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1. Introduction

The reconstruction of networks from data is a key challenge of our time, as can be witnessed from the number of
citations that recently published monographs on graphical models by [38] and [20] have accumulated. Many methods
that serve this end have been proposed since, cf., the recently published review by [10]. Virtually all these methods
reconstruct such networks de novo. That is, they do not make use of information on these networks already available.
For molecular networks such information is condensed not only in repositories like KEGG and STRING [27,35], but also
in the form of omics data from the model system under comparable conditions available through portals like GEO and
TCGA [11,39]. Information from aforementioned sources may enhance the molecular network reconstruction from the
data at hand. A thus reconstructed network qualifies itself as novel information on the network. In turn it needs updating
when new (experimental) information on the network becomes available in the future. Such iterative reconstruction will
progress the knowledge on the network. In this work we explore how this may be achieved.
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A network is defined as an undirected graph G comprising the pair (V, £). V is the index set of the nodes - representing
the (molecular) entities - of the network. £ = VxV is the edge set, consisting of node pairs that are connected. The graphs
under study are undirected, which implies that if node pair (vq, v;) € £ automatically (v, v1) € € is included too. An edge
is operationalized as a pairwise conditional dependency among the random variables represented by the nodes connected
by the edge, given all other random variables represented by the remaining nodes in the network. The absence of an edge
is vice versa defined as a conditional independency. The conditional independence graph is to be learned from (say)
transcriptomic data on the genes that constitute the network. To this end a Gaussian graphical model (GGM) is assumed:
N(0p, 71 with £ the inverse covariance matrix £2 = X ~!. Zeroes and nonzeroes in the inverse covariance matrix {2
correspond to conditional in- and dependencies, respectively, among the corresponding variate pairs. It thus suffices to
estimate the inverse covariance matrix from the data by maximization of the log-likelihood, o log(|§2|) — tr(S{2) with
sample covariance matrix S obtained from a sample of size n, yielding the maximum likelihood (ML) estimator £2,; = S~'.
Rests to infer its support.

The estimation of a Gaussian graphical model is hampered by the collinearity of omics data. Then, the maximum
likelihood estimator of the inverse covariance matrix is not (or ill-) defined as S is (near-)singular. This is overcome by
the augmentation of the log-likelihood loss with a penalty. Here we concentrate on the nonzero centered ridge penalty,
AlIS2 — Trllﬁ, the sum of the square of the elements of £2 — T,. With the subscript r referring to ridge, this T, is a user-
specified target matrix towards which the precision estimate is shrunken for large values of A. Maximization of this ridge
penalized log-likelihood yields the ridge precision estimator (see [42]):

ﬁr()\) = {%(S — ATy) + [Mpp + %(s ATV

[42] shows that this estimator satisfies the following properties: (i) ﬁr(k) > 0, (ii) lim, o f)r(k) = S~ ! (should it exist),
(iii) limy_ o £2,(1) = T}, and (iv) consistency. Furthermore, for a suitable choice of A it — using a diagonal, equivariant
target T, = alp, with o > 0 - also outperforms the ML precision estimator in terms of the mean squared error
(MSE) [40]. In that MSE sense, even the inverse of the ridge precision estimator, X,(1) = [§2,(1)]!, outperforms the
ML covariance estimator. Although the focus of the present work is the ridge precision estimator, an alternative to the
ridge precision estimator would be the inverse of the Ledoit-Wolf shrunken covariance matrix [21], £2,,(v) = [XW)]!
with X', (v) = (1 = v)S + VT, for v € (0, 1). Note that Ty, is a covariance target, while T; is a precision target. Clearly,
this Ledoit-Wolf shrinkage covariance estimator shrinks to S and T,,, as v | 0 and v 1 1, respectively. Moreover, X, (v)
too may - for a suitably chosen shrinkage parameter and a diagonal, equivariant target (although it has also been proven
for other target choices, [21,31]) - outperform the ML covariance estimator in the mean squared error sense.

The target provides means to include a quantitative suggestion of the precision. The number of choices for T, and Ty,
is in principle unlimited. [16,31] suggest several low-dimensionally parameterized targets. Some archetypical examples
(modified for the ridge precision estimator) are:

e The equivariant and rotational invariant target T, = alp, with & > 0.
e A diagonal T, with (T,); = 1/Sj;, such that only off-diagonal elements are shrunken.
e A simple model of the covariance and variance by T, = [0%(1 — p)l,p + 02p1p,]~ !, with 02 > 0 and p € [—1, 1].

[16,31] learn the free parameters of T, from the data at hand through, e.g. the minimization of the mean squared error
(under assumptions). As an alternative to these low-dimensionally parameterized and data-derived targets, one may also
consider a fully unstructured target obtained through other means than the data at hand, e.g.; T, = £2,uown taken from
a related and well-studied model system. Of course, the inverse of these T, may serve as covariance targets for the
Ledoit-Wolf shrinkage covariance estimator X'y, (v).

Here we describe the problem of updating a Gaussian graphical model after the arrival of novel information. The above
introduced shrinkage estimators are employed to accommodate the prior information on the model (in the form of a target
that represents the current knowledge/estimate on/of the model at that point in time and formed from the current and
preceding data sets) to arrive at an updated estimate from the novel data. Properties of these updating estimators are
investigated as well as intuition into their workings is provided. Resolutions for practical complications when updating,
batch effects and the simultaneous arrival of multiple sources of novel information, are presented. The paper concludes
with an example in which the precision matrix and the therefrom derived gene-gene interaction network of ten pathways
are reconstructed from transcriptomic data of ER+ breast cancer samples of a series of five subsequently published data
sets. Throughout, proofs are deferred to the appendix, while the supplementary material contains more elaborate versions
of the proofs as well as additional results.

1.1. Related work

Estimation of precision matrices from multiple data sets has been considered in the literature. [6,8,29] deal with the
simultaneous estimation of multiple precision matrices using so-called ‘fused’ ridge/lasso penalties, while e.g. [25,28]
adopt a Bayesian approach. The methods of [15,43] have a similar thrust but these works are based on parameter
communalities between the different precision matrices. On a different note but closely related is the work of [25,26,44],
where the focus is on the reconstruction of multiple directed acyclic graphs in order to facilitate causal inference.
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Implicitly, these methods assume that the data used for the estimation of each precision matrix are on par, in the sense
that no time order is present. This absence of an order motivates the use of a fused penalty that encourages to borrow
information across data sets (should the data give rise to do so). In particular, this shrinks the different precision estimates
towards each other, but not towards a target matrix that is formed from one of the other data sets. Moreover, this ‘across
data set’-calibration is done once, instead of repetitively in the envisioned updating context considered here.

