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Abstract: Heterogeneity is an unwanted variation when analyzing aggre-
gated datasets from multiple sources. Though different methods have been
proposed for heterogeneity adjustment, no systematic theory exists to jus-
tify these methods. In this work, we propose a generic framework named
ALPHA (short for Adaptive Low-rank Principal Heterogeneity Adjustment)
to model, estimate, and adjust heterogeneity from the original data. Once
the heterogeneity is adjusted, we are able to remove the batch effects and
to enhance the inferential power by aggregating the homogeneous residuals
from multiple sources. Under a pervasive assumption that the latent het-
erogeneity factors simultaneously affect a fraction of observed variables, we
provide a rigorous theory to justify the proposed framework. Our frame-
work also allows the incorporation of informative covariates and appeals to
the ‘Bless of Dimensionality’. As an illustrative application of this generic
framework, we consider a problem of estimating high-dimensional precision
matrix for graphical model inference based on multiple datasets. We also
provide thorough numerical studies on both synthetic datasets and a brain
imaging dataset to demonstrate the efficacy of the developed theory and
methods.
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1. Introduction

Aggregating and analyzing heterogeneous data is one of the most fundamental
challenges in scientific data analysis. In particular, the intrinsic heterogeneity
across multiple data sources violates the ideal ‘independent and identically dis-



3910 J. Fan et al.

tributed” sampling assumption and may produce misleading results if it is ig-
nored. For example, in genomics, data heterogeneity is ubiquitous and referred
to as either ‘batch effect’ or ‘lab effect’. As characterized in [29], microarray
gene expression data obtained from different labs on different processing dates
may contain systematic variability. Furthermore, [30] pointed out that hetero-
geneity across multiple data sources may be caused by unobserved factors that
have confounding effects on the variables of interest, generating spurious sig-
nals. In finance, it is also known that asset returns are driven by varying market
regimes and economy status, which can be regarded as a temporal batch effect.
Therefore, to properly analyze data aggregated from multiple sources, we need
to carefully model and adjust the unwanted variations.

Modeling and estimating heterogeneity effect is challenging for two reasons.
(i) Typically, we can only access a limited number of samples from an individual
group, given the high cost of biological experiments, technological constraint
or fast economy regime switching. (ii) The dimensionality can be much larger
than the total aggregated number of samples. The past decade has witnessed
the development of many methods for adjusting batch effect in high throughput
genomics data. See, for example, [43], [2], [30], and [25]. Though progresses have
been made, most of the aforementioned papers focus on the practical side and
none of them has a systematic theoretical justification. In fact, most of these
methods are developed in a case-by-case fashion and are only applicable to
certain problem domains. Thus, there is still a gap that exists between practice
and theory.

To bridge this gap, we propose a generic theoretical framework to model,
estimate, and adjust heterogeneity across multiple datasets. Formally, we assume
the data come from m different sources: the i*" data source contributes n;
samples, each having p measurements such as gene expressions of an individual
or stock returns of a day. To explicitly model heterogeneity, we assume that
the batch-specific latent factor f/ influence the observed data X;t in batch ¢
(j indexes variables; ¢ indexes samples) as in the approximate factor model:

X =Mt +ul, 1<j<p1l<t<n,1<i<m, (11)

where A’ is an unknown factor loading for variable j and uj, is a true un-

corrupted signal. We consider a random loading )\; The linear term A;-/fti
models the heterogeneity effect. We assume that f; is independent of u}, and
uy = (u1y,. .., up) shares the same common distribution with mean 0 and co-
variance X,, across all data sources. In the matrix-form model, (1.1) can be
written as

X = A'F' + U, (1.2)
where X’ is a p x n; data matrix in the i*” batch, A’ is a p x K factor loading
matrix with )\;/ in the j* row, F* is an n; x K’ factor matrix and U’ is a
signal matrix of dimension p x n;. We allow the number of latent factors K*
to depend on batch i. We emphasize here that within one batch, our model is
homogeneous. Heterogeneity in this paper refers to that the batch effect terms
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{AiFi/ m , are different across different groups ¢ = 1, ..., m, which are unwanted
variations in our study.

To see more clearly on how model (1.2) characterizes the heterogeneity, note
that for the " sample X!, which is the t** column of X?

var(Xi) = Alvar(f)AY + . (1.3)

Therefore, the heterogeneity is carried by the low-rank component Aivar(fti)Ai/
in the population covariance matrix of Xi. We need to clarify that since we
assume both F? and U* have mean zero, heterogeneity mentioned in this pa-
per is for covariance structure as shown above instead of mean structure. In
addition, our model differs from the random/mixed effect regression model
studied in the literature [45, 23, 11] in that our models are factor models
without any factors observed, while the mixed/random effect model is a re-
gression model that requires covariate matrices to estimate the batch-specific
term.

Under a pervasive assumption, the heterogeneity component can be esti-
mated by directly applying principal component analysis (PCA) or Projected-
PCA (PPCA), which is more accurate when there are sufficiently informative

. S~/
covariates W* [18]. Let A'F? be the estimated heterogeneity component and

Ui = X! — AiFil the heterogeneity-adjusted signal, which can be treated as
homogeneous across different datasets and thus can be combined together for
downstream statistical analysis. This whole framework of heterogeneity adjust-
ment is termed ALPHA (short for Adaptive Low-rank Principal Heterogeneity
Adjustment) and is schematically shown in Figure 1.
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Fic 1. Schematic illustration of ALPHA: Depending on whether we can find some sufficiently
informative covariates W, we implement principal component analysis (PCA) or Projected-
PCA (PPCA) methods (labeled respectively My and M2 ) to remove the heterogeneity effects
AF’ for each batch of data. This decision was made adaptively by a heuristic method. Af-
ter removing the unwanted variations, the homogeneous data {U(”}Z’;l are aggregrated for
further analysis.
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The proposed ALPHA framework is fully generic and applicable to almost all
kinds of multivariate analysis of the combined, heterogeneity adjusted datasets.
As an illustrative example, in this paper, we focus on the problem of Gaussian
graphical model inference based on multiple datasets. It is a powerful tool to
explore complex dependence structure among variables X = (Xy,...,X,)". The
sparsity pattern of the precision matrix € = 37! encodes the information of
an undirected graph G = (V, E) where V counsists of p vertices corresponding to
p variables in X and E describes their dependence relationship. To be specific,
V; and V; are linked by an edge if and only if €;; # 0 (the (4,7)"" element
of ), meaning that X; and X; are dependent conditioning on the rest of the
variables. For heterogeneous data across m data sources, we need to first adjust
for heterogeneity using the ALPHA framework. The idea of covariate-adjusted
precision matrix estimation has been studied by [7], but they assumed observed
factors and no heterogeneity issue, i.e., m = 1.

