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Abstract. We are motivated by the problem of identifying potentially
nonlinear regression relationships between high-dimensional outputs and
high-dimensional inputs of heterogeneous data. This requires regression,
clustering, and model selection, simultaneously. In this framework, we
apply the mixture of experts models which are among the most popular
ensemble learning techniques developed in the field of neural networks. In
particular, we consider a more general case of mixture of experts models
characterized by multiple Gaussian experts whose means are polynomials
of the input variables and whose covariance matrices have block-diagonal
structures. More especially, each expert is weighted by a gating network
that is a softmax function of a polynomial of the input variables. These
models require several hyper-parameters, including the number of mix-
ture components, the complexity of the softmax gating networks and
Gaussian mean experts, and the hidden block-diagonal structures of the
covariance matrices. We provide a non-asymptotic theory for model selec-
tion of such complex hyper-parameters using the slope heuristic approach
in a penalized maximum likelihood estimation framework. Specifically,
we establish a non-asymptotic risk bound on the penalized maximum
likelihood estimation, which takes the form of an oracle inequality, given
lower bound assumptions on the penalty function.

Keywords: Dimensionality reduction - Low rank estimation - Mixture
of experts - Finite mixture regression - Non-asymptotic model selection
- Oracle inequality - Variable selection.
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1 Introduction

Mixture of experts (MoE) models, introduced by Jacobs et al. [16] are widely ap-
plied to decompose the prediction model through a combination of gating models
and expert models, both of which depend on the input variables. These flexi-
ble models are specific instances of conditional computation [3], where different
model experts are responsible for different regions of the input space. Thus, by
applying only a subset of parameters to each example, MoE can increase model
capacity while keeping training and inference costs roughly constant. For reviews
on this topic, we refer to [19, 25|. Furthermore, they have gained popularity due
to universal approximation properties in various special cases, including mix-
ture models [30, 28|, mixture of regression models [15], and fully-parameterized
mixture of experts models [26, 27]. In high-dimensional multivariate multiple re-
gression for heterogeneous data, we refer to outputs Y € Y C R as target or re-
sponse variables, and inputs X € X C R” as explanatory or predictor variables,
where Q and P are both much larger than the sample size. Additionally, hid-
den interactions may exist in the graphical structure between response variables.
In such cases, regression, clustering, and model selection need to be performed
simultaneously. Consequently, we employ MoE models to identify potential non-
linear relationships between output and input variables in the high-dimensional
heterogeneous data. We assume that Y, conditional on X, follows a distribution
with the true but unknown probability density function so(- | X = x). Motivated
by universal approximation theorems for MoE models, sg can be estimated by

K
g (¥ %) =Y gr(w(x))e(y, vi(x), Zr(Br)),  with
k=1

exp(wi(x))
a(w(x) = =% , fork=1,... K. (1)
11 exp(wi(x))
Here, on each cluster k € {1,..., K}, g is called a softmax gating network
corresponding to the weight functions, w(x) = (w1(x),...,wk(x)), of x, and

(-, vie(x), Xk(By)) is a Gaussian expert with the mean function vi(x) and
covariance matrix X (By) depending on the block-diagonal structure By,. We call
Sy, (¥ | X), defined as in (1), the softmaz-gated block-diagonal MoE (SGaBloME)
models with unknown functional parameters ¥ = (Wi, Vi, X5 (Br))ref1,... .k}
Furthermore, when the weights and the means of the SGaBloME model sy .
are the functions depending on polynomials of the input variables x which are
specified, for k € {1,..., K}, respectively, as

Dw

wi(X) = wro + ngdxd, with wgg € R, wig € RP, (2)
d=1
Dy

Vk(x) = Vo + Zrkdxd, with vig € RQ, Yra € ROXP, (3)

d=1
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Here, wo = (Wko)ref1,....k}> W = (Wk1, -+, WkDy Jkeql,..., k} and vo = (Vko)ke{1,... . K}
Y = (Ti1,- -, YDy Jkequ,....xy are K-tuples of unknown coefficients with the
maximum degrees Dy, and Dy of polynomials for the weight and mean func-
tions, respectively, and x% = (;1c°1l7 . w‘f;) is a vector of all components of x with

power d. Then we call an SGaBloME model s, defined by (1) with the weights
and mean experts specified as in (2)-(3) the polynomial SGaBloME model.

Motivation for block-diagonal covariance matrices. It is worth mentioning that
the block-diagonal covariance matrices ¥(B) = (2k<B’€))ke{1 iy depend on

the block structures B = (Bk)ke{l,_”’K} that are the partitions of the outputs’
index set {1,...,Q} for each cluster. This structure is not only a trade-off be-
tween the model complexity and sparsity but is also motivated by some real-
world applications, where one wishes to perform prediction on data sets with
heterogeneous observations and graph-structured hidden interactions between
the outputs. A relevant example is the gene expression data where, subject to
phenotypic response, genes interact with only a few other genes, there are small
modules of correlated genes, see e.g. [14] for more details.

Motivation for polynomial regression. To solve the high-dimensional regression
problem, some authors applied SGaBloME models with certain simplifying as-
sumptions. More specifically, Devijver [13] focused on a mixture of Gaussian
linear regression models where the gating networks do not depend on the input
variables. On the other hand, Chamroukhi et al. [7] considered MoE for multiple
regression models with the univariate output variable, however, the weights and
means are linear functions of the inputs and thus the capacity of MoE models is
limited. In fact, in the context of convolutional neural networks, Chen et al. [8]
have empirically found that the mixture of linear experts performs better than
a single expert, but is still significantly worse than the mixture of non-linear ex-
perts. Within this framework, we are motivated to integrate nonlinearities into
SGaBloME models by defining the weights and mean experts as linear combi-
nations of bounded functions (LinBo) whose coefficients belong to a compact
set. Such a general setting may include the polynomial basis with a bounded in-
put domain, the suitable re-normalized wavelet dictionaries, or the Fourier basis
on an interval. If the dimensions of the inputs and outputs are not too large,
it is not necessary to select relevant variables and/or use rank sparse models.
Then we can work on the softmax-gated MoE models with the linear combina-
tions of bounded functions for weight and mean functions as in [24]. However,
to deal with high-dimensional data and simplify the interpretation of sparsity,
we consider a special case of LinBo-SGaBloME models to explore the presence
of nonlinearities that is the class of polynomial SGaBloME models defined by
(1)-(3). On the convergence rates of polynomial SGaBloME models, we refer to
[23] for a discussion of the optimal convergence rate of an MoE model where
each expert is associated with a polynomial regression model.

Model selection for polynomial SGaBloMFE models. The estimation of SGaBloME
models can be performed by using a well-known expectation-maximization (EM)
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algorithm [11], which obtains the global convergence in regression mixture mod-
els [18]. However, it crucially requires data-driven hyper-parameter choices, in-
cluding the number of mixture components, the degree of complexity of each
softmax gating network and each Gaussian expert mean function, and the hidden
block-diagonal structures of the covariance matrices. Hyper-parameter choices
from the data-driven learning algorithms belong to the class of model selection
problems that select the model with the lowest risk from the data. Typically,
penalization is one of the main strategies proposed for model selection that min-
imizes the sum of the empirical risk with a term of penalty so that the model
can be fitted to data while avoiding the overfitting problem.

Related works. Typically, model selection for MoE models is performed using the
asymptotic criteria [31, 4], whose uses in small samples are limited. Birgé et al. [5]
proposed a novel approach, called slope heuristic, supported by a non-asymptotic
oracle inequality via a general model selection theorem, see [2] and the references
therein for recent reviews. This method leads to an optimal data-driven choice
of multiplicative constants for penalties. In fact, oracle inequalities for the least
absolute shrinkage and selection operator (Lasso) [32] and general penalized max-
imum likelihood estimators were established in the spirit of the methods based
on concentration inequalities developed by [20]. These results include work on
the simplified assumptions of MoE models such as high-dimensional Gaussian
graphical models [14], Gaussian mixture model selection [21], and finite mixture
regression models [12, 13], or softmax-gated MoE models with linear combina-
tions of bounded functions for weight and mean functions without consideration
of variable selection in the high-dimensional setting [24].

