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Abstract

In this paper, we estimate a block-diagonal covariance matrix from
Gaussian variables in high dimension. We prove that, under some mild
assumptions, we find the block-diagonal structure of the matrix with prob-
ability that goes to one. We deduce estimators of the covariance matrix
that are as accurate as if the block-diagonal structure where known, with
numerical applications. We also prove the asymptotic efficiency of one of
these estimators in fixed dimension. Then, we apply these estimators for
the computation of sensitivity indices, namely the Shapley effects, in the
Gaussian linear framework. We derive estimators of the Shapley effects in
high dimension with a relative error that converges to 0 at the paramet-
ric rate, up to a logarithm factor. Finally, we apply the Shapley effects
estimators on nuclear data.

1 Introduction

Sensitivity analysis, and particularly sensitivity indices, have became important
tools in applied sciences. The aim of sensitivity indices is to quantify the impact
of the input variables X, ..., X,, on the output ¥ of a model. This information
improves the interpretability of the model. In global sensitivity analysis, the
input variables are assumed to be random variables. In this framework, the



Sobol indices [33] were the first suggested indices to be applicable to general
classes of models. Nevertheless, one of the most important limitations of these
indices is the assumption of independence between the input variables. Hence,
many variants of the Sobol indices have been suggested for dependent input
variables [22, 6, 23, 7].

Recently, Owen defined new sensitivity indices in [26] called "Shapley ef-
fects". These sensitivity indices have many advantages over the Sobol indices
for dependent inputs [16]. For general models, [34] suggested an estimator of the
Shapley effects. However, this estimation requires to be able to generate samples
with the conditional distributions of the input variables. A consistent estimator
has been suggested in [3], requiring only a sample of the inputs-output. This
estimator uses nearest-neighbours methods to mimic the generation of samples
with these conditional distributions.

In this paper, we focus on Gaussian linear models in large dimension. Gaus-
sian linear models are widely used as numerical models of physical phenom-
ena (see for example [19, 13, 29]). Indeed, uncertainties are often modelled as
Gaussian variables and an unknown function ¥ = f(Xq,...,X,) is commonly
approximated by its linear approximation around E(X). Furthermore, high-
dimensional Gaussian linear models are widely studied in statistics [5, 11]. In
this particular case of Gaussian linear models, the theoretical values of the Shap-
ley effects can be computed explicitly [27, 16, 4]. These values depend on the
covariance matrix X of the inputs and on the coefficients § of the linear model.

In this paper, we assume that we observe an i.i.d. sample of the input
Gaussian variables in high dimension and that the true covariance matrix 3
and the vector S are unknown. In this setting, the Shapley effects need to
be estimated, replacing the true vector § by its estimation and the theoretical
covariance matrix Y by an estimated covariance matrix.

There exists a fair amount of work on high-dimensional covariance matrix
estimation. Many researchers took an interest in the empirical covariance ma-
trix in high dimension [24, 37, 32, 1]. For particular covariance matrices, dif-
ferent estimators than the empirical covariance can be preferred. For some
well-conditioned families of covariance matrices, [2]| suggests a banded version
of the empirical covariance matrix, and several works address the problem of
estimating a sparse covariance matrix [14, 20, 10].

However, in general, given a high-dimensional covariance matrix, the com-
putation cost of the corresponding Shapley effects grows exponentially with the
dimension. The only setting where a procedure to compute the Shapley effect
with a non-exponential cost is the setting of block-diagonal matrices [4]. Hence,
in high dimension, block-diagonal covariance matrices are a very favorable set-
ting for the estimation of the Shapley effects. Thus, we address the estimation
of high-dimensional block-diagonal covariance matrices in this paper. In con-
trasts, we remark that the above methods are not relevant for the estimation of
the Shapley effects, since they do not provide block-diagonal matrices.



In our framework, we assume that the true covariance matrix is block-
diagonal and we want to estimate this matrix with a similar structure to compute
the deduced Shapley effects. Some works address the block-diagonal estimation
of covariance matrices. [28] gives a numerical procedure to estimate such co-
variance matrices and [15] suggests a test to verify the independence of the
blocks. A block-diagonal estimator of the covariance matrix is proposed in [9].
The authors of [9] choose a more general framework, without assuming that
the true covariance matrix is block-diagonal. They obtain the estimated block-
diagonal structure by thresholding the empirical correlation matrix. They also
give theoretical guaranties by bounding the average of the squared Hellinger
distance between the estimated probability density function and the true one.
This bound depends on the dimension p and the sample size n. When p/n con-
verges to some constant y €]0, 1], this bound is larger than 1 and is no longer
relevant as the Hellinger distance is always smaller than 1.

Here, we focus on the high dimension setting, when p/n converges to some
constant y €]0, 1[, and when the true covariance matrix is assumed to be block-
diagonal. We give different estimators of the block-diagonal structure and we
show that their complexity is small. Then, we provide new asymptotic results
for these estimators. Under mild conditions, we show that the estimators of the
block structure are equal to the true block structure, with probability converging
to one. Furthermore, the square Frobenius distance between the estimated
covariance matrices and the true one, normalized by p, converge to zero at rate
1/n. Thus, our work complements the one of [9]. We also study the fixed-
dimensional setting, where we show that one of our suggested estimators is
asymptotically efficient.

From the estimated block-diagonal covariance matrices, we deduce estima-
tors of the Shapley effects in the high-dimensional linear Gaussian framework,
with reduced computational cost. We recall that in high dimension, the compu-
tation of the Shapley effects requires that the corresponding covariance matrix
be block-diagonal. We show that the relative estimation error of these estima-
tors goes to zero at the parametric rate 1 /nl/ 2, up to a logarithm factor, even
if the linear model is estimated from noisy observations.

Our convergence results are confirmed by numerical experiments. We also
apply our algorithm to semi-generated data from nuclear applications.

The rest of the paper is organized as follows. In Section 2, we focus on the
block-diagonal estimation of the block-diagonal covariance matrix. In Section
3, we apply this block-diagonal estimation of the covariance matrix to deduce
Shapley effects estimators. Section 4 is devoted to the numerical application
on nuclear data, and the conclusion is given in Section 5. All the proofs are
postponed to the appendix.



2 Estimation of block-diagonal covariance matri-
ces

2.1 Problem and notation

We assume that we observe (X (l))le[lm], an ii.d. sample with distribution
N(u, %), where u € R? and ¥ are not known. Here, [1 : n] denotes the set of the
integers from 1 to n. We assume that X = (035); je1:p) € S T (R) (the set of the
symmetric positive definite matrices) and has a block-diagonal decomposition.
To be more precise on this block-diagonal decomposition, we need to introduce
some notation.

Let us write P, the set of all the partitions of [1 : p]. We endow the set
P, with the following partial order. If B, B’ € P,, we say that B is finer than
B’, and we write B < B’, if for all A € B’, there exists Ai,...,4; € B such
that A = |_|;-:1 Aj. We also compare the elements of a partition B € P, with
their smallest element; that enables us to talk about "the k-th element" of B.
If BePpand aq,...,a; € [1:p], we write (a1, ...,a;) € B if there exists A € B
such that {aj,...,a;} C A (in other words, if ay, ..., a; are in the same group of
B). IfT' € SF+(R) with T' = (i) jef1p) and if B € P, we define ' by

vy GJ)eB
(Up)ij = { 0  otherwise.

Let us define
S;+(R7B) ={T e S;JF(R) |T =Tp, and VB’ < B, T' # '/},

where we define B’ < Bif B’ < Bandif B’ # B. Thus Sj*(R) = | gep, 577 (R, B)
and for all T' € SF*(R), we can define an unique B(T') € P, such that I' €
SHH(R,B(T')). Here, we assume that ¥ € S;*(R, B*), i.e. B* is the finest
decomposition of ¥, i.e. B(X) = B*. We say that ¥ has a block-diagonal de-
composition B*.

We also write .
X, = * S X0,
n
=1

and
n

> -X)xO X7,
=1

S, =

3=

which are the empirical estimators of y and ¥. To simplify notation, we write
X for X,, and S for S,, (the dependency on n is implicit). We know that, for
allT € SF*(R), X maximizes the likelihood Ly (XM, .., X(™) over the mean
parameter m, where

1 1 —
LXMW XM= — — _exp| ==Y (XO —m)TT (XD —m) ],
r,m( ) ESETAL p 2;( ) ( )



and |I'| is the determinant of I'. Thus, for all I' € S (R), we define

2
Ir 1=~ log (LFX(X“), ...,X(">)) - %log(Qﬂ) = = (log || + Tx(P1S)) .

1
p
As we assume that the true covariance matrix is block-diagonal, we consider a
block-diagonal promoting penalization of the form

K
pen() = pen(B(I) := i

if B(I') = {By,...,Bx} and |Bg| = pi, for all k € [1 : K]. We consider the
penalized likelihood criterion

SHt(R) — R

®: r — Ir + kpen(D),

where k > 0. In this work, we suggest to estimate ¥ by the minimizer of @, for
some choice of penalisation k. First, we show in Proposition 1 that a minimizer
of ® can only be a block-diagonal decomposition of S.

Proposition 1. IfI' is a minimizer of ®, then, there exists B € P, such that
I'=955.

Hence, the minimization problem on S;‘"‘(R) becomes a minimization prob-
lem on the finite set {Sp, B € P,}. So, we define ¥(B) := ®(Sp) and we
suggest to estimate B* by

gtot := arg min¥(B), (1)
BeP,

as the minimum structure of the penalized log-likelihood. In this paper, we
study theoretically this estimator of B*. However, it is unimplementable in

high dimension since the number of partitions B € P, is too large. Hence, we
will also define other estimators less costly, and study them theoretically.

2.2 Convergence in high dimension
2.2.1 Assumptions

In Section 2.2, we assume that p and n go to infinity. The true covariance
matrix ¥ is not constant and depends on n (or p). Nevertheless, to simplify
notation, we do not write the dependency on n. In all Section 2.2, we choose a
penalisation coefficient £ = —L5 for a fixed § €]1/2, 1.

We also add the following assumptions on ¥ along Section 2.2.

Condition 1. p/n — y €]0, 1].

Condition 2. There exist Aipr > 0 and Agyp < +00 such that, for all n, the
eigenvalues of ¥ are in [Aing, Asup)-



Condition 3. There exists m € N* such that for all n, all the blocks of ¥ are
smaller than m, i.e. YA € B*, we have |A| < m.

For a ¢ xq matrix M = (mi;).j)e[1:q2> We 1et | M|[|max = max; jye[i:q)2 M5

Condition 4. There exists a > 0 such that for all n and for all B < B*, we
have |5 — |lmax > an~ 4.

These four mild assumptions are discussed in Section 2.2.4. However, we
also focus on the case when Condition 4 does not hold. We will provide similar
results, both when assuming Conditions 1 to 4, and when only Conditions 1, 2
and 3 hold.

2.2.2 Convergence of B and reduction of the cost

Now that we defined our estimator Etot of the true decomposition B* in Equa-
tion (1) and we added assumptions in Section 2.2.1, we give the convergence of
Bin Proposition 2. Although Etot is not computable in practice, its convergence
remains interesting to strengthen the choice of the penalized likelihood criterion
and will be useful to prove the convergence of more practical estimators. In
Section 2.2, all the limits statements are given as n,p — +oo.

Proposition 2. Under Conditions 1 to 4 and for a fized 6 €]1/2,1], we have
P (Etot = B*) — 1.

Hence, under Conditions 1 to 4, the estimator Ewt is equal to the true
decomposition B* with probability which goes to one. When Condition 4 does
not hold, we can not state such a convergence result but we get a weaker result
in Proposition 3. In this case, we need to define B(«) as the partition given by
thresholding ¥ by n~%. In other words, B(«) is the smallest (or finest) partition
B such that [|X5 — X||lmax < n™%

Proposition 3. Under Conditions 1, 2 and 3, for all c; < 6/2 and agy > §/2,
we have

P (B(al) % Bt < B(ag)) 1

Thus, we defined a consistent estimator of B* that theoretically solves our
problem of the lack of knowledge of the true decomposition B*. However, com-
puting By, is very costly in practice. Indeed, the number of partitions of [1 : p)
(the Bell number) is exponential in p. As in [9], we suggest to restrict our es-
timates of B* to the partitions given by thresholding the empirical correlation
matrix C' := (Cij)i,je[l:p] where Oij = Sij/m, with § = (Sij)(i,j)e[l:p]2' If
A € [0,1], let By be the finest partition of the thresholded empirical correlation
matrix @ = (@ﬂH@, ,»\>A)i7jép~ In other words, B) := B(ék). For some value
A € [0,1], By can be found by "Breath-First-Search" (BFS) [21]. Furthermore,
we do not need to compute B) for all A € [0,1] and we suggest in the following
three different choices of grids for .



First, we suggest the grid Az := {|6”\ | 1 <i<j<p}and we define the
estimator E@ := argmin U(B). This grid is the finest one because that gives
By | A€Ag
all the partitions {Byx| A €]0,1[}. Almost surely, the coefficients (éij)iq are
all different. Thus, when we increase the threshold to the next value of Az, we
only remove two symmetric coefficients from the empirical correlation matrix.

Proposition 4. The computational complezity of Eé is O(p*).

Using the rate of convergence of the estimated covariances and by Condition
4, we then suggest the estimator By := B,,-1/s, the partition of the empirical
correlation matrix thresholded by n~'/3. With this threshold, we can not find
all the partitions given by thresholded correlation matrix, but we only have to
threshold by only one value.

Proposition 5. The complexity of B, is O(p?).

One can see that reducing the grid of thresholds to one value reduces the
complexity of the estimator of B*. Finally, we suggest a third grid, in the ¢ case
when the maximal size of the groups m is known.

Let A := {s/p,(s+1)/p,...,(p — 1)/p,1}, where s is the smallest integer

such that all the groups of B/, have a cardinal smaller than m. The deduced

estimator is B, := argmin W(B). So, this grid is the set {I/p | [ € [1 : p]}
By | AEA,

restricted to the thresholds that give fine enough partition (with groups of size

smaller than m).