A significant amount of literature has focused on the estimation of the preci-
sion matrix € for graphical models for homogeneous data. [49] and [20] devel-
oped the Graphical Lasso method using the L; penalty and [27] and [42] used a
non-convex penalty. Furthermore, [40] and [33] studied the theoretical properties
under different assumptions. Estimating € can be equivalently reformulated as
a set of node-wise sparse linear regression that utilizes Lasso or Danzig selector
for each node [35, 48]. To relax the assumption of Gaussian data, [32] and [31]
extend the graphical model to the case of semiparametric Gaussian copula and
transell\iptical family. Via the ALPHA framework, we can combine the adjusted
data U? to construct an estimator for the precision matrix € by the above
methods. Recent works also focus on joint estimation of multiple Gaussian or
discrete graphical models which share some common structure [22, 15, 47, 8, 21].
They are concerned with both the commonality and individual uniqueness of
the graphs. In comparison, ALPHA emphasizes more on heterogeneity-adjusted
aggregation for one single graph.

The rest of the paper is organized as follows. Section 2 lays out a basic
problem setup and necessary assumptions. We model the heterogeneity by a
semiparametric factor model. Section 3 introduces the ALPHA methodology
for heterogeneity adjustment. Two main methods PCA and PPCA will be in-
troduced for adjusting the factor effects under different regimes. A guiding rule
of thumb is also proposed to determine which method is more appropriate. The
heterogeneity-adjusted data will be combined to provide valid graph estimation
in Section 4. The CLIME method of [9] is applied for precision matrix esti-
mation. Synthetic and real data analyses are carried out to demonstrate the
proposed framework in Section 5. Section 6 contains further discussions and all
the proofs are relegated to the appendix.

2. Problem setup

To more efficiently use the external covariate information in removing hetero-
geneity effect, we first present a semiparametric factor model. Then, based on
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whether the collected external covariates have explaining power on factor load-
ings, we discuss two different regimes where PCA or PPCA should be used.
We will state the conditions under which these methods can be formally justi-
fied.

2.1. Semiparametric factor model

We assume that for subgroup i, we have d external covariates W; = ( ;1» ey

]?d)’ for variable j. In stock returns, these can be attributes of a firm; in brain
imaging, these can be the physical locations of voxels. We assume that these
covariates have some explanatory power on the loading parameters )\j» in (1.1)
so that it can be further modeled as A} = g'(W?) + ~%, where g'(-) is the
external covariate effects on )\; and 'y§» is the part that can not be explained by
the covariates. Thus, model (1.1) can be written as

i ilei i i i i/ pi i
Xjp = XAy +uly = (g8'(W5) J’_’Yj)/ft + Uy (2.1)

Model (2.1) does not put much restriction. If W is not informative at all, i.e.,
gi(-) = 0, the model reduces to a regular factor model. In a matrix form, model
(2.1) can be written as

X' = A'F" + U' where A’ = G/(W)+T%, 1<i<m. (2.2)

In (2.2), G/(W?) and T" are p x K’ matrices. More specifically, gi (W?) and i,
are the (4, k)" element of G*(W*) and T"* respectively. Expression (2.2) suggests
that the observed data can be decomposed into a low-rank heterogeneity term
A'F" and a homogencous signal term U®. Letting u? be the ¢** column of U?, we
assume all ul’s share the same distribution for any ¢ < n; and for all subgroups
i < m with E[u}] = 0,var(u?) = X.

There has been a large literature on factor models in econometrics [3, 5,
17, 44], machine learning [10, 36] and random matrix theories [26, 38, 46]. We
refer the interested readers to those relevant papers and the references therein.
However, none of these models incorporate the external covariate information.
The semiparametric factor model (2.1) was first proposed by [14] and further
investigated by [13] and [18]. Using sufficiently informative external covariates,
we are able to more accurately estimate the factors and loadings, and hence
yield better adjustment for heterogeneity.

Here we collect some notations of eigenvalues and matrix norms used in the
paper. For matrix M, we use Apax (M), Apin (M) and A;(M) to denote the max-
imum eigenvalue, the minimum eigenvalue and the ith eigenvalue of M respec-
tively. We define the quantities |M||max = max; ; |M;;], M|z = )\Iln/fx(M’M)
(M| for short), M| = (¥, ; M2)1/2, [ M|y = max; ¥, |My,] and [|M]1,; =
>_i 2_; [ Mij] to be its entry-wise maximum, spectral, Frobenius, induced ¢; and
element-wise ¢; norms.
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2.2. Modeling assumptions and general methodology

In this subsection, we explicitly list all the required modeling assumptions. We
start with an introduction of the data generating processes.

Assumption 2.1 (Data generating process). (i) n; ‘F/Fi =1.

(i) {ui}i<n,i<m are independently and identically sub-Gaussian distributed
with mean zero and covariance X within and between subgroups, and indepen-
dent of {W’,f}}. Let ||l = Co < 0.

(iii) {£]}1<n, is a stationary process, with arbitrary temporal dependency. The
tail of the factors is sub-Gaussian, i.e., there exist C,Cy > 0 such that for any
a € RE and s > 0, P(|a/ff| > s) < Cy exp(—Cys?/||a|?).

The above set of assumptions are commonly used in the literature, see [5]
and [18]. We omit detailed discussions here.

Based on whether the external covariates are informative, we specify two
regimes, each of which requires some additional technical conditions.

2.2.1. Regime 1: External covariates are not informative

For the case that the external covariates do not have enough explanatory power
on the factor loadings A’, we ignore the semiparametric structure and model
(2.2) reduces to the traditional factor model, extensively studied in econometrics
[3, 44, 37]. PCA will be employed in Section 3.1 to estimate the heterogeneous
effect. It requires the following assumptions.

Assumption 2.2. (i) (Pervasiveness) There are two positive constants cumin,
Cmax > 0 so that

Cmin < Amin(0 AT A < Anax (0 TAYAY) < Caxs @5, Vi

(ZZ) manSKiJSp ‘)‘;k| = Op(\/logp).

