution
and to evaluate the score.
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In the spirit of Akaike’s seminal work [6], in order to avoid the over-fitting bias
described above, one would like to marginalize out the randomness of the clustering
solutions. Indeed, assuming that X ~ F, and 0, ~ G, for some distribution G that
represents the randomness of the clustering output, the target quantity of interest, at the
population level, is W = Eg Er[s(X, 8,)]. W is the expectation of the average score s over
all possible realization of 8, ~ G. However, in large samples, if 0, — 6y for n — co, W will
be evaluated at the limit clustering 6j.

Estimating W with in-sample quantities would require the observation of multiple
independent samples from F and G. As this is not possible in practice, we propose to
approximate it using resampling strategies. Here, we focus on the empirical bootstrap
([71). Let X, be the observed data and F, be the corresponding empirical cumulative

distribution function (ECDF) of the sample. Denoting with Xg,b) a bootstrap sample from
[F,,, we propose to use bootstrap resamples to approximate the outer expectation over G,
and the distribution I, to approximate for the inner expectation over F. That is, we propose
to estimate W with the quantity

;bis(xn,é )) = ;iii(xu "), ®)

a0

where 0,, " represents the clustering solution fitted on the b-th sample (to be precise, the
clustering solution is obtained by fitting method m € M, but we suppress the dependence
from m in the notation), and its randomness may arise both due sampling variability and
by the algorithmic procedure that estimates the clustering solution. Under appropriate
regularity conditions, (8) can be used to estimate W in large samples:

lim L i s(x.,8,) =w; ©

n,B—o0 =1

in the case of a degenerate G, we are also interested in confidence intervals Er[s(X, 6))].
The exact procedure introduced in [2] to estimate (9) is described in Algorithm 1.

Algorithm 1 Bootstrap Scoring (BQH, BQS)

Input: observed sample X,, (with ecdf F,,), « € (0,1); clustering method m € M.
Output: Wy, Ly, Uy.

(to ease notation, dependence on m is dropped and reintroduced in Step 3.1)

forbe {1,...,B} do
(Step 1.1) XV {xi(b); ie{,.. .,n}} i,
(Step 1.2) é(b) + fit method m on X,(lb)
(Step13) S« 8,(X,,, 8"y = n-1y7 s(xi;é(b))

end for b
(Step 2) wn<—15r1 yB s

(Step3) LetRY = /n (s b _ )
(Step 3.1) Compute

1 p® a o), L ) &
EZH{ <t} 2} g el?ft.gl;]l{Rn gt}zl—i

b=1

Z,ﬁ”’) — ir}f{t :

BQH = argmax,, {Zn} when s(-) corresponds to the hard quadratic score

BQS = argmax,, . {En} when s(-) corresponds to the smooth quadratic score




Mathematics 2024, 12, 3417

6 of 20

Using Algorithm 1, multiple clustering methods m € M can be scored, and the solution
achieving the highest bootstrap lower confidence interval is selected. The BQH and BQS
validation criteria are defined according to whether (5) or (6) is used in place of scoring criterion
S. Both prove to be effective in solving the selection problem, with the smooth score having an
edge over the hard score in cases of strong overlap of (some of) the clusters.

3. Theoretical Analysis

In this section, we analyze the bootstrap estimator presented in Algorithm 1. We use
the same notation as in [8] to represent probability measures. In this notation, the origi-
nal probability measure is denoted as P, and the original probability space is (Q), F, P).
This is the probability measure governing the behavior of the data-generating process.
The probability measure induced by the bootstrap algorithm is denoted as P*. To be
precise, P; , depends upon a realization w € () and on the sample size n; however, we
are going to omit this in our notation. Dependency on n will be made explicit in the
notation of quantities estimated on bootstrap resamples (e.g., 8). In this notation, a boot-
strap statistic T,; converges in “probability—P*, almost sure-P” to T if, for any € > 0, there
exists F € F such that P(F) = 1 and for all w € F: limy_c P*(||T;f — T|| > €) = 0. Sim-
ilarly, T); converges in “probability—P*, probability—P” to T if, for any € > 0 and J > 0:
limy 00 P(P*(|| T — T|| > €) > J) = 0. Using subsequences arguments (e.g., [9]), “conver-
gence in probability—P*, probability—P” means that for any subsequence {n'}, there exists a
further subsequence {n’'} where the convergence holds in “probability—P*, almost sure-P".
Convergence of T}; to T in distribution—P*, probability—P means that T,; converges weakly
to the law of T on a set with probability P converging to 1.