Proposition 6. The complexity of B, is O(p?).

One can see that the complexity of this estimator is as small as the complex-
ity of the previous estimator B). Furthermore, it ensures that the estimated
blocks are not too large, which was not the case with the previous estimator.
However, the computation of By requires the knowledge of m while the other
estimators do not.

Now that we have defined new estimators of B*, we give their convergence
in the following proposition.

Proposition 7. Let B be either Etot, Bé’ §>\ or §s indifferently. Under
Conditions 1 to 4 and for a fized § €]1/2, 1], we have

P(E:B*) 1

When Condition 4 is not satisfied, we do not study the convergence of the
previous estimators. In this case, we suggest to estimate B* by B,,—s/2, which
is the partition given by the empirical correlation matrix thresholded by n:‘s/ 2,

The complexity of this estimator is O(p?), as for the previous estimator By =
B,,~1/s. We show the convergence of this estimator in Proposition 8.



Proposition 8. Under Conditions 1, 2 and 3, if oy < 6/2 and ag > /2,
P(B(Oll) < Bn—6/2 < B(OZQ)) — 1.

As Condition 4 is not satisfied, the true partition B* is again not reached by
this estimator. Nevertheless, we get stronger results for the practical estimator
B,,—s/2 than for the theoretical estimator By, when Condition 4 is not verified.
Indeed, the condition "to be larger or equal than" is stronger that "not to be
smaller than".

2.2.3 Convergence of the estimator of the covariance matrix

We have seen in Propositions 7 and 8 how to estimate the decomposition B*
by B. Now to estimate the covariance matrix 3, it suffices to impose the block-
diagonal decomposition B to the empirical covariance matrix Sz. We show in
Proposition 9 that the resulting block-diagonal matrix estimator Sz reaches the
optimal rate of convergence under Conditions 1 to 4.

Proposition 9. Let ||.||r be the Frobenius norm defined by ||T'||% := Zf,j:l V-

Let B be either Etot, Ea,/B\x or ES. Under Conditions 1 to 4 and for a fixed
0 €]1/2,1], we have

1
EHSB*—-EH%:=(%41/H)

and )
];IISE —X||F = Op(1/n).

Moreover, it is the best rate that we can have because
1 2
5IISB* — X||E # op(1/n).

Thus, we see that the quantity %HS 5 — 3||% decreases to 0 in probability
with rate 1/n, which is the same rate as S« if we know the true decomposition
B*. Thus, the lack of knowledge of B* does not deteriorate the convergence of
our estimator.

Now that we gave the rate of convergence of our estimator Sz, we compare
it with that of the empirical estimator S in the next proposition.

Proposition 10. Under Conditions 1 and 2, the rate of the empirical covari-
ance 18

1
EIIS — 2[5 = Oy(p/n).
and we have

1 A2 .p
E(=|S—2|% ) > =niz,
(305 -z ) > 2t



So, we know that %HS — X||% is lower-bounded in average and is bounded
in probability. Thus, the rate of convergence of our suggested estimator Sz is
better than the empirical covariance matrix S.

If Condition 4 does not hold, the rate of convergence is given in the following
proposition.

Proposition 11. Under Conditions 1, 2 and 8, for all 6 €]0,1] and for all
e > 0, we have

1 1
LS, s~ Bl =0p ().

We remark that, for § close to 1, this rate of convergence almost reaches the
optimal rate of Sp«, whereas the partition estimator B,,-s,2 does not reach the
true decomposition B*. That comes from the fact that the elements o;; of ¥
such that the indices (i, 7) are not in the estimated partition B,,—s/» are small
(with high probability). Hence, estimating these values by 0 does not increase
so much the error %HSB,L—SM - 3%.

Theoretical guaranties for a block-diagonal estimator of the covariance ma-
trix are also provided in [9]. Their framework is more general, with a true
covariance matrix which is not necessarily block-diagonal. They bound the av-
erage of the square Hellinger distance between the true normal density and the
density with the block-diagonal estimated covariance matrix. However, when
p/n does not go to 0, their theoretical results becom uninformative. Indeed,
they give an upper-bound which is larger than one, while the square Hellinger
distance remains always smaller than 1.

2.2.4 Discussion about the assumptions

For the previous results, we needed to make four assumptions on ¥ (Conditions
1 to 4, given in Section 2.2.1).

Condition 1 provides a standard setting for high-dimensional problems, in
particular for estimation of covariance matrices [24, 32]. Studying an higher
dimensional setting where p/n — +oo would be interesting in future work.

Condition 2 is needed to bound the operator norm of ¥ and ¥~! and the
eigenvalues of the empirical covariance matrix (with high probability). It also
enables to bound the diagonal terms of ¥, which allow to derive the rate of
convergence of each component of the empirical covariance (using in particular
Bernstein’s inequality, see the proofs for more details).

Condition 3 states that the blocks of the true decomposition have a maximal
size. It implies that the number of non-zero terms of 3 is O(p).

Condition 4 requires that a finer block decomposition g is not too close to
the true 3. This condition is needed to not confuse B* with a finer decomposi-
tion. However, Condition 4 seems to be less mild than the others. That is why
we also focus on the case when Condition 4 is not satisfied.



Nevertheless, even Condition 4 is not so restrictive. Indeed, we suggest in
Proposition 12 a reasonable example where ¥ is randomly generated and where
a condition similar to Condition 4 holds.

Proposition 12. Let L € N and € > 0. Assume that for all p, ¥ is generated
in the following way:

e Let B* be a partition of [1 : p] such that all its elements have a cardinal
between 10 and m > 10. Let K be the number of groups (the cardinal of
B*). For allk € [1: K], let p be the cardinal of the "k-th element” of
B*.

e For all k € [1 : K], let (U(l))ie[lzpk“e[l:m be i.i.d. with distribution

U([-1,1]). Let U € My, (R) such that the coefficient (I,3) is Ui(l). Let
Ypr = UTtu + elp,, where Xp- is the sub-matriz of ¥ indexed by the
elements of Bj.

o Let 0,5 =0 for all (4,5) ¢ B*.

Then, Conditions 2 and 3 are verified and the following slightly modified version
of Condition 4 is satisfied for all a > 0:

P (HB < B, |25 — Sllmax < an—%) —0.

Thus, if p/n — y €]0,1], the conclusions of Propositions 2, 7 and 9 remain
true when the probabilities are defined with respect to 3 and X which distribution
conditionally to 3 is N' (11, 2).

2.2.5 Numerical applications

We present here numerical applications of the previous results with simulated
data. We generate a covariance matrix ¥ as in Proposition 12 with blocks of
random size distributed uniformly on [10 : 15], with L = 5 and ¢ = 0.2. We
assume here that we know that the maximal size of the block is m = 15, so we
can use the estimator B = B, given in Proposition 7 to reduce the complexity
to O(p?) and to prevent the blocks from being too large.

We plot in Figure 1 the Frobenius norm of the error of the empirical covari-
ance matrix S and the Frobenius norm of the error of the suggested estimator
Sz, with n = N p for different values of N. We can remark that the error of
S is in VK (where K is the number of groups) whereas the error of S 5 stays
bounded as in Proposition 9. For K = 100, the Frobenius error of Sz on Figure
1 is about 10 times smaller than the one of S.

2.3 Convergence and efficiency in fixed dimension

In this section, p and X are fixed and n goes to +00. We choose a different

penalisation k = p% with 6 €]0,1/2[ (instead of § €]1/2,1[ in the previous

setting). This framework enables to study the efficiency of estimators of X.

10
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Figure 1: Frobenius error of the empirical covariance matrix S in red and the
suggested estimator Sz in green, in function of the number of groups K. The

scale of the x-axis is in V K.

11



Contrary to the high-dimensional setting of Section 2.2, we do not assume par-
ticular condition in addition to the ones given in Section 2.1.

We first give the convergence of By, defined in Equation (1) in the next
proposition.

Proposition 13. We have
IP (Etot == B*) — 1

Corollary 1. Let Eé = argmin V(B), where Ag := {|C‘\”\ |1<i<j<p}
B ‘ )\EA@
as in Proposition 7. Then

P(Bg=B") — 1.

In the rest of Section 2.3, we write B for ﬁtot or éé The aim of this
framework is to show that the suggested estimator Sg is asymptotically efficient
as if the true decomposition B* were known.

As the parameter ¥ is in the set S (R) or even ST (R, B*), which are

not open subsets of Rp2, the classical Cramér-Rao bound is no longer a lower-
bound for the estimation error. Furthermore, as B* is not known, the number of
parameters of Sz is not constant. That is why the classical Cramér-Rao bound
is not relevant in our setting. We remark that applying this classical Cramér-
Rao bound to a subset of the matrix estimator does not solve this problem.

A specific Cramér-Rao bound is suggested in [35] for parameters and esti-
mators which satisfy continuously differentiable constraints. We shall consider
linear constraints here. We let # € R? be the parameter, that is assumed to
be restricted to a linear subspace V of dimension ¢ in R?. In this case, if
U € Mgy4(R) is a matrix whose columns are the elements of an orthonormal
basis of V' and if J is the Fisher Information Matrix (FIM) of  in the non-

~

constraint case, [35] states that for unbiased estimator § € V', we have
E|@-6)6-0T <Uwru)~'uT, (2)

where < is the partial order on the symmetric positive semi-definite matrices.

In our setting, remark that Sl‘f T(R) is an open subset of the linear subspace
Sp(R) of symmetric matrices and S (R, B*) is an open subset of the linear
subspace S,(R, B*) := {T' € S,(R), I'g« =T'}. We let vec(X) be the column
vectorization of ¥.. Hence, the parameter is vec(X) and there are p(p—1)/2 linear
constraints arising from the symmetry and p(p—1)/2— Zle pr(pr —1)/2 linear
constraints arising from the block structure B*.

So, the Cramér-Rao bound of Equation (2) is adapted to our framework, by
considering the parameter vec(X) € Rp27 and we say that an estimator is efficient
if it reaches the Cramér-Rao bound (2) (meaning that there is an equality in
this equation), where the constraints (symmetry only or symmetry and block
structure) will be stated explicitly.

12



Proposition 14 states that, in general, the empirical covariance matrix is
efficient with this Cramér-Rao bound. This supports this choice of Cramér-Rao
Bound, since in fixed dimension, one would expect that the empirical matrix is
the most appropriate estimator.

If the empirical covariance matrix did not reach the Cramér-Rao Bound, we
could not hope that Sz would be efficient in the model where B* was known,
and this Cramér-Rao bound would not be well tuned to our problem.

Proposition 14. If i is known, the empirical estimator S is an efficient esti-
mator of ¥ in the model {N (i, %), ¥ € SFH(R)}.

Remark 1. In Proposition 14, we assume that p is known to reach the Cramér-
Rao bound for fixzed n (and not only asymptotically). This will be the same in
Proposition 15.

Now, we deduce the efficiency of Sg« when B* is known.

Proposition 15. If 4 and B* are known, Sp« is an efficient estimator of ¥ in
the model {N(0,%), ¥ € SF+ (R, B*)}.

Finally, Proposition 16 states the asymptotic efficiency of our estimator Sz
(even for unknown p)

Proposition 16.
Vi(vee(Sg) —vee(X)) = N(0,CR(S, BY)),

where CR(X, B*) is the Cramér-Rao bound of vec(X) in the model {N(0,X), X €
SR, B*)}.

The explicit expression of the p? x p? matrix CR(Z, B*) can be found in the
appendix where Propositions 14, 15 and 16 are proved.

3 Application to the estimation of the Shapley
effects

In this section, we apply the block-diagonal estimation of the covariance matrix
> to estimate the Shapley effects in high dimension and for Gaussian linear
models. In Section 3.1, we recall the definition of the Shapley effects with their
particular expression in the Gaussian linear framework with a block-diagonal
covariance matrix. In Section 3.2, we address the problem of estimating the
Shapley effects when the covariance matrix ¥ is estimated. We derive the con-
vergence of the estimators of the Shapley effects from the results of Section
2.
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3.1 The Shapley effects

Let (X;)ieq1:p) be random inputs variables on R” and let Y = f(X) be the real
random output variable in L? . We assume that Var(Y) # 0. Here, f can be a
numerical simulation model [31].

If u C[1:p|and 2 = (;)icpp € RP, we write z,, := (2;)icu. We can define
the Shapley effects as in [26] for the input variable X; as:

1! p—1\"
" ) 2 () (X)) - VarEr1x)) @)
where —i is the set [1: p] \ {i}. One can see in Equation (3) that adding a X;
to X, changes the conditional expectation of Y, and increases the variability of
this conditional expectation. The Shapley effect 7; is large when, on average,
the variance of this conditional expectation increases significantly when X; is
observed. Thus, a large Shapley effect n; corresponds to an important input
variable Xj.

The Shapley effects have interesting properties for global sensitivity analysis.
Indeed, there is only one Shapley effect for each variable (contrary to the Sobol
indices). Moreover, the sum of all the Shapley effects is equal to 1 (see [26]) and
all these values lie in [0, 1] even with dependent inputs. This is very convenient
for the interpretation of these sensitivity indices.

Here, we assume that X ~ N(y, %), that ¥ € S (R) and that the model
is linear, that is f : x — By + BTz, for a fixed By € R and a fixed vector B.
This framework is widely used to model physical phenomena (see for example
[19, 13, 29]). Indeed, uncertainties are often modelled as Gaussian variables
and an unknown function is commonly estimated by its linear approximation.
Furthermore, the main focus on this paper is on the high-dimensional case,
where p is large. In high dimension, linear models are often considered, as
more complex models are not necessarily more relevant. In this framework, the
sensitivity indices can be calculated explicitly [27]:

D R o W F e AR AV |

uC—1
with
Var(Y|X,) = Var(8%, X_|Xu) = 8L, (5w —u — S—wuZyt Su—u)Bou  (5)

where 8, := (Bi)iew and Ty, := (I j)icu,jev- Thus, in the Gaussian linear
framework, the Shapley effects are functions of the parameters § and X.
Despite the analytical formula (5), even in the case where ¥ and § are
known, the computational cost of the Shapley effects remains an issue when
the number of input variables p is too large (p > 30), as it is highlighted in [4].
Indeed, the Shapley effects depend on 27 values, namely the (Var(Y'|Xy))uc[i:p)-
However, when the covariance matrix is block-diagonal, [4] showed that this
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high-dimensional computational problem boils down to a collection of lower
dimensional problems.