2. Updating

When new information becomes available, the previously reconstructed network and GGM needs updating. The latter
may then serve as the target in the re-estimation of the network from the new data. This process may be iterated, thus
giving rise to an updating scheme. To formalize this, assume an infinite sequence of studies, each producing data from
the same normal law N(0,, 271 (variations on and deviations from this scenario are discussed at the end of this section
and in Section 4). This yields a sequence of sample covariance matrices {Si};2, with corresponding sample sizes {ny}p2 ;.
For the ridge precision matrix and Ledoit-Wolf shrinkage covariance matrix estimators the following recursive updating
schemes may then be conceived:

[ ﬁr,O(AO) = T : (1)
Qi) = {361 — M1 200) + Dasalpp + 35Sk — M1 200212}, ke {0.1,..}
and
g‘m.o(\)o) = Ty R 2)
Yowkr1Wke1) = (1 = Ve 1)kt + Vi1 X ew k(i) kefo,1,...,

respectively. Both schemes are initialized by a (possibly uninformative) target matrix: ﬁr.o(lo) =T o andAE‘@w,o(vo) =
Tow.0, there {Sk}r2, is a sequence of independent random variables, the sequences of updated estimators { X, (vi)}p2,
and {2, «(Ax)};2, may be viewed as originating from a discrete time, 1** order Markov process as e.g.:

ﬁr$k+1()\r,k+l) | ﬁr,k()\r,k)v cee ﬁr,O(}\r,O) ~ ﬁr,k+1()\r$k+1) | I?\zr,k()\r.k)-

These 1°** order Markov processes have continuous state space S, ., the space of symmetric, positive definite matrices,
and are time-homogeneous as, e.g.:

Qr,k+l{+l(kr,k+l(+l) | 'Qr,k+/c()\r,k+l() =U, )\r,k+k+1 =A~ nr.k+l()hr,k+l)| 'Qr,k()\r,k) =U, )\r,k+1 =A

forallU € Sy, x € Nand A € (0, co). For given U and A, the distribution only depends on a sample covariance
matrix that is always drawn from the same Wishart distribution. The related sequences {§2¢,, k(vi)};2; and { X} (A2,

defined for all k by fhw,k(uk) = E‘;ul,.k(vk) and Zvr,k(xk) = fz;;(xk) for the Ledoit-Wolf shrinkage covariance and ridge
precision estimator, respectively, can also be considered as generated by a discrete time, time-homogeneous 1 order
Markov process. We now concentrate on the updating of the covariance matrix, before turning our attention to that of
the precision matrix.

Intuitively, it may be expected that the reconstructed network/GGM improves as the number of iterations increases.
This is formalized in the next propositions that, relying on concentration inequalities for the sample covariance matrix
provided by [19,37], state that the fit (in some sense) improves (with a certain probability) over the iterations. More
specifically, the Frobenius and spectral loss of the covariance matrix estimator X' y(Ax) minus the sample covariance
matrix of the next iteration is likely to be smaller in the next iteration than that of the current. This type of probability
is known as a fluctuation inequality (see [5]).

Proposition 1 (Fluctuation Inequality I, Ridge). Let Sy and Sy.1 be sample covariance matrices obtained from samples
with size ny and nyiq, respectively, both drawn from N(0,, X) and let X, i( ) and X y11(A+1) be the corresponding
updated ridge covariance matrix estimators. Denote by R the correlation matrix associated with 3. Define &y = max{[1 —
(R I(Z ) (2 12, [1+R); 7 1( X)) X)p 71Y/2} and & = max; j & . Then, given the current covariance estimate X (i)
with A, > 0, for every Ayr1 € (0, 00), there exists a 8(Ax+1) > O for which:

PUIZr sy (ki) = Sipallf < 112 k() — Sel?)
> 1—min{1, 2exp[log(p® + p) — 3nt>/(16¢)] + 2 expllog(p® + p) — 3nis1t>/(1667)]}.
with t = min{8(Ag41), 3p*E%).
The bound for this probability provided by Proposition 1 is crude (as the inequalities used in its proof are not optimal)
and could be improved upon, but which would not fundamentally alter the qualitative consequences of the proposition.

More importantly, a similar result can be formulated in terms of the spectral norm ||A||, = limq_,oo[Zf:] |dj(A)|q]1/q,
where d;(A) is the jth eigenvalue of the p x p dimensional matrix A.
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Proposition 2 (Fluctuation Inequality II, Ridge). Let S and Sy, be sample covariance matrices obtained from samples with
size ny and ngq, respectively, both drawn from N(0p, X) and let X' (Ax) and Xy 11(Ar41) be the corresponding updated
ridge covariance matrix estimators. Then, given the current covariance estimate X (i) with Ay > 0, for every Ag+q € (0, 00),
there exists a 8(Ag+1) € (0, 1) such that for all t > 1:

PUIZr ki1 (A1) = Siplloo < 127 k(h) = Silloo) = 1 — 4exp(—t2p),
if ngy1 > C[2t/8(Ars1)]?p. Here C depends only on the sub-Gaussian norm of Y ~ N(0,, X).

The norm equivalence between the spectral and Frobenius norms employed in Propositions 1 and 2, respectively,
implies that each contains a bound of the same probability formulated in terms of the other norm. This is not pursued
here.

The implication of Propositions 1 and 2 is that, when ny is sufficiently large, P(||2r$k+]()nk+]) =Skl < ||§,,k()tk) —
Skll) will be close to one. Similarly, for the related probability for the Ledoit-Wolf shrinkage covariance estimator. Put
differently, the fit of the shrinkage covariance estimators may benefit from updating, i.e. the use of a target constructed
from previous data sets. On one hand this suggests a reduction in the potential bias of these estimators (as they are closer
- in Frobenius norm - to the sample covariance matrix). On the other, as shrinkage preserves information from past data
sets, the shrinkage estimators exhibit less variance. The reconstruction of the underlying conditional independence graph
from the shrinkage is likely to profit from the combination of these properties.

Propositions 1 and 2 suggest that the updating procedure may actually converge, as the sequences of estimators are
likely to contract in norm towards the kth sample covariance matrix. As the sample covariance matrices {Sy}p2, are
unbiased estimators of the covariance matrix, i.e. E(S;) = X for all k, one may hope that by the contraction and after
enough iterations they will have a positive effect on the estimators in the sense that the estimators converge in expectation
to the population covariance matrix. This is stated in the next theorem for the Ledoit-Wolf shrinkage estimator and can
be proven straightforwardly by use of the analytic expression of the estimator.

Theorem 1 (Asymptotic Unbiasedness, Ledoit-Wolf). The bias of E‘ew’k(vk) vanishes as the number of updates increases.
Formally, let v, € (0, 1) for all k, then: limy_, oo E[ Xy, k(vi)] = X.

A similar result can be formulated for the ridge covariance estimator (Theorem 2). This requires the existence of the
stationary density of the Markov process generating the sequence { X i (Ax)}z2;, which is warranted (see [32]; Theorem
8.2.14]) by the irreducibility or sufficient mixing and the tightness of the sequence of random variables. The study of the
estimating equation under stationarity of the sequence then delivers the asymptotic unbiasedness of the ridge covariance
estimator ( Theorem 2). A similar line of argument may be applied to {X', «(vk)};e; in order to obtain an alternative
proof of Theorem 1.