3.1. Analysis of the Resampling Algorithm

In this section, we present the main theoretical results on the bootstrap resampling
procedure illustrated in Algorithm 1. We note that, in Algorithm 1, step 3, the quantities

R,(qb) are centered with respect to a bootstrap average

o _1¢ A0) _ 1 ¢ A(b)

Wy ==Y 8, (X, 80 = = s(x:;, 0\, (10)
n Bb; n( ns YUy ) Bb;xiggn (1 n )

RY) = V(s = W,), (11)

where we emphasized the dependence on sample size 1 of the estimated clustering solution
and dropped the dependence from a specific method m € M, which is assumed to be fixed.
The scoring function s is a generic one, and in the application above coincides either with
the hard or smooth score. The centering used in (11) is different to what is typically done in
standard bootstrap theory, where the centering value is the in-sample counterpart of the
bootstrapped statistic ([10]).

In order to establish asymptotic properties for (10) and (11), we need two preliminary
results. The first establishes the convergence of each term of the sum in (10). The second
shows the convergence in the distribution of (11).

Proposition 1. Let (QQ, F, P) be a probability space, and let X be a random variable with distri-
bution F on this space, with X(w) € RP for some finite integer p. Let Xq(w), Xo(w), ... be an
infinite sequence of independent and identically distributed random variables; X,, = {Xq,... Xy }
being the first n terms. Let F, be the ECDF of X, and X[ be a bootstrap sample from Xy, of size
I. Let © C Rd,for some finite integer d; S, : TT'_1 RY x ® — R random functions; S : © — R
an almost sure continuous random function over ©. Let 0, = 0(X,,) and 6, = 0(X7) be fitted
clustering solutions, with 6y, 0,, 9; € R4, Assume that:

(A1)  foralll,n € N, P(P*(8; € ©)) =1, P(d, € ©) = 1and P(6y € ©) = 1.
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(A2)  (Convergence of the estimator in conditional probability) for any e > 0,6 > 0asn,| — oo:
lim P{|é,1 — 6o > e} =0,
n—oo

lim P{P*{Hé? — 0, > €} > 5} =0.

n,l—o0

(A3)  (Uniform convergence of S) for any € > 0:

lim P{ sup |S, (X, 0) — S(0)] > e} =0.
n—oo 0cO

Then, for any e > 0,6 > 0O:

lim P{P*{|5n(xn,éi)—5(eo)| > e} >5} =0, (12)

n,l—o0

which is a convergence in probability—P*, probability—P.

Remark 3. In general, the rate at which | goes to co is determined as a function of n and depends
by the particular result applied to show validity of assumption (A2). A typical choice is | = n.

Remark 4. Assumption (A2) can be replaced by any result stating the convergence of the boot-
strapped quantity 8] , as for example, for any € > 0,6 > 0,

Lim P{P*{||§] — 6] > ¢} > &} =0.
n,l—)oo

Now, we move to the second result, showing the convergence in distribution of the
quantity (11). This convergence justifies the confidence intervals estimated in Algorithm 1,
Step 3.1. The proof requires additional assumptions and uses the delta method applied to
the root (11).

Proposition 2. Let assumptions (A1), (A2), and (A3) be satisfied, and assume for convenience that
I = n. Additionally, assume that:

(A4)  (bootstrap estimator’s convergence in distribution): for any € > 0:

,}LH.}OP{ sup | P* (0,8, ~ 8,) < 1} = P (B, ~ ) < t}‘ > e} NE
for some rate ay, a, — 00 4s N — 00; ASSUMING Ay (én — 0y) converges in distribution to a
continuous distribution function, T, and call T a random element such that T ~ T.

(A5)  (uniform convergence of the first derivative of S, over ©): S,,(X,, 0) is twice differentiable
in 0 with uniformly converging first derivatives over ©, in probability—P. That is, assume
that for any € > 0:

lim P{ sup [|VeSn(X,0) — VoS(0)] > e} =0.

Then, as n — oo, in distribution—P*, probability—P:

Ay 18 A(b)x) \ d
a (sn (Xn,e,ﬁ> ) - E;sn (Xn, ) )> 2 VoS(00) T +VeS(6)TET,  (14)
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or, if ET =0,
B
Z (Xn,e )) 2 VeS(680) " T. (15)

a (sn (X )

3.2. Properties of the Quadratic Scoring Function

m \

Proposition 1 and Proposition 2 provide conditions that characterize the asymptotic
behavior of the resampling strategy proposed in Algorithm 1, for a generic function S.
We now focus on providing results for the hard and smooth scoring functions (5) and (6),
which we will use later to show that some of the assumptions (A1) to (A5) hold for this
particular choice of S.

The following results for the hard (5) and smooth (6) scores are based on an equovalent
formulation in terms of Gaussian densities. The next result establishes the equivalence with
Gaussian densities up to a constant term. Proofs of statements are deferred to Appendix A.