The first condition is common and essential in the factor model literature
(e.g., [44]). It requires the factors to be strong enough such that the covariance
matrix Aicov(fti)Ai + X has spiked eigenvalues. We emphasize here that this
condition is actually not so stringent as it looks. Consider a single-factor model
Yie = bift +uw, i = 1,...,p,t = 1,...,T. The pervasive assumptions actually
imply that cpinp < Zle b? < cmaxp- Note that since ¢y, can be a small
constant, our pervasive assumption just says that the factors {f;}_; have non-
negligible effect on a non-vanishing proportion of outcomes. In addition, this
condition is trivially true if {)\3 }§:1’S can be regarded as random samples from
a population with non-degenerate covariance matrix [17]. Practically, in fMRI
data analysis for instance, the lab environment (temperature, air pressure, etc.)
or the mental status of the subject being scanned may cause the BOLD (Blood-
Oxygen-Level Dependent) level to be uniformly higher at certain time t. This
means the brain heterogeneity is globally driven by the factors {f;}7_,. If the

batch effect is only limited to a small number of dimensions, we think it is more
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appropriate to assume sparsity instead of pervasiveness on top eigenvectors,
which is quite different from our problem setups and thus beyond the scope of
our paper. The second condition holds if the population has a sub-Gaussian tail.

2.2.2. Regime 2: External covariates are informative

When covariates are informative, we will employ the PPCA [18] to estimate the
heterogeneous effect. It requires the following assumptions.

Assumption 2.3. (i) (Pervasiveness) There are two positive constants cmin
and Cmax SO that

Cin < Amin (p7 T (WG (W) < Anax(p™ ' GHW)'GH (W) < inae, a.5. Vi
(i) maxy.< g+ j<p Egr(W5)? < 0o

This assumption is parallel to Assumption 2.2 (i). Pervasiveness is trivially
satisfied if {W}};<, are independent and G* is sufficiently smooth.

Assumptiqn 2.4. (i) E'y;k =0, maxp< g j<p 15kl = Op(Viogp). 4
(1) Write v = (Yj1, Vi)' - We assume {v}};<p are independent of {W};<p.
(iii) Define v, = maxi<,, maxp<gi P~ > o, var(yj,) < co. We assume

pmax > 1BVl = O(y).
3! <p
Condition (i) is parallel to Assumption 2.2 (ii) whereas Condition (ii) is natu-
ral since I'* can not be explained by W*. Condition (iii) imposes cross-sectional
weak dependence of ’yé—, which is much weaker than assuming independent and
identically distributed {'y; }i<p- This condition is mild as main serial dependency
has been taken care of by gi(+)’s

3. The ALPHA framework

We introduce the ALPHA framework for heterogeneity adjustment. Method-
ologically, for each sub-dataset we aim to estimate the heterogeneity component
and subtract it from the raw data. Theoretically, we aim to obtain the explicit
rates of convergence for both the corrected homogeneous signal and its sample
covariance matrix. Those rates will be useful when aggregating the homogeneous
residuals from multiple sources.

This section covers details for heterogeneity adjustments under the above two
regimes: they correspond to estimating U? by either PCA or PPCA. From now
on, we drop the superscript ¢ whenever there is no confusion as we focus on
the i*" data source. We use the notation F if F is estimated by PCA and F if
estimated by PPCA. This convention applies to other related quantities such as
U and U the heterogeneity-adjusted estimator. In addition, we use notations
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such as F and U to denote the final estimators, which are F and U if PCA is
used, and F and U if PPCA is used.

Estimators for latent factors under regimes 1 and 2 satisfy n~'F'F = I, which
corresponds to normalization in Assumption 2.1 (i). By the principle of least
squares, the residual estimator of U then admits the form

U= X(I - %FF’) (3.1)

3.1. Estimating factors by PCA

In regime 1, we directly use PCA to adjust data heterogeneity. PCA estimates
F by F Where the k" column of F /+/n is the eigenvector of X’'X corresponding
to the k" largest eigenvalue. We have the following theoretical results.

Theorem 3.1. Under Assumptions 2.1 and 2.2, we have

U-U-_lurF +1,
n

~ 1
UU' - UU = --UFFU + A,
n

where ||| max = Op(v1ognlogp(1//p+1/n)+/logn||Z[1/p) and || A||max =
Op((1+n/p)logp+n?||Z||7/p?).

Note that we do not explicitly assume bounded || %||;. In some applications it
might be natural to assume a sparse covariance so that all terms involving || X||;
can be eliminated, while in other applications such as the graphical model, it is
more natural to impose sparsity structure on the precision matrix. In this case,
one may want to keep track of the effect of || X||; as it can be as large as O(,/p)

as |21 < /plIZ|2 = O(/p).

3.2. Estimating factors by Projected-PCA

In regime 2, we would like to incorporate the external covariates using the
Projected-PCA (PPCA) method proposed by [18]. The method applies PCA
on the projected data and by projection, covariates information is leveraged to
reduce dimensionality. We now briefly introduce the method.

For simplicity, we only consider d = 1, that is, we only have a single covariate.
The general case can be found in [18]. To model the unknown function g (Wj),
we adopt a sieve based idea which approximates gx(-) by a linear combination
of basis functions {¢1(x), ¢2(x), -} (e.g., B-spline, Fourier series, polynomial
series, wavelets). Then

Zbymu )+ Re(Wj), k< K.j<p. (3.2)
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Here {b,1};]_, are the sieve coefficients of gi(W;), corresponding to the k"
factor loading; Ry is the remainder function representing the approximation
error; J denotes the number of sieve bases which may grow slowly as p diverges.
We take the same basis functions in (3.2) for all & though they can be different.

Define b} = (b1 4, -+ ,bsx) € R’ for each k < K, and correspondingly
d(W;) = (p1(W;),- -+, ¢5(W;)) € R7. Then, we can write

gk (W5) = ¢(W;)'bi, + Ri(W;).

Let Byxk = (b1, ,bk), ®(W)yxs = (¢(W1), -+, ¢(W,))" and Re(W;) be
the (4, k)" element of R(W),y r. The matrix form (2.2) can be written as

X = &(W)BF' + R(W)F' + TF + U, (3.3)

recalling that the data index ¢ is dropped. Thus the residual contains three
parts: the sieve approximation error R(W)F’, unexplained loading T'F’ and
true signal U.

The idea of PPCA is simple: since the factor loadings are a function of the
covariates in (3.3) and U and T are independent of W, if we project (smooth)
the observed data onto the space of W, the effect of U and I" will be signifi-
cantly reduced and the problem becomes nearly a noiseless one, given that the
approximation error R(W) is small.