Theorem 2 (Asymptotic Unbiasedness, Ridge). The bias of :‘Jr,k()»k) vanishes as the number of updates increases. Formally, let
Ak € (0, 00) for all k, then: limy_, o E[ X, k()] = X.

Effectively, Theorems 1 and 2 state a particular form of asymptotic unbiasedness, in which the sample size increases
in steps equal to or larger than one while the already acquired samples are summarized in the form of the target matrix.
Although the asymptotic unbiasedness in Theorems 1 and 2 is stated in the k-limit (the number of data sets), the actual
sample sizes {n};° are not irrelevant. The latter contribute, together with the choice of the initial target To, to the speed
of the convergence. Data sets with large sample sizes require little shrinkage. Consequently, the estimate is close to the
sample covariance matrix, an unbiased estimator of the covariance matrix. In turn this estimate (or its inverse) serves as
the target for the estimate from next data set, thus steering the next updated estimate towards an unbiased estimate of
the mean. The convergence speed furthermore depends on the norm of the difference between the current estimate or
sample covariance matrix and its target (see Supplementary Material I). Thereby, the size of this norm effectively depends
on how close (in norm) subsequent covariance matrices and the true covariance matrix are. Along with the parametric
specifics of X, this is determined by the data sets’ sample sizes.

A notable peculiarity of Theorems 1 and 2 is the fact that they hold irrespective of the penalty parameter choices. That
is, as long as the penalty parameters are nonzero, the updated estimates are shrunken towards the target and profit from
the information provided by preceding data sets and accumulated in the target. This is convenient as it is thus irrelevant
how the penalty parameters are chosen, although their size matters for the convergence speed. It also expresses that no
matter how much shrinkage is applied the data will prevail.

Finally, not explicitly mentioned but Theorems 1 and 2 convey a traditional asymptotic view, i.e. fixed p while n — oo
(here k — o0). This suffices for practical purposes where the system under study - e.g. a gene-gene interaction network
- is defined from the outset of the updating scheme. Extensions of both theorems into the high-dimensional asymptotic
domain, where p also tends to infinity as a function of the sample size, are hampered by the dependency of current
estimator on the preceding ones, and ultimately on the finite dimensionally sized target of the estimator from the first
data. Those too have to grow with the dimension p for such an asymptotic result. Nonetheless, Theorem 1 can be
extended into the high-dimensional asymptotic domain as the influence of the target vanishes as k — oco. Then, the
asymptotic unbiasedness of the updated Ledoit-Wolf covariance estimator hinges only upon the marginal convergence of



W.N. van Wieringen, K.A. Stam, CE.W. Peeters et al. / Journal of Multivariate Analysis 178 (2020) 104621 5

the elements of the estimator and is thus not affected by an increase of the dimension. Such an extension for the updated
ridge covariance estimator is not immediate and may even be in need of additional assumptions. Such assumptions
are expected be analogous to those warranting high-dimensional asymptotic properties of the graphical lasso estimator
(see [7,23]). These assumptions are, however, hard to verify for real data, which questions their usefulness for practical
purposes [2,3,22]. We therefore refrain from pursuing such results in the remainder.

Next to asymptotic unbiasedness, the updated estimators can — under a particular regime of the penalty parameters —
be shown to be consistent. The proof hinges upon a weak law of the weighted average (see [18]), of which both covariance
matrix estimators turn out to be (approximate) exponents.

Theorem 3 (Consistency, Covariance Matrix Estimators). Let {v};2, be a sequence such that v, € (0, 1) for all k and
limy_ oo(1—vy /[Zk,, (1= vk)]_[ﬁ, 1 vir] = 0. Moreover, let {Ak}§§° be a sequence such that Ak € (0, o0) for all k, )\k > A 2

for all k > ko with ko € N sufficiently large, and limy_, o )L,Hrl/{zk/,_1 o []_[kﬂk,/+1 1— ")} Then, the covariance matnx

P P
estimators Sgw,k(vk) and Er,k(kk are consistent, i.e. ngyk V) — X and Er,k(kk — X as k — oo.

The parameter restrictions in the theorem above, apart from the assurance of convergence of a weighted average,
require that more and more is borrowed from the preceding data sets. Furthermore, with additional restrictions on the
penalty parameter sequences stronger convergence results may be obtained by virtue of other results on the convergence
of weighted averages [13]. In general, i.e. with unrestricted penalty parameters, the estimators are not expected to be
consistent for they may then (due to small values of the penalty parameter) depend strongest on the latest sample
covariance matrix, which is in practice derived from a finite sample. Hence, the variance of the estimators will then
not vanish, which if true, would - by Chebyshev’s inequality - yield consistency.

The results above are reported for the covariance matrix estimators Z‘r,k( ) and ng «(vr) while interest is in their
inverses. The reported results may be expected to carry over to the precision matrices. For instance, the asymptotic
unbiasedness of Theorems 1 and 2 will, much like the fact that E(S) = X while ES H=mn-p+ 1)*12’], imply that
E[£2; k(X)] = b2 for some b > 0. The precise value of this constant b is irrelevant as it will vanish in the derivation of the
partial correlation matrix, the basis for the reconstruction of the conditional independence graph. Indeed, the consistency
- and thereby the asymptotic unbiasedness - of the covariance matrix estimators transfers to their inverses, which is a
direct consequence of the Continuous Mapping Theorem (see [36]):

Corollary 1 (Consistency, Precision Matrix Estimators). Let {v}p2, be a sequence such that v, € (0, 1) for all k and
limy_s oo(1—g /[Zk,/ (1= ]_[k/ 1 V] = 0. Moreover, let {A}2 beasequence such that Ak € (0, oo) for all k, Ak > Ak

for all k > ko with ko € N sufficiently large, and limy_, o A, +]/ D ey A Y []_[;?r 1,<,, +( Ay 1}. Then, the precision matrix

P P
estimators .Q@w,k(vk) and .Qr,k()hk) are consistent, i.e. .ng,k(vk) —> £2 and Qr,k(kk) —> 2 as k — oo.

To provide some intuition behind the consistency results consider the following scheme of the Ledoit-Wolf shrinkage
parameter v, = (k + 1)7 1 for all I< ThlS scheme reduces the Ledoit-Wolf shrinkage estimator to the pooled sample
covariance estimator Z‘pool v = k1 Zk’—l S, a well-known consistent estimator of the covariance matrix. A similar
observation can be made for the ridge covariance estimator. Hereto approximate the ridge covariance matrix estimator
around ‘A, = oo’ by the first order negative term of a Laurent series: X yi1(Ag+1) = (1 — kkﬂ) rk(Ak) + )‘k+1sk+1 +
O(Ak_f]). Now choose Ay = (k + 1)~' for all k and conclude that for appropriate schemes of the penalty/shrinkage
parameters both estimators behave as weighted averages. These weights determine how the current estimate is weighed
against new data.