Proposition 3. Consider m, m' € M, and observed data X,,; define the scores hy, and t, as

1 K(m) " "
hy (6(’”)) = ;x.gg k:Zl ]I{k = arglfnax{nlg )¢k(xi;m)}}log<7rli )(pk(xi;m)) (16)
1 KW g (xim)

tn<6(m)) ==Y ¥

M ek, o1 TR 7™ gy (i m)

log (" gi(x;m) ), (7)

where ¢y (-, m) is a p-dimensional Gaussian density parametrized at 6"

iy -1/ 1 m\ T m
¢r(x,m) = (2r)"F 2det(Z.,(c )) exp{Z(x,u,(C )) I 1( :”l(< )) .
Then, referring to (5) and (6), for any m, m" € M,

Hn(e(m)) > H, (e(m’>) — hn(()(’")) > hy (eW))
TH(G(’")> > T, (e(’"’>) — tn(ﬂ('")> >ty (e("”).

With a slight abuse of notation, in the following, we will indicate with & and t (without
subscript) the generic term of the sums in in h; and t,, respectively, (compare with (16)
and (17)).

K

)= H{k - arggax{nkqw)}} log (i (x)), a8)
=1
K

Hx0) = Y ) e (). 19)

=LK mer(x)

The following propositions characterize some properties of ,, and t,.

Proposition 4 (continuity). h(x,6) and t(x,0) defined in (18) and (19) are continuous both in x
and 6.

The proof is trivial, i and ¢ being composition of continuous functions in both argu-
ment. It follows immediately that both h, and ¢, are continuous.

Proposition 5 (Bounded from above). If 7ty € (0,1) and detX; > 0 forallk € {1,...,K},
then h(x,0) and t(x,0) are bounded from above: IM € R : h(x,0) < M for any x € R?
(analogously for t).
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Now, we show the existence of the second moment of & and ¢, with respect to random
variable X, for all possible values of 8 € ©. These are needed to establish uniform
convergence required by assumption (A3), on which Propositions 1 and 2 heavily rely.
This is an essential regularity condition, and amounts to shape the degree of smoothness
required for the scoring function used in the resampling scheme.

Proposition 6 (Second moment of t). Assume the following hold, for every 6 € ®

(B1)  Xis a p-valued random variable with X ~ F, where F is a continuous distribution function
such that the fourth moment exists: E(X; X;X;Xm) < oo, forany i,j,l,m € {1,...,p};

(B2) > Oforeverykand Yk | mp = 1;

(B3)  ||pell2 < M for some large M for every k;

(B4) Xy is non singular for every k.

Then, the first two moments of t with respect to F exist and are finite:

E 31618 (t(X, 6)2) < oo.

Proposition 7 (Second moment of /). Assume (B1), (B2), (B3), (B4) hold. Then, the first two
moments of h under F exist and are finite:

Ezlelg (h(X, 6)2) < o0.

Proposition 8 (Bounded in probability). Let (B1) to (B4) hold. Then both hy,(0) and t,(0) are
bounded in probability: for any € > 0, IM € R : P(|h,(0)| > Me) < € (analogously for t,).

The next proposition is similar to the two above and it is required to show the validity
of assumption (A5), but demands for stronger assumptions on the data distribution. This is
needed to ensure regularity conditions to apply delta method in Proposition 2. This is
shown for smooth scoring s only.

Proposition 9 (Existence of Vgt second moment). Let assumptions (B2) to (B4) hold. Let as-
sumption (B1) be strengthened by the following:

(B1*) X is p-dimensional random variable, X ~ F, and F is such that

E (X, Xi, Xi, X, Xi, X, X, Xiy) < 00; Vi, ia, 13,14, 15,16, 17,15 € {1,...,p}

Then:

E (sup ||V95(X,6)||2> < oo. (20)
0cO

3.3. Consistency of the Hard and Smooth Scores

In this section, we bring together results provided in Sections 3.1 and 3.2 to show
conditions under which (10) consistently estimates its population counterpart and the
validity of confidence intervals based on (11).

Assuming X, is a sequence of i.i.d. random variables from F and that (A1), (A2) and
(B1) to (B4) hold. These assumptions ensure that s(X,0) (where s is either 1 or t) is a
continuous function in both arguments, ® is a compact set, and E(supy_g (X, 0)?) <
(by Propositions 6 and 7). Then, by a straightforward application of ([11] Theorem 2.7.5),
we have that, for any € > 0:

P{ lim sup‘% is(Xi,ﬂ) - ES(X,G)‘ > e} = P{ lim sup

n—=®gce M3 =g

Sn(Xn,(-))fS(G)‘ > e} — 0, (1)
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which is an almost sure uniform convergence of S,, over O to S, and is a stronger condition
than that required by assumption (A3). Hence, if X, is a sequence of i.i.d. random variables
from F and (A1), (A2), (B1), (B2), (B3) and (B4) hold, then (A3) is implied by (21), allowing
to apply Proposition 1, which yields the convergence in probability—P*, probability—P for
Spiforanye >0, 6 >0,andanyb =1,...,B:

. % ~x(b
ggop{p {184(X,, 02" = 5(8)] > €} > 5} =0.
Thus, applying the law of large numbers to the bootstrap probability—P*, we have the following:

lim lim — Z s:") L ES(0) = EgExs(X,0), (22)

B—soon—o B

where the convergence happens in probability—P*, in probability—P. This result states that
we can consistently estimate (9) with the bootstrap strategy in Algorithm 1. Next, we show
the adequacy of the confidence interval.