Define P as the projection onto the space spanned by the basis functions
of W:

P =3(W)(®(W) (W) 'd(W). (3.4)

By (3.3), PX ~ P®(W)BF' = G(W)F’. Thus, F can be estimated from the
‘noiseless projected data’ PX, using the conventional PCA. Let the columns of
F/\/n be the eigenvectors corresponding to the top K eigenvalues of the n x n
matrix X'PX, which is the sample covariance of the projected data. Then, Fis
the PPCA estimator of F. It only differs from PCA in that we use smoothed or
projected data PX.

We need the following conditions for basis functions and accuracy of sieve

approximation.

Assumption 3.1. (i) There are dmin, dmax > 0 s.t.
dmin < )\min(p_lq)(w>/q)(w)> < )\max(p_l(I)(W)/(b(W)) < dmax

almost surely and max, <. j<p B¢, (W;)? < co.
(ii) There exists k > 4 s.t. as J — 00, sup,ex |gr(T) — zl‘le byt (z)]? =
O(J~*), where X is the support of W; and max, j |b, x| < co.

Condition (ii) is mild; for instance, when {¢,} is polynomial basis or B-
splines, it is implied by the condition that smooth curve gp(-) belongs to a
Holder class G = {g : |g""(s) — ¢ (t)] < L|s — t|*} for some L > 0, with
k=2(r+a)>4[34, 12].

Recalling the definition of v, in Assumption 2.4 (iii), we have the following
results.
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Theorem 3.2. Choose J = (pmin{n,p, Vp_l})l/“ and assume J2¢2,,. log(nJ) =
O(p) where ¢pmax = Max,<jSUP,cy ¢u(x). Under Assumptions 2.1, 2.8, 2.4 and
3.1,

. 1
U-U=--UFF +1I,
n
. 1
UU - UU = —~UFF'U + A,
n

where || II)lmax = Op(y/1ogn/p(JPmax + V108 D) + JPmax|| 2|1V 10gn/p) and

[Almax = Op(ny/vy/p(J?G70x + 108 D) + 1 Grmax||Z|1 (S dmax + Viogp)/p +
n? J2 2 |23 /p?) if there exists C s.t. v, > C/n.

3.3. A guiding rule for estimating the number of factors, the
number of basis functions and determining regimes

We now address the problem of estimating the number of factors for two different
regimes. Extensive literature has made contributions to this problem in regime 1,
i.e., the regular factor model [4, 1, 28]. [28] and [1] proposed to use ratio of
adjacent eigenvalues of X’X to infer the number of factors. They showed the
estimator K = argmaxy<x,,.. M(X'X)/Ap+1(X'X) correctly identifies K with
probability tending to 1, as long as Kpax > K and Kpax = O(n; A p).

For the semiparametric factor model, [18] proposed

K= arg max A (X'PX)/Aps1 (X'PX).

Here Kyax is of the same order as Jd. It was shown that ]P’(IN( K) — 1 under
regular assumptions which we omit here. When we have genuine and pervasive
covariates, K typlcally outperforms K. More details can be found in [18].

Once we use K and K to estimate the number of factors under the regular
factor model and semiparametric factor model respectively, we naturally have
an adaptive rule to decide whether the covariates W are informative enough to
use PPCA over PCA. We compare two eigen-ratios:

Ap (X'X) A (X'PX)
VS .
M (X'X) T A, (X'PX)

If the former is larger we identify the dataset as regime 1 and apply regular PCA
to get U; otherwise it is regime 2 and PPCA is used to obtain U. The intu-
ition behind this comparison is that the maximal eigen-ratios can be perceived as
signal-to-noise ratios in terms of estimating the spiky heterogeneity term. Given
that n™'XX' ~ GG’ +I'T' + X and n 'PXX'P ~ GG’ + PI'T'P + PXP, the
first ratio measures the eigen-gap between GG’ + I'T” and ¥ and the second
ratio measures the eigen-gap between GG’ + PTT'P and PXP. If G(W) is
much more important than T' in explaining the loading structure, projection
preserves signal and reduces error to improve the eigen-gap. Conversely, if W is
weak in providing useful information, projection reduces both noise and signal.
Therefore, if projection enlarges the maximum eigen-gap, we prefer PPCA over
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PCA to estimate the spiky heterogeneity part. Our proposed guiding rule effec-
tively tells whether projection can further contrast spiky and non-spiky parts
of covariance.

The above signal-to-noise ratio comparison can be extended to choose the
number of basis functions. Notice that we can regard regular PCA as PPCA
with number of basis J = p and hence P = I. In this line of thinking, we
can index P by J and maximize )\K(J)(X’P X)/)\K(J)H(X’PJX) over J €
{1,2,..., Jmax,p}, where J = p corresponds to PCA. Here we use notation
K (J) and P” to exhibit their dependency on J. We implement this guiding rule
in real data analysis.

In practice, there is still chance of misspecification of the true number of
factors K by ALPHA. One might be curious about how this will affect the
performance of ALPHA and the subsequent statistical analysis. To clarify this
issue, we conduct sensitivity analysis on the number of factors in Section G.3
in the appendix. The take-home message is that the overestimation of K will
not hurt, while underestimation of K might mislead subsequent statistical in-
ference.

3.4. Summary of ALPHA

We now summarize the final procedure and convergence rates. We first divide
m subgroups into two classes based on whether the collected covariates have
significant influence on the loadings.

My = {i <m | W"is not informative}, My = {i <m | W' is informative} .
ALPHA consists of the following three steps.

Step 1: (Preprocessing) For data source i, determine whether it belongs to
My or My according to the guiding rule given in Section 3.3 and
correspondingly estimate K by K, which equals K or K (and choose
J if necessary).

Step 2: (Adjustment) Apply Projected-PCA to estimate A'F if i € Mo,
otherwise use PCA to remove the heterogeneity, resulting in adjusted
data U?, which is either Ut or U

Step 3: (Aggregation) Combine adjusted data {U* ™, to conduct further
statistical analysis. For example, estimate sample covariance 3 by s =
(N=3, K;)7t 3" UUY where N = ", n; is the aggregated sample
size; or estimate sparse precision matrix {2 by existing graphical model
methods.

We summarize the ALPHA procedure in Algorithm 1 given in Section A.
We also summarize the convergence of Ut and U’ below. To ease presentation,
we consider a typical regime in practice: n; < Cp, > ... K < CN for some
constant C. We focus on the situation of sufficiently smooth curves x = co so
that J diverges very slowly (say with rate O(y/Iog p)) and bounded ¢max and v,
(defined respectively in Theorem 3.2 and Assumption 2.4). Based on discussions
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of the previous subsections, for estimation of U in || - || max, we have

Op \/lognilogp/p—l—\/lognilogp/ni> if ie My,
Op \/lognilogp/p) if ie Ms.