In simulation we investigate the effect of the sample size n and dimension p on the convergence of the estimators.
Data with fixed sample size n € {10, 25, 50, 100} are drawn K = 10000 subsequent times from A/(0p, 7" with
p € {10, 25, 50, 100}. The precision matrix {2 has unit diagonal and three off-diagonal bands. Its elements are specified
through: (Q)ﬂ =1 forj e {1 , ,p} ( )”+] = 5 (Qz)ﬁ,]J forj e {1, ..., D= 1}, (Q)]]+2 = % = (92)j+2,j for
je{l,....p—2}, (.Q)”+3 = 10 = (§2;)j43 forj € {1,...,p — 1}, and zero otherwise. The precision matrix is estimated
from the K data sets in accordance with updating scheme (1) where the penalty parameter X is chosen through leave-one-
out cross-validation (LOOCV). Updating is initiated with three different targets: a zero target T, = 0y, a diagonal target
T, = I, and a perfect T, = £2. For each (n, p, T, )-combination the updating scheme is run twice. For the kth estimate
its ‘bias’, Z“ _][.Qr k(AK)ljj — (92); 5, and its squared error, ||_Qr (Ak) — ()||F, are plotted against k (see Supplementary
Material II). The plots reveal that for any (n, p, T,)-combination the ‘bias’ and the squared error of the estimates tend to
zero as k increases. An increase of the sample size n reduces the variation in these quantities. The biggest effect on the
‘bias’ and squared loss is attributable to the choice of the initial target T,. The closer this target is to the true precision
matrix, the faster the convergence of the ‘bias’ and squared loss to zero. Irrespectively, the effect of the choice of the
initial target is washed out after enough updates. But with larger dimensions p it takes longer before the effect of the
choice of the target T, is washed out. Finally, the two replications of each setting do not differ much, suggesting that the
convergence of the updating process is stable.

The assumption made in the beginning of this section that each draw originates from the same multivariate normal law
is untenable in practice. For instance, the ko-th draw may stem from a multivariate normal law with a different precision
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matrix. Then, when the pooled covariance matrix estimator )A?pool,ko is employed, the ‘outlying’ draw contributes to the
pooled estimator equally to the other draws. Its influence on the estimator will then persist and only slowly vanish as the
number of draws increases. The discussed shrinkage estimators offer the possibility to ignore this ‘outlying draw’ through
large values of A, and vy,. Such strong penalization overrules the ‘outlying’ draw in favor of the target (based on the
preceding draws). As such, updating by shrinkage estimation has robust potential.

Updating via shrinkage to the previous estimates, thereby using a nonzero target, affects the properties of the ridge
precision estimator. This is sketched in Supplementary Material III.

3. Why updating works

Intuition is provided as to why updating improves the knowledge of the sought-for network. In this and the next two
sections the subscript k of the estimators is temporarily dropped to reduce notational clutter.

3.1. Target as prior information

Updating is the bread and butter of Bayesian inference (see, e.g. [4]). With each penalized estimation procedure
having a Bayesian analogue, it is natural to ask whether updating via targeted penalized estimation can be viewed
from a Bayesian perspective. Indeed, the target matrix serves as prior information on the Gaussian graphical model.
This is due to the fact that both precision/covariance estimators have - under the assumption of a suitable prior - a
Bayesian interpretation. For the shrinkage estimators assume an inverse Wishart prior for X': X ~ ZW(c,; Ty, M, ). Then,
E(X |S) = (¢, Tew + nS)/(m,; +n — p — 1), which coincides with 3/, (v) for suitable choices of ¢, and m,. Similarly, for
the inverse of the shrinkage covariance estimator assume {2 ~ W(c;lT;,j » My,). Then: E(£2|S) = (m,, +n)(coTew + ns)~ .
As before, for suitable choices of c,, and m,, this posterior mean equals §2,,(v). For the ridge precision estimator it is
unknown which prior induces a posterior with a mean that coincides with it. Would instead the maximum a posteriori
(MAP) estimator be used, it is immediate from the penalized log-likelihood that the prior has to be normal-like around
the target to produce the ridge precision estimator as MAP. Laplace’s method may then be used to produce a full normal
approximation to the posterior mode (i.e. the ridge precision estimator). The Bernstein-von Mises theorem [36] specifies
the conditions that ensure the quality (in some sense) of this approximation. In conclusion, for both the Ledoit-Wolf
shrinkage and ridge estimators the target matrix can thus be interpreted as the location of the prior of the Gaussian
graphical model parameter. Hence, the proposed updating procedure via targeted penalized estimation may be viewed
as a frequentist’s analogue of Bayesian updating.

3.2. Eigenspace updating

The use of a target matrix affects both the eigenvalues and vectors of the ridge precision estimator as pointed out
by [42]. In particular, the eigenvalues are shrunken to those of the target matrix. To see this consider the eigendecom-
position of the matrix S — AT, = S_MDS_MVLM with Vi_;; and diagonal D,_;; the matrices with eigenvectors and
eigenvalues, respectively. The eigendecomposition of the ridge precision estimator then is:

nr()\) = vs—kt[%Ds—At + ()\lpp + %Df_lt)l/z]—lv;r_)\t’

in which we dropped the subscript r on the right-hand side to avoid notational clutter. For a general target, the eigenvalues
of the ridge precision estimator shrink - for large values of the penalty matrix - to those of the target matrix (cf.
Proposition 1 of [42]). It is illustrative to consider an equivariant and rotational invariant target T, = alpy. With such
a target the eigenspaces of £2.(1) and S coincide and the eigenvalues of the former are:

Do) = {3(Ds — Aatlyp) + [Aly, + (D5 — Aardp)*1'/21 1

From this it can be seen (e.g. see [42]) that lim,_, o Doy = alpp.

Not mentioned in [42] is how the inclusion of a general target affects the eigenvectors of the ridge precision estimator.
With a null or diagonal equivariant target the span of the eigenspace is derived from the data, i.e. S. With a more
general target not only the spread along the eigenvectors is shrunken, but also the canonical direction of the spread
is changed. This is summarized in Theorem 4 which, relying on standard linear algebra, matrix perturbation theory [33]
and the Davis-Kahan sin(®) theorem [9], states how the eigenvectors of the ridge precision estimator are affected by the
penalty parameter. An analogous theorem for the Ledoit-Wolf shrinkage estimator can be formulated. Fig. 1 illustrates
the properties of Theorem 4. The left panel shows that the eigenvectors of §2,(1) are a rotation of those of S. The right
panel plots the angle between the first eigenvector of S and that of §2,(1) (i.e., Z(Vs 1, Vu(a),1) Where / denotes the angle)
against A.

Theorem 4. Let Vs, V¢, V) the matrices with eigenvectors as columns of S, T, and ?Z(A), respectively. Then, the map A — V)

(i) is continuous;
(ll) has limits limuo Vw(k) =V and limkﬁoo Vw()‘) =V
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eigenvectors vs. lambda
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Fig. 1. Top left panel: eigenvector of £2.()) for various choices of A. Top tight panel: the angle between the first eigenvector of S and that of £2,())
(i.e., Z(Vg1,Vu),1)) vs. A. Bottom left panel: angle between the eigenvectors of X and its kth updated estimate. Bottom right panel: eigenvalue
difference between that of X and its kth updated estimate.