Now, we turn to the validity of confidence interval based on (11). The following
discussion consider s to be specified as the smooth score (17). Assume that X, is a sequence
of i.i.d. random variables from F and that (A1), (A2), (A4), (B1*), (B2), (B3), and (B4) hold.
Using the argument made to derive (21), these assumptions imply (A3), as (B1*) implies
(B1). Moreover, using the same argument, they also imply (A5) by using Proposition 9
in place of Proposition 6. Thus, we can apply Proposition 2 together with ([12] Lemma
23.3), yielding the consistency of the bootstrapped quantiles for the distribution VS(0)T
(possibly shifted by a bias term). We denote the quantiles with g,. More precisely, L;, and
U, as defined in Algorithm 1, converges to L and U, where:

= irtlf{t :P(VeS(O)T <t) > %} + VeS(O)ET = qy + constant;
u= irtlf{t :P(VeS(O)T <t)>1-— E} +VeS(O)ET = q1-3 + constant;

the convergence occurs as B — o, n — oo, in probability—P*, in probability—P.

Now, for simplicity, we argue along subsequences 1, where the convergence in
Proposition 2 can be taken to hold in distribution—P*, almost sure—-P Thus, with probability-
P=1,as B,n — oo:

P {50 2= G} = P ( 15— 5.0001) <13} =

an

P {on(g Zs*(b S (X, 80) ) +an (Su(X, B0) — $4(%,,0)) < 13} L

P{(VgS(G)ET—i—VgS(B)T) < VgS(G)IET—i—q%} = P{VQS(B)T < q%} - %

where we used - to indicate that the convergence is in probability—P*, and is motivated
by an application of Slutsky’s theorem to the bootstrap probability P*. The same reasoning
applies to U;;, therefore S, (X,,, 0):

u; L:
x ) g% < <G n _
P {sn o< 5n(X 0) < 5} - } S1-a,

where the convergence is in probability-P*, probability—P (as B, n — o).

4. Discussion

In Section 3.1, we analyzed the asymptotic behavior of the bootstrap strategy proposed
in Algorithm 1 for a generic scoring function, and characterized assumptions (A1) to (A5)
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that are required for asymptotic convergence. Then, in Section 3.2, we derived some useful
properties for the hard and smooth scores, and defined under which conditions of the
data-generating process these hold. Conditions (B1) to (B4), essentially require the existence
of moments of the distribution of X, and some restrictions for the set © containing the
solutions (), that roughly amount to requiring that the clustering method under study
does not output singular clusters, and that none of the K(m) cluster is returned empty.
Finally, in Section 3.3, we linked results in Sections 3.1 and 3.2, showing that (i) for the hard
and smooth quadratic scoring functions some of the assumptions required by Proposition 1
and Proposition 2 hold under some regularity conditions on F, and reasonable assumptions
on the space ®; and (ii) the bootstrap strategy proposed in Algorithm 1 can consistently
estimate the asymptotic targets, by applying Propositions 1 and 2.

Unfortunately, no further insight is available for assumptions (A2) and (A4), although
they play a key role in the proof of the two propositions. These assumptions essentially
require that the clustering method behave smoothly, ensuring convergence of both in-
sample estimates, 0, (m), and their bootstrap counterparts, 92 (m), to well-defined values,
with the latter accurately approximating the former. Andrews [13] shows that, when 8,
is an argmax functional (such as an MLE) and F has sufficient smoothness beyond the
second order, these conditions are satisfied. However, verifying such conditions is generally
intractable, except in basic cases, which are often of limited interest for clustering analysis.

Even if possible, finding sufficient conditions for Propositions 1 and 2 may still be
insufficient in practical clustering scenarios, as in some cases the functional that maps
observations into a cluster is hard to frame into a well-understood mathematical object.
For example, this is the case for k-means clustering: while 8, () can theoretically be
represented as a maximum likelihood estimator [14], in practice, solutions are obtained
using heuristic algorithms (like Lloyd’s), which adds a further level of complication.

This suggests that experimental analysis might be a practical way to understand the
bootstrap behavior of 8, (m) in applied clustering settings. For instance, O'Hagan et al. [15]
show empirically that with roughly balanced clusters, the bootstrap estimated parameters
precisely estimate the true parameters for Gaussian mixture models and that bootstrap
confidence intervals achieve good coverage, close to the nominal one.