1.1 Main contributions

In this work, we established an oracle inequality for model selection, as shown in
Theorem 1, under lower bound assumptions on penalty terms. This allows us to
obtain non-asymptotic risk bounds in the form of weak oracle inequalities allow-
ing the numbers of predictor and response variables that grow or are even much
larger than the sample size. More concretely, the constructed oracle inequality
shows that the performance of our penalized maximum likelihood estimations
is comparable to that of oracle models with sufficiently large constant multiples
of the penalties. The forms of these constants are only known up to multiplica-
tive constants and are proportional to the dimensions of the models. Moreover,
the flexibility of polynomial SGaBloME models requires the hyper-parameters
comprising the number of mixture components, the degree of polynomial mean
functions, and the potential hidden block-diagonal structures of the covariance
matrices of the multivariate output. Therefore, the aforementioned theoretical
justifications for the penalty shapes motivate the use of the heuristic slope cri-
terion to select these hyper-parameters of the models under consideration.

Notations. For any matrix A with the elements A;;, we denote [[|Al|,, =
max; ; |[4;;| the max-norm, and A.; the jt" column, of A. Furthermore, the
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smallest and largest eigenvalues of A are denoted by eig(A) and Eig(A), respec-
tively. The notation A > 0 indicates that A is positive definite. For any vector
a, we denote ||al|, the [)-norm of a for 0 < p < co. We call dim(S) the total
number of parameters to be estimated or the dimension of a parametric model
S. If S is a finite set, we denote card(S) the cardinality, P(S) the set of all
subsets, and B(S) the set of all partitions, of S. The set of all natural numbers
without zero is denoted by N*. For any K € N*, the notation [K] corresponds
to the set {1,..., K}. Finally, we refer to a A b as min{a, b} for a,b € R.

Paper organization. The rest of the paper is organized as follows. Section 2 is
devoted to the construction of a collection of polynomial SGaBloME models for
high-dimensional heterogeneous data. In Section 3, we state the main theoretical
results of oracle inequality for the penalized maximum likelihood estimations
under some conditions on the parameter space and input domain of the models.
Finally, Section 4 contains concluding remarks and future directions.

2 Collection of polynomial SGaBloME models

For high-dimensional data, it is necessary to work with parsimonious models by
combining two well-known approaches: selection of relevant variables and rank
sparse models. Within this framework, the collection of polynomial SGaBloME
models is then constructed.

2.1 Variable selection via selecting relevant variables

In this section, we introduce the index sets for the input and output variables
so that they are related to each other. This facilitates the variable selection
of the models in a highly dimensional framework. In particular, for every p €
[P],q € [Q], we call a couple (X,,,Y;) irrelevant if the elements (de)qp =0 and
(wii)p = 0 for all cluster k£ € [K] and degrees d € [Dy], | € [Dw]. Therefore,
the variables (X, Y,) are relevant if they are not irrelevant. Formally, we denote
I ={(p,q) € [P] x[Q] : (Xp,Yy) is irrelevant} the set of indices of irrelevant
couples, and the complement of I, called J = ([P] x [@]) \ I, is thus the set of
indices of relevant couples with J € P([P] x [Q]). In addition, we also denote
Jin ={p € [P] : 3¢ € [Q],(p,q) € J} the set of indices of input variables that
are relevant to the outputs so that J;,, C [P].

We notice that, for every cluster k € [K] and degree d € [Dy], all entries
of g belonging to columns indexed by [P] \ J;, equal to 0, in other words,
Y iq has the relevant columns indexed by J;,. Hence, the matrix ¥4 will have
Q@ x card (J;;,) coefficients to be estimated, which are smaller than @ x P when all
variables are considered. The number of parameters in the regression matrices is
therefore considerably reduced when the cardinality of J;,, is much smaller than
the number of input variables P. The subsets J or J;;, can be constructed by the
Lasso [32] and has been extended to deal with multiple multivariate regression
models for column sparsity using the Group-Lasso [33].
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2.2 Variable selection via rank sparse models

Anderson et al. [1] introduced rank sparse models in the regression framework
which is if regression matrices have low rank or at least can be well approximated
by low-rank matrices, then the corresponding regression models are said to be
rank sparse. In the polynomial SGaBloME models, we assume that for every
cluster k € [K] and degree d € [Dy], the matrix Xx4 has the associated rank Ry
and therefore it is completely determined by Riq X (P — (Q — Rgq)) coefficients,
which can be less than @) x P. Combined with the selection of relevant variables
method, we denote a rank matrix by R = (Rka)re[k],de[D,] With the element
Ryq € [card (i) A Q] for each k € [K],d € [Dy].

2.3 Collection of polynomial SGaBloME models

So far, each polynomial SGaBloME model defined by (1)-(3) can be character-
ized by the set m = (K, Dw, Dy,B,J,R) where K is the number of clusters,
Dy and Dy are the maximum degrees of polynomials of the weight and mean
functions, respectively, B is the set of the block-diagonal structures of the co-
variance matrices, J is the set of relevant variables, and R is the rank matrix of
coefficient matrices. Let Sy, be a class of (conditional) densities of polynomial
SGaBloME models with respect to m, which is specified as

Sm = {swm = sy, defined by (1)-(3) with
Y, = (wo,w,v,T,X(B)) € P,
T =RE x WIHPW o REXQC o VIRPY x 0F, (4)
W, ={a=(ay,...,ap) €RY: a; =0, Vj € ([P]\ Jin)}
Vir={AcR¥P A ,;=0,Vj€[P]\Ji and rank(A) = R € R}
2 ={¥(B) e RY*?: ¥(B) » 0 and X(B) depends on block B € B}},

for every m € N* x N* x N* x B([Q]) X x P([P] x [Q]) x [card (Jin) A Q] *PV . The
collection of polynomial SGaBloME models defined in (4) is generally large and
therefore not feasible in practice. Therefore, we restrict the set of (K, Dy, Dy )
to a finite set of (K, Dw,Dy) where, for K*, D, D}, € N*, K = [K*], Dy =
[Dyv], Dv = [Dy;]. Accordingly, the collection of polynomial SGaBloME models
on the deterministic set of hyper-parameters can be defined as

§= {Sm defined by (4) such that m € M, (5)
M=K x Dy x Dy x B(QNS x P (1P) x [Q])  [card (Jia) A QP }.

Furthermore, because the block structures are specified by the partitions of the
index set {1,...,Q}, the number of such structures follows the so-called Bell
number, which grows exponentially even for a moderate number of variables Q)
and clusters K. Therefore, it is infeasible to consider an exhaustive exploration
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of the combination of all the partitions to detect the block structures for co-
variance matrices. Motivated by the recent work of [14], for a set of thresholds
€ and on each cluster k € [K], we restrict our attention to the sub-collection
By.e = (Bi.e) e of B([Q]), where By . is the partition of the output variables cor-
responding to the block-diagonal structure of the adjacency matrix Ej . based
on the thresholded absolute values of the sample covariance matrix S;. More
formally, for each € € €, (E,e)qqr = 1 if | (Sk),, | > € otherwise it is equal to 0
for ¢,¢’ € [Q]. In fact, Mazumder et al. [22] have shown that the class of block-
diagonal structures detected by the graphical Lasso algorithm is identical to the
block-diagonal structures detected by the thresholding of the sample covariance
matrices, which supports our motivation for this restriction.

For the set of relevant variables, we focus on a random subset 7 of P ([P] x [Q])
with the controlled size of J required in the high-dimension case. Accordingly,
the number of possible vectors of ranks is reduced by working on a random sub-
set of [card (J;n) A Q]KXDV, which is denoted by Rk, p, ) depending on J € J
with the dimension of K € K and Dy € Dy . As a result, the collection of polyno-
mial SGaBloME models based on a random sub-collection of hyper-parameters
can be specified as

S= {Sm defined by (4) such that m € M, (6)

M: K x DW X DV X (Bk,E)kE[K] X j X R(K,J,Dv)}-

3 Main theoretical results

In this section, we begin by introducing conditions on the parameter space of the
models and give an overview of loss functions that are useful for comparing two
(conditional) probability density functions. A general principle of penalized max-
imum likelihood estimation is also derived. Next, we show a finite sample oracle
inequality used to ensure that if we penalize the log-likelihood in an approximate
approach, we are able to select a model that is as good as the oracle.