Indeed, assume that ¥ € S (R, B*) with B* = {B}, B3, ..., Bi}. Ifi €
[1: p], let [i] denotes the group of i, that is i € Bfj;. Using Corollary 2 of [4], we
have for all ¢ € [1 : p],

—1
1 1 |Bf| —1 B, B
. li] W _ o0
" FTSETE] o < u ) (W -vih).  ©

[1]‘ uCBf, —i

where for all v C B[*i],

VB = Var (53* Xp, | v) = 5%@_]71, (EB[*i]fv,B[*i]fv Yy vy, '5, B}, —u) BB
(7)
and where w — v = w C v. Thus, when ¥ and S are known, to compute all
the Shapley effects (7;);c[1:p), we only have to compute the Zle 215kl values
{Var(Y|X,), v C Bj, k € [1: K|} instead of all the 27 values {Var(Y|X,), u
[1: p]}. Some numerical experiments highlighting this gain are given in [4].
The complexity of the computation of the Shapley effects is O(K2™), where m
denotes the size of the maximal group in B*.

If ¥ is known, but the decomposition B* is unknown, we can compute B*
from X. We can for example use "Breath-First-Search" (BFS). The complexity
of this algorithm is in O(pm?).

To conclude, when the parameters 3 and X are known with ¥ € S;f (R, B*),
the computation of all the Shapley effects has a complexity O(K2™).

3.2 Estimation of the Shapley effects in high dimension

We now address the problem when the parameters p, ¥ and thus B* are un-
known. R R
We assume that we just observe a sample (X(l),Y(l))le[lm] where Y =

(?(l))lg[lm] are noisy observations:
YO =8y +BTXD 40

for I € [1 : n] where (¢!));¢(1.,) are ii.d. with distribution A'(0,02) and where
on < Cayup is unknown, where Cqyp is a fixed finite constant.

Remark that the computation of the Shapley effects requires the parameters
B and ¥ (see Equations (4) and (5) or (6) and (7)). Here, as we do not know
the parameters § and X, we will estimate them and replace the true parameters
by their estimation in Equations (4) and (5) or (6) and (7).

First, we estimate (39 87)7 as usual by

(%)). (AT 4)1ATY,

15



where A € M,, p+1(R) is defined by A4; ;41 = XZ-(I) and A;; = 1, and where
n > p.

At first glance, we could estimate > by the empirical covariance matrix S
and replace it in the computation of the Shapley effects given by Equations (4)
and (5) or (6) and (7). However, B* is not known and we can not find it us-
ing BFS with the empirical covariance matrix S (which usually has the simple
structure {[1 : p]} with probability one). Thus, we can not use the formula (6)
of the Shapley effects with independent groups. So, the only way to estimate
the Shapley effects is using Equations (4) and (5), replacing ¥ by the empirical
covariance matrix S. However, as we have seen, the complexity of this compu-
tation would be exponential in p and it would be no longer tractable for p > 30.
Furthermore, in high dimension, the Frobenius error between S and > does not
go to 0 (see Proposition 9). Thus, using the empirical covariance matrix could
yield estimators of the Shapley effects that do not converge.

For that reason, to estimate 7 = (1;);c[1:p), We suggest to estimate B* by B
(defined in Section 2.2.2) and ¥ by Sz and to replace them in the analytical
formula (6). We write ) = (7);)ie[1:p) the estimator of the Shapley effects ob-
tained replacing B* by E, ¥ by Sz and 3 by B in Equations (6) and (7). We
use our previous results on the estimation of the covariance matrix to obtain
the convergence rate of 7.

We focus on the high-dimensional case, when p and n go to +oo. In this
case,  and X are not fixed but depend on n (or p). As in Section 2.2, we choose
K= p% with 6 €]1/2,1[ to compute B. To prevent problematic cases, we also
add an assumption on the vector .

Condition 5. There exist Bins > 0 and Bsup < +00 such that for all n and for
(le] S p, we have ﬂinf S |ﬁj‘ S ﬁsup-

Proposition 17. Under Conditions 1 to 5 and if 6 €]1/2,1][, then for ally > 1/

2, we have
— e = op vn '

Recall that Y2, n; = 1. Thus, to quantify the error estimation, the value
of >-%_ |m; — mi| is a relative error. Proposition 17 states that this relative error
goes to zero at the parametric rate 1/ n'/2, up to a logarithm factor.

We have seen in Section 3.1 that, once we have the block-diagonal covari-
ance matrix, the computation of the Shapley effects has the complexity O(K2™)
which is equal to O(n) under Condition 3. In Section 2.2, we gave four differ-

ent choices of B , with four different complexities, all larger than O(n). Thus,
the complexity of the whole estimation of the Shapley effects (including the
estimation of ¥) is the same as the complexity of B (see Section 2.2.2).

When Condition 4 is not satisfied, we still have the convergence of the relative
error, with almost the same rate.
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Proposition 18. Under Conditions 1, 2, 3 and 5, for all 6 €]0,1[, choosing
the partition B,,—s/2 and for all € > 0, we have

D

~ _ 1
E 7 — il = op <n—(5—a)/2) :
i=1

Remark 2. When the dimension p is fized, the rate of convergence is O,(1/y/n),
as if we estimated X by the empirical covariance matriz. Moreover, we have seen
in Proposition 16 that the computation of Sg enables to reach asymptotically the
Cramér-Rao bound of [35] as if B* were known. We then deduce the asymptotic
efficiency of . If we define g : ¥ — n, let CR(n, B*) := Dg(X)CR(%, B*)Dg(X)
be the Cramér-Rao bound of n in the model {N (1, X), ¥ € SfH (R, B*)}. Thus,

Va@—n) = N(0,CR(n, BY)).

3.3 Numerical application

We have seen in Proposition 12 a way to generate ¥ which verifies Conditions 1
to 3 and some slightly modified version of Condition 4. So, with this choice of X,
we derive in Proposition 19 the convergence of the Shapley effects estimation.

Proposition 19. Under Condition 5, if X is generated as in Proposition 12,
then, for all v > 1/2,

Zp: |7 — il = op (105-37%)'Y> 7

i=1
where the probabilities are defined with respect to ¥ and X, which distribution
conditionally to ¥ is N'(u,X).

We now present a numerical application of Proposition 19. The matrix X
is generated by Proposition 12 as in Section 2.2.5, with blocks of random size
distributed uniformly on [10,15], L = 5 and ¢ = 0.2. For all p, the vector
is generated with distribution U([1,2]?), so that Condition 5 is satisfied. As in
Section 2.2.5, we assume that we know that the maximal size of the block is
m = 15, so we can use the estimator B = By given in Proposition 7. As the
computation of the Shapley effects is exponential in the maximal block size,
the estimator By is preferred. The complexity of the estimation of the Shapley
effects is then in O(p?).

We plot in Figure 2 the sum of the Shapley effects estimation error Y °_, |1; — 1,
with n = N p for different values of N. We can remark that the sum of the errors
seems to be or order 1/ VK, which is confirmed by Proposition 19.

4 Application on real data

In this section, we consider a real application of our suggested estimators of
block-diagonal covariance matrices and of the Shapley effects, to nuclear data.
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4.1 The Shapley effects with nuclear data

Uncertainty propagation methods are increasingly being used in nuclear calcula-
tion (neutron dosimetry, reactor design, criticality assessments, etc.) to deduce
the accuracy of safety parameters (fast fluence, reactivity coeflicients, critical-
ity, etc.) and to establish safety margins. In fact, the resulting output of a
nuclear computer model can be considered with a random portion as far as the
inputs are uncertain. In this context, sensitivity analysis evaluates the impact
of input uncertainties in terms of their relative contributions to the uncertainty
in the output. Therefore, it helps to prioritize efforts for uncertainty reduction,
improving the quality of the data.

Of particular interest for us, the uncertain inputs, in nuclear applications,
tend to be correlated because of the measurement processes and the different
calculations made to obtain the variables of interest from the observable quan-
tities. This is why the Shapley effects are particularly convenient as sensitivity
indices in nuclear uncertainty quantification. Moreover, these uncertain inputs
are easily modeled as a Gaussian vector and the output is often modeled as a
linear function of the inputs [19]. Thus, the Shapley effects can be computed or
estimated, as it is described in Section 3.

4.2 Details of the nuclear data

In this application, the output is the neutron flux Y which is a quantity of inter-
est in nuclear studies. For example, it can be calculated to evaluate the vessel
neutron irradiation which is in fact one of the limiting factors for pressurized
water reactor (PWR) lifetime. The quality of radiation damage prediction de-
pends in part on the calculation of the fast neutron flux for energy larger than
1MeV = 10V (eV means electron-volt). In that sense, a lack of knowledge
on the fast neutron flux will require larger safety margins on the plant lifetime
affecting operating conditions and the cost of nuclear installations. To make
correct decisions when designing the plant lifetime and on safety margins for
PWRs, it is therefore essential to assess the uncertainty in vessel flux calcula-
tions.

One of the major sources of uncertainties in fast flux calculations are the
cross sections which are used to characterise the probability that a neutron will
interact with a nucleus and are the inputs X of our model. They are expressed
in barn, where 1 barn = 107*cm?2. The values of the cross sections and their
uncertainties are provided by international libraries as the American Library
ENDF/B-VII [25], the European library JEFF-3 [17], and the Japan Library
JENDL-4 [18]. Using the standardized format, each cross section is defined for
an isotope iso of the target nuclei, an energy level E of the target nuclei and a
reaction number mt (see [25] for more informations on mt¢ numbers).

We assume that if (iso,mt) # (iso’,mt"), then, Xisome,5) 1L X(isor,mt/,E7)
for any E,E’. Thus, the covariance ¥ is block-diagonal, where each block
corresponds to a value of (iso,mt). Here, we have 292 input variables divided
in 50 groups of size between 2 and 18. Using reference data, [8] has shown that
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Figure 3: Shapley effects of all the cross sections.

the perturbation of the cross sections of the *Fe, 'H, 60 isotopes are linearly
related to the perturbation of the flux:

Y = S B (8)

j€{(iso,mt,E)}

Thus, if ¥ and g are given, the Shapley effects are easily computable by Equa-
tions (6) and (7). We show the values of the Shapley effects in Figure 3.

We can remark that almost all the Shapley effects are close to 0. Now, we
plot all the Shapley effects that are larger than 1% on Figure 4 with the names
of the corresponding cross sections. For example, "Fe56 S4 950050" means
the cross section for the isotope *6Fe, the reaction scattering 4 and a level of
energy larger than 950050eV (and smaller than 1353400eV).

We remark than only 23 cross sections have a Shapley effect larger than 1%.
The latter are associated with the lower energies (around 1 to 6 MeV'). More-
over, they all come from three different groups of (iso, mt): (°°Fe, scattering 4),
(56Fe, scattering 2) and ('H, scattering 2).

In fact, in PWR reactors, fission mostly results from the absorption of slow
neutrons by nuclei of high atomic number as the uranium 2*°U and the plu-
tonium 23°Pu which are the main fissile isotopes. The nucleus splits into two
lighter nuclei, called fission fragments and often produces an average of 2.5 neu-
trons with an energy of about 1 MeV or more. Figure 5 illustrates the neutron
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Figure 4: Shapley effects larger than 1%.

fission spectrum which defines the probability for a neutron to be emitted in
the energy group ¢ by the isotope i. One can note that there are more neutrons
produced in the first energy groups between 1 to 6 MeV. In that sense, those
neutrons have a larger potential to interact with matter.

Moreover, most of the fast neutrons which escape from the core are scattered
back by the reflector (essentially comprised of 6Fe) and slowed down by water
(hydrogen and oxygen), which acts as a moderator, until they reach thermal
equilibrium. The accuracy of the neutron flux received by the reflector is closely
linked to the precision of the scattering cross sections.

On the other hand, we can notice that all the Shapley effects of the cross
sections from (1H, scattering 2) are close, and that comes from the fact that the
correlations between these different levels of energy are close to 1 in this group.

Thus, when the true parameters ¥ and S are known, we can compute the
corresponding Shapley effects of the uncertainties of the cross sections on the
uncertainty of the neutron flux Y. Furthermore, the interpretation of these
Shapley effects is insightful and consistent with the available expert knowledge.

4.3 Estimation of the Shapley effects

In order to assess the efficiency of our suggested estimation procedures of the
Shapley effects, we now assume that the true covariance matrix > is unknown
and that we observe an i.i.d. sample (X(l))le[l:n] with distribution N (g, X)

21



0.16

0.14
235U
239Pu

0.12

0.1
Xg 0.08

0.06

0.04

0.02

TTT[TTT[TTT[TTT[TTT[TTT[TTT[TTT[T
RN AR RN R R LR

0 2 4 6 8 10 12 14 16 18 20
E, (MeV)

Figure 5: 235U and 2Pu multigroup fission spectra.

(with g unknown). We assume that the maximal group size is known to be
smaller or equal to 20 and that the vector 3 is known. Then, we estimate
the block-diagonal structure by the block-diagonal structure B that maximizes
the penalized likelihood ® among all the block-diagonal structures obtained
by thresholding the empirical correlation matrix from its largest value to the
smallest value such that the maximal size of the blocks is smaller or equal to 20.
Thus, our estimator B is a mix of the estimators B and B detailed in Section
2.2.2.

We plot the Frobenius error of the estimated covariance matrix and the sum
of the absolute values of the errors of the estimated Shapley effects for different
values of y = p/n in Figure 6, where p = 292.

We can remark that the errors decrease globally when the value of % in-
creases. The larger value of the sum of the errors of the estimated Shapley
effects for n/p = 50 is due to the randomness of the estimated Shapley effects.
Note that, even when n = 2p, the sum of the errors of the Shapley effects is less
than 0.05 (recall that, in comparison, the sum of the Shapley effects is 1). We
plot in Figure 7 the estimated Shapley effects that are larger than 1% with n/
p = 2. Remark that these estimated values are similar to the true ones displayed
in Figure 4 and the physical interpretation is the same.