5. Conclusions

In this work, we reviewed the bootstrap quadratic hard (BQH) and smooth (BQS)
scores introduced in [2]. These are validation indexes that adapt ideas from Quadratic
Discriminant Analysis (QDA), combined with resampling schemes, to the problem of
model selection in cluster analysis, and target clustering solutions that optimally represent
a well-defined concept of elliptic-symmetric clusters.

In an extensive experimental analysis, using both simulated and real data sets in small
sample sizes settings, and considering a wide range of clustering methods, the BQH and
BQS criteria proved to achieve state-of-the-art performance, often providing better results
than recognized competitors from the literature. However, a formal investigation of their
asymptotic behavior was not at that time pursued.

Our contribution in this work is to provide a theoretical characterization of the asymp-
totic behavior of the bootstrap estimation strategy upon which BQH and BQS are based.
We do so by first defining the set of assumptions under which the bootstrap estimation
strategy can be expected to produce scores that are asymptotically consistent and then
showing that some of these assumptions are verified for the hard and smooth scores. In do-
ing this, we also derive some formal properties for the two quadratic scoring functions and
further define conditions for the data-generating process that ensure these hold.

Overall, this allows us not only to characterize the limit quantity estimated by the
BQH and BQS indexes but also to define the statistical framework in which these scores
can be expected to produce asymptotically consistent results. Unfortunately, the clustering
problem is a very complex one, and it is often very difficult to formally assess properties of
the clustering method under study against all of the assumptions required for BQH and
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BQS consistency. However, in most cases, it is possible to investigate the validity of these
hypotheses through experimental studies, and the theoretical characterization we provide
can help the researcher orient their or her investigation.
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Appendix A. Proofs

Proof of Proposition 1. First, note that convergence of §; to 6 in conditional probability
P* follows from assumption (A2). Indeed:

P{P*{Héf — 8o > 2e} > 5} < P{P*{Héf — 04 + (|8, — 60| > 2¢} > 5},

since the event ||8;, — 8,,|| + ||0, — 6o|| > € contains the event ||, — 8| > e for any value
of . Now, due to the convergence of 8, to 8y, for any subsequence {n’}, we can find a
further subsequence {n”} where the convergence happens almost surely. Since the latter is
true for any sequence, consider directly the almost sure argument. As n grows, the term
16, — 60| can be made arbitrarily small, for example, no bigger than €. Hence, for some
integer 71, for n > 71, we have:

p{p*{m;‘ 0y > 2¢} > 5} < p{p*{ué;‘ 0] + 118 — 60]l > 2¢) > 5}
= P{P*{H?);‘ — 0, > 2e — |0, — 6]} > (5} < P{P*{|97 — 0] > €} > (5}.

We note that the term ||§), — 89| is constant when considering the probability P*. Moreover,
the last inequality is justified by the fact that the set ||, — 8, > e contains the set
6] — 8,|| > €' if e < €. The last term of the inequality above goes to 0 by assumption if
n,I — oo. So, we have that, for any € > 0:

lim P{p*{nél*—eon > e} >5} =0, (A1)
n,l—oo

which is a convergence in probability—P, probability—P*.
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For the remaining part of the proof, consider the following chain of inequalities:

PP {18, 81) — S(@0)| > ¢} > 6} <
P 21,5, 81) — S(@)| + [5(0) (00 > €} > o1} <

p{p*{ sup (X, 8) — S(8)] + |S(8]) — S(60)] > €} > 5} w.pd,
0e®

where the last ine%uality holds with probability 1 due to assumption (Al), which en-
sures g, 0, and 8, are in ® with probability 1. Now, consider any subsequence {n’}.
For this sequence, there is a further subsequence, for example, {n} }, such that assumption
(A3) holds almost sure-P (e.g., [9] Theorem 20.5). This implies that there is an integer
i1} such that for any €’ > 0, supgg|S:(Xy,0) — S(0)| < € if n > 71} but for a null set
N,. For the sequence {n}'}, it is possible to find a further subsequence, {nj} (Subse-
quence {n} } might possibly coincide with {n{'}, and its existence is ensured by the same
argument that holds for sequences {n'} and {n{}), such that the convergence in (A1)
holds in probability—P*, almost surely—P. That is, there is a null set N3 such that for
w € O\N3, and any € > 0: lim,,;_,., P*(||8] — 69| > €) — 0. Now, consider the set
N = {U U, Nl*,l,n} U{Un N7, } UNY, where Ny, ., Ni, and N’ are the null sets where
assumption (A1) fails to hold for 8;, 8, and 6y, respectively. Being the countable union of
null sets, N; € F and is null. Let Ny be the null set where S(-) fails to be continuous, and
let N = N7 UN> U N3 U Ny. N is the countable union of null sets in F, thus, it is a null set,
N € Fand P(Q\N) = 1. For w € Q\N, and n,] > 77, we have:

P*{ggg 151 (X, 0) — S(0)] + |S(8]) — S(69)| > €} =
P*{|S(8;) — S(60)| > e—:ggwn(xn,e) —5(0)]} <
P*{|S(8;) — S(80)| > € —€'}.