3.1 Boundedness conditions on the parameter space

By motivation of integrating the nonlinearities into SGaBloME models discussed
in Section 1, we consider the class of linear combinations of bounded func-
tions for the weights and mean experts whose coefficients belong to compact
sets with a bounded input domain. More specifically, we let (X[N],Y[N]) =
((X1,Y1),...,(Xn,Yn)) be N pairs of real-valued random variables (X,Y)
where the covariates X are assumed to belong to a hypercube, that is X = [0, 1]7.
Then, there exist the constants Cy,, Cr, ¢s, Cs; > 0 such that, for every k € [K],

lWrdlloo £ Cuws 1 il < Cr, forevery d € [Dw], I € [Dy], (7)
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moreover, the eigenvalues of the block-diagonal covariances of the Gaussian ex-
perts lie on a positive interval, that is

O<ecy gelg(Zk (Bk)) SEIg(Zk (Bk)) <Cs. (8)

This setting can be applied to the case of polynomial functions for the weights
of the softmax gates and the means of the Gaussian experts as we described in
(2)-(3). More generally, the oracle inequality provided by Theorem 1 still holds
for monomials of weights, allowing for the interaction between different inputs.

3.2 Loss function

To evaluate the maximum likelihood estimate, the Kullback-Leibler (KL) diver-
gence is the most natural loss function, which is generally defined by

KL(s.t) = {fRD In (igg) s(x)dyx if sdx is absolutely continuous w.r.t. tdz,

+00 otherwise,

where s(-) and ¢(-) are two density functions. In our work, we will apply the
tensorized KL divergence to capture the structure of the density functions con-
ditional on the random variables X, that is

KL®N(s, 1) = Exy,

1 N
N;KL(8(~|Xn),t('|Xn))] :

Another case of the tensorized KL divergence is the tensorized Jensen-KL di-
vergence [9], which is given, for any p € (0,1), by

N
JKL?N(S,t) = ]EX[N] l]b Z %KL (S (|Xn) ) (1 - p) s ( | Xn) +pt ( | Xn))] :

A relationship between the tensorized KL and the tensorized Jensen-KL diver-
gence can be found in [10, Proposition 1].

3.3 Penalized maximum likelihood estimation (PMLE)

In the context of maximum likelihood estimation, given a collection Sy,, we
alm to estimate sy by the conditional density Sy, that minimizes the negative
log-likelihood (NLL) as

N

Sm = arg minz —In[sm (Y, | X,)]-

Sm€Sm ,_7
It is important to us to look for almost minimizer of this quantity and thereby
define an n-log-likelihood minimizer (LLM) that satisfies

N N
S - fEm (Yo | X)) < inf > —Infsm (Yn | X))+, (9)

n=1 $m ESm n=1
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where the error term 7 > 0 is added to avoid any existence issue such as the
infimum may not be reached. See [6, Chapter 2], [10, 9, 24] for more details of this
literature. However, this approach underestimates the risk of the estimation and
leads to the selection of overly complex models. Therefore, a trade-off between
good data fit and model complexity can be found by adding an appropriate
penalty term pen(m). More concretely, for a given choice of pen(m), the selected
model Sg is chosen as the one whose index m is a 7'-minimizer of the sum of
the NLL and penalty function, that is

N N
Z —In[sm (Yn|X;)] + pen (m) < muelfvl {Z —In[sm (Yn|X,)] + pen(m)} +1,

n=1 n=1

(10)

for n” > 0. We then call sz the n-PMLE that depends on both error terms 7
and 7. From now on, the term selected model or best data-driven model is used
to indicate the model that satisfies (10).

3.4 Oracle inequality

In this section, we provide the construction of an oracle inequality that guaran-
tees a non-asymptotic theory for model selection in high-dimensional polynomial
SGaBloME models.

Theorem 1. Let (X[N],Y[N]) be a random sample of (X,Y) where Y|X arises
from the unknown conditional density so. For everym = (K, Dy, Dy,B,J,R) €
M, the model Sy can be specified by (4). Assume that there exists T > 0 and
exr > 0 such that, for all m € M, one can find Sy € Sm such that

KL®N (50, 5m) < inf KL®N (s0,5) + ﬂ, and 3m > €7 sg. (11)

SE€ESm N
Furthermore, we construct a random sub-collection S of § such that every model
of § depends on the sets of M C M as in (5)-(6). Then, there is a constant
C such that, for any p € (0,1) and C; > 1, there are two constants k and

Cy depending only on p and C1 such that, for every m € M, &, € RT, 5 =
> mem €™ < 0o and

pen(m) > k[(C 4+ In N)dim(Sm) + (1 V 7)ém] ,

and the n'-PMLE Sg defined in (10) on the subset M C M satisfies

meM \SESm N

=2 /
= +
+ (v )=+ T (12)

—~ . . en(m
Exn), Y(u [JKL?N (SO,Srﬁ)] < Cl]EX[N],Y[N] [ inf ( inf KL®N (s0,8) —|—2p ( )>]
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Remarks. Theorem 1 guarantees that a penalized criterion leads to a good model
selection and that the penalty is only known up to multiplicative constants &,
and is proportional to the dimensions of the models dim(S,,). In particular,
in the small and finite sample setting, these multiplicative constants can be
calibrated using the slope heuristic approach. We notice that (11) is not a strong
assumption and is satisfied in the case sg is bounded with compact support. This
oracle inequality compares the performance of our PMLE with the best model in
the collection. However, Theorem 1 allows us to approximate well a rich class of
conditional PDFs if we use polynomials of weights and Gaussian expert means of
sufficient degrees, or enough clusters due to the universal approximation of MoE
models. This results in the term on the right of (12) being small, for Dy, Dy
and K well chosen. It should be emphasized that Theorem 1 extends the main
result of [24], which is only valid for a full collection of LinBoSGaME models
in the low-dimensional setting. Furthermore, in the context of MoE models, our
non-asymptotic oracle inequality for SGaME models in Theorem 1 can be seen
as a complementary result to a classical asymptotic theory [17, Theorems 1, 2,
and 3], and an [; oracle inequality that focuses on the properties of the Lasso
estimator rather than the model selection procedure [29].

Main challenges on the proof of Theorem 1. To prove Theorem 1 it is inspired by
[24] for handling LinBo-SGaME models, however, our method and most of the
technical details differ. This is because their approach is not directly applicable
to our high-dimensional SGaBloME models, due to restrictions on relevant pre-
dictor variables and rank reduction, and Gaussian experts with block-diagonal
covariance matrices. In particular, the main difficulty in proving our oracle in-
equality lies in bounding the bracketing entropy for the collections of SGaBloME
models. This requires several regularity assumptions, which are not easy to verify
due to the complexity of SGaBloME models and technical reasons. Therefore,
our proofs require the development of several new ideas. Furthermore, unlike
[24], which uses a model selection theorem for a deterministic collection of mod-
els from [10, 9], we need to find a way to use the model selection theorem for
MLE among a random sub-collection (cf. [12, Theorem 5.1] and [14, Theorem
7.3]). We refer readers to Sections S-1 and S-2 in the supplementary materials
for a sketch of proof and detailed proof of Theorem 1.

4 Conclusion and perspectives

We have studied PMLESs for polynomial SGaBloME models in high-dimensional
heterogeneous data. Our main contribution is to establish a non-asymptotic risk
bound in the form of an oracle inequality, provided that lower bounds of the
penalty hold. The future direction is to empirically evaluate our oracle inequal-
ity and to extend the current oracle inequality to more general settings where
Gaussian experts are replaced by elliptic distributions.
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In this supplementary material, we provide the proof sketch and the detailed
proof of Theorem 1 in Section S-1 and Section S-2 respectively. We then provide
proofs for the remaining technical results in Section S-3.

S-1 Proof sketch of Theorem 1

It is worth noting that to deal with random sub-collection, we need to use a
general model selection theorem for MLE under a random sub-collection (cf. [4,
Theorem 5.1] or [6, Theorem 7.3]). This is the extension of [3, Theorem 2], which
dealt with conditional density estimation but not random sub-collection, and [12,
Theorem 7.11], which only works for density estimation. We then explain how
we use Theorem S-1 to obtain the oracle inequality, Theorem 1. To do this, our
model collection must satisfy some regularity assumptions, which are proved in
Section S-3. The main difficulties in proving our oracle inequality lie in bounding
the bracketing entropy of the weights and means restricted to relevant variables,
as well as in rank sparse models, and in particular with block-diagonal covariance
matrices for the SGaBloME model. To overcome the first problem, we extend
and adapt the strategies of [14, 5]. For the second, we extend the recent novel
result on block-diagonal covariance matrices in [6] for Gaussian mixture models
from [9, 13].