(iii) can be described by the rotation V) = R, Vs with R, a rotation matrix;
(iv) is constant if Vs = V.. In particular, when in addition the eigenvalues of S and T are reciprocal, we have 2(1) = S~!
for all A (provided S~ exists).

With respect to updating the above theorem implies that the angle between corresponding eigenvectors and distance
between corresponding eigenvalues of X' and its estimate will vanish. This is illustrated for the updating scheme of the
ridge estimator by means of a simple 2 x 2-dimensional example. The scheme starts with an initial guess {2, unit diagonal
and off-diagonal element equaling 0.9. Then, ten samples are drawn from N(0,, X) with (X);; = 5, (¥); = 1, and
(X)12 = 0.1 = (X');. From these data the first estimate of the covariance matrix, X, 1(A;) with A; = 100, is obtained.
This step is repeated a hundred times with the same penalty parameter choice throughout, each time the latest estimate
serves as input for the next one, thus in accordance with updating scheme (1). The results, angle and eigenvalue distance,
are plotted in the lower panels of Fig. 1. Convergence of both quantities is observed.

4. Practical complications

In practice issues may arise that hamper updating or require down-stream manipulation of the estimate. Here two
such anticipated complications are identified and possible solutions are outlined.
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4.1. Batch effect

A target matrix may be constructed from pilot data, but batch effects may cause differences between the pilot and
current data. Amongst others these differences may exhibit themselves in the scale. It may then be desirable to scale the
target derived from the pilot data derived to match that of the current data. More precise, the target matrix T to be used
for the current data is related to the covariance estimate obtained from the pilot data through a multiplicative constant:

= yZ‘wlot Effectively, this uses the data once-and-a-little bit, much like an empirical Bayes procedure — which learns
few low-dimensional hyperparameters from data It remains to derive an estimator for y, for example through likelihood

maximization. The log-likelihood, log |y~ 1Z'pl,m| tr(Sy -13 1 is maximized by the estimator y = tr(SE‘;llt)/p, which
can be used to correct the scale of the target.

An alternative batch correction approach would be to Gaussianize the data using the probability integral transform [24].
Apart from the convenient fact that Gaussianization forces the data to adhere to our normality assumption, it replaces
this assumption by that of a nonparanormal distribution [24], effectively, a Gaussian copula model. [24] show that the
Gaussianization preserves the conditional independence structure underlying the data. After Gaussianization data from
different studies are more likely to be modeled by a distribution of the same normal form, as assumed throughout this
work.

pl|0t)

4.2. Multiple targets

Multiple sources may provide information on the precision matrix. When each source yields its own quantitative
suggestion on {2, multiple targets, denoted Ty, ..., Tg and each being positive definite, are available. For the Ledoit-Wolf
shrinkage covariance estimator [ 14] show how multiple targets may be dealt with. For the ridge precision estimator these
targets can be included in the estimation of £2 simultaneously through a weighted ridge penalty. This leads to the loss
function:

G
log(|£2]) — tr(S2) — 2. ) _ a2 — T3,
g=1
with @1 + - - - + ag = 1. The penalty is thus a weighted average of the individual ridge penalties. The weighted average
of concave ridge penalties is itself concave and, consequently, so is this penalized log-likelihood, thereby ensuring a
unique maximum. Finally, note that the size of the «,’s determines how informative the corresponding target T is for
the estimation of the precision matrix.

The weighted ridge penalty induces, when the maximization of the penalized likelihood is reformulated as a con-
strained estimation problem, a parameter constraint. For illustration purposes the constraint, {2 > 0 : 25;1 a2 —
Tg||% < c()\)} with c(A) some positive function of A, is visualized in the Supplementary Material IV for the case a 2 x 2-
dimensional precision matrix with two targets and various choices of «. For each choice of «, the constraint is spherical,
as to be expected from a ridge-type penalty, with its center at the average of the targets, weighted by the «. The sphere
is smallest in diameter for o being uniform, while largest when oz = 1 for any of theg =1,...,G.

An explicit expression of the estimator, given A and «, can straightforwardly be derived. The estimating equation of
2, after following a derivation analogous to that presented in [42], is:

2771 —S— AN+ AT =0,,
where T = Z§:1 a,T,. The estimator of {2 then equals the root of this equation, which is (cf. [42]):
0., @) = (3(S = AT) + [y + §(S — AT71"%) 7, (3)

where o = (a1, ..., ag). The properties of the ridge precision estimator as formulated in the introduction then carry over
to the estimator above:

Theorem 5. Let ﬁ(k, «) be defined as in Display (3). Then
(i) (k a) > 0;
(i) lim; o .Q(A o) = S 1 (provzded S>0);
(iii) llm,HOO A, a)=
(iv) (A a)isa consistent estimator of £2 if A, LN 0 for n — oo;
(v) for a suitable choice of A, the precision estimator .Q(A o) outperforms the ML precision estimator in terms of the mean
squared error.

An informed choice of the A and « is made by cross-validation. Cross-validation is feasible as practice suggests that the
expected number of available targets is unlikely to exceed three, thus limiting the number of parameters to be determined
by cross-validation. Cross-validation divides the samples into a pre-specified number of non-overlapping and exhaustive
subsets. Each subset is left out once, while the remaining subsets are then used to estimate the parameters of interest for
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given A and «. The performance of the thus obtained parameter estimates is evaluated through the log-likelihood of the
left out subset. The average of these performances reflects the quality of the employed A and «. The A and « that yield
the maximum cross-validated log-likelihood are considered optimal. The Supplementary Material IV contains a simulation
that reveals that ridge estimation with multiple targets and cross-validated parameters A and « can indeed distinguish
between various targets.

4.3. Edge selection

For display and communications purposes the conditional independence graph underlying the estimated Gaussian
graphical model needs to be inferred. To select edges [42] invoke the work of [12] and [34] to arrive at a probabilistically
motivated threshold on the estimated partial correlations. That work is also applied here. It assumes that in the underlying
conditional independence network most edges are absent. The fraction of absent edges is denoted by . In the precision
matrix the absent/present edges correspond to a zero/nonzero diagonal element. This also holds for the corresponding
partial correlations. The marginal distribution of the latter is then assumed to follow a mixture of the form: mqfo(r) +
(1 —mo)f1(r), where fo(r) and f1(r) are the densities of the absent and present edges, respectively. By the assumption that
most of the edges are absent, most partial correlations follow the fy(-)-law. Using the (say) 80% percentage of the partial
correlations closest to zero, the implementation of [34] estimates fy(-) by means of a truncated likelihood approach. With
fo(+) available, one can now calculate the probability of an edge being absent giving the observed partial correlation. This
probability can be endowed with a local FDR (False Discovery Rate) interpretation (see [12]). A cut-off on this probability
is then to be chosen and used as the selection criterion.