In conclusion, we implemented an estimator of the block-diagonal covariance
matrix originating from nuclear data when we only observe an i.i.d. sample of
the inputs. Then, the derived estimated Shapley effects are shown to be very
close to the true Shapley effects, that quantify the impact of the uncertainties of
cross sections on the uncertainty on the neutron flux. When the sample size n is
equal to 2p, the physical conclusions are the same as when the true covariance
matrix is known.
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Figure 7: Shapley effects that are larger that 1% estimated with n/p = 2.

5 Conclusion

In this work, we suggest an estimator of a block-diagonal covariance matrix for
Gaussian data. We prove that in high dimension, this estimator converges to
the same block-diagonal structure with complexity in O(p?). For fixed dimen-
sion, we also prove the asymptotic efficiency of this estimator, that performs
asymptotically as well as as if the true block-diagonal structure were known.
Then, we deduce convergent estimators of the Shapley effects in high dimension
for Gaussian linear models. These estimators are still available for thousands
input variables, as long as the maximal block is not too large. Moreover, we
prove the convergence of the Shapley effects estimators when the observations
of the output are noisy and so the parameter ( is estimated. Finally, we applied
these estimator on real nuclear data.

In future works, it would be interesting to treat the higher dimension setting
when p/n goes to +oo.
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Appendix

Notation

We will write Cqyp for a generic non-negative finite constant (depending only

on Ainf, Asup and m in Conditions 2 and 3). The actual value of Cs,,;, is of no
interest and can change in the same sequence of equations. Similarly, we will
write Ciy¢ for a generic strictly positive constant.

If B,B' € Py, and (i,j) € [1 : p]?, we will wite (i,j) € B\ B’ if (i,j) € B

and (4,7) ¢ B’, that is, if ¢ and j are in the same group with the partition B
and are in different groups with the partition B’.
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If B,B" € P,, we define BN B’ as the maximal partition B” such that
B"” < B and B" < B'.

T € M,(R) (the set of the matrices of dimension pxp), and if u,v C [1 : p],
we define I'y, , := (I j)icujev and I'y : =T 4.

Recall that vec : M,(R) — RP is defined by (vec(M))p(j—1)4i := M ;.

IET € Sp(R) (the set of the symmetric positive definite matrices) and i €
[1: p], let ¢;(M) be the i-th largest eigenvalue of M. We also write Apax(M)
(resp. Amin(M)) for the largest (resp. smallest) eigenvalue of M.

We define 3 := ﬁZLﬂXU) - X)(XW -XHT = 55, the unbiased
empirical estimator of ¥. Let (7;;)i j<p be the coefficients of 5 and (sij)ii<p
be the coeflicients of S.

Recall that when Condition 4 does not hold, we need to define B(«a) as the
partition given by thresholding ¥ by n~%. We also define K(«) := |B(«)| and
write B(a) = {Bi(a), Ba(a),...Bg(a) (@)}

Proof of Proposition 1

Proof. Let us write
S;TR,B) = | | S;T(R,B)={l'e s, I =Tg},

B'<B
which is the closure of Sf* (R, B) in S;f*(R).
First, let us show that, for all B, S is the minimum of T' + I on S T (R, B).

If I'g € ST (R, B), we have
prs —lsp) = —log([T5']) + Te(T'5"S) +log(IS5']) — Te(S5' S)
—log (‘FngBD + Tr (I‘JEISB) —-p

P
> {10z (i[5 2855 2]) + 01 (152815 %) 1}

1=

The function f : RY — R defined by f(t) := —log(t)+¢— 1 has an unique mini-
mum at 1. Thus, the function g : S+ — R defined by g(M) := Y7 —log (¢; [M])+
#; (M) — 1 has an unique minimum at I,. Thus I'z € ST (R, B) — Ir, — ls,
has an unique minimum at I'g = Sp.

Now, the penalisation term is constant on each S;*(R,B). Thus ® has a
global minimum (not necessary unique) at Sg, for some B € P,. O

Notation for Section 2.2
Here and in all the proofs of Section 2.2, we assume Conditions 1 to 3 of Section
2.2.1.

In the following, we introduce some notation.
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We know that

i(x“@) —X)(X® _X)T ~W(n-1,%),

where W(n — 1, %) is the Wishart distribution with parameter n —1 and X [12].
Thus, if we write (M) i.i.d. with distribution N(0,X), we have

n—1

ME) T
T

3

~X)(xX® X)) ~

-1
k'=1

Lemma 1. For all Ciy¢ > 0,
P (Amax(S) > Asup(1 + v/9)* + Cing) — 0,
P ()\max(s) mf(1 + \[) ) — 0,
P ()\min(S) < >\inf(1 - \/@)2 - C’inf) — Oa

and

P (Amin(S) > Asup(1 — v/9)? + Cing) — 0.
Moreover, that holds also for S instead of S.

Proof. Let (A®); iid. with distribution A(0,1,). Using the result in [32]
which states that

( L ZA““ W) o

we have,
n n—1
— ME) ppET
Amax(§) = —— max< — > MM )
k=1
n 1 n—1
< AR AR)T
— n — 1 )\sup)\max <n 1 Z
k=1
= Asuwp(1+v9)* +0p(1),
and
n 1 n—1
> - - (k) A(R)T | _—
)\max(S) = n_1>\1nf)\max (n—l ;A A ) (1+\/>) +0P( )
Thus,
Ainf (1 + \f) +0p(1) < Amax () < Asup(1 + \/@2 + 0p(1).
The proof is the same for Apiy,. O
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We also verify the assumptions of Bernstein’s inequality (see for example
Theorem 2.8.1 in [36]). For all 4, j, k, let

z =M M" oy (9)

The random-variables (ZZ(Jk ))k are independent, mean zero, sub-exponential and
k :

we have | Z0 [y, < 1My, 1Ml g, < Coupy/Fii055 < Canp, where |||y, is the

sub-exponential norm (for example, see Definition 2.7.5 in [36]). So, we can use

Bernstein’s inequality with (ZZ-(J’-C));C: there exists Cj,¢ such that, for all € > 0
and n € N,

max P
i,j€[1:p]

n

>z

k=1

> ns) < 2exp (—Cinfn min(e, 52)) .

Proof of Proposition 2

In this proof, we assume that Conditions 1 to 4 are satisfied. We first show
several Lemmas.

Lemma 2. For all symmetric positive definite I' and for all B € Py, if we write
A =T —Tp, we have:

® v = Amin(I'p +vA) decreases and so min,¢[o,1] Amin (I'p +0A) = Apin(T).
® U= Amax(I'B4+vA) increases and so max,e[o,1] Amax(I'B+0A) = Amax(I).

Proof. Let us show that v — Apax(T'p + vA) increases (the proof if the same
for Amin)-

Forallv € [0,1], let Ty, = Tp+vA, Ay = Anax(Ty) and e, an unit eigenvector
of ', associated to A\,. Let v,v" € [0,1], v < v'. Thus

Aot = max u' (T +v'Au> el (Tp +v'A)e, = Ay + (v —0)el Ae,,.

u, [|ul|=1

If we show that eZAev > 0, we proved that v — A, increases. First, assume
that v = 0. If we write By, the group of the largest eigenvalue of I'g, then (eg);
is equal to zero for all i ¢ By, so (e} A); is equal to zero for all j € By, and so
el Aeg is equal to zero.

Assume now that v > 0 and let us show that efAeU > 0 by contradiction.
Assume that e Ae, < 0. Then

e;‘f(FB +vA)e, < efI‘Bev < e(:)FI‘BeO.
Furthermore, we have seen that el Aey = 0. Thus, we have
el'(Tp +vA)e, < el (Tp +vA)eg,

that is in contradiction with e, € argmax,, = u" (L + vA)u. O
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In the following, let Ap g := Sp — Sp for all B, B’ € P,,.

Lemma 3. For all B € P,, we have

1 1
l L—lg, < ——Z|A 1%, 10
Spape —lsp < 2)\min(5’)p” B,BnB* || ¥ (10)
Moreover, for all B < B*, we have
1 1
lg, — 1 P —— | N -2 11
SB SB* — 2)\max(SB*)pH B ,B”F ( )

Proof. First, we prove Equation (10). Doing the Taylor expansion of ¢
log odet (Spnp+ + tAp Bnp-) and using the integral form of the remainder (as
Equation (9) of [30] or in [20]), we have

p (ZSBmB* - lSB)
log(|SBnp+|) —log(|SE|)

1
—Tr(Spnp-Ap,srp+) + vec(Ap prp-)" [/ (Spnp+ +vAB pAE+) "
0

®(SBnp- +vAp BAp-) (1 — v)dv] vec(Ap,BnB*),

where ® is the Kronecker product. The trace is equal to zero. Now,

| 2

pspnpe —lss) < 1/2 Ofg??l )‘Iznax[(SBﬂB* + UAB,BOB*)_lm vec(Ap,Bnp-)
<v< |2
|2

= 172 0eedy Amin(SBAB + AR BB~ )| vec(Ap,rp-)
1
- vec(A .
2 min, (Amin(Senp* + VAB BB*))? | vec(AB,BnB*)
1

= DBl

IN

1
(S vec(Ap,pnp- )%,

using Lemma 2 for the two last steps.
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Now, we prove Equation (11) similarly. We have, using Lemma 2,

1
p(ls, —ls,.) = —Tr(SpAp-p)+ vec(Ag- )" /(SB—FUAB*,B)_l
0

®(Sp +vAp- ) (1 — v)dv] vec(Ap+ B)

> 1/2 ,in Ainl(SB +vAp- 5) ' vee(Ap- )|
= 1/2 Oglvigl Amax (S8 +vAB- )| vec(Ap- B)|?
1

B Ap-p)|?
2 max, (Amax (S5 +UAB*,B))2HV6C( 58|

1
_ Ap« 2
2)\max(SB)2 ”VeC( b 7B)H

I vec(AB*,B)HZ.

Y

1
Dhmax(9)2
Lemma 4.

P (max ®(BNB*)—®(B) > 0) — 0.
BEB*
Proof. Using Lemma 3, we have

P <]§n$aéx* (BN B*) — ®(B) > 0)

1
< g — — - N >
< P (,?1&3( {ZSBQB* Isp e (pen(B) — pen(BN B ))] > 0>
1 2 1 *
< P (g{l{aB% [W”AB,BHB* 7 — v (pen(B) — pen(BN B ))] > 0)
<

P (Aminw) < Dl - @)Z)
+P (5% [WHAB,BQB* 12 — % (pen(B) — pen(B N B*))} > o) .

We show that the two terms go to 0. The first term goes to 0 with Lemma 1.
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For the second term, we have

IN

IA

IA

IN

<

<

1 , 1
. 2= = - N >
P(éngaBX* [(1\/@4/\?nf|AB’BmB P (pen(B) —pen(BN B ))} _0)

1 |
- g% = — >
P By B Z {(1—\/@4/\.2 %ij n5} =0

(i,j)€B\B* inf

1 1
P(3G.{)¢ B, — — &2 _ >
(60 ¢ 7" =gt =)

2 1
P(3G.i)¢B* —— 52 _ >
( (4,7) & B”, 1— /o)A Tij T s —0)

2 P ( 2 5?2 1 > 0)
max —5 0, — —¢
Praddn \0— g™ w =

2

V2 1 )

Pl—Y 5> —
P <(1 - \/§)2Ainf‘03| ~ no/2

2
p° max P
(i,5)¢B* <

n—1

1— 2
S 2| 5> LA oo
P V2

2p? exp (—Cinfn1_6> — 0,

using Bernstein’s inequality, where Zl(Jk ) is defined in Equation (9). That con-
cludes the proof. O

Lemma 5.

P <1§n<aé( ®(B*) — ®(B) > 0) —0.

Proof. Using Lemma 3, we have

IN

IN

IN

(
(
P (i [WAB;B% - s (en(5) — pen()| <0)
P (Amax(SB) < Dl L2V )
P

+2 iy [WMHAB*,B& 5 (pen( ) — pen()| <0}

nd
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The first term goes to 0 with Lemma 1. The second term is

1
P|3B <5, Z [“Sfj—n‘;}éo
(i,5)€B*\B (1+ V) A
* 1
< P|3B<B, )\.TS _
(i,j)eB*\B inf
1
< P|3ke[:K],0¢B ¢ B, [2%_ }go
2€B1,]€B \B1 inf
< p2™ max P Z LSZ_ _n % <o
o ke[l:K], ] o )‘ian ij >
0GB GB;; i€B1, jEB;\B1
< p2™ max P Z La\?‘ — %l <o
- ke[l:K] 2>\12nf ij >

Q)QBl;B; iEBl,jEB,:\Bl

Now, forall k € [1; K] and for all ) & By & By, let (i, j*) € argmaX;cp, jepr\p, |04l
(with an implicit dependence on k and Bjp). Remark that

L 2, -5 I -5
)\2f0.1] >m'n :>‘ Z W?fgij_n > 0.
mn i€B1, jEB;\B1 m
Thus,

1
P|3B<B*, Y {2s§,j—n—5}<o

(i,j)eB=\B -"inf

1
< p2m P < -0
< w2 o P (g0t <min)
0CB1&By
= p2™ max ]P’(|3i* 2 infmn_5/2)
kE[L:K],
0CB1& By
< p2™ max P (|3i*j* — O] > O] — \@/\infmn*‘;/Q)
ke[l:K],
0 B1& By
n—1
= p2™ max P ZZZ(’C) zn{ \[/\mfmn 5/2]
ke[l:K], Pt J
0 B1¢ By -
n—1
= p2"P ZZZ(kJ)* >n kerﬂip] [ \f)\mfmn 5/2}
F=1 0G B1 & B;



Now, by Condition 4, we know that min jep1.x], |0+ ;+ 1/4

#GB1GB;

> an~ /%, so, for n large

enough,

min [04* i
kE[l:K], o5
#GB1GB;

- \@Ainfmn_m] > Cigt(n™ Y4 —n792) > Cipe(S)n /1.
Thus, by Bernstein’s inequality, for n large enough,

P (3B < B, <0

Z |:152 J— n76
CENTRYRC N

(i,j)€B*\B

< p2mtlexp (7Cinf(5)nl/2) — 0.