General model selection theorem for MLE among a random sub-
collection. First, we impose a structural assumption on each model indexed
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by m € M regarding the bracketing entropy, defined by (S-2), conditioned on
the model Sy, w.r.t. a tensorized squared Hellinger (TSH) distance d?®™. In fact,
this is an extension of the squared Hellinger distance d?®", as follows

1 N
T A (s (1 X) t (| Xn))] : (S-1)

n=1

d2®n(57 t) = EX[N]

Recall that the bracketing entropy of a set S with respect to an arbitrary distance
d, denoted by Hj,4((d,5)), is defined as the logarithm of the minimal number
Ny, (0,S) of brackets [t~,¢T] covering S, such that d(t,¢") <. That is,

MN,4(6,8) := min {n eN 3ttt st d(t  t) <6,5 C U [tk,t;]},
k=1

(5-2)

where the term s € [t,;, t:] is defined by t, (x,y) < s(x,y) < t:(x, y),V(x,y) €
X x Y. This leads to the following Assumption 1 (H).

Assumption 1 (H) For every model Sy, in the collection S, there is a non-
decreasing function ¢p, such that 6 — %qﬁm(é) is non-increasing on (0,00) and
for every o € RT,

| 0 6.5 5.00)db < o),

where Sm (5,0) = {Sm € Sm : d®" (5, sm) < 0}. The model complexity Dy of
Sm s then defined as No?2,, where oy, s the unique root of %¢m(0) =+/No.

m’

This bracketing entropy integral, often call Dudley integral, plays an important
role in empirical processes theory (cf. [16, 8, 11]). Observe that the model com-
plexity does not depend on the bracketing entropies of the global models Sy,
but rather on those of smaller localized sets Sm, (5, 0).

For technical reasons, a separability assumption, always satisfied in the set-
ting of this paper, is also required. Assumption 2 (Sep) is a mild condition,
which is classical in empirical process theory [16, 8] and allows us to work with
a countable subset.

Assumption 2 (Sep) For every model Sy, there exists some countable sub-
set Si, of Sm and a set V., with « (Y \ Vi) = 0, where ¢ denotes Lebesgue

measure, such that for every t € Sm, there exists some sequence (ty),cy. of ele-
k—4o00

such that for every x € X and everyy € Vi, In (ty (y|x)) ——

ments of SL,,

In (¢ (y[x))-

To control the complexity of our collection, we also need an information-theoretic
assumption. We assume the existence of a Kraft-type inequality for the collection
[12, 1].
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Assumption 3 (K) There is a family (§m)merq 0f non-negative numbers and
a real number = such that 3" -\ e < 5 < 4o0.

We can now state the main result of [4, Theorem 5.1] for the model selection
theorem for MLE under a random sub-collection.

Theorem S-1 Let (Xn,Yn)ne[N] be the observations coming from an unknown
conditional density sqg. Let the model collection & = (Sm)me./\/l be an at most
countable collection of conditional density sets. Assume that Assumption 1 (H),
Assumption 2 (Sep), and Assumption 3 (K) hold for everym € M. Let exy, > 0,
and Sy € Sm, such that

KL®N (s0,5m) < inf KLEN (so,1) + LKL,
tESm N

and let T > 0, such that
Sm > e 7 sg. (S-3)

Next, we introduce (Sm) 57 @ random sub-collection of (Sm)merq @nd consider
the collection (Sm) 7 of N-LLMs defined in (9). Then, for any p € (0,1), and
any C1 > 1, there are two constants kg and Cy depending only on p and Cq,

such that, for every index m € M,
pen(m) > K [Dm + (1V 7)em] , k > Ko,

where the model complexity Dy, is defined in Assumption 1, the n'-PMLE 353,
defined in (10) on the subset M instead of M, satisfies

—~ . . en(m
Ex(n, ¥ [JKL;@\I (50, 5m)] < CrEx ), ¥ [ inf ( inf KLEN (s, 1) + 2;0]57))1
mE./r\/lV t€Sm
=2 /
= n+n
1 — .
+ OQ( V T) N + N

Strategy for the proof of Theorem 1 We will briefly show how Theorem S-1

can be used to prove Theorem 1. All we need to do is check that Assumption 3
(K), Assumption 2 (Sep) and Assumption 1 (H) hold for every m € M. Ac-
cording to the result of [4, Section 5.3], Assumption 2 (Sep) holds if we consider
Gaussian densities, and the assumption defined by (S-3) is true if we further as-
sume that the true conditional density sg is bounded and compactly supported.
Furthermore, since we have restricted to a finite collection of models, it is true
that there exists a family ({m),crq and = > 0 such that Assumption 3 (K)
is satisfied. Therefore, the remaining most difficult step of the proof for As-
sumption 1 (H) is presented in Section S-2. All technical results are moved to
Section S-3.
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S-2 Proof of Theorem 1

Note that the definition of model complexity in Assumption 1 (H) is related
to a classical entropy dimension of a compact set w.r.t. a Hellinger type diver-
gence d®", thanks to the following Proposition S-1, which is established in |3,
Proposition 2].

Proposition S-1 If we have

Hi,aon (6, Sm) < dim(Sm) (Cm +1In (1

6)) , for any § € (0, \/5], then the function

5>:wm<@+ﬁ+ 1<m>>

satisfies Assumption 1 (H). Furthermore, the unique solution 6x, of +¢m (8) =
V'N§ satisfies

2 N
N2, < dim(S. (\/7+\F> < (\/7+\f) dim (S, )>+

Then, we claim that Proposition S-1 implies Assumption 1 (H) because of the
fact that

Hy1.qom (6, Sum) < dim(Sem) (0m +ln (;)) , (S-4)

where Cy, is a constant depending on the model.
Next, recall that the definition from (4) is defined as follows:

S = {s¢m =5y, €SP, = (wo,w,v0, T, X(B)) € ¥y,

W, = RE x WHDW o REXQ o yEXDY ng} (S-5)

Here, m = (K, Dw,Dy,B,J,R), W is the set of vectors restricted to the set
of indices of relevant input variables J;,,, V ;g the set of matrices with relevant
columns indexed by J;, and ranks R, and £2g the set of positive definite block-
diagonal matrices depending on partitions B.

If P and @ are not too large, we do not need to select relevant variables
and/or use rank sparse models. We can then work on the structures for means
and weights as in LinBoSGaME [14]. However, to deal with high-dimensional
data and to simplify the interpretation of sparsity, we propose to use monomials
for weights and polynomial regression models for the soft-max gating functions
and the means of Gaussian experts. It is worth mentioning that here we provide
a proof of a more general result compared to the model defined as in (4). More
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precisely, we replace the polynomial constructions for the weighting functions
with monomials that allow interactions between covariates as follows:

Wk by = {0l WE-1 W= {X SX > Z WX ER: meaﬁ|wa| < Cw}.
acA

(5-6)

Here, note that the multi-index o = (ap)pE[P] ,ap € N J{0} = N,Vp €
5:1 rp" and

la| = 320 a,. Then, for all | € [Dw], we define A = U Ay, Ay =
{a = (ap)pe[P} eEN? |a| = l}. The number « is called the order or degree of

[P], is an P-tuple of nonnegative integers that satisfies x* = []

monomials x*. By using the well-known stars and bars methods, e.g., [7, Chap-
ter 2|, the cardinality of the set A, denoted by card (A), equals (D “;jp ) Note
that, for all d € [Dy], we define x¢ as (mg)pe[ Pl for the means, which are often

used for polynomial regression models. Here, A is the set of multi-index (vector)
in R” restricted to the set of indices of relevant input variables J;,,, that is, A; =

{a = (at)te[p] €A:a;>0,j€ Jm}. Furthermore, given a regressor x, for all
l € [Dw], p € [P], we define w,(f’l) = {wka cER:a= (ap)pE[P] € Ay, ap > 0}.