By the continuity of S and the convergence of 8] — 6y in probability—P*, almost sure—P
as n,I — co, the last term goes to 0. Thus, the term S, (X, 8;) — S(6) in probability—P*,
almost surely-P for the subsequence {n'}. Since this argument holds for any subse-
quence {n'}, this implies that the convergence S, (X,,8;) — S(8p) is in probability—P*,
probability—P or equivalently:

lim P{P*{|Sn(Xn,éf) —S(6)| > €} > (5} =0

n,l—oo0

O

Proof of Proposition 2. The requirement in assumption (A4) is equivalent to the following
([12] Ch. 23):

lim P{a, (6, — 69) <t} =T(t)

n— oo

}%P{’p*{an(en —0,) <t} — T(t)‘ > e} =0,
forallt and any € > 0, for some distribution 7. Thatis a, (@n — 60) converges in distribution

to T ~ 7 and this can be approximated by the bootstrap distribution of a, (92 - @n) that
converges in distribution—P*, probability—P to T ~ 7.
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Ay (Sn (Xn/ é;) — Sy (an én)) = Vesn(Xn, én

By arguing along subsequences, we consider the almost sure argument. That is, for
any subsequence {n'}, there is a further subsequence {n""} where the convergence in (A4),
(A5) are almost sure-P. Then, consider the following:

a (Sn (%, 0,") - % i S (Xn,éj;(“)) _
b=1

iy (sn (Xn,éj;(b)) —s, (Xn,én)) - % i a (sn (xn, Aj;(”)) _s, (Xn,én)>. (A2)

b=1

Now, consider the expansion of S, (X, 8;,) around 8,:

A

~ ~ A T oA ~ AT N o
S (X, 05) = S (X, 0n) + VS (X, 0,) (8, — 0,) + (8, — 0,) AgSu(Xy,0,) (0, —0,)+...,

where Ay indicates the matrix of second derivatives of S,. Rearranging the terms and
multiplying by a, yields:

ok . AT A% A
An (Sn (Xn/ Bn) — Sn (Xn/ en)) = VS (Xn/ en) an(en - en) + op+ (an)/

where we indicated by op+ a term that goes to 0 when n — oo, at a rate a,, in probability—P*,
probability—P, which follows from assumption (A2). Then, as n — oo, using (A5) and an
application of Slustky’s theorem:

T Ak A d
) an (8 — 84) +0p(an) > VoS(60) ' T, (A3)
Letting B — oo, using the result in (A3), together with the strong law of large numbers
for ii.d. random variables, the last term in Equation (A2) goes to V95(6)T ET. Finally,

by an application of Slustky’s theorem to the bootstrap probability P* and again (A3), as
B,n — oo:

. 18 .
i (sn (Xn,en(b)) - = Y5 (Xn,en(”))> 2 VeS(00) T+ VpS(8)) ET
b=1

in distribution—P*, almost sure—P.

As a last point, we note that the above argument, which is based on almost sure
convergence in P, is valid for any subsequence {n'}. Thus, for the stated assumptions, the
actual convergence is in distribution-P*, probability-P. [

Proof of Proposition 3. For any p-dimensional point x, and triplet 0y, the quadratic score
is defined as

1 1 Te_
Gs(x, 0¢) = log(m) — 5 log(det(Zy)) — 5 (x — ) "5 (x = ).
Let us denote with ¢y (x) the Gaussian density with parameters 6y, evaluated at x, that is
_ — 1 _
0ux) = 9, 85) = (27) 772 den() 2 exp (5 () TE (- ) ).

Thus, it follows
qs(x, 0) = log(mpr(x)) + ¢, (Ad)

where c = —(p/2)log(2r) is a constant term.
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Now, consider the hard score criterion

1”K

- Z I{x; € Qk(0) }gs(xi, 6x)

i=1k

3

The indicator function weighting for point x is equivalent to

{x € Qi(8)} =1 <= k= argmaxqgs(x,0;) <= k= argmax{n}m)gb]-(x)},
jell,..K} jell,..K}

where the third implication follows from (A4), c being a constant, and log being a mono-
tonically increasing function. Hence, we can write

)
=
—~
=)
~—
I
=
2

{x; € Qk(0)}gs(xi, 6x)

I |-
I

g

=
=

I
S| =
AMS

Il
—_
o~

I
—

H{k = arg?ax(ﬂk%(?‘))} log(mtxpr(x)) + ¢ = ha(0) +cp,

where ¢j, is a constant term. Thus, for any two m, m' € M, it follows
H, (6<’“)) > Hn(e“”’)) = hn(e('")) > Iy (e(m’>).