Now, we can prove Proposition 2.

Proof. We have

P (g;éag( o(B*) — ®(B) > o) < P (Bniag ®(B*) — ®(B) > o>
0

+P < max_ ®(B*) - ®(B) > 0> .
BLB*, B¥B*

The two first terms go to 0 tanks to Lemmas 4 and 5. For the last term, we
have

P ( max_ ®(B*)— d(B) > 0)
BZLB*, B¥B*

= IP’( max <1>(B*)—@(BmB*)+<1>(BmB*)—<I>(B)20)
BLB*, B}B*

< P ( max  ®(B*) — ®(BN B*) > 0)
BLB*, BfB*
+P ( max  ®(BNB*) - ®(B) > 0)
BLB*, B$B*
<

P (Br,né%i ®(B*) — d(B') > o)
+P (]%% ®(BN B*) — ®(B) > 0) .

These two last terms go to 0 thanks to Lemmas 4 and 5.
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Proofs of Proposition 3
In this proof, we assume that Conditions 1 to 3 hold.

Lemma 6. For all B € P,, we have

11 )
lsppiay) —lss < m};”AB,BOB(QQ)”F' (12)
Moreover, for all B < B(ag), we have
1 1
lg, —1 P —— N 2. 13
Sp SB(ag) = 2>\max(SB(a2))p|| B( 2),B||F ( )
Proof. Same proof as Lemma 3 replacing B* by B(as). O

Lemma 7. If ag > 6/2, then,

P (nga(ﬁz) ®(B N B(az)) — ®(B) > 0) — 0.

Proof. Following the proof of Lemma 4 (and using Lemma 6), it is enough to
prove that the following term goes to 0:

1 1
P E—— N 2 - = B) — BN B(a >0
(B%I?(iz) [(1 \/g)4)‘i2nf IAB, BAB(ax) |l no (pen(B) — pen( ( 2)))} )

1 1
P S ?4 - — > (0
DR B

(i,j)€B\B(az2)

1 1
< P(334,5) ¢ B — 52— — >0
S ( (4,7) ¢ (a2), (l—ﬂ)4)\i2nf8U nd — )
< P(36,)) ¢ Blas) 2 s 1oy
N (R DY C AT
< p?* ma IF’( 2 52 1 > 0)
X 0, — — >
= P B \(T— o) o
2 1
< p> max P #|3ij‘2ﬂ
(1.5)¢Blaz)  \ (1= \/¥)?Aint nd/
V2 1 V2
< p? P Gii — 0| > _ —a
= Bl ((1 = 0 Tl 2 e T T e
< 2p%exp (—Cimcnl_‘s) — 0,
using again Bernstein’s inequality. That concludes the proof. O

Lemma 8. If a; < /2, then,

P <Bgﬁ}él) ®(B(an)) — @(B) > 0> — 0.
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Proof. Following the proof of Lemma 5, it suffices to prove that

n—1
p2™P Z z®) >n min |ognj= | — \/i)qnfmn_é/ﬂ — 0.
v ke[1:K (an)],
k=1 0G B1G By (1)

Now, by definition of B(a1), we know that min pep1:x(a,)), |oij<| > n™*, so,
0% B1GBr(a1)
for n large enough,

min [|0i*j* - \/i)qnfmn_‘s/ﬂ > Cinp(n™ % —n™%2) > Cipp(ay, 6)n ™.

ke[l:K(a1)],
0C B1 G By (a1)

Thus, by Bernstein’s inequality, for n large enough,

1 p—
P (3B <Bla), ), {O—Ws?’j" 5] <o
(i,j)€B(a1)\B inf

< p2mtlexp (—Cinf(al, 5)711_20‘1) — 0.

We can now prove Proposition 3.

Proof. We have

P ({B(al) % By < B(ag)}c>

= IP’( min d(B) < min @(B))
B<B(a1) or BLB(a2) B« B(a1) and B<B(aw)

P ( min ®(B) < min <I>(B)>
B<B(a1) BZB(a1) and B<B(aws)

IN

( min P(B) < min @(B))
BLB(as) s.t. BNB(as)ZB(a1) B#ZB(a1) and B<B(as)

( min P(B) < min @(B)) .
BZLB(az) s.t. BNB(az2)<B(a1) B#B(a1) and B<B(a)

First,

IP’( min  ®(B) < min D B))
B<B(ay) B£B(ay) and B<B(az2)

< P min ®B)—-P(B(a))<0)] —0
<B<Bl(r(lyl) (B) (Blaw)) ) ’
from Lemma 8. Secondly,

B) <

( min < min (ID(B)>
BLB(az) s.t. BNB(az)ZB(a1) B« B(a1) and B<B(az)

<

( min ®(B) — ¢(BNB(ag)) < 0) — 0,
BLB(az) s.t. BNB(az)ZB(a1)
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from Lemma 7. Finally,

o(B) <

( min < min P B)>
BLB(a2) s.t. BNB(a2)<B(a1) BZB(ay1) and B<B(az)

< min d(B) < ¢(B(«
- <B$B(a2) s.t. BNB(a2)<B(a1) ( >_ ( ( 1)))
< min d(B) — (BN B«
- (BﬁB(arz) s.t. BNB(a2)<B(a1) ( ) ( ( 2))
+®(BN B(az)) — ®(B(ag) < O)
< P ( min ®(B) — ®(B N B(ay)) < 0)
BLB(a2) s.t. BNB(a2)<B(a1)
min (BN B(az)) —P(B(ay) <0
(B$B(oz2) s.t. BNB(a2)<B(a1) ( ( 2)) ( ( 1) - )
< P min ®(B) —®(BNB(az)) <0
< F(,min o) - ®(B0 Blaz) <0)
P i ®(B) — ®(B <0
+2 (min #(5) - 2(B(n) <0)
— 0,
from Lemmas 7 and 8. U

Proofs of Propositions 4, 5 and 6

Proof. In the three cases, the computation of B requires carrying out the BFS
algorithm for By and the computation of a determinant for ¥(B,). Recall
that if G = (V, E) is a graph (where V is the set of vertices and E the set of
edges), the complexity of the BFS algorithm is O(|V| + |E|). Recall that, if M
is a squared matrix of size p, the complexity of det(M) is O(p?®) using the LU
decomposition. L R
Now, we compute the complexity of the three estimators Bs, B4 and B;.

e For all A € Ags, the complexity of By is O(p?), and the cardinal of Ag
is O(p?). Thus, the complexity of the computation of {By | A € Az} is
O(p*).

Now, for all A € Ag, the complexity of W(B)) is O(p?®) and the cardinal
of {Bx | A € Az} is O(p) (because the function X — By decreases). Thus,
the complexity of the evaluations {U(B), B € {Bx | A € Ag}} is O(p*)

So the complexity of E@ is O(p*).

e For the threshold n~='/3, the complexity of B,,—1/s is O(p?).
So the complexity of By is O(p?).
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e One can divide the computation of ES into two steps.

For the first step, as we do not know the value of s, we have to compute
By from [ = p to | = s — 1, verifying each time if the maximal size of
group is smaller than m or not. First, for each value of [ from p decreasing
to s, the complexity of the BFS algorithm to B;,, is O(p x m?) = O(p),
thus, the complexity of all these partitions if O(p?). Then, for [ = s — 1,
the complexity of B(,_1)/, is O(p?). So, the complexity of this first step
is O(p?).

In the second step, we have to evaluate W(B;/,) for all I € [s : p|. The
complexity of each evaluation is O(pm?3) = O(p), and the the number of
evaluations is O(p). Thus, the complexity of this second step is O(p?).

O

Proof of Proposition 7

To prove the convergence of B in the three cases, we need the three following
Lemmas.

Lemma 9. For all sequence (\,), such that for all n, \, € [n™'/3 an=1/4/
3sup(1+/9)?] (we assume that n is large enough and that subset is not empty),
we have

P(By = B*) — 1.

Proof. Step 1: By, < B* with probability which goes to 1.

P(By £ B")
= B(36.4) ¢ B", 10yl 2 A)

)\in 1-— 2 R 1-— 2
< B (300 8% 1ol 2 A2 4 (31 < <o /0
. Aint (1 — /)2 S (1-9)*
< p? P (6] > A" Y ) 4P Adnin(B) < Ajpp
< p (l_%%)é* (|O'U|_/\ 5 + P Anin(E) < Aing 5
N Ainf(1— /)% 4.
< p® max IP’<cr,;- >R VI 713 4001
= Vs 7l = 2 @

< 2p%exp (—Oinfn1/3) +o0(1) — 0,

using Lemma 1 and Bernstein’s inequality.
Step 2: By > B* with probability which goes to 1.

Forall k € [1: K], and all 0 & By G B}, let B := B; \ By and (i*, j*) :=
argmax(; iep, x B, |7ij|, where the dependency on k and B; is implicit. Thanks
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to Condition 4, we have |« j«| > an~1/4

. Then, using Lemma 1,
P(B) 2 B")

— P(3%kel:K],30¢ B, ¢ B} O
<l€€[ ]a (Z)g 1§ k> (i’j)lélgfi(32|011|<>‘>

< P <E|k €el1:K],30¢% B; & Bj, max  [04] < 2MAeup(1+ \/§)2>
(4,§)€B1x Bz
2
< P <3k~ €l:K],30¢ B, ¢ B, [6ij+| < 3an1/4)
P (Anax(£) = 20 (1 + v5)°)
1
< P <3k €[1:K], 30C By & By, [Gijr — Tinje| > 3cm_1/4> +0(1)
1
< P (3(i,j) €[L:pl?, (64— il > 3an‘1/4) +o(1)
2 ~ L ip
< p*maxP | |5;; — 0| > Zan +0o(1)
(i.9) 3
< 2p%exp (—Cimcnl/Z) +o0(1) — 0,
by Bernstein’s inequality. O

Lemma 10. Let ¢ > 0. Let A := {ag, a1,..., ap} such that ap = 0, ar, =
1, 0< a1 —a; <c/\/p foralll €[0: L —1]. Then,

IP’(B* c {BA, re A}) 1
Proof. Thanks to Lemma 9, it suffices to show that, for n large enough, there
exists | € [0: L] such that a; € [n7Y/3,an™*/3\sp (1 + /¥)?]. By contradic-

tion, let us assume that there does not exist such I. Let j € [0 : L] such that
a; < n~/3 and ajp1 > an‘1/4/3)\sup. Thus, we have

VD ( ) > Vb an /! -8
Gjt+1 — Gj ———n
P P+ V)2

> Cpnt/* — +00,

which is in contradiction with the definition of A.

Lemma 11. We have,

P(B* € {Bx, A€ A,}) — 1.
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Proof. Let P,(m) be the set of the partitions of [1 : p] such that all their elements
have cardinal smaller than m. By assumption (Condition 3), B* € P,(m). Let
G :={l/p|l € [0,p]}. Thus G verifies the assumption of A in Lemma 10, so

P(B* € {Bx, A€ G}) — 1.

Thus
P(B* € {Bx, A € G}NPy(m)) — 1.

To conclude, it suffices to prove that {Bx, A € G5} NPp(m) = {Bx, A € A }.

We have immediately {Byx, A € As} C {Ba, A € G} N P,(m). We have to
prove the other inclusion. Assume that B € {Bx, A € G} N P,(m). We know
that there exists A = [/p € G such that B = Bx. As By, € Pp(m), we know by
definition of s that [ > s and thus A € A. O

Now, we prove Proposition 7.

Proof. e Using Lemma 9, Proposition 2, and the fact that {B) | A € Az} =
{By | A€ [0,1[}, we have P (Ea = B*) L

e Using Lemma 9 and Proposition 2, we have P (EA = B*) — 1.

e Using Lemma 11 and Proposition 2, we have P (EQ = B*) — 1.

Proof of Proposition 8

Proof. We follow the proof of Lemma 9.
Step 1: B,,—s/2 < B(asg) with probability which goes to 1.

IP’(B”fa/g £ B(OQ))
— P(36.9) ¢ Blaw), Gyl 2 n7"?)

2

Ainf(1 — 2 1-— 2
< P (3000) ¢ Blaw). fol 20 ) g (3, 6 < e T
Aint(1 — /7)? - 1— /7)?

S max P (|6”| Z n6/2f(\/@> + P <>\min(2) < )\inf(\/y)>

(i,5)¢B(az) 2 2

)\in 1- 2

< p2 max P (|6—\7,] — 0ij| > nf‘;/QM - ’ﬂa2> + 0(1)

(4,7)¢B(a2)

< 2p%exp (—Cinf(é, ag)nlf‘s) +0o(1) — 0,

using Lemma 1 and Bernstein’s inequality.
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Step 2: B,,—s/2 > B(aq) with probability which goes to 1.

For all k € [1: K(ay)], and all § & By & Bg(ay), let Bs := Bg(ay) \ By
and (i*,j*) 1= argmax(; ;yep, x B, |0ij|, where the dependency on k and B is
implicit. Then, using Lemma 1,

P(B,,-s/2 2 B(a))

= P(Eke [1:K(a1)], 30 & By & Bi(ag), max |6'”| <n_a1)
(i,§)€B1 X Ba

< P(Ekell:K(a1)], 30 & B1 & Br(aw), [0i=j+| < 2haup(1+ yy)*n =)
< P(Bke[l:K(a)], 30 % B & Biloa), [Gi-j-| < 2Asup(1+ /9)°n 1)

4P (Amax(i) > 2up(1 + \/5)2)
< P (Elk €[1:K], 30 ¢ By & B, [Gijr — Ginje| > 17 — 2Aqup(1 + \/§)2n*5/2) +o(1)
< P (a(m) € [1:p? [Gij — oij] > 1" — 2qup(1 + \/Q)Qn_é/z) +0(1)
=7 max® (|3ij —0ij| > 17" = 2Aaqp(1 + x/g)%fé/?) +o(1)

]

< 2p%exp (—C’inf(é, al)nl_zal) +o0(1) — 0,

by Bernstein’s inequality.