We then generalize the definition of relevant variables for monomials as follows.
Note that we call a couple (X, Yy) drrelevant if the elements (Xq),, = 0 and

wz(cp’l) =0 for all k € [K], d € [Dy], | € [Dw].

We also require some additional definitions of the following sets:

_exp (wy(x))
Yoy exp (wy(x))
W = (W) (k) € W(K,DW,J)},

W k. pw.n) = {0} @W51 Vigp, sr) = RE*9 x VfﬁDV,

)

Piac,ouw,) = { & 3% = (g1 (W) kel : g1 (W(X))

Dy
W= X9x0—>w(x):Zwaxa:aeAJ,ma§|wa|§C’w ,
ac
|a|=0

G(k.Dy B.JR) = {X x Y3 (x,y) = (¢ (y; vi(x), Xk (Br))) ke (k) :

v € Vig.py,,JRr) > (B) € Qg}

We define the following distance over conditional densities:

Sl)lcp dy(s,t) = sup dy(s,t), where dy(s,t) = (/y <\/s(y | x) — /1ty | x))2 dy) 1/2.

xXeEX



6 T. T. Nguyen et al.

This leads straightforwardly to d?®"(s,t) < supy dy(s,t). Then, we also define

sx;{pdk(g,g)—sup< (‘/9"7 F))

for any gating functions g = (gr)re(x) and g" = (g;,)re[x]- To this end, given any
densities s and t over X, the following distance, depending on y, is constructed
as follows:

Supmade(S7t) = Sup max dx (Sk(7y)7tk(7Y))
y k yey ke[K]

— sup max (/ <\/sk %y) — Vir(x, y))de>l/2.

yey ke[K]

Moreover, given any g*,g~ € Pk, p,,,s) and ¢7,¢~ € Gk p, B,JR), let us
define

2

4P oy ) (87.87) = [ g_(Xn))] ;

S8 0 (%0 (1%, >>]

Next (S-4) can be obtained by first decomposing the entropy term between
the softmax gating functions and the Gaussian experts via Lemma S-1, which
is immediately obtained from [14, Lemma 6], an extension of the results in [9,
Theorem 2], [10], [3, Lemma 7] and [2].

St
>

dg (67.07) = l

g(K,DV,B,J R)

Lemma S-1 For all § € (0,+/2], it holds that

0 0
Hi,aen (6,8m) < Higdr e p (Q,P(K,DW,J)) + ’H[.]’dg(K Dy B ( 9(K,Dy B, JR))

Then, we define the metric entropy of the set W g p,,. 1) Hdjjup (6, W(KDW,J)),
which measures the logarithm of the minimum number of spheres with radius
at most J, corresponding to the distance d|sup  needed to cover Wk py, 1
where

Aisupi. (0nera - (Whner) = mas sup lse0) = 6609, (S7)

for arbitrary K-tuples of the functions (sk)ye (g and (tr),e(x)- Here sy, ty 1 X' 3
x — si(x), tx(x) € RP,Vk € [K], and given x € X,k € [K], ||sk(x) — tr(x)]], is
the Euclidean distance in R”.

Based on this metric, one can first relate the bracketing entropy of Pk p, . s
to Hdusupuw (0, W(k,Dy,,7)), and then obtain the upper bound for its entropy
via Lemma S-2; which is proved in Section S-3.1.
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Lemma S-2 For all § € (0,1/2],

5 3v/30
H['Ld'p(K,DW_’J) <27P(K7DW7J)> S Hdl\suPHm <8m7W(K,DW,J)>

. 8vK —1
< dim (W (g, Dy 1)) (CW<K,DW,J> +In <3\/§5)> )
(S-8)
where dim (W (g p,.5)) = (K — 1) card (A;), card (A;) = (D“é:rfﬁf;ii‘;m)) and
CW(K,DW,J) =In (\/§+ C;%)

Lemma S-3 allows us to construct the Gaussian brackets to handle with the
entropy metric for Gaussian experts, which is established in Section S-3.2.

Lemma S-3 For all § € (0,v/2],

0 . 1
H[.],dg(K,DV,B,J,R) (Q,Q(K,DV,B,J,R)> < dim (G(x,py B.JR)) (CQ(K,DV,B,J,R) +1In (6)) :

(5-9)
Finally, (S-4) is proved via Lemmas S-1 to S-3. Indeed, with the fact that
dim(Sm) = dim (W (g, pyy.,)) + dim (G(x.py B.JR)) »

it follows that

8 )
Hipaon (0,8m) < H[.],dp(K’DWJ) <2,P(K,DW,J)> + HH’dg(K,DV.,B,J,R,) (2;g(K,DV,B,J,R)>

i)

| 1
+ dim (g(K7DV7B,J,R)) <CQ(K,DV,B,J,R) +In <5)>

=: dim(Sm) (Cm +1n (;)) , where

< dim (W(K,DW,J)) <CW(K,DW,J) + In (

o dm (Woenwn) [, o (BVET +dim(gm,Dv,B,J,R))CQ(K,DV,B,J,R)
™ T dim(Sm) W.pw ) 3V3 dim (Sm)

8\/ Kmax -1
< CW(K‘DWYJ) +In (3\/3 ) + Cg(KvaﬂBJ’R) =C.

It is interesting that the constant € does not depend on the dimension of
the model m thanks to the hypothesis that Cw Do) is common for every
model m in the collection. Therefore, Proposition S-1 implies that, given C' =
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2
2 (\/& + ﬁ) , the model complexity Dy, satisfies

Din = N3y < dim(Sm) | 2 (VE+ V7) + hl(\f f])vd (Sem)
+ 1m

JF
< dim(Sm) (C+InN).

To this end, Theorem S-1 implies that to a collection of PSGaBloME models § =
(Sm)me aq With the penalty functions satisfies pen(m) > & [dim(Sm) (C +InN) + (1 V 7)&m]
with k > kg the oracle inequality of Theorem 1 holds.

S-3 Lemma proofs

S-3.1 Proof of Lemma S-2

It holds that

5 3v/30
H[']*dP<K,DW,J> <Q’P(K7DW7=I)) < Hdumpuoc (8\/7 W(k,Dw, D)

Next, we need to find an upper bound of Ha,\o (8:?/%7W(K7DW7J))' Note
that for all w,v € Wk p,, ), we obtain the following important inequality

Dw
v (a7
djjsup|. (W,v) = max sup E Wi aX® — E Wi aX
ke[K—1] xex
|ee|=0 lee|=0
Dw
< max g WY o — W o| sup x* < card (Ay) max WY — Wh X% .
kE[K 1] | ko k""|x€/y ke[K—1].acA, | e koo
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Therefore, given the fact that card (A;) = (DVZ;Z?}?%)), for all 6 € (0,/2], it
holds that

1)
H[-],dP(KYDW)J) <2aP(K,DW,J)>

336
S ];Ioi”supnoo <8m7W(K,DW,J)>

3v30 1) car
< H”.”OQ <8m\/c;rd (AJ)’ {w c RE-1)card(As) . HwHoo < Cw})
N 8vK — 1C,, card (-AJ)>

3V/36
= (K —1)card (Ay) [ln (ﬁ"i' CW) +1n <%>}

. SVK —1
= dlm (W(K7DW7J)) (OW<K?DW?‘]) +ln <3\/§5>) .

< (K —1)card (Ay)In (1

S-3.2 Proof of Lemma S-3

It is worth noting that without restriction on relevant variables, rank sparse
models on the means and structures on covariance matrices of Gaussian experts
from the collection M, the upper bound of the bracketing entropy of Gaussian
experts from Lemma S-3 is directly implied from Proposition 2 and arguments
from Appendix B.2.3 of [14]. However, in order to overcome the much more
challenging problems with random subcollection based on relevant variables,
rank sparse models on the means and block-diagonal covariance matrices, we
have to reply on a much more constructive bracketing entropy in the spirits of
works developed in [13, 14, 4, 5, 6].