5. Conclusion and discussion

We studied the problem of learning a Gaussian graphical model from an experiment that is carried out repeatedly.
When data from the next experiment become available, the current estimate of the model parameter needs updating. We
proposed to re-estimate the parameter by means of shrinkage estimators that strike a balance between the latest estimate
of the parameter and the new experimental data. The resulting estimators yield with high probability an improvement
in fit for subsequent experiments. Moreover, the sequence of estimators was shown to be asymptotically unbiased and
consistent. Intuition behind the workings of updating was provided by linking it to Bayesian updating and studying the
relation between the eigenspaces of the current and updated estimator. Next, the effect of updating on moments and
loss of the estimators was discussed. Practical complications that may be encountered when updating were identified
and possible solutions outlined. Finally, the proposed updating procedure was illustrated on pathway data from five
consecutively published breast cancer studies.

The employed shrinkage-type estimators, endowed with a post-estimation selection procedure, may be replaced by a
lasso equivalent (as presented in [41]). This equivalent yields sparse estimates, sparse not in the sense of the vast majority
of parameters being zero but many elements of the updated parameter estimate not deviating from the corresponding
elements of the current one. Selection by this lasso estimator thus refers to the fact that the data give rise to update a
particular parameter element to a novel value.

Follow-up work will concentrate on a choice of the penalty/shrinkage parameters. Cross-validation (employed here)
may be improved upon - perhaps via constraints - to yield a {A¢}p2,; and {v};2, scheme that ensures fast convergence.
Moreover, as for certain such schemes both estimators exhibit the behavior of a weighted average, the weighing scheme
may robustify the estimators against an outlying sample.

Another issue to be addressed in future research is the possibility of heterogeneity at the sample level. To deal with such
heterogeneity one commonly assumes a mixture model, here a mixture of Gaussian graphical models [1]. This mixture
model, assumed to be static, is to be updated over data sets, for which the penalized estimation procedure of [1] can be
used. This brings about several issues that need resolving: (i) it needs to be decided on the outset (or via some model
selection procedure) how many components are to be included in the mixture; (ii) the label switching problem becomes
prominent and an efficient algorithm to address this is required; (iii) samples from each component of the mixture may
be underrepresented in some data sets and the EM algorithm needs to deal with small mixing proportions without risking
overfitting; (iv) finally, of course, it remains to translate the theoretical results for a single Gaussian graphical model to a
mixture of such models.

Finally, the domain of application of the proposed methodology extends beyond that of omics-data, in particular
to epidemiology. Examples of large and long-running epidemiological studies are the LASA-study (https://www.lasa-
vu.nl/index.htm), the Hoorn-study (https://hoornstudies.com/), and the NaKo-study (https://nako.de/informationen-auf-
englisch/). Weekly or monthly updates, i.e. interim-analysis, result in much larger K than that of the presented application.

6. Proofs
Prior to the proof of Proposition 1 several prerequisites are stated.

Lemma 1. Assume T, ! #S. Then, ||E‘r()») — S||§ is strictly increasing in .
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Proof. The proof proceeds by showing that the derivatives of the squared norm with respzect to A is strictly positive.
Write the squared Frobenius norm as a trace and expand its argument: || X' (1) — S||% = tr[ X, (A)] = 2tr[ X (A)S] + tr(S?).
The derivative w.r.t. A of the right-hand side is:

d o o d -
) = sIE = 26| [ £ - 8] = B}, (4)
where: %E(x) = 1[Alp + 3(S — AT, ]~ 23 IZ, (k) — T,]. Substitute the latter into Eq. (4) and use that X,(})

satisfies the estimating equation, i.e. E‘r(k) —-S= A[Er (A) — T,], to arrive at:
d =~ 1S -1
128 = SIE = atr{dy, + 3(S — AT Y1V E (A, (1) — T}

. . ey . . .. .. -1
This trace is positive, whenever each term in the trace is positive definite. Only the last term, [X, () — T;]?, may be

semi-positive definite, but only if f‘; 1(A) = T,. This occurs either when S = T, ! (which is excluded by the conditions of
the lemma) or in the limit A — oco. O

A direct consequence of this lemma is stated next.

Corollary 2. Consider the sequence of sample covariance matrices {Sx};2, formed from different draws of the same N(0p, X)-
law and let {Er Kk(MY2, be the sequences of corresponding updated ridge covariance estimators, respectively. Then, given
current covariance estimate Z’r_k()\k) the updated ones improve the fit: ||Er,,<+1()»k+1) Sk+1 ||F < ||Z‘r k(Ak) — Sk+1 ||F,for all
)»k+] S [0, OO)

The following corollary follows from Lemma 12 in the supplementary material of [19].

Corollary 3. Let S, and S, be sample covariance matrices obtained from samples with size n, and ny. 1, respectively, drawn
from N(0p,, X). Denote by R the correlation matrix associated with X. Define & y = max{[1 — (R)j’j/][(z)j’j(E)j/,j’]l/z, [1+
Ry 11(X);(X)y 1'%}, Then, for all ¢ € [0, 3p°€7):

p
P(IS1 = X7 + IS2 — ZII? zt)smin[1,4 > {expl—3nmt?/(1687; )] + expl—3ni /(1687 )}}.
j=1j'=j

In particular, when & is defined as max; &y, for all t € [0, 1p?&?):
P(IS1 = 27 + 112 = Xl = t)
< min{ 1, 2{exp[log(p® + p) — 3mt*/(16£%)] + exp[log(p® + p) — 3ny1t>/(16£%)]} }

Proof. The proof bounds the probability of the complementary event:

P(IS« — ZIIF + IS — ZlIF <t) = P(ISk— ZlIf < 3t ISk41 — Zll7 < 3¢t)

> P(IS)yy —(Zygl <tjell,....phj €dli,....p),

(Sk1)iy — (Bl <tje{l,....p}LJ €l.....p}.),
p

>max{0, > P(S)y —(Z)yl <)

j—1 J=j

+ Z |(Se1)iy — ()l < E) =12 x 3(0° +p) — 11}
j=1j=j

p
= max{0, 1 - Z P(IS)yy — ()l = 1) + P(ISks1)y — (X = ©)1}
j=1j'=j
p
> max{0, 1 — Z 4fexp[—3mt? /(167,)] + expl—3m 12 /(16€7,)1}}
j=1j'=j
where the j' runs from j to p in order to exclude duplicate events stemming from the symmetry of S, and Z’ which
do not add to the probability, £ = 2=1/2p~1t1/2, Fréchet's inequality to the probability of the conjunction of 2 x 1(p? + p)
has been applied, and, finally, Lemma 12 of the supplementary material of [19] with t € [0, 25“ ). O
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We are now ready to prove Proposition 1.