Therefore, PPCA dominates PCA as long as the effective covariates are pro-
. i/ . .. i
vided. However, U'F'F" /n; dominates all the remaining terms so that |[U" —

UiHmax = OP(”UIFZFZ//nszax) = OP( V lognl logp/nl)

In addition, for estimation of UU’, we have

U'-U' = —UFF /n;+

o o Op 1ogp+5) if ie M,
UlUl _UZUl — _U’LF’LF’L U’L /n1+

Op nilogp\/up/p—l—§) if i e My,

(3.5)

where § = n?||X||?logp/p?, depending on ||X||;. If we consider a very sparse
covariance matrix so that || X||; is bounded, we can simply drop the term § in
both regimes. Then, regime 1 achieves better rate if p = O(n?v,), but regime 2
outperforms otherwise.

4. Post-ALPHA inference

We have summarized the order of biases caused by adjusting heterogeneity for
each data source in Section 3.4. Now we combine the adjusted data together for
further statistical analysis. As an example, we study estimation of the Gaussian
graphical model. Assume further ué ~ N(0,X) and consider the following class
of the precision matrices:

p
_ . y <
F(s,R) {Q Q= 0, Q| <R, &1%’;;]1(9“ £0) < s} (4.1)
J:

To simplify the analysis, we assume R is fixed, but all the analysis can be easily
extended to include growing R.

To estimate © = X! via CLIME, we need a covariance estimator as the
input. We assume here the number of factors is known, i.e., the exception proba-
bility of recovering K* has been ignored for ease of discussion. Such an estimator
is naturally given by

~ 1 mo
Y=-—— u'uY. (4.2)
N — Zigm K ;

Since the number of data sources is huge, we focus on the case of diverging N

and p.

4.1. Covariance estimation

Let ¥ be the oracle sample covariance matrix, i.e., By = N~} Zgl Uiu?.

We consider the difference between our proposed ¥ and 3 in this subsection.
The oracle estimator obviously attains the rate || Xy — 2|/ max = Op(1/logp/N).
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Let & = U'f!/\/n; where fi is the k" column of F?. It is not hard to
verify that 52 is Gaussian distributed with mean zero and variance 3. Note
that {£}}1<i<m,1<k<ki are i.i.d. with respect to k and 4, using the assumption
F"Fi/n; = I. By the standard concentration bound (e.g. Lemma 4.2 of [19]),

|5 (Loreu xm)] [T 5 (o 2)

i<m kE<K?
= 0p(VE™ logp),

K. Therefore, by (3.5), we have

max max

where Kt ="

i<m
S N ]. ~ e~ . . -/ .
E - 2 max — H—_ (UZU” - UlUZ KlE)
5t~ =k (0000
Z'eM K’ 1 it 1i’
—==r [ — Uyt — E) ’ =: Op(am ,
+N—EZEMK7'(N; - OPGmp)

- (4.3)
where apm Np = ‘MIJI\,Ing + NQJI\(,)gp %p + Y Kt;logp + % 10% and Ny =

ZieMz i

We now examine the difference of the ALPHA estimator from the oracle
estimator for two specific cases. In the first case, we apply PCA to all data
sources, i.e., all i € M; and K" is bounded. We then have a,, n, = mlogp/N.
This rate is dominated by the oracle error rate /logp/N if and only if m =

O(+/N/logp). This means traditional PCA performs optimally for adjusting
heterogeneity as long as the number of subgroups grows more slowly than the
order of /N/log p.

If we apply PPCA to all data sources, i.e., i € My and K* is bounded, then
am,Np = \/Vp/plogp + v/mlogp/N. This rate is of smaller order than rate
Vlogp/N if p/logp > CN for some constant C' > 0. The advantage of using
PPCA is that when n; is bound so that m < N, we can still achieve optimal

rate of convergence so long as we have a large enough dimensionality at least of
the order N.

4.2. Precision matrixz estimation

In order to obtain an estimator for the sparse precision matrix from f], we
apply the CLIME estimator proposed by [9]. For a given 3, CLIME solves the
following optimization problem:

Q= arg min 12011 subject to |8 — Iffmax < A, (4.4)
where [[2[11 = >, ;< [€;| and A is a tuning parameter. Note that (4.4)
can be solved column-wisely by linear programming. However, CLIME does
not necessarily generate a symmetric matrix. We can simply symmetrize it by
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taking the one with minimal magnitude of 6;; and ¢;;. The resulting matrix
after symmetrization, still denoted as Q with a little bit abuse of notation, also
attains good rate of convergence. In particular, we consider the sparse precision
matrix class F(s,Cp) in (4.1). The following lemma guarantees recovery of any
sparse matrix Q € F(s, Cp).

Theorem 4.1. Suppose Q € F(s,Cy) and let Ty np = /108D/N + am N p-
Choosing A X Ty, N p, we have

122 — Q| max = Op(Tm,N,p)-

Furthermore, | — Q|; = Op(8Tm,N,p) and 12— Qs = Op(8Tm, N p)-

Here we stress that we choose CLIME for the precision matrix estimation
because it only relies on the max-norm guarantee ||X — || 1ax. The intuition is
that for any true © with bounded (|||,

HI - EQHHIaX = H(E - E)QHmax < ”Z - EHmaXHQ”l = O]P’(”E - EHHlaX)'
One can see from above that fast convergence of ||§] — ¥||max encourages feasi-
bility of €2, which is a necessary step for establishing consistency of the resulting
M-estimator. Interested readers can refer to the proof of Theorem 4.1 for more
details. Other possible methods for precision matrix recovery (e.g. graphical
Lasso in [20], graphical Dantzig selector in [48] and graphical neighborhood se-
lection in [35]) can be considered for post-ALPHA inference as well, but their
convergence rate needs to be studied in a case-by-case fashion.

Theorem 4.1 shows that CLIME has strong theoretical guarantee of conver-
gence under different matrix norms. The rate of convergence has two parts,
one corresponding to the minimax optimal rate [48] while the other is due to
the error caused by estimating the unknown factors under various situations.
The discussions at the end of Section 4.1 suggest that the latter error is often
negligible.

In addition, we numerically investigate how misspecification of the number
of factors K will affect the precision matrix estimation in Section G.3 in the
appendix.