Analogously, for the smooth score

1 . K©)
T0) = 2 Y w(xi0)as(xi, 0y,
S
consider the equivalence
expgs(x, 0) _  mpe(x)e  mmed(x)

T (x;,0) =

Yeexpas(x,0) Ly mer(x)et L ()

So that the following equivalence holds

L K@)
Ta(6) = ; k_Zl ©(xi0)gs(x;, Ok )

1 mg(x)

= El; P m log (i (x)) + ct,

where c; is a constant term. Then, for any two m, m e M

Tn((-)(”‘)) > Tn(e('"”) — tn(e("”) > tn(e(’"”).
0

Proof of Proposition 4. t(x, 0) is obviously continuous in both arguments as it is obtained
as the product of continuous functions (see (19)).

Consider s(x,0). Discontinuity points might occur when the indicator function
switches from one component to another. Without loss of generality, we treat the case
where K = 2. Consider the following;:
hx,0) = § BN =BT s flog (g (x), log (2 ().

log(72¢a(x)) if 2 = arg max , 7w;;(x)
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Noting that the maximum of continuous functions is itself continuous, the statement follows. I

Proof of Proposition 5. We give the proof for t. The proof for i follows by the same
argument, replacing the smooth weight with the indicator weight. For a given number of
K, assume without loss of generality that 7r; € (0,1), for any k € {1,...,K} (if one of the
i is equal to 0 we are in a case with K — 1 components; if one of the 77y is equal to 1 we are
in the case of K = 1). Moreover, ¢ (x) for finite y; and non-singular ¥ is bounded by 0
from below and by ¢ (s, ) from above. As a consequence:

T Px (%) 01 3 Tp(x)
Yhq i (x) « 1) k; Yy i (x)

Consider log (i (x)), this quantity belongs to the interval (—oo,log (¢ (p))). As a
consequence, it is easy to see that:

_ md(x) : 1
= Ti i (%) o (il Z og (7t (x kzl og (i (py)) <

However, it is not bounded from below, as it may happen that as ||x|| — oo, M >0
k

L= i (x)
and log(myr(x)) — —oo. [

Proof of Proposition 6. Consider a partition of R?, { Ay }x—1. x, where:

A= {x € RV : log(m;pi(x)) = log(mey(x)) Vk # i}; (A5)

Note that due to the continuity of the functions involved, such a partition can always be
found for any value of 8 € ©. Then:

2
T Pr (%)
E( 2) /Rp <k 1 Lot i (x )log(Nk(Pk(x))> ) =

2 2
/ (Zlog T (x ) Z/ (Zlog T (x ) F(x) <
k=1
K
Y. [, (Klog(mgi(x) 2/ (Klog(mg(x)) P dF(x) =

1

E/RP K2 log(m)ZdF(x) —i—i_Zl/Rp K2 10g(¢i(x))2dF(x)+

i=1

K
Y. [, Ke210g(m) log(¢(x))dF (x). (A6)
i=1

Note that the inequality passing back from A; to R? is due to the positiveness of the
integrand (which is a squared function). Now, we analyze in turn the finiteness of the last
three terms.

Consider the first term. It is constant and clearly finite if and only if we have a finite
number of components K and 7r; > 0 for each i, which is assumed in (B2).
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The second term can be rewritten more explicitly as:

/. K2 log(¢(x))24F (x) KzZ/ <C+ (x—m;)'L : C(=x ﬂi)>2dp(x)

v, K Iy —1 Iy —1 Iy =142
=K ) G+ LEXI X+ mE py—2mL X) -
i=1 i=1
K
K2Y GE(X'E7 X+ ps p; — 2027 1X). (A7)
i=1

where: C; = log(27t7%/2|£;|~1/2). Consider now the second term of the expansion above,
(i) all the terms involving parameters in 0 are finite due to assumptions (B3) and (B4); and
(ii) the only term that might trouble the finiteness of this term is the one containing the
random variable X. The term E(X’ Z;lX )2 involves computing the expected value of linear
combinations of the components of X up to the fourth power. Let p be the dimension of X.
Define a set of integer vectors I = {(iy,i,...,ip) : 0 < ij<4, Z;;l ij= 4}. Denote with I*
the set of unique elements of I, and let i* denote elements in I*. Simple algebra shows that
we can arrange the previous term as follows:

(XEXP? = ¥ e XPxE XY, (A8)
rel*

where ; is a finite coefficient depending on i*. Note that in (A8) at most four distinct
component of X can be present in each summand. Thus, a sufficient condition for (A8) to
be bounded is:

EXiX]‘Xle < o0, Vi,j,l,m = 1,...,]7. (A9)

which is assumed in (B1). Summarizing, for the second term in (A7), considering each of
the terms in the brackets: (i) the first term is finite due to (B1); (ii) the second term, does not
depend on X, and (B3) and (B4) ensures it is finite as well; and (iii) the third term requires
boundedness of E(X;X;) to be finite, which is already implied by (B1). The finiteness of the
third term in (A7) follows from that of the second term, due to the less restrictive conditions
on moments required by the former. Analogously, the finiteness of (A7) implies that of the
third term in (A6).