Proof of Proposition 1. From Corollary 2 it follows that for any A1 € (0, co) there exists a §(Ags+1) > 0 such that:

12 ki1Ghern) — Sl + 8(hg) = 12, k(Ak) — Sk 17
< 12 k(i) = Sl + 1Sk — ZlIF + 1Sk1 — 2117

where the triangle inequality has been applied repeatedly. Hence, if ||S, — 2||§ + ISk+1 — 2||§ < 8(Aks1), then
I s kr1(hiet1) — Skl < 1 X5 k(Ak) — SkllZ. The probability of this happening can, using Corollary 3, be bounded as:

P(ISk = ZIIF + ISkt1 — ZF < 80ur1)) = 1= P(ISk = ZlIF + ISk11 — FF = 8(hir1))
>1- min[l, 2{exp[log(p® + p) — 3mt*/(16&*)] + expllog(p* + p) — 3nk+1t2/(16€2)]}],
with t = min{8(Ak+1), 1p?€?} and & defined as in Corollary 3. O

Prior to the proof of Proposition 2 a prerequisite is stated.

Lemma 2. Assume T, ! # S. Then, for ¢ € N, ||§‘r()») — S||q is strictly increasing in A. In particular, the monotony of the
difference persists into the spectral norm (|| - ||so)-

Proof. Analogous to Lemma 1, the proof proceeds by showing that the 2clerivative of the norm with respect to X is strictly
positive. Write the Schatten g-norm as a trace: || X(1)—S|lq = [tr({[Z‘r(A)—S]Z}Q/z)]1/q (where [-]7 is written as {[-]*}%/?
is to emphasize and ensure the positiveness of the quantity under study). The derivative w.r.t. A of the right-hand side
is:

d =~ - _ - 2 1 d -
1) = Sl = (1Z,0) = S1) e ([ £ = S [ B0 - 8] - Bo0). (5)
where %E(k) is as in Lemma 1). Substitute the latter into Eq. (5) and use that E’r(k) satisfies the estimating equation,

ie. ¥,(\)—S= A[E’:l(k) —T,], to arrive at:
d =~ ~ —~ ~
o [ 2:(0) = Sllg = (1 2(A) = Sllg) " 9Atr([ALy + 2(S — AT, 2172 2. 0){[ X1 (1) — S1P}9?).

This trace is positive, whenever each term in the trace is positive definite. Only the last term, [E’,(A) — S]%, may be
semi-positive definite, but only if X'(1) = S. This occurs either when § = T, ! (which is excluded by the conditions of
the lemma) or in the limit A | 0. By I'Hopital’s rule the derivative is still positive in this limit.

_Extra work is needed to prove the monotony of the spectral norm (¢ = o0). Hereto we study the sequence
{12:(x) — Sllq}gio and that of its derivative with respect to A. Both sequences are bounded as || X(1) = S|lq < | X:(M)llq
by Corollary 4.1.3 of [17]. For the sequence of derivatives, we have (by the nonnegativity of the trace of a product of two
semi-positive definite matrices):

d _ -~ - —~ o~
anzr(x)—ansrldm(||Er(x)—5||q)“"tr({[2r(k)—SJZ}W) = A dnal| 2 (M) =Sllg < A7 a2 (W)lg,

where d,,., is the largest eigenvalue Rf [Alpp + %(S — AT, 2712 E‘r()\), which, by the positive definiteness of this matrix
product, is positive. The limit of {||X.() — Sllq}g‘;0 is the spectral radius, that is, the largest (in the aEsolute sense)
eigenvalue as follows from Gelfand’s formula. By the smoothness and boundedness of the map A +— X,(A) — S and
the definition of the spectral radius the point-wise limit is itself smooth. Due to their boundedness these sequences (of
continuous functions) converge point-wise. In particular, by Dini’s theorem [30] they converge uniformly on any compact

interval of . We may now invoke Theorem 7.17 of [30] to conclude:

d < od o~ _ -
allﬂr(k)—sllm=q1ggoa||2r(k)—sllq > 27 dinl| ¥:(3) = Slloc >0,

where the inequality originates from the same argument (here used in the opposite direction) as that in the preceding

~

display and d,;, denotes the smallest eigenvalue of [Al,, + (S — AT:)*]~/2 3, (1), which, by the positive definiteness of
this matrix product, is positive. O

We are now ready to prove Proposition 2.

Proof of Proposition 2. From Lemma 2 it follows that for every Ay € (0, oo) there exists a §(Ar+1) > 0 such that:

12, ks 1(hics) = St lloo 4 8his1) = 12 a(h) = Sipalloo < 12 k(i) = Sklloo + 1Sk = Zlloo + ISks1 — Zlloos
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where the triangle inequality has been applied repeatedly. Hence, if [|Sx — Xllcc + ISk+1 — Xlloo < 6(Ak41), then
13 k1 (Akt1) =Sk lloo < 1| 21 k(Ak) — Sk |l 0o- The probability of this happening can, using Corollary 5.50, [37], be bounded:

P(IISk — Zllso + ISks1 — 2||m < 80u+1)) = P(ISk — Zlloo < 18(xk+1), ISkt — Zlloo < 38(Aks1))
> max{0, P(IISk — Xlloc < 38(Ait1)) + P(ISks1 — Zlloo < 38(hs1)) — 1} > max{0, 1 — 4exp(—t°p)},
for nyq > C[2t/8(Ms1)Pp. O

Proof of Theorem 1. Define E’k(uk) = (1 — v )Sk + vkTey k- Let Toy = /Z\‘k_l(vk_l). Then:

k() Z[ 1_[ W]U — V)8 + [l_[ VK]T(wl

k=1 {=k+1

This is a weighted average of all sample covariance matrices, placing more weight on the more recent ones, and the initial
target matrix. In the k — oo limit the second summand of right-hand side of the preceding display will vanish for all
vx € (0, 1). That is: limy_, o Sgw k(ve) = limg_ oo ZK 1[1_[45 et vz](l Av,()S . Each of these sample covariances is an
unbiased estimator of X. Hence, so is the weighted average: limy_, o E[ Xy, (k)] = X. O

Proof of Theorem 2. The proof proceeds by showing the existence of a stationary density of the Markov process defined
by the updating of the ridge covariance estimators. Then, using stationarity, the claimed result is easily seen from the
estimating equation.

The conditions for the existence of a stationary density of a discrete time, time-homogeneous Markov process with
a continuous state space are specified in Theorem 8.2.14 of [32]. By this theorem it suffices to show for the process
at hand that (i) it is irreducible, i.e. it satisfies the mixing condition, (ii) it exhibits geometric drift to the center, and
(iii) the sequence of its marginal densities is uniformly integrable. Conditions (i) and (ii) are checked next, as the uniform
integrability follows from a general argument laid out in [32] and that is applicable here.