5. Numerical studies

In this section, we first validate the established theoretical results through Monte
Carlo simulations. Our purpose is to show that after heterogeneity adjustment,
the proposed aggregated covariance estimator 3 approximates well the oracle
sample covariance X, thereby leading to accurate estimation of the true co-
variance matrix 3 and precision matrix €. We also compare the performance of
PPCA and regular PCA on heterogeneity adjustment under different settings.
In addition, we analyze a real brain image data using the proposed procedure.
The dataset to be analyzed is the ADHD-200 data [6]. It consists of rs-fMRI
images of 608 subjects, of whom 465 are healthy and 143 are diagnosed with
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ADHD. We dropped subjects with missing values in our analysis. Following
[39], we divided the whole brain into 264 regions of interest (ROI, p = 264),
which are regarded as nodes in our graphical model. Each brain was scanned
for multiple times with sample sizes ranging from 76 to 261 (76 < n; < 261). In
each scan, we acquired the blood-oxygen-level dependent (BOLD) signal within
each ROI. Note that subjects have different ages, genders etc., which results in
heterogeneity over the covariance structure of the data. We need to remove this
unwanted heterogeneity; otherwise it will dilute or corrupt the true biological
signal, i.e., the difference in the brain functional network between healthy people
and patients due to the disease ADHD.

5.1. Preliminary analysis

To apply our ALPHA framework, we need to first argue the pervasiveness con-
dition Assumption 2.2 holds for the real dataset considered. This is done in
Section G.2, together with further discussions on pervasiveness. We also collect
the physical locations of the 264 regions as the external covariates. Ideally, we
hope these covariates to be pervasive in explaining the batch effect (Assump-
tion 2.3), while bearing no association with the graph structure of u;. This is
reasonably true because: the level of batch effect is non-uniform over differ-
ent locations of the brain when scanned in fMRI machines; furthermore it has
been widely acknowledged in biological studies that spatial adjacency does not
necessarily imply brain functional connectivity.

To construct W; from the physical locations, we simply split the 264 regions
into 10 clusters (J = 10) by the hierarchy clustering (Ward’s minimum variance
method) and use the categorical indices as the covariates of the nodes. The
clustering result is shown in Figure 2 and the spatial locations of the 264 regions
are shown in Figure 6 in 10 different colors. Black (middle), green (left) and blue
(right) represent roughly the region of frontal lobe; gray (middle), pink (left)
and magenta (right) occupy the region of parietal lobe; red (left) and orange
(right) are in the area of occipital lobe; finally yellow (left) and navy (right)
provide information about temporal lobe.

Here J = 10 is only used to calibrate our synthetic model in the next sub-
section. In the real data analysis, we will choose J adaptively according to our
heuristic guiding rule of the maximal eigen-gap discussed in Section 3.3. Note
that here since the covariate W is one-dimensional (d = 1) and discrete, the
sieve basis functions are just indicator functions 1(w — 0.5 < W < w + 0.5)
for w =1,...,10. We use the same external covariates for all subjects in both
healthy and diseased groups.

The next question is how to divide the subjects into M7 and My based on
whether the selected covariates explain the loadings effectively. We implemented
the method given in Section 3.3 and discovered that 398 healthy (85.6%) and
126 diseased samples (88.1%) prefer PPCA over PCA, meaning that the physical
locations indeed have explanatory powers on factor loadings of most subjects.
We identified them as subjects in My while the others were classified as in M.
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Cluster Dendrogram for Physical Locations

=
2
[}
T
Fic 2. Cluster Dendrogram for physical locations with J = 10.
TABLE 1
Distribution of estimated number of factors for healthy and ADHD groups
K* 1 2 3

Healthy 253 148 64
ADHD 78 40 25

Based on the class labels, we employed the corresponding method to estimate
the number of factors and adjust the heterogeneity. We used K.x = 3. The
estimated number of factors for the two groups are summarized in Table 1.

5.2. Synthetic datasets

In this simulation study, for stability, we use the first 15 subjects in the healthy
group to calibrate the simulation models. We specify four asymptotic settings
for our simulation studies:

1. m =500, n; = 10 for i = 1,..,m, p = 100, 200, ..., 600 and G(W) # 0;
2. m = 100,200, ..., 1000, n; = 10 for i = 1, ...,m, p = 264 and G(W) # 0
0.

3. m =100, n;, = 10,20, ...,100 for i = 1,...,m, p = 264 and G(W) # 0;
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4. m = 20,40,...,200, n; = 20,40,...,200 for i = 1,...m, p = 264 and
G(W) = 0.

Here the last setting represents regime 1, where we should expect PCA to
work well when the number of subjects is of order of square root of the total
sample size, i.e., m =< v/N. The first three settings represent regime 2 with
informative covariates; they present asymptotics with growing p, m and n; re-
spectively. The details on model calibration and data generation can be found
in Section G.1.

We first investigate the errors of estimating covariance of u; in max-norm
after applying PPCA or PCA for heterogeneity adjustment. We also compare
them with the estimation errors if we naively pool all the data together with-
out any heterogeneity adjustment. However, the estimation error of the naively
pooled sample covariance is too large to fit in the graph for the first 3 cases,
which we thus do not plot. Denote the oracle sample covariance of u; by Xy as
before. The estimation errors, based on 100 simulations, under the four settings
are presented in Figure 3.

In Case 1, m and n; are fixed while dimension p increases. This setting
highlights the advantages of Projected-PCA over regular PCA. From the left
panel, we observe that increase of dimensionality improves the performance
of Projected-PCA. This is consistent with the rate we derived in theories. In
Case 2, n; and p are fixed while m increases. Both PPCA and PCA bene-
fit from an increasing number of subjects. However, since n; is small, again
PPCA outperforms. In Case 3, m and p are fixed while n; increases. Both meth-
ods achieve better estimation as n; increases, but more importantly, regular
PCA outperforms PPCA when n; is large enough. This is again consistent with
our theories. As illustrated by Section 4.1, when m is fixed, PCA attains the
convergence rate [|X — X|lmax = Op(y/logp/N), while PPCA only achieves
12 = 2max = Op(logp/./p), which is worse than PCA when p/logp = o(NN).
In Case 4, p is fixed, and both m and n; increase. Note that the covariates have
no explanation power at all, i.e., Condition 2.3 about pervasiveness does not
hold so that PPCA is not applicable. Adjusting by PCA behaves much better
and PPCA sometimes is as bad as ‘nPCA’, corresponding to no heterogeneity
adjustment. This is not unexpected as we utilize a noisy external covariates.