Given any k € [K], we first define the following set and its corresponding
distance as

9(k,Dv ,B,JR) = {X x Y3 (x,y) = ¢ (¥ Vipy, re) (X), Xk (Bi)) :

V(Dy,JRy) € V(Dy, Ry 2k (Br) € 'QBk}7

dg (d);’ ¢I:) = ]EX[N]

g(K,Dv,B,J,R)

N
%ZdQ (o (1Xn), o (-|Xn))] . (S-10)
n=1

We need to specific block-diagonal structures for X'y (By). To be more precise,
for k € [K], we decompose X (By) into Gy, blocks, G, € N*, and we denote by

dLg] the set of variables into the gth group, for g € [G], and by card (dgf]) the

number of variables in the corresponding set. Then, we define By = (dLg]

)ge[Gk]
to be a block structure for the cluster k, and B = (Bg);¢( to be the output



10 T. T. Nguyen et al.

indexes into each group for each cluster. In this way, to construct the block-
diagonal covariance matrices, up to a permutation, we make the following defi-
nition: 2% = (£2B, ) e(r)» for every k € [K], for every k € [K],

s o ... o0
o ... o B
. 5 (Bg) = Py . P!,
Oy = Tk (Br) € S5 0 0 . 0
o o .. x
[g] ++
Zk < Scard (dgf]),vg € [Gk]

(S-11)

Here, P} corresponds to the permutation leading to a block-diagonal matrix in
cluster k. It is worth pointing out that outside the blocks, all coefficients of the
matrix are zeros and we also authorize reordering of the blocks: e.g., {(1,3);(2,4)}
is identical to {(2,4);(1,3)}, and the permutation inside blocks: e.g., the par-
tition of 4 variables into blocks {(1,3);(2,4)} is the same as the partition

{(3,1);(4,2)}.
Then, it follows that Gk p, B,/ R) = H,ﬁil G(Dy By, J,Ry)» Where J] stands
for the Cartesian product, and Lemma S-4, established in S-3.2.

Lemma S-4 Given Q(K7DV7B’J,R) = HkK:I Q(DV7Bk7J7Rk), it holds that

K

0 0
H[']’dg(x,nv,B,J,R) (27g(K,Dv,B,J,R)> < ZH['WQ(K,DV,B,J,R) (2\/E7Q(K7DV7B,J,R))'

k=1

Next, we claim that Lemma S-3 is implied immediately via Lemma S-4 and the
following important Lemma S-5, which is proved in S-3.2.

Lemma S-5 Forall§ € (0,v/2] and k € [K], there exists a constant Cg(K,DV,B,J,R)
such that

] . 1
H['],dg(KYDV,B”],R) (2,Q(K,DV,B,J,R)> < dim (G(x,py B,JR)) <CQ(KTDV,B,JYR) +In (6)) :

(5-12)
To this end, by combining the previous two Lemmas S-4 and S-5, we have
)
Hids o b oy \ 27 90Dy BUR)

K
. 1
S Zdlm (Q(K7DV7BJ7R)) <Cg(K,DV,B,J,R) + In (\/E) + In <(5)>

k=1

. 1
= dim (Q(K,DV,BJ,R)) <CQ(K,DV.B,J,R) + In <(5)> .
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Here,

K

dim (G(x,py BIR)) = Z dim (G(x,py B,JR)) ;
k=1

dim (G, py B,ur)) = dim (V(p, sry)) + Db,

K
Cg(K,DV,B,J,R) = Z Cg(KvaYBvaR) +1n (\/}> ’
k=1

_ dim (25,) % card (b(g)> (card (bfﬁg)) + 1) |

2

g=1

Proof of Lemma S-4 It is sufficient to verify that

K
] )
j\/H,dg(K,DV,B’J,R) (2»g(K,DV,B,J,R)> 1:[ M1.dg (py BR) (2\/?, g(K,Dy,B,J,R)) :

By (S-2), for each k € [K], let {[qﬁﬁc’_,dﬁc’ﬂ} be a mini-
1§ZSJ\/Q(K,DV,13,,7,R)

mal covering of §x-bracket for dg(K by B.AR) of G(x,py,B,JR) With cardinality

M']’dQ(K,DV,B,J,R) (6k,G(k.Dv BIR)) = NQ(K,DV,B,J,R)' By definition, we have

V1€ [Ny | 4o mrmy (857057 <01

This leads to the set {Hszl [gbﬁf, qbﬁf} } is a covering of §/2-
1Sl§Ng(K‘Dv,B‘J,R)

bracket for dg(K,DV,B,J,R) of G(k,py B,s,R) With cardinality e, NQ(K,DV,B,J,R)‘
Indeed, let any ¢ = ((/ﬁk)ke[K] € G(kx,pv,B,sr)- Consequently, for each k €

(K], ¢k € G(k,Dy,B,JR), and there exists [(k) € {N’ }, such that

g(K,DV,B,J,R)

o <o <o (e, 67) < 600,

’ g(K,DV,B,J,R)

, with

(K,Dy,B,J,R)

6 = ( i:(k),f)ke[K ot = ( 1(k), +)ke[K]7which leads to {Hle {%’_7 i

Then, it follows that ¢ € [¢—, ¢7] € {Hiil [¢§;‘, L HKKN
SIXING

is a bracket covering of Gk, p, B,/R)-

)
1§l§Ng(K’

Dy ,B,J,R)
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NOW we want to verify that the size of this bracket is §/2 via choosing
0 = \/» Vk € [K]. It holds that

Gt SR <-|xn>)]
A S <-|Xn>)]

2
2 Wk),— 1(K), d
K _ =
1dg(K,Dv,B,J,R) ( ’¢ ) - <2 /K) <

Finally, Lemma S-4 is followed by the definition of a minimal §/2-bracket cov-
ering number for Gk p, B,JR)-

N
dg(K Dy ,B,J,R) ((’b ¢+) EX [N Z

X[N]

a2
Vo

M= 11>

>
Il

Proof of Lemma S-5 We need to bound the bracketing entropy in (S-12). To
do this, we need to construct an extension to the multidimensional Gaussian
mixture of [9], defining a net over the parameter space of Gaussian experts.
Next, we aim to construct a bracket covering of Gk p, B,sRr) according to the
tensorized Hellinger distance, dg(K,DV,B,J,R) based on Gaussian dilatations.

Step 1: Construction of a net for the block-diagonal covariance matrices. Firstly,
for a given matrix X (By) € 2p,,k € [K], we denote by Adj(X(By)) the
adjacency matrix associated to the covariance matrix Xy (Bj). Note that this
matrix of size Q? can be defined by a vector of concatenated upper triangular
vectors. We are going to make use of the result from [6] to handle the block-
diagonal covariance matrices X (By), via its corresponding adjacency matrix.
To do this, we need to construct a discrete space for {0, I}Q(Q_l)/ 2
one-to-one correspondence (bijection) with

, which is a

Ap, ={Ap, €8¢ ({0,1}) : 3X% (Bk) € 25, st Adj (X (Br)) = A, },

where Sg ({0,1}) is the set of symmetric matrices of size @ taking values on

{0,1}.
Then, we want to deduce a discretization of the set of covariance matrices.
Let h denotes Hamming distance on {0, l}Q(Q_l)/2 defined by

N
d(z,2") = Z]I{z #2'}, for all 2,2’ € {0, 1}Q(Q’1)/2,

n=1

Let {0, 1}%5@_1)/2 be the subset of {0, 1}(’2@_1)/2 of vectors for which the cor-

responding graph has structure By = (b,(cg)) G Then, given any € > 0,
ge€|Gr

Corollary 1 and Proposition 2 from Supplementary Material A of [6] lead to

5

2

)2.
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that there exists some subset R of {0, 1}Q(Q_1)/ ?, as well as its equivalent A‘gzc
for adjacency matrices satisfy

sz (By) — 5 (Bk)Hz < % Ae2Y (zk (B) . 5 (Bk)) e (Sgi:C(e))2 s.t. Xy (By) # Zn (By),
card (S‘%iSC(e)) < < 2€2J Q;%;”) oo , (S-13)

Gk card (b,(cg)) (card (bég)) — 1)

DBk:dim('QBk):Z 5 R

g=1

(S-14)

where

Spse(e) = {Ek (Br) € S§T(R) : Adj (T (By)) € A%,

€

—Cx C
(X% (Br))i,j = 06,015 € [ = ez] HZ}'

Therefore, by choosing €2 < DB’“, iven X' (By) € 25, , there exists Ek By) €
y g 5 8 k