Proof of Proposition 9

Proof. First, we prove the results for Spe. We have, using again the notation
M ~ N(0,%),

B (2180 ~SI3) < no? max B[y - on))
= nm? (i%gé* Var (0;5)
< 2nﬁl e Var (M, M)
< 2m? . (0ii0j; + 207;)
< 6mPA,.

By Markov’s inequality, that proves

1 -
];HEB* —3|F = 0p(1/n).
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Now, we want to prove that
LIRS 2
5”23* — X% # op(1/n).

First, we have

n. =~
E 2*22) > n min E 6'\“'70'“'2
(2185 - 2I3) > min B[ - 03]

= n min Var (0y;)

i€[1:p]
> 1 Var(M2)
— n — 1 (23
>  min 203
i€[1:p]
> 2)‘i2nf'

Now, the variance is

K
1 - 1 ~ 1 ~
Var (||EB* - ZH%) =) Var (||EB;; - ZB,’;H%) <p, max Var (IZB;; — Yp;
p — " \p : p

Now,

1 ~
Var (p|EBZ — ZBI:

1 ~
%) = FV&I‘ Z (U,‘j—O'Z‘j)Q

i,j€B;

Remark that if Ay, ..., Ay are random variables, we have

d d d d 2 d
Var (Z AZ-> = Z cov(A;, Aj) < Z v/ Var(A4;),/Var(4;) = <Z Var(Aﬁ) < dZVar(Ai).
i=1 ij=1 ij=1 i=1 i=1
Thus
1 -~ 2 m4 ~ 2
Var ];HZBZ — EB;; r S pT Z_’I;aeaé(’: Var ((O’ij — O'z'j) ) .

Let i,j € B} for some k. We want to upper-bound Var ((81;]- — aij)Q). Let us
define ay, := XZ-(k)XJ(k) — ;5. We know that

n

2
(Gij —04) = lzn:a _ 1 a2+i2aa
ij = 0ij) = nk—1k ) kT2 kK -

k=1 k#k'
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So, using the independence of ay, ..., a,, we obtain

n n

~ 1 1
Var ((6;; — 045)%) = v Z cov (ay,,ap,) + 2; Z cov (a,, ar,ar,)
k1,k2=1 kl,kg,kézl,
kQ#k;

1 n
+ﬁ g cov (aklakﬂ,ahaké)
k1,k} ko, ky=1,
k17K, koK

n

1 -1
= Ecov(a%,a%)+4 — cov (a3, araz)

n
+2 3

cov (ajaz,aiasz),

where we observed that cov(ajas,ay,a3) = 0. Now, by Isserlis’ theorem and
using the fact that o;; is upper-bounded by Agup, we have cov (a?,a?) < Coup,
cov (af,a1az) < Csup and cov (araz,a1a2) < Csyp (and these bounds do not
depend on k, 1, 7). So

Var (5%) < S,
Thus,
Var (1||EB; — Yp: F) < 1(;;;;2)7
and ) o
Var <p”§B* z||2F> < pj‘;g.

Thus, by Chebyshev’s inequality

1,a A2
PlZI2g =% 2 inf
(p” B = < o >

< P 1||§ 2% —E 1||§ [ >Aiznf
=~ D B* F P B* F n
§ Var(%HEB*—ZH%)nQ
inf
< Cow g
p

So, we proved that %Hig* — ¥||% is not an o,(1/n).

Now, we show that the same results hold for Sp~ proving that %HSB* —
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bR %”iB* —3||I% = 0,(1/n). We have

1 1, ~

—ISg = Z|% — = || — 2%

‘H -2 12

1 1,1
= |y 2 2060y G

(4,7)€B*

m? . 2n—1_
< - sy -

m2

IN

Yet, by Bernstein’s inequality,

il = 0,(1
(A dij| = Op(1),
max 82»]» — Uij| = Op(l)7

(i,5)€B*
and
(i,IB%}](S* a7 = Op(1).
That proves

1 1.a
Z;HSB* ~ 3l - ];IIEB* = Z|F = 0p(1/n).

Now, on the one hand, we have
1 2
EHSB* =Xl = 0p(1/n),

and by Proposition 7,
1
EHSEE = 3% = Op(1/n).

On the other hand,
1
EHSB* — 3|5 # 0p(1/n).

O
Proof of Proposition 10
Proof. 1t suffices to prove that
A n
ot < B (1S~ 5l ) < Con (1)
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First,

IN

n
E S—ZQ> n  max BE[(s;; —0ii)?
<p2” I s B L = o))

= n max _Var(s;)+ —2
n

(4,3)€[1:p]?

—1 0'7;2.
= = max _ Var (M;M;) + —

n - (i,5)€[1:p)? n

IN

2

2 | Yij

max | 04055 + 05 + —=
(i,5)€[1:p]? n

32

sup*

IN

Secondly,

V

n
E S—EQ) n min E[(s;; —0;;)?
(pQH Ir) = o (513 = 3]

n  min Var(s;;
(i.4)€[1:p)2 (535)

n—1

V

min 0;i0i + U?-
n (i,j)ellzp]z( 35+ %)
> 1)\2
- 2

inf-

Proof of Proposition 11

Proof. We follow the proof of Proposition 9. Let § €]1/2,1[,e > 0, and a; := 6/

2—¢/4.
We have
d—e
n ~
max IE( ||EB—Z||%>
B(a1)<B<B* D
néfe K ) 9

= max E (6. — 0::)2) + o2

B(QI)SBSB* p ; ijezB* (( ) l]) ) ijGZB* (¥}

(inj)eB (i.)eB

< n’em? | max E (G —0;:)?) + max max o2
- ((m)eB* (@i = ois)") B(a1)<B<B* (i,j)eB*\B "
<

nd=em? (O (i) + n_2a1> — 0.
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Thus,

1 -~ 1
max p||zsz||%op< )

B(a1)<B<B* nd—e
and thus
~lis5 - %3 1
max = — - =o0 .
Blay<B<Bp' B FTIP po-e
We conclude using Proposition 8 and using that B(as) < B*. O

Proof of Proposition 12

Proof. The eigenvalues of ¥ are lower-bounded by € and upper-bounded by mL,
so X verifies Condition 2. Condition 3 is verified by construction. It remains to
prove the slightly modified Condition 4 given in Proposition 12. Let a > 0.

P (EIB < B, I8 - =fmax < an*1/4)

P(3k, max |og| <an”V*
ijEBY, i]

L
P max vOu®| < gn=1/4 ,
P <i,je[1:10],i¢j|lz_; v <

IA

using an union bound and the fact that all the blocks have a size larger that 10.
Then, by independence of (ZzL:1 U2(Q_1U2(2)k< , we have
<5

L 5
P (HB < B*, |25 — Sllmax < an—1/4) < pP ( S v < an—1/4>
=1

Let U; := (U-(l))lgL € RE for 4 = 1,2. Then, U; and U, are independent and

2

uniformly distributed on [—1,1]*. Thus

L
P <| S uu| < an—1/4> —E [IP (|(U1, Uy)| < an_1/4‘ U2)}
=1

Let ug € [—1,1]%\ {0}. The set {u; € [~1,1]%] [{u1,u2)| < an™/4} is a subset
of {Zlel zies| —an~ Y4 ug|| < z1 < an~V4|ug|, |ay| < VL Wi} where e; = uy/
|luz|| and (eq,...,er) is an orthonormal basis of R”. The Lebesgue measure of
this subset is (2v/L)*~'2an~'/*|juy||. Furthermore, (conditionally to Uy = us)
the probability density function of U; on this set is either 0 or 27%. So, for all
uz € [_17 1]L \ {O}’

L—
P <|<U1,U2>| < an_1/4‘ Us = uz> < (VL) 1 2an Y4 juy |27 < VL fan~14,
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Thus
L L1
P <| ZUl(l)Uz(l)| < an_1/4> <VL  anV4
=1

Then
L-1
P (EIB < B*, I — Z|lmax < an71/4> < p(\FL an*l/‘l)5 — 0.

Hence, it remains to prove that the conclusion of Proposition 2 holds. That
will imply the same for Propositions 7 and 9. Let a > 0 and E := {T €
S (R, B*)| VB < B*, |5 = Z|lmax > an~/*}, where the generation of B* is
defined in Proposition 12. We have

P<§tot7éB*> < P(E¢E)+P(§tot7é3*| EEE)

< o<1)+/EIP(§tot¢B*|2=F) dP5(T).

Yet, for all ¥ € E, P (f?tot # B*| X = F) — 0 thanks to Proposition 2 (even

in Condition 4 is not verified, the proof is still valid since the covariance matrix
is in E). We conclude by dominated convergence theorem. U

Notation for the proofs of Section 2.3

For alli,j € [1: p], let e; € RP be such that all coefficients are zero except the
i-th one which is equal to 1, and let e;; € Mp(R) be such that all coefficients
are zero except the (¢,7)-th one which is equal to 1. Let ~y;; be the (7,5)-th
coefficient of ¥~1. Finally, as we use matrices M of size p? x p?, and vectors v
of size p?, we define v;; 1= v(j_1)pt; and My k1 := M(;_1)pi,(1—1)p-+k-

Proof of Proposition 13
We see that, for all B € Py, lg, = log(|Sp|)/p + % converges almost surely

to log(|Xp])/p + 1. The following Lemma gives a central limit theorem for this
convergence.

Lemma 12. For all B € Pp, we have
Vi(log S|~ log[Spl) = N(0,2Tx(S5'STE'E)/p),  (15)
with 2 Tr(X5' X 5'S) /p < 2p. In particular
Virlog || ~log [B]) -5 N(0,2).
Proof. Let Z® = MWM®T where M®*) = (M*)),<, € RP. We know that

E(Z) = Y and COV(ZZ‘7J‘7Z]€’1) = E(XZXJXle) — 00kl = 040kl + Oik0jl +
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04104k — 040kl = 0405 + 0410 jk- Let T' € Mp27p2, be such that Fij,kl =
oik0j1 + 0405, = cov(Z; j, Zi,). Using the central limit Theorem,

vVn—1 (VGC(iB) — vec(ZB))) £, N(0,Tp),

n—-+oo

and by Slutsky Lemma,

Vi (vee(Sg) — vee(Sp)) —= N(0,Tp), (16)

n—-+oo

where (I'g);j,61 = I'sj i if (4,5) € B and (k,1) € B and (I'g);; . = 0 otherwise.

Let us apply the Delta-method to (16) with the function log o det o mat,
where mat = RP” — M, (R) is the inverse function of vec. If we write L the
Jacobian matrix of log o det o mat, we have:

Vi(log S| ~ log[Spl) = N(0, L(vee(Zp))TpL(vee(Sp))").

Let us compute the linear map L(vec(Xg)) : RP* — R, that we identify with its
matrix. Let us recall that, for the dot product (A, B) := Tr(A” B), the gradient
of logodet on A is A~L. Thus, if v € R, we have

L(vec(X¥p))(v) = D(logodet)(mat(vec(Xp)) o Dmat(vec(Xg))(v)
= (V(logodet)(Xp), D mat(vec(X))(v)),
= <Zglv Z>

Tr(2 5" mat(v))
1)T

vec(X57)" v

So L(vec(Xp)) = vec(X5")T, then
Vi(log S|~ log|Sal) 5> N (0, vee(S5") Tp vee(S5").
Now,
vec(X51) Tpvec(Z51)

= Y (ZB);}(oioj + 0uoik)(ZB); )

ikl
= Y (Er)i owca(Se) + Y (T6)i)oucik(Sp);,
i,5,k,1 i,5,k,1
—1yg—1
= 2Tr (NS85

= 2T [(z5P et (S5t
< 2Tr(zjzzj)2

= 2Tr(X3'%)?

= 2p°.
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Indeed, as A := E;%EX};% is symmetric positive definite, we have Tr(AA) <
Tr(A)2. O

Lemma 13. For all T € Sf*(R) and for all B € P, such that ' # T'p, we
have det(T'g) > det(T").

Proof. First, let us prove it for |[B| = K = 2. We have B = {I, J}.
det(I‘) = det(].—‘],[) det(].—“]“] — FJJFI_}F],J).

Now, det(I'g) = det(I'y ;) det(I"y ;). Thus, it suffices to show that det(T'y ;) >
det(rJ7J - FJ,IFI_}FLJ). We then write A; := sy, — FJ7[FI_}FI7J which is
symmetric positive definite (Schur’s complement), and Ay =T II‘;}I‘ 1,7 which
is also symmetric positive definite. Then, we have

det(A; + Ag) = det(Ar) det(I, + A7 ? AyA7 ) > det(Ay),

because det(I, + A;%AQA;%) =TT, 1+ ¢i(A;%A2A;%)).

Now, we prove the lemma for any value of [B| = K. Let T' € S+ (R) and
B € P, such that T' # I'p. Let BY = {(J_, B;,UL, B} for all j € [1
K —1]. We now define (I')) ;¢(y g with the recurrence relation I'(j11) = I‘g()])
and with T™ =T, we then have 'y = I'K. Thus

det(T'g) = det(TT)) > det(TED) > .. > det(DM) = det(I).

Furthermore, as I # I'g, there exists j such that Fg()j) # T, Thus, at least
one of the previous inequality is strict, and so det(I'p) > det(T"). O

Using Lemmas 12 and 13, we can prove Proposition 13.

Proof. 1t suffices to show that, for all B # B*,

]P)(Etot == B) — 0

n——+4oo

We split the proof into two steps: for B 2 B* and for B > B*.

Step 1: B # B*.
Let h := min{log(|Xg|) — log(|X|)| B # B*} = min{log(|2g|) — log(|X|), B <
B*}, since ¥ = ¥pnp+. Thanks to Lemma 13, we know that h > 0.