Now we focus on estimation error of the precision matrix. We plug X, ob-
tained from data after adjusting for heterogeneity, into CLIME to get the esti-
mator © of Q. In Figure 4, |2 — ||max and [|Q — Q||; are depicted under the
four asymptotic settings. From the plots we see [|€2— ||max and || —€2|; share
similar behavior with || — 3| max shown in Figure 3: in Case 1, n; is small, so it
is advantageous to use PPCA and PPCA behaves better as dimension increases;
in Case 2, both PPCA and PCA benefit from an increasing number of subjects
and PPCA outperforms PCA; in Case 3, PCA outperforms PPCA when n; is
large enough since m is fixed; in Case 4, the covariates have no explanation
power at all so that PPCA does not make sense. In the first three cases, if we
do not adjust data heterogeneity, || — ||max and || — €2||; will be too large
to fit in the current scale.
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Fia 3. Estimation of ¥ by PCA, PPCA and the oracle sample covariance matriz for 4
different settings. Case 1: m and n; are fized while the dimension p increases; case 2: n; and
p are fized while m increases; case 8: m and p are fixed while n; increases; case 4: p is fized,
and both m and n; increase and conditions for PPCA are violated.

We also present the ROC curves of our proposed methods in Figure 5, which
is of interest to readers concerned with sparsity pattern recovery. The black
dashed line is the 45 degree line, representing performance of random guess. It
is obvious from those plots that heterogeneity adjustment very much improves
the sparsity recovery of the precision matrix. When the sample size of each
subject is small, genuine pervasive covariates increase the power of PPCA while
if the sample size is relatively large, PCA is sufficiently good in recovering graph
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FiG 4. Estimation of Q. Presented are the estimation errors in maz-norm and Li-norm for
4 different settings. In Case 4, nPCA refers to no PCA, i.e., we do not adjust heterogeneity.

structures. Also notice that in all cases, the naive method without heterogeneity
adjustment can still achieve a certain amount of power, but we can improve the
performance dramatically by correcting the batch effects.

5.3. Brain image network data

We report the estimated graphs for both the healthy group and the ADHD
patient group with batch effects removed using our ALPHA framework in this
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Fi1Gc 5. ROC curves for sparsity recovery of § for 4 different settings.

subsection. We took various sparsity levels of the networks from 1% to 5%
(corresponding to the same set of A’s for two groups) and selected the common
edges, which are stable with respect to tuning, to be depicted.

The brain network produced by our proposed method is presented in Fig-
ure 6. It gives 90.7% identical edges for the two networks. However if we ignore
heterogeneity and naively pool the data from all subjects together, it generates
10.2% unshared edges, roughly 1% more than ALPHA produces. Therefore, by
heterogeneity adjustment, we found less difference in brain functional networks
between ADHD patients and healthy people. In addition, we investigate how
those unshared edges are distributed across the 10 clusters. We summarized the
total degree of unshared edge vertices within each cluster in Table 2. As we can
see, in the left occipital lobe (red) and the left parietal lobe (pink), there are
significant difference in functional connectivity structure between healthy peo-
ple and patients, although in general the difference is weak. These are signs that



Heterogeneity adjustment 3929

=0
‘HN\

(c) Health, Coronal

(a) ADHD, Transverse (b) ADHD, Sagittal (c) ADHD, Coronal

Fic 6. Estimated brain functional connectivity networks using physical locations as covariates
to correct heterogeneity. 10 region clusters are labeled in 10 colors. Black, blue and red edges
represent respectively common edges, unshared edges in the healthy group and in the ADHD
group.

TABLE 2
The degree of unshared edge vertices for each cluster

red orange blue green yellow navy pink black magenta gray
Health 3 4 3 2 7 6 10 12 11 6
ADHD 9 6 7 5 12 5 6 15 9 10

ADHD is a complex disease that affects many regions of the brain. The general
methodology we provide here could be valuable for further understanding the
mechanism of the disease.

6. Discussions

Heterogeneity is usually informed by the domain knowledge of the dataset. In
particular, it occurs with high chance when the data come from different sources
or subgroups. In the brain image dataset we used in the numerical study, het-
erogeneity across patients can stem from difference in age, gender, etc. When
it is less clear whether heterogeneity exists, we can calculate multiple summary
statistics for all the subgroups and see whether they are significantly differ-
ent. In the case of pervasive heterogeneity, we can test it by the magnitude of
dominating eigenvalues of the covariance matrix in each subgroup. A system-
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atic testing method for heterogeneity is important and we leave it for now as a
future research topic. Note that even if all the subgroups are actually homoge-
neous, ALPHA does not hurt the statistical efficiency under appropriate scaling
assumptions. Specifically, for the PCA-based ALPHA, we showed in Section 4.1
that as long as the number of subgroups m = O(,/N/log p), 3 enjoys the oracle
max-norm rate. This means that given homogeneous data, when the number of
data splits is not large, ALPHA yields the same statistical rate as the full-sample
oracle estimator. For the PPCA-based ALPHA, 3 enjoys the oracle rate when
p/logp = Q(y/N/logp).

As we have seen, ALPHA is adaptive to factor structures and is flexible to
include external information. However, this advantage of PPCA is accompanied
by more assumptions and the practical issue of selecting proper basis functions
and the number of them in sieve approximation. One contribution of the paper
lies in seamless integration of PCA and PPCA, which leverages effective exter-
nal covariates. If no valuable covariates exist and the sample size is relatively
large for each data source, we have shown conventional PCA is still an effective
tool.

Note that our framework is compatible with any statistical procedure that
only requires an accurate estimator as the input, like CLIME we illustrate in
this work. The ALPHA procedure gives theoretical guarantee for |U — Ul|pmax
and ||ZA] — 3| max, which serve as foundations for establishing the statistical prop-
erties of the subsequent procedure. Besides, ALPHA has potential application
in regression analysis. If the residual terms {U®}™, are true predictors for the
response of interest {Y?},, we can first apply ALPHA to extract the residu-
als before the regression procedure. For example, the residual BOLD signal we
obtained by ALPHA in the brain functional network analysis (Section 5.3) is
potentially useful in predicting whether a person has ADHD. This is a typical
logistic regression problem based on ALPHA adjustment. We leave the detailed
study of combining ALPHA with regression models for future investigation. One
recent work [16] has adopted a method similar to ALPHA that extracts residuals
for model selection in high dimensional regression.