S%isc (€), such that
2

ka (By) — 2 (Bk)H2 < e (S-15)

Based on E‘k (Bk), we can construct the following bracket covering of Gk p, B,/ R)
via defining suitable nets for the means of Gaussian experts. More precisely, given
any 5V(Dv sy 0, we claim that the set

106,y) = (1+20)7" 6 (y3¥(py a0 (%), (1+0) 7 Dy (By))
] |u(x,y) = (14 2a2)"" ¢ (Y;V(DV,J,Rk)(X)v (1+a) Xy (Bk)> ) )

G(DV’J’RI“) < GV(DVJka) <6V(DV,J,R;¢)> X% (Br) € S%’isc(e)

is an 5V(D -brackets set over Gk p, B,sRr) Where the constant a > 0 and
v ,Dv,B,J,

IRy
function X > x — V(p,, s r,) (X) and its corresponding space GV(DV,LR;C) (6V(DV=J’RI¢))
will be specified later. Indeed, we consider any function X x Y > (x,y) —

f(%,y) = ¢ (¥;V(Dy,sRe) (X), X (Bi)) that belongs to Gk p, B,JR), Where
V(Dy,JRe) € V(Dy,JRy) and Xy (By) € £2p, . According to (S-15), there exists

3. (By) € 5%1:0(6) such that

sz (By) — % (Bk)Hj <
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Step 2: Construction of a net for the mean functions. We claim that given any

5V(D ) 0, any v(p,.sR.) € V(Dy,JRy), there exist a minimal covering of
v,JRg

dp-bracket GV(DVYJ,R;C) (5V(Dv,./,Rk)> and a function v(p,, R, € GV(DV_’J’Rk) (6V(DV1'I=RIC))
such that

. - _ 2 2 _
ilel?c HV(DV,J,Rk)(X) V(DV,J,Rk)(X)HQ < 6V(DV,J,Rk)’ (S-16)

dim(V(D ,J,R,))
oxp (C"(DV,J,R,C)) o

card (GV(DV,J’R,«) (5V(Dv,~LRk))) = 5V(

Dy, J,Ry)

(S-17)

To accomplish this, we use the singular value decomposition of TkRjd =

S (0ka)r (Wkd)er (Vi)res k € [K],d € [Dy], with (0ka)s,7 € [Rya], de-
note the singular values of Tfjd, with corresponding orthogonal unit vectors

((de). T)re[de] and ((v,)r, °)re[de] Then, we construct V(p,, jr,)(X) = T ot

Dv i, where Byo and Ty = ¥4 (G50) (Bka)orr (Fg)rves & € [K],d €
[Dy], are determlned so that (S-16) and (S-17) are satisfied. Note that for each
k € [K],d € [Dy], it holds that

Dy

- _ R
Vo 1m0 (%) = V(Dy gm0 (X)||, = Uko—Uk0+Z<T’“;d T’“R‘;d) x!
d—1 2
~ ~Rra Ria\ -.d
< [[oko — vkoll, Yo — T )x )
d=1
R
< VQ 510 = il + PV/Q Z\Hr A vl
oo

< V@ [Bro ~ vaolloo + PV/@ Z\HTR“—TI‘S?

where we used the fact that for all d € [Dy], x € X, deHOO <lasXx=[0,1".

~R
Thus, (S-16) is immediately followed if we now choose Dyo and Ty,," such that

ov
V@l — Broll, < —25H, (S-18)
~ Ria 5V(DV,.],Rk)

Ria
H’de de

o~ 2DyPVQ (5-19)
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Let us now see how to construct U to get (S-18). This task can be accomplished
if for all k € [K], ¢ € [Q], we set

B=7n

T | e
)

)
V(DV’Jka) V(DvJyRk

6V(DV’Jka) b

(Vk0)q — SN(o)

(Tro)q = arg min

~R
Next, let us now see how to construct Tk; ‘ to get (S-19). The boundedness
assumption in (7) implies that

Rya
~ Rpq ~ ~ ~
it =] = e > (010 (40 () = o (B ()]
Ryrq
~ T
= max okd)r — (Ora)r) (u r(Veg)r
ebax ; l(( kd)r = (Tkd)r) (Wkd)g,r (Via)rp
— (Gka)r (Uka)gr — (Wkd)gr) (Vig)ryp
— (Gkd)r(ka) g (Vig)rp — (V;d)r,p)] ‘
Ryrq
< r g r ld p T
< 3wl = Gkl it 2 kadar (vl
Ryq
u -—_ ~ o ~ NT
L |(Qkd)g,r — (Wkd)g,r max ; | (Gka)r (Via)rp|
Rya
+ max Vi Ve — (V1) | max ora)r(u ”
TE[de],pE[P]’( kd) P ( kd) ’p|qe[Q] r:1‘( kd) ( kd)q, |

< deAav max |(oxa)r — (Cka)r]
r€[Ria)

+ deAu,vAo'( max |(ﬁkd)q,T - (ukd)Q77“|

q€[Q),r€[Ria]
T =T
max A\ rp — \Vig)r .
r€[Rkal,p€[P] (Vka)rp = (Via) ,PD
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Therefore, (S-19) is immediately implied if we now choose (Gxq)r, (Uka)q,r and
(Vi)rp such that

V(py.1Ry)

— (o <
Tér[lgi(d] |(o-k3d)7" (de)'f| — 6deA%7vDVP\/Q’
v
~ (Py,JiRy)
max u »—(u rl < )
sl | (Bet)ar = (Wed)ar| < G =D PG
V(DvJst)

‘(Vl—crd)r,p - (Vl::rd)hp| <

max .
7€[Ral ,pE[P] 6RkiAuvA, Dy P\/Q

This task can be accomplished as follows: for all r € [Ry4], p € [P], ¢ € [Q)], set

S=7Zn

?

6Rpq A% Dy P
0. {Ag kdAgvDv \/QJ
5\/(

Dy ,J,Ry)
(5 ) = argmin |(o ) _ 6V(DV,J,Rk) ¢
kd)r = gges kd)r 6deA%7vaP\/Q :
U=zn {—A GdeAuwAaDva/@J {A 6deAu,vAgDVP¢©J
- u,v , wv 7
o OV by sm)
v
u = i _ (Dy . JRy,)
(ukd)q’r B arg}}’lelg} (de)q7r 6deAu,vAo'DVP\/Qu ’
5V(Dv,~7,Rk)

(Vid)rp = arg 5161{]1 (Vid)rp 6deAu,vAgDVP\/@U

Note that, according to [15, 1.8], we only need to determine the vectors

(((fikd)qm)qe[Q,r])TG[RM] and (((vkd)hp)je[card(‘lin)fr]) et since the remain-

ing elements of such vectors belong to the the nullspace of TkRU’l‘d and TkRU’{dT. The
number of total free parameters in the previous two vectors are

Ria B B
;(Q_T) = Rra (W) ,

Rga

Z (card (Ji) — ) = Rya (20ard(Jm;_ Ryg — 1) |

r=1

To this end, for all k € [K], d € [Dy], and q € [Q], we let

A Ltka _ Zf:k[i (5kd)7‘(ﬁkd)q,r(;;d)r7p if pE ']Mu
(de )q p
’ 0 if p € [P]\ Jin-
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In particular, (S-17) is proved by the following entropy controlling

card (GV(DV,J,R,C) <6V(DVvJ‘Rk) ))

_ n R card(Jin)—Rra—1
< W]Q]ﬁ 6Rkads Ay Dy PVQ| ™ [12R0aAo A3, Dy Py@ ] e i e
- _5V(DV.J,Rk) d=1 5V(Dv’Jka) Voo
) dim(V(DV,J,Rk))
_ eXP(CV(DV,J,Rk)> where
V(vaerk)

hl (C(DVrJ’Rk))

Dy
dim (Vipyur) = Q4+ 3 Bra (Q + card (Jin) = Bra) s Oviy, ) =

i1 dim (V(DVJ,Rk)) 7
Q SV, Ria(Q+card(Jin)— Ria)
and C(p, sR,) = |:4Au,v\/§:| |:12deAaA121,vDVP\/a} e M o= S0, Rea

Step 3: Upper bound of the number of the bracketing entropy for Gk p, B,JR)-
Next, in order to evaluate the ratio of two Gaussian densities, we make use
of Lemma S-6.