The mixing condition requires to show that any U € S, ; reachable from U’ € S, with positive probability. From the
analytic expression of the estimator,

s ot P
i1 (hie) = 3[Ske1 — Mer1 X )] + s lpp + 38k — M 2 ()12,

it is immediate that any Sy, of the form Sy 1 = Ary1 :‘J;;(kk)—l—U” will remove the influence of the preceding (time-wise)
estimator. The problem now reduces to showing that an S;; of this form may assume any value in S, with positive
probability. From the estima/t\ing equation, Sy = E‘r k1 (A1) — Akt Z‘r ,{+1(Ak+1)+)\k+1 E, k()‘k) it is clear that U” shares
its eigenspace with that of X, . 1(Ak+1)- Let D, 141 denote a diagonal matrix containing the eigenvalues of Er k1 (A1)
That of U” then needs to equal D, 1 — Ak+1D, 1 to warrant that the updated estimator indeed equals Z‘r,kﬂ()\kﬂ)
Rests to verify that the required Sy is symmetric and positive definite, which then, by the fact that it follows a Wishart
distribution, has positive probablllty The symmetry of Sy is immediate from its construction. Its positive definiteness
is warranted if D, 1 — )LkJrlD(r 41 > 0, which happens when mmj{dlag( > k+1)} > Mer1 > 0. As the penalty parameter
hiq1 is chosen in data-driven fashion, it may be thought of as following some distribution: Ax; ~ f.(-) with positive
probability on R. . Hence, P[minj{diag(Di.kH)} > Ags1] > 0.

For the process’ geometric drift to the center let K[U’, U] denote be the Markov kernel of the process, i.e. the density
of U given that the previous kth observation equals U’, such that f St K[U’,U]dU = 1. Then, let f,, be the density of the
Wishart distribution and bound the conditional expectation of the estimator as:

/ [Ullq K[U', U] dU S/ ||U—5k+1||q1<[U’,U]dU+/ ISkt 1llg Mpp + At 18| fiv(Skr1) dSicin
S+ S+

S+

_ / oI’ — Sy, K[V, UTdU + f 1St Moy + 2182, Lfov(Ses1) dSeas
S+ S+

IA

U f K[U', U] dU + & / ISe11,K U, U] dU
St+ S+

+/ ISk-+11lg Mop ~+ Akt 121 | fn (k1) Ak
S+

IA

al|U'lg + 2/ ISk111q Mop + A 1S4 | fn(Sk1) dSksn
S+

where o € (0, 1), Lemma 2 has been inferred, and the Jacobian determinant is derived from the reformulated estimating
equation of the ridge precision estimator: Sy 1 = X1 — Agrq Z‘,;]] ~+ Ak+12k. From which the tightness of the sequence
now follows.

To conclude the proof, use the fact that by Theorem 8.2.14 of [32] the process converges to a stationary density.
For large enough k the process may be assumed to have reached stationarity. Then, consider the estimating equation:
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:‘:‘kH(AkH) — Sk = kk+1[:§’k+1(kk+1) — :‘Jk(kk)]. Take the expectation with respect to the stationary distribution,
and note that the right-hand side in the preceding display cancels. Hence, E[ X'}, 1(Ak+1)] = E(Skyr1) = X for large
enough k. O

Proof of Theorem 3. The proof invokes Theorem 1 of [ 18] on the weak law of weighted averages. It is left to verify, under
the specified assumptions, that the ridge and Ledoit-Wolf shrinkage covariance matrix estlmator sequences satisfy the
conditions of Theorem 1 of [18]. First define the pooled covariance matrix estimator ZPOO, r=k" Zk/ 1 Si- This average
of sample covariance matrices is an unbiased and consistent (in k) estimator of X'. The sequence of Ledoit-Wolf shrinkage
covariance estimators { X', «(vk)}p2; is itself a sequence of weighted averages of the sample covariance matrices as:

2wk Z[ l_[ W] — Ve )Se + [ﬁ VK:ITZUJ,L

k=1 {=k+1 k=1

By the condition on {v};2, the weights of this weighted average satisfy the condition of Theorem 1 of [18], and
convergence in probability follows (by Theorem 1 of [18]) from that of the pooled covariance matrix estimator.

For the ridge covariance estimator assume, without loss of generality, that the sequence { X' y41(Ars1)}p2, 1S initiated
by the stationary density. Hence, the sequence is stationary and unbiased from the start, irrespective of the choice of the
penalty parameters. Now approximate the ridge covariance matrix estimator around ‘Ay = oo’ by the first order negative
term of a Laurent series:

i) = (1= A% kw) + A,:j1s,<+1 +O00)

(1 — gt DI = D Z (1) + A 'Sk + Ay St + OO ) + O 2)
k+1 k+1

Z al [ TT (= 2h]se + 2l iSer + - 00.2)

kK’'=1 kK'=k"+1 k=1

in which we have used (or chosen such) that )Lk” > )\,:2 for all k. By the conditions on the penalty parameter, and thereby
the weights in the last expression of the preceding display, and the consistency of the pooled covariance matrix estimator,
application of Theorem 1 of [18] concludes the proof. O

Proof of Theorem 4.

(i) The eigenvectors of f)(x) coincide with those of S — AT (cf. [42]). Matrix perturbation theory [33] then provides
that, for § > 0 small enough, V45 &~ Vi) + 8g(A, S, T) with g() a smooth function that does not involve §. Put
together this warrants the continuity of the defined map from the penalty parameter to the eigenvectors of the
ridge covariance and precision matrix. .

(ii) Proposition 1 of [42] states that lim, o .Q( ) = S~! (should it exist) and lim,_,« §2(1) = T. In combination with
the continuity shown in part (i) the statement is now evident.

(iii) The existence of a rotation matrix follows directly from the fact that any orthonormal basis of RP is a rotation of
any other orthonormal basis of that space. Rests to show that A — R; is continuous. This is warranted by a variant
of the Davis-Kahan sin(®) theorem [9] that states that the principal angles between two sets of eigenvectors from
two matrices can be bounded by a constant times the difference of these matrices. This constant depends on the
distance of contiguous eigenvalues of one of these matrices, but not on their difference. Part (i) of the oroposition
then warrants, for any ¢ > 0, the existence of a § > 0 such that the difference between R; and R;_s is smaller than
e.

(iv) When V; = V; it is immediate that S — AT = V(D; — )\Dt)VT Thus, as the elgenvectors of .Q(A) coincide with
those of S — AT, then V,,;) = V;, which is independent of A. If additionally Ds; = Df_ , the eigenvalues of [.Q( 3!
equal: D}, = AI/Z[D—H »+D?)!/2], where D = 3(A712D, — 212D ). Using ready algebra applied to the diagonal
elements of D (») it can now be seen that Dwm simplifies to D;. O

Proof of Theorem 5. Note that: A Z _1 o102 — Tg||F x A2 — T||F Parts (i), (ii), (iii), (iv) and (v) are now immediate
from the corresponding statements on the ‘regular’ ridge precision estimator given in [42] and [40]. O
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Appendix A. Supplementary data

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.jmva.2020.104621. The
supplementary material contains (i) the proofs of and related material to the theoretical results (pdf-file) (SM I), (ii)
simulation results (SM I, III, IV), and (iii) an application illustrating the methodology (SM V). Finally, R-scripts (. r-files)
of the data analysis are provided.
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