Let B # B*. Using the convergence in probability of /s, , we know that
P(ls, <log|Eg|/p+1—h/3) e 0 and P(ls,. > log|X|/p+1+h/3) — 0.

n n——+o0o
Now, we know that for n > (3p/h)'/%, the term of penalisation satisfies
kpen(B*) < h/3. Thus,
P(Byt = B) — 0.

n—-+4oo
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Step 2: B > B*.
Let B > B*. We know that

Vn (¥(B) - ¥(B"))
vn(ls, + kpen(B) — ls,. — rpen(B*))
= nk(pen(B) — pen(B*)) + vn(lsy —ls,) — Vnllsy. —lsg.),
since ¥p = Yp+ for B > B*. Let a, be equal to /nk(pen(B) — pen(B*))
(which converges to +00), by, to be equal to v/n(ls, —Is,) (which converges to

a zero mean normal distribution) and ¢, to be equal to v/n(ls,. —Ix,.) (which
converges to a zero mean normal distribution). We have

P [vn(¥(B) — ¥(B*)) > 0]

P(b, — cpn < —an)
P(b, < —an/2 or ¢, > ap/2)
P(b, < —an/2) +P(cy, > an/2) —> 0.

n—-+oo

VANVAN

Thus, P(Bjo; = B) —» 0. O

n——+oo

Proof of Proposition 14

Proof. We follow the notation of [35].

An othonormal basis of S, (R) is {%(eij +eji)| i < j}U{eis| ¢ < p} with the
following total order on {(i,j) € [1 : p|?| i < j}: we write (4,5) < (¢/, ) if j < j’
or if j = j and i < i'. We define U € M2 ,41)/2(R) as the matrix which
columns are the vectorizations of the components of this basis of vec(S,(R)).
Thus U;j . = %(1(1',3'):(1@,1) +]l(i,j):(l,k))a for all £ <! and Uy i = T, 5)=(k,k) -

Thus, U(UTJU)71UT is the Cramér-Rao bound, where J is the standard
Fisher information matrix in the model {N (1, %), ¥ € M,(R)}. As the sam-
ple is i.i.d, it suffices to prove if with n = 1. In the rest of the proof, we

compute the Cramér-Rao bound, and we show that this bound is equal to
E ((S—3%)(S—%)T). We split the proof into several Lemmas.

Lemma 14. Recall that 7' = (vij)ij<p. Let A = (Apn,mn')m<nm/<n’ €
Mypy1)/2(R) defined by

1 .

§(’ymm’7nn’ + ’Ymn"ynm’) me <nandm <n'
Amn,m’n’ = %me”}’nn’ Zf either m =n or m/ = n/

1.2

> J— ! __ /
5V ifm=mnand m' =n’/,

Then, A=UTJU.
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Proof. Deriving twice the log-likelihood with respect to o;; and o4y (for 4, 5, k,1 €
[1:p]) and taking the expectation, we get

1 . .
Jij,kl = iT‘I‘(E 1(%6?2 16]@6?)

1
= §“Ylﬂjk-

Thus, for all m < n, m’ <n/, we have

p
(UTJU)mn,m’n’ = Z Uij,anij,klUkl,m’n’
ij k=1
SN 1
= ) 75 L= + L p=tnm)iga 75 A =imtn) + L= rsm)
i,4.k,l=1
1
= i(c]mn,m’n/ + Jmn,n’m/ + Jnm,m’n’ + Jnm,n’m’)

1
= 5 (’Ymm”ynn/ + Ymn' Ynm! ) .

Now, if m’ < n’, we have

(UTJU)mm,m'n' = Z Uz] mm zj,klUkl m'n’

p
i,7,k,l1=1

P
1
= § 15,5y =(m,m) Jig ki —= L,y =(m’ ny + Lik,y=(n,m?))
orl— V2

7, 1

<.

s

[t

—=\Ymm,m’'n’ + Jmm n’m’
\/5( i)

—_

\/E’Ymm”)/mn

If m < n, we have

T
(U JU)mn,m’m’ = § Uij,anij,klUk:l,m’m’
ik, =1

~.
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Finally,

(UTJU)mm,m’m’ = Z Uij,mmJij,klUkl,m’m/

Lemma 15. Let B = (Brn,m/n' ) m<n,m/<n’ € Mppy1y/2(R) defined by

2(Cmm/ Onn' + Omn'Onm ) if m <mn and m' <n’
Bonmn = 2V 20 mm! Tnn if either m =n orm/ =n/
2 : _ 1 !
200 ifm=n and m' =n/,
then, B = A=Y, Moreover (UBUT)ij,i/j/ = 04/0jj + 04504 fO?” all 1,7, i/,j/ S
[1:p].

Proof. We compute the product A B. First of all, let m < n and m’ < n’. We
have

(A B)mn,m’n/ = § Amn,ijBij,m/n’
1<j
= § Amn,ijBij,m’n’ + § Amn,ijBij,m’n’
1<j i=j

= Y Oming + YmiVni) (Gim T + O o)
i<j
+2 Z YmiVnjTim' O jn’
i=
= L+
with

I = g YmiVnjOim’ Tjn’ + E YmjiVniTin' Ojm’ + § YmiVnjTim’ O jn/,
1<J 1<J i=j

and

I, = E YmjVYniTim' Ojn’ + E YmiVYnjOin' Ojm’ + E YmjYniTim' Ojn’ -
i<j i<j i=j
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We then have

Z TmiYnjTim’ Ojn/ + 2 : YmiVnjO jn’' Oim/ + E YimVjnTim! O jn/
i<j j<i i=j

E YmiVnjOim’ O jn’

2,3
E TYmiTim/ g YnjOjn’
@ J

]1 (m7n):(m/ 7n/) .

E :Wmﬂmgim'ffjn' + E YmjniOjn/ Oim’ + E VYmi VniCim! O jn!
i<y j<i i=j

§ YmjiVniTim' O jn/

2,7
§ TniTim’ E YmjOjn’
i J

]l (n,m):(m’ 7,n/)

0.

Now, if m' <n/

(A B)mm,m’n’ = ZAmm,ijBij,m’n’

i<j
= Z Amm,ijBij,m’n' —+ Z Amm,ijBij,m’n'
i<j 1=y
= V2 i (Gim Tt + it Tt)
1<J
+\/§ Z YmiYmjiOim! O jn’
i=j
= \/5 Z YmiVYmjiOim’ O jn/
4,J
= \/5 Z YmiTim! Z YmjOjn’
¢ J
= \/ﬁﬂ(m,m):(m/’n/)
0.
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If m < n, then
(A Blnnmm = Z Avn,ij Bigmm!

i<j

= Z Amn,ijBij,m’m’ + Z Amn,i_jBij,m/m/
i<j P

E \/52 (erl’}/n] + ’Ym]’)/.,”) Oim! O jm/

i<j
i=j

= \/5 z : YmiVnjTim! O jm/
©,J

= \/5 E YmiOim/ § TYnjOjn’
g j

= \/ﬁ]l(m,’n):(m/’m/)
= 0.
Finally,
(A Bl = 3 Awmm,ig Big.mom’

1<j
(A i=j

= 2 Z YmiYmjiTim’' O jm/’

i<j

+ E YmiYmjOim! O jm’

- Z YmiYmjOTim’ O jm/
i,J

= ey

We proved that B = A~!. Let us show that (UTBU);ji1j: = 0i40jj + 0ij10jir
for all 4, 7,4, j’. First of all, assume 7 # 7 and i’ # 7. Assume for example i < j
and ¢’ < j'. Then we have

T
(UBU )ijuj
- Z Uij,mann,m/n/ Ui'j/,m’n’

m<n,m’<n’

L 1
— > ﬁ(ﬂ(m’”):(i’j) + L m)=(3.)) Bmn,mn —= (Lms ny=(ir,5) + L ) =(57.6%))

N

m<n,m’<n’
1
= iBijﬂ',j’
= 04055 + 045055 .
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We apply the same method for ¢ < j and ¢ > 5/, for i > j and ¢’ < j/, and for
1> jand ¢ > j'. Then, let i = j and i’ # 7, for example i’ < j'. We have

T
(UBU" )i,
= § Uii,mann,m’n/ Uz”j/,m’n’

m<n,m’<n’

- Z ]l(mvn):(i,i)an,m’n’

m<n,m’'<n’

1
= —Biiuj

V2

= 0045 + 045104

1

Ly =(@r.3) + L) =(37,i1))

S

The other cases are similar. U
We thus have the component of the Cramér-Rao bound:

uwriu)y-tut]

iy = i Oggt Tl T
This matrix is equal to E ((vec(S) — vec(X))(vec(S) — vec(X))T) for n =1 and
when the mean p is known. U

Proof of Proposition 15

Proof. An orthonormal basis of S,,(R, B*) is {%(eij +eji)| i < j, (i,j) € B*}U
{eii| i < p} with the following total order on {(i,5) € [1: p)?| i < 4, (i,5) € B*}:
we write (¢,7) < (¢/,7") if j < j' orif j = j and ¢ < ¢'. Thus, we define U as
the matrix which the columns are the vectorizations of the components of this
basis of S, (R, B*). We have U;; 1 = %(]l(i,j):(k,l) + 1, 5)=k)), for all k <
with (k,l) € B* and Uij,kk = ]l(i,j):(kk)~

Thus, U(UTJU)7UT is the Cramér-Rao bound. As the sample is i.i.d, it
suffices to prove the proposition with n = 1.

Lemma 16. Let A = (Amn,m/n’)(m;,m (m’,n’)eB*, m<n, m’'<n/ defined by
%(’Ymm/’}/nn’ + ’Ymn”Ynm’) me <nandm' <n
Amnmin’ = V3 Ymm’ Ynn’ if eitherm =n orm’ =n’
%anm/ 'lfm =n and m = n"

Then, A=UTJU.

Proof. The proof is similar to the proof of Lemma 14, except that the values of
m,n,m’ and n’ are more constraint. First of all

1 _ _
Jijr = i’IY(E 1eiejTE 1ekegf)

1

= 5%‘1%%-
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Now, if (m,n) € B*, (m/,n') € B*, m <n, m' <n’,

p
U I mn i = Z UijmnJij iUkl min/
ij k=1
4 1
= Z ]1<w> (mn) + Lij)=(n,m) ) Jij, kz\[(]lu« D=(mn’) + Lk 1y=(n',m"))
1,5,k,0= 1
1

= 3 (Jmn,m’n/ + Jmn,n’m/ + Jnm,m’n’ + Jnm,n’m’)

(’Ymm”}/nn’ + "Ymn”)’nm’)~

N~ DN

If m’ <n' and (m',n') € B*,

p

(UTJU)mm,m'n' = Z U” mm zj,klUkl m’'n’
4,7,k =1
P
1
= Z i ) =(m,m) it —= L, ny=(m’ ny + Lk,y=(n,m?))
i,7,k,l1=1 f
- Ly +J, )
= \/i mm,m’n mm,n’m
_ 1
If m < n and (m,n) € B*, we have
P
(UTJU)mn,m’m’ = Z Uij,anij,klUkl,m’m/
i,k =1

p
1
= > ﬁ(]l(m:m,n)+]1<m>:<n,m>)Jijykl%?z):(mzm')
i,7,k, =1

1
(Jmn,m’m’ + Jnm,m’m’)
\/7

2
1
- \/Q"Ymm”}/nm’
Finally,
p
(UTJU)mm,m/m’ = Z Uz; mm zg klUklmm’
7.k, =1



Lemma 17. Let B = (Bun,m/n')m<n,m’<n’, (m,n)eB*,(m’.n")eB~ defined by

2(0m7n/0n71/ + O—mn’o—nm’) me <n and m/ < Tll
Brn,mm' = 2V 20 ! O if either m=n orm’ =n’
202, fm=mnandm' =n’,
then, B = A=Y Moreover (UBUT);; i1 = 041055 +aijiajy for all (i,§,i',5') €
B* and (UBU™);;,15: = 0 for all (i,5,4,j') ¢ B*. Recall that we write (i, j,i', j') €
B* if there exists A € B* such that {i,j,',7'} C A.

Proof. We introduce the following notation: if I € B}, let [I]; to be the index
of I in B}

Step 1: Let us prove that B = A~ 1.

We compute the product AB. Assume that m,n € B; with m < n and
m/,n’ € B}, with m’ <n’ and k # k’. We then have

(A B)mn,m’n’ = E AmmabBab,m’n’
(a,b)eB*, a<b
= E Amn,abBab,m’n’ + § Amn,abBab,m’n’
a,beB};, a<b a,beBZ/7 a<b
= § Amn,abo + g OBab,m'n/
a,beB;;, a<b a,bGBZ/, a<b

using that Bapmm = 0 if a,b € Bf and m/,n’ € Bj, because ¥ is block-
diagonal, and using that A, .5 = 0 if m,n € B} and a,b € B}, because ¥~
is block-diagonal. Assume that m,n,m’,n’ € B, with m <n and m’ <n’. We
have,

(A B)mnﬁn’n’ = Z Amn,abBab,m/n/
(a,b)eB*, a<b
= (A8:B51) ), ol o) o1
Ll Inli)=([m/x.[n"]5)
= ]l(m,n):(m/,n’)a
thanks to Lemma 15 applied to the matrix Xp:. We proved that B = AL

Step 2.A : We show that (UBUT);; 1jr = 040,y +0j05 for all (i, j,i', j') €
B*.
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Assume that (¢,4,4',j') € B*. First, assume that ¢ # j and ¢’ # j'. Assume
for example that i < j and i’ < j' (the other cases are similar). We then have
(UBUT)ij,irj
= Z Uij7mann,m’n’ Ui’j’,m’n’

(m,n)€B”,m<n,
(m’,n)eB”,m’'<n’

1 1
= Z 7(]l(m,n):(i,j) + ]l(m,n):(j,i))an,m’n’ (]l(m’,n/):(i’,j’) + ]l(m’,n’):(j’,i/))
(m,n)eB* ,m<n, \/§ \@
(m’,n")eB* m'<n’
1
= 5By

= 04055 + 045055 .