Lemma S-6 (Proposition C.1 from [13]) Let ¢ (-; py, X'1) and ¢ (+; po, X'2)
be two Gaussian densities. If X9 — X1 is a positive definite matriz then for all
y €RY,

¢(yim, X)) _ 1%
O (yi o, X2) — | [ 21

Then, Lemma S-7 allows us to fulfill the assumptions of Lemma S-6.

eXP[;(ul—lw)T022-m21)1(u1—;h)

Lemma S-7 (Similar to Lemma B.8 from [13]) Assume that0 < € < ¢3;/9,
and set o = 3\/¢/cs. Then, for every k € [K], (1+ a) Xy (Br) — X (By) and
34 (Br) — (1+a) ™" X4 (By) are both positive definite matrices. Moreover, for
all'y € R9,

[+ ) Zn (B = Be(B)|y 2 elyl}, v [Za(B) — (1L4+a) " B (Bi)]y = ellyl}

Proof. For ally # 0, since SUD) evp (374 (By)— 5 (B1)) Al = HZk (By) — X% (Bk)H2 <

€, —€ > —cx /3, and o = 3¢/cyx, it follow that

yT [(140) i (BY) - BBy = 1+ )y [Zu(B) - B (Bo)| y + oy B (B)y
>~ (1+0) || B0 (B = B B Iy + acs Il
>

2 2
(acs = (1+a)e) |lyll; = (acs —ae =) [ly|;

2 2 2
2(§ME_Q|ﬂb=dwm>&
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and
y' [Zk- (Bi) — (1+0a)™" 3y (Bk)} y

—(1+a)ly" [zk (By) — S (B,@)} v+ (1 1+ a)_1> v 3 (By)y

acy — € 2 2¢ 2 2
> = —_— > > 0.
> ( i+o >||Y|2 T+a Iyllz = ellyll

By using Lemma S-6 and the same argument as in the proof of Lemma B.9 from
[13], given 0 < € < ¢x/3, where € is chosen later, and oo = 3¢/cx, we obtain

ax{ Z(X7Y) f(xa Y)} < (1 +2a)*% exp (HV(DV,J,Rk)(X) - G(DV7J7R‘7C)(X)H§> .

fxy) u(x,y) 2
(S-20)
Because In () is a non-decreasing function, In (1 + 2a) > o, Va € [0,1]. Com-
bined with (S-16) where 63, = Qae, we conclude that
(Dv T Ry)
1y) ) ) (T @ v Q
XYy X,y (DVvJka) (DVvJka)

1 1 <—"In(1+2 —ne L= —k = 0.

o () (o)) = e T 2 G Sy

This means that I(x,y) < f(x,y) < u(x,y),V(x,y) € X x Y. Hence, it remains
to bound the size of bracket [I,u] w.r.t. dg .
(K,Dy,B,J,R)

To this end, we aim to verify that dé(K . (l,u) < %. To accomplish

v,.B,J,R)
this, we make use of Lemma S-8.

Lemma S-8 (Proposition C.3 from [13]) Let ¢ (-; 1, X1) and ¢ (+; pgy, X'2)
be two Gaussian densities with full rank covariance. It holds that

d2(¢(';H1721)a¢(';u2722))
_ _ _q—1/2 1 _
2 {122 5 5 e |- - )T (B 2 - )]}

Therefore, using the fact that cosh(t) = #, Lemma S-8 leads to, for all

XEX,
10c), 1)) = [ [163) +u0e.y) 20Tyl dy
= (142a) 9+ (1+20)% -2
+ & (6 (+¥(py .m0 (30, (1 + @)™ Zi(B)) 16 (5 ¥(py am (%), (1 + @) Tk (By)) )
= 2cosh [QIn (1 + 2a)] — 2
+2 [1 —20/2 {(1 +a) (14 oz)yQ/2 ’Ek (Bk)‘im ‘Ek (Bk)‘m]

=2cosh[QIn (14 2a)] — 2+ 2 — 2[cosh (In (1 4+ a))}—Q/Q
=29 (QIn(1+42a))+2h(In(1+«)),
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where g(t) = cosh(t) — 1 = eft;et — 1, and h(t) = 1 — cosh(t)~%/2. The upper
bounds of terms g and h separately imply that, for all y € ),

d?(I(x, ), u(x, ")) <2 (2 cosh (1> a?Q? + ia2Q2> <6a’Q? = £7

V6 4
where we choose o = 5’—;,6 = Gf;éEQ’ Vo € (0,1],Q € N*,¢x > 0, which appears
in (S-20) and satisfies o = 2\/‘%Q and 0 < € < “Z. Indeed, studying functions g

and h yields
g'(t) = sinh(t),g" (t) = cosh(t) < cosh(c),Vt € [0,c],c € Ry,
R'(t) = =< cosh(t)~%/2 sinh(t),

h“(t) _

o [O |0

(—g - 1) cosh(t) ~9/*72sinh*(t) + %COSh(t)fQ/Q

4 (- (300) () ) <

where we used the fact that cosh(t) > 1. Then, since g(0) = 0,g’(0) = 0,h(0) =
0,1'(0) = 0, by applying Taylor’s Theorem, it is true that

2

Qt2 Q2 2
h(t) = h(t) — h(0) =K' (0)t = Ro1(t) < = — < —— Vt >0
22 2 2
We wish to find an upper bound for t = QIn(1+2a), @ € N*, a = 9

2v6Q’
0 € (0,1]. Since In(-) is an increasing function, then we have

1 1

) 1

since In (1 + ﬁ) < W%Q’ V@ € N*. Then, since In (1 + 2a) < 2a,Va > 0,

9(QIn(1+2a)) < cosh (\}6) (an(l;%‘))z < cosh <\}6> 7240[27

@ (n(l+a)* _ Q%
2 2 =4

h(in (1 + ) <

Next, note that the set of ¢/2-brackets [I,u] over Gk p, B,sR) is totally de-

ov ) This leads
v.JRi) (Pv .. Ry)
to an upper bound of the §/2-bracketing entropy of Gk p, B,sr) is evaluated
from an upper bound of the two set cardinalities. Hence, given any § > 0, by

fined by the parameter spaces SE*°(e) and Gv .
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dcx

6v6Q’
it holds that

choosing € =

52cx
72Q

N (
[ ]7dg(K,DV¢BaJvR)

0

27

o =

T. T. Nguyen et al.

3e

Cx

_ s
T 2v6Q’

Q(K,DV,B,J,R)>

and 0%, (

< card (S%fc(e)) x card (G"(DV,J,R;«) <5V<Dv'J~Rk>))

) dim(v(DV,J,Rk))

) dim(Vipy sry))

(using (S-14) and (S-17))

1

< <\‘202J QQ - 1)) xp (CV(DV"LRIC)
- € 2Dp, 5V(DV,J.R,€)
dim (V )
Dp, (Pv . J.Ry)

_ (205650 Q@—1)\ " (V22 (Cvip, in) T
- ocs 2D3k 0,/Cx
_ 6\/602@2 (Q _ 1) 6\/2@ exp (CV(DV’JvRI«)

cxDp, NG,

(

0

) Dp, +dim(V(DV,J,Rk))

To this end, note that dim (Q(K,DV,BJ’R)) = Dp, +dim (V(Dv,.J,Rk))7 we obtain

1)
H[']’dg(K,DV,B,J,R) (

=In (J\/‘[.]’dg

6v6C 5 Q?

3 9(k,Dv,B,JR)

(K,Dy,B,J,R) <

)

o

27

@-1

SDBk hl(

(D, dim (Vo o)) 1

cxDp,

) + dim (V

)

1

)

g(K,Dv,B,J,R)>>

61/2Q exp (CV(DV,J,Rk))

(Dy.JRy)) 0

. 1
= dim (g(K,DV,B,J,R)) (CQ(K,DV,B,J,R) +1In (5)) ’

where CQ(K,DV,BJ,R) =

6v6C£Q%(Q-1)
CZDBk

Dg,, 1n<

>+dim (V(vaJ:Rk)) In (

NG

ovra cxp(cv

(DV=J’Rk)>

Vox

)

dim(g(K,Dv,B,J,R))
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