Finally, consider taking the superior over @. Since the integrand function is continuous
in 0, and © is assumed compact, the superior is equal to the maximum of the integrand
function in 6. Call 8y the maximizer, then

E (EESS(X’ 9)2) =E (S(X, 90)2) < 0, (A10)

since the argument above appliestoany 0 € ©. [

Proof of Proposition 7. Consider a partition of R?, { Ay }x—1. x, where:

Ay = {x € R : log(mxx(x)) = log(mi¢;i(x)) Vi # k}. (A1)
Then,
K
E(h(X,0)%) = ) [, log(mgulx) dF(x) <
k=1"%%
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1 1og(|Z¢|). The rest of the proof is identical to that of Proposition 6
O

where C, = — 5 log(27) —
(compare with (A6) and (A7)).

Proof of Proposition 8. We give the proof for h;,. The proof for t, follows by the same
argument, and both are an immediate consequence of Proposition 7 and Proposition 6.
By Markov’s inequality

E(hn(0)) _ Yi  E(h(X; 0))
< = &=
P(|hn(0)] > M) < i M
For independent and identically distributed X;
1 E(h(X;, 0)) _ E(h(X;0))
nM M

Proposition 7 ensures E(h(X;, 0)) exists and is finte. Choosing M = E(h(X;,0))/e com-
pletes the proof. [

Proof of Proposition 9. For simplicity, we consider the case of diagonal covariance matri-
ces, Iy, k € {1,...,K}, where 0y ; indicates the i-th diagonal term in the k-th covariance
matrix. This is without loss of generality, since the result can also be shown in the more
general case of positive definite variance matrices. Indeed, the expansion of the derivative
in this latter case includes at most quadratic terms in x; and the argument used does not
change. Consider the typical components of Vgt(x, 0):

i (x) 3
log(mge(x));  f(x,0) ) mg(x)

1 f(x,0) k=1
f( 0 (1ogme() +1 - (x,0)); (a2
= ?k(i’i(ﬂ)) (log(rckqbk( +1—1t(x,0) ) (x — 1) (A13)
= O (loglmu(x)) +1 - 160,0)) (~35 (5~ G moe— w05 Y) )i (a1

Note that the above equations are of the form:

B (Log(mg(x)) + 1 1(x,6))3(,0), (A15)

where g(x,0) = %k for Equation (A12); g(x, 0) = Zk_l(x — ) for (A13); and for (A14)

1

8,0) = (5 (1~ - mlr = m) 5 ).

Now, to bound each term in E||Vgt(X, 0)||?, we need that the term involving higher
moments in X exist finite. Clearly, from (A14), the terms involving higher moments of

X are 2
. <nk¢k<><> (-rx0) (xxTe) ), ijefloph i)
1

f(X,0)
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However, using the same line of proof in proposition 6, we can expand this further in

(00 (o) (s ), ) <5 (o) (s )

IN

K

Z‘{ /RP K*log(r;)? (Z;lxxTzlzl)ide(x)—i—
]:

X 2 2 1. Ty—1
E/RPK log((pj(x)) (Zk_ xx I )ide(x)+
]:

K
'Z‘i /RP K?2log (7)) log(¢;(x)) (Zk*lxxTEk*l)ide(x),
i=

where the last inequality is motivated by using the sets A; as in Proposition 6. Using the
same argument of Proposition 6, the term that involves higher moments in term of X is the
third one, and in particular, after expansion (compare with (A7)):
Ty—1v ) (v—1yxTy-1)>
E((X T X) ():,; xXE; )> (A17)
o)
Up to multiplicative constants, the term ()Zk_lxxT Zk_l)z has elements of type (A9), thus a
sufficient condition to bound the generic element (A17) is

E ((Xil XiZXi3Xi4Xi5 Xi6Xi7Xi3)> < o0 Vil/ i2/ i3r i4/ i5r i6/ Z.7/ i8 € {1/ ceey P}

p being the dimension of X. However, (B1*) ensure this condition is satisfied. Now, this
condition implies that all the terms appearing in || Vgs(X,0)||?> have a finite expectation.
Similarly, because these terms are a continuous function in 6, © is assumed compact, and
by assumptions (B2) to (B4), the argument above is valid for any 8 € ® and by linearity of
the integral, it follows:

E(sup [|[Ves(x, ©)[*) < E(|| sup Vgs(x, ©)||?) < 0.
[SC) [SC)
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