Let us take the case where (i, 7,4, j') € B* with either i = j, or i’ = j'. For
example i = j and i’ < j'. We then have

(UTBU)iirye
= § Umn,iian,'rn’n’ Um’n’,i’j/

(mn)EB*,m<n,
(m',n") B m' <n’

= > L, n)=(i,5) Brmn \}5(1<m',n'>:<i',j'> + Lt nry=(57,17))
(m,n)eB* ,m<n,
(m’,n")eB* m'<n’
1

= —=Biuy
v2 o

= 0405 + 04104

It is the same for ¢ = j and i’ > j’, then for ¢ # j and i’ = j'. We also can prove
the equality similarly when ¢ =4’ and j = j'.

Step 2.B: Let us prove that (UBUT);; 1, = 0 for all (i, j,i,j") ¢ B*.

Assume that (i,7,4',j') ¢ B*. If (¢,5) ¢ B*, or if (¢/,j') ¢ B*, we have
(UBUT)ij,urj
= Z Uij,mann,m’n’Ui’j’,m’n’

(m,n)eB* ,m<n,
(m',n")eB*,m’<n’
) L ‘1 )B L ‘1 )
- "5\ (myn)=(i,5) (m,n)=(j,i) ) Pmn,m'n’ (m/,n”)=(i",5') (m/,n’)=(j5",i")
(m,n)€B*,m<n, V2 V2
(m/,n")eB*,m’'<n’

= O7

because if (i,7) ¢ B*, the term (1 )=(i,5) + Lim,n)=(;,)) is equal to 0. Simi-
larly, if (i/7j/) ¢ B*7 the term (]l(m’,n’):(i’,j’) + ]l(m’,n’):(j’,i’)) iS equal to 0
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It remains the case where i,j € B}, and /,j" € B}, with k # k’. Then,
(UTBU)ij)ilj/ = 04/ 044! + 045! 044" = 0. O

To conlude the proof, we remark that, if (i, 7,4, j') € B*, then
COV((SB*)Z']', (SB*)i/j’) = COV(Xin,Xi/Xj/) = 04" 044/ + 045/ 04i’ -

Now, assume that (i,7,4,5') ¢ B*. If (i,5) ¢ B* or if (i,j') ¢ B*, then
cov((Sp+)ij, (SB+)irj7) = 0 because one of the two terms is zero. Assume that
i,j € By and 7',j’ € B, with k # k’. Then

COV((SB*),;J‘7 (SB*)i’j/) = COV(Xin,Xi/Xj/) = O'Z‘i/O'jj/ + O’ij/(fji/ = O

Thus, the covariance matrix of vec(Sp+) is equal to the Cramér-Rao bound. O
Proof of Proposition 16

Proof. Using the central limit Theorem and Proposion 15, we have

V= 1(vec(Ep-) — vee(X)) =N N(0,CR).

n—-+o0o

Then, by Proposition 13, we have

~

Vi —1(vee(S5) — vee(T)) 5 N(0,CR),

n—4oo

and by Slutsky,

Vn(vee(Sg) — vec(X)) N N(0,CR).

n——+00

Proof of Proposition 17

Lemma 18. Under Conditions 1 to 4, for all v > 1/2
log(n)”
Vo)’

where ||.||2 is the operator norm, and it is equal to Apmaz(.) on the set of the
symmetric positive semi-definite matrices.

15 — =, :o,,(
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Proof.

P Sr. — Y
(n R

elog(n)”

cle(n')

elog(n)”
< K max (II B; — X2 NG
1 Y
< K max P(m max |s;; — oi;| > E(Vg(ﬂ))
ke[1:K] i,j€B;; NG
I Y
s K max P ( max [si; — 0] + |05 — 03] > glog(n)?

ke[LK] \i,jeB; my/n

2 ~ ~
< Km” max max P |8ij - O'ij| + ‘O'ij — Uijl >
k€[1:K]i,j€B} :

Now, on the one hand,

Km? max max P (|5, — o] >
k€[1:K]i,J€B}

21 27y
< 2Km?exp —Cinfn% — 0,
4m?2n

by Bernstein’s inequality. On the other hand,

glog<n)v>

Km? max max P (|Sij — 04| > ————

kE[1:K] i,jEB; 2m+/n
1 v
= Km? max max P (|5 > nM — 0,
kE[1:K] i,jEB;: 2my/n

by Bernstein’s inequality. O
Lemma 19. Under Conditions 1 to 5, for all v > %,
A log(n)”
ax |B; — Bi| = .
ilen[lz};()] |Bz 6z| Op ( \/ﬁ

Proof. We know that 3 — 3 ~ N (0,02[(ATA)~1)-
let Q := %ATA. Remark that Q11 =1, Q11 =
LS XWX BT Now, we know that

1,,1). To simplify notation,
15 5 (k) and =
n 2uk=1 and Q1,1 =

Q@ Y-1-1 = (Q71,71—Q71,1Q£}Q1,71)_1

T
I vk x®mr _ |15 x® | |15 x
nZXkaT lnkZﬂXk][ ZXk)]

k=1

3

= S L
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Thus, 3 — B ~N (O, %2571).
Now, by Lemma 1,

1 2
P ()\max(S_ ) > HM) =o(1).

Let € > 0 and v > % We have,
P (w18, 1> S
1€[1:p]

og(n)Y

< P (g 5= 3> T (57 < ) o)

< o(l)+p max P (lﬁz Bil > 5105#7 Amax(S71) < (1\2)2/\“)

< APy ﬂ”’( > S ™) ufm)
B (:is =L (1—\/ﬂ)ﬁelog(n)v>

< o(1) + pexp (—Cint log(n)*?) s

Lemma 20. Under Conditions 1 to 5, for all v > 1/2,

‘ p . (log< ) )
ETSB*B BTYB P Vn ’
Proof. We have

MRS

< S|F"SaB - 67SmB|+ 3 |87 (Sa — )8

18]z + 115l 18— Bll2 . 118113
1PN * 1202 o, Spe — ¥
< 7 [SB+l2 7 + ) 1SB ll2

B log(n)”

by Lemmas 19 and 18. Now, with probability which goes to one 1, by Lemmas
1 and 19, we have ﬁTSB ﬂ/p > Aint(1 — /¥)?B2¢/2. Moreover, BTYB/p >

mfﬂmf > Ainf(1 = /¥ )28 mf /2. Thus, with probability which goes to one 1, we
have

p 4
BTSB*B ﬂTEB - )‘12nf f) Blnf

57855 TS| (log(n)”
p S\ Ve )
0
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We can now prove Proposition 17

Proof. Let 7; be the estimator of n; obtained replacing ¥ by Sg+ and [ by B in
Equations (6) and (7). For all ¢ > 0 and v > 1/2, we have

P(f]ﬁ—n+>gmmﬁv
= v
p

~ log(n)’y D *
< P mm>€>+MB#B)
<i1 vn
< elog(n)?

P ( p max |i; —n;| > ——=— | + P(B # B*).
(v 1 =l > S0 ) BB 2 )
The term P(B = B*) goes to 0 from Proposition 2. It remains to prove that

_ 6log(n)’y>
P max |1); — 1| > ————— | — 0.
(piG[lzp] |77 77 ‘ \/ﬁ

For all k € [1: K] and all u C B;, let us write

(17)

k ._ AT -1
Vi = Bh:—u (EBi—u.Bi—u — BBi—u,uZuuZuBi—u) BB —u
v o . .
Vi = Bp:—u (SBi—unBi—u — SB;—uuSuuSu,B;—u) BB—u
v = pTep
Vo= BTSppB
Vk
Qg = 7
Vk
Q, = —=.
\%

Let, for all C C [1: p], C # 0,

L ((ay)uec; C) == <|é| 3 (CuT 1) [amau})

uCC—1 icC

We then have (n:)ic; = L ((w)ues:; Bi) et (7li)ien; = L ((6w)uesn;; By).-
As L(.; C) is linear, it is Lipschitz continuous from (R, ||.]|lse) to (RIC!, ||.]|s0),

with constant l|¢| (we can show that [jc| = 2). Let | := maxjc[1.m) lj < +o00
(we have in fact [ = 2). We then have,

Gy — Q| -

max |1; —n;| < pl max max
pie[l:p]‘nl ml<p ke[1:K] uC By

It suffices to show that

P Max max |Gy, — | =0p | —=—
ke[1: K] uCB;j;

g
ho
=
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Now,

Vlc Vlc Vk Vlc
play —ay| < p~u 7p~u +‘p~u Sy
|4 v Vv |4
< Lpe-vilevi|2-2)
14 v Vv

The term maxye(1.x) maxyc By Vf is bounded from Conditions 2 and 5 and

‘% - %‘ = op(log(n)?/y/n) thanks to Lemma 20. The term £ is bounded in

probability using Lemma 20, Conditions 2 and 5. Thus, it suffices to show
= op(log(n)7/y/n). We will use that the

operator norm of a sub-matrix is smaller than the operator norm of the whole

matrix.
For all k € [1: K] and u C B}, we have

that maxye(1. ) maxycp; ‘Vu’“ —Vk

vk _yk

u u

2T -1 2
< ‘ﬁBz_u (SB; —u.B:—u = SBr —uuSyuSu.B:—u) BB —u

B —u (SB;—w,B:—u = SB:—wuSuuSu,B; —u) BB} —u

+‘B£;_u (8B:—u,B:—u — SB: —u,uSuuSu,B: —u) BBr —u

T —1
BBz —u (EBz—u,B;—u — EBg—u,uZuwDu,By—u) BBy —u

<|1BBg—u — ﬂZB;I:7UH2HSB;7u,B;7u — 5B —uuSuuSuB:—ull2 (||BB;;—u||2 + ||/33,:7u||2)
+mB2p 198 —u — T8 —ulla + MBELISB: —u S wSu B —u = LB —uuLeu u, By —ull2-

Thus, we obtain a sum a three terms, and we have to prove that each term is
op(log(n)?/y/n). The first term is o,(log(n)?/y/n) thanks to Lemmas 1 and 19.
For the second term, ||Spx— — Xp; —ull2 < [|Spr — Yp:||2 so is op(log(n)”/
v/n) from Lemma 18.
Finally, for the third term,

||SBZ—u,uS;qu‘Su,B;—u - EBZ—u,uZ;iZu,B;—uHQ

< ||SB,’;7u,uS;71J (SuBr—u— BuBr—u) ll2
198 —uu (S — Zun) SuBr—ull2
"‘H (SB;;—u,u - EB;—u,u) E;,hEu,B;_ullz
< ||SB;||2HS§;1 2||SB: — X2 + ||SB;||2HS§;1 - E15,%”2”213;”2 +[1SB: — EB,:||2HE§%||2||EB;||2

< SIS H2MS = 22 + 181121871 = S 2[Bll2 + 1S = SIS~ 2122,
which do not depend on k and u. Finally, remark that |32 and || X712 are

bounded from Condition 2, that [|S]|2 are ||S~!||2 bounded in probability from
Lemma 1, that ||.S — 2|2 = 0,(log(n)?/v/n) from Lemma 18 and Proposition 2
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and that
157 =27 2 < =7 H2lS T I2llS — B2 = 0p(log(n)? /v/n).
Thus, we proved that

max max
ke[1:K]uCB;j;

Gy — au| = op(log(n)? /v/n).

Proof of Proposition 18
Lemma 21. Under Conditions 1, 2 and 3, for all penalization coefficient § €
10,1] and for all € > 0,

max

1
Blan)eB<B* SB - 2”2 = 0p <n(65)/2> )

where ||.||2 is the operator norm, and it is equal to Amax(.) on the set of the
symmetric positive semi-definite matrices.

Proof. Let ay :=§/2 — /4.

€
P <B(a1r)n<a])3(<3* 155 = =ll2 > n(5—€)/2)

€
P(Ihelek) , mas WS —asle > 1 )

€

< x — " -
< K P (B, S0~ Znlk > )

€
< g -
- Kkglfw}({ P (m B(alnl<a§<B* erneaé(* (Sp)ij — oigl > n(5—6)/2)

o €
< Kklénia)}(( P (m B’leax ‘Sz] - 0-”| +mn > n(56)/2)
< K max P (m max |s;; — 05| > Cint (e, 6, 6)71_(5_‘5)/2>7
ke[l:K] i,jEB}:
that goes to 0 following the proof of 18. O

Lemma 22. Under Conditions 1, 2, 8 and 5, for all penalization coefficient
0 €]0,1[ and for all € > 0,

PP |_ (L
BrSp.p ATEB| T \nC-972 )

Proof. The proof is similar to the proof of Lemma 20. O
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We now can prove Proposition 18.

Proof. For all B € P, we define 7(B); as the estimator of n; obtained replacing
B* by B, ¥ by Sg and S by S in Equations (6) and (7). We also define
;\]i = 'F/(Bn*5/2)i-

p
~ €
P <Z 7 = mi| > n—(é—e)/Z)
1=1

p
_ € e
< P (Bmf??égm ; (B =mil > - —G=57 ) +P({B(e1) < By-or2 < BTY)

~ o € % c
< B (p, max e 0B) -l > o ) +PUB() < By < B,

By Proposition 8, P({B(a1) < B,,-s/2 < B*}¢) — 0.
Finally, we prove that

€
(B i 1fi T s_NJo 0,
(pmaf?fé‘gg*fé}%’;] n(B)s = mi| > n<66>/2> —

following the proof of Proposition 17. U

Proof of Proposition 19

Proof. Remark that ¥ verifies Conditions 1 to 3. Let @ > 0. Let ¥ := ¥ if
VB < B*, |28 — Z|lmax > an~'/* and ¥ = I, otherwise. Let 7 and 7 be
defined as 1 and 7 in Proposition 17 but replacing ¥ by . As X verify the
Conditions 1 to 3 and the slightly modified Condition 4 given in Proposition 12,

conditionally to &
S log(n)”
Z | — 713 = op NoA

Thus, for all € > 0,

i=1

P (i }ﬁz — | > 5103(7—?)7

s0, by dominated convergence theorem,

unconditionally to 3. §
We conclude saying that 3 = X with probability which converges to 1 from
Proposition 12, so 17 = 7 and 7 = n with probability which converges to 1. O
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