Finally, we point out two current limitations of ALPHA. The first limita-
tion lies in its pervasiveness assumption of the heterogeneity terms {A‘F? -
More specifically, for each subgroup ¢, ALPHA requires the signal strength of
the heterogeneous part A'F? to overwhelm the homogeneous residual part U?
so that PCA or PPCA can accurately estimate A'F? and remove it. Such re-
quirement can be violated in practice when the heterogeneous term has similar
signal strength as the homogeneous term. Additionally, statistical methods that
require more than the max-norm error guarantee (||U—U||max, | = —2|max), say
in the general non-sparse situation, may be inappropriate for the post-ALPHA
inference for now.

Appendix A: Algorithm for ALPHA

The pseudo code for the algorithm ALPHA is shown as follows.
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Algorithm 1 Algorithm for adaptive low-rank principal heterogeneity adjust-
ment

Input: Panel pr and d-dimensional {WI }p from m data sources,
Jmax, Krnax (Jmax = (Kmax + 1)/d)

Output: Ul Kiand 8

g

1: procedure ALPHA

2 for each subject 1 < m do

3 KI — argmaxK<Kmal )\k(XZ )(Z)//\k_'_l()(Z XZ)

4 AN+ )\ L (XE Xl)/A[/{\1+1(XZ X?)

5: for each (Kmax'—i- 1)/d < J < Jmax do

6: Ei] — O(WH(P(WH/ (W)~ 1d(WHY for J

7 Kj « arg AN < K ,\k(xz’PZJ)SZ)/‘,\Hl(XZ’PlJXZ)
8 ANy AEj} (X P?’XZ)/)\IF;@-H(XZ P, X")

9: end for

10: Ji arg max, A/\

11: I(Z — KZ

12: ) ]

13: if AN > A)J (i € M1) then

14: Fl/\/nz — elgenvectors of XZ X’ of the top Ki eigenvalues
15: AZ — X’Fl/n Ul — X — AlFl

16: UH—UZ KN—KZ

17: else

18: Fi/,/n; < eigenvectors of b. < PZ XZ of the top Ki eigenvalues
19: AZ «— X’Fl/m7 Ui« X — AZFZ
20: Ui+ Ui, Ki «+ Kt
21: end if
22: end for
23:

24 T (Cni -, K0TSR, Uiu
25: return {U2 "1 {Ki Y, and s
26: end procedure

Appendix B: A key lemma

Recall that we defined
. 1. -,
U_X@—Enﬂ. (B.1)

where we used notations such as F and U to denote the final estimators, which
are F and U if PCA is used, and F and U if PPCA is used.
The following lemma holds for U no matter whether PCA or PPCA is applied.

Lemma B.1. For any K by K matriz H such that |H|| = Op(1), if logp =
O(n),

. 1
U-U=--UFF +1I,
n

where ||II||max = Op(v/log n/n'(HF/(F_FH)HmaX||A||max+”U(F_FH)”maX)+
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|F — FH||max || Al max + vIog 7 - |[HH' — I||max||Allmax); and furthermore

1
UU - UU = —~UFF'U’ + A,
n

where ||Allmax = Op(||[U(F — FH) | max | Al max + [U(F — FH)|Z,,, + [F'(F ~
FH)|lmax [ Al[7ax + 7l HH = Tmax [ Al7,00)-

max

The above lemma states that the error of estimating U by U (or estimating
UU’ by UU’ ) is decomposed into two parts. The first part is inevitable even
when the factor matrix F in (3.1) is known in advance. The second part is
caused by the uncertainty from estimating F. Since the true F is identifiable up
to an orthonormal transformation H, we need to carefully choose H to bound
the error IT (or A). We will provide explicit rates of convergence for those terms
in the following two sections.

Proof. By definition of U, U = U(I — n~'FF') + n ' X(FF' — FF’). We first
look at the converge of U — U. Obviously Il = n !X (FF' — FF/) = I + II
where

1 _ 1 ..
I = —AF'(FF' — FF), II = ~U(FF - FF).
n n

Since F/(FF' — FF’) = F/(F - FH)F' + nH(F — FH)' + n(HH' —I)F’, we have
1 lmax = Op (|| Allmax (IIE'(F — FH) |[max | /72| max + [|F — FH|max
+ [HH — I||max|F || max)) -

Similarly U(FF’ — FF') = U(F - FH)F' + UFH(F - FH)' + UF(HH' - I)F/,
SO

1o = Op (1U"(F = FE) sl B/ + [ UF /([ = FE
I HH — 1 [ F )

According to Lemma F.4 (i), [[UF/n|lmax = Op(1) and noting both [|F||max
and [|F|[max are Op(y/n), we conclude the result for ||II|[max easily.
Now we consider UU’ in the following.

UU =U(I - n 'FF)U +n'UI - n 'FF)(FF - FF)X’
+n?X(FF — FF')’X’
1
= UU — ~“UFFU +III+1V.
n
So A =1IIT+ 1V and it suffices to bound the two terms.

11| max = OP(Hn_lU(I - FF//”)FF/FHIHEEXHAHmax
+[[n 'O — FF' /n)FF'U’ || ax)
= OP(HJl”maXHA”max + ||J2||maX) .
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Decompose J; by J; = n~'U(F-FH)F'F—n"2UF-F/(F-FH)F'F. Therefore,

191l max = Op([U(F — FH)|lnax + 17" [ UF i |[F'(F — FH) [ max) ,

decompose J only;eplacing | Fiwiich F'U’. According to Lemma F.4 (1),
[F'U’/n[max = Op ([[UF /n[|max+[[U(F =FH)||max) = Op (1+[[U(F—FH) || max),
hence [ J2flmax = Op(||J1[lmax(1 + [[U(F — FH)||max)). We then conclude that
1111 )|max = Op((|U(F —FH)[[max+n " [[UF |[max][F'(F = FH) | max) (| Al max +
HU(F - FH)Hmax))'

Now let us take a look at IV. ||IV||max = [|D1 + D2 + D4 + D3| ;nas where

since | F'F/n/|max < HF'F/an < \\F'||f||F||F/n = K. Similar to J;, we

D, = n 2AF/(FF' — FF')?FA’ = A(nI — n 'F'FF'F)A’,
Dy = n 2U(FF' — FF')’FA’ = —n 2UFF/(FF’ — FF)FA’
D; = n *U(FF — FF')*U’.

By assumption, |H||max < ||H|| = Op(1). Simple decompositions of D; gives
ID1]|max = Op ((IF'(F = FH)|max + 7l HH" = Tl|masx) [ A Fya0) -

Since Dy = —n 2UFF/(F —FH)F'FA' —n 'UFH(F - FH)'FA' - UF(HH' -
I)A’, we have

||D2||max = OP(”UF/nHmaXHDl”maX) = OP(”DIHmaX)‘

Tt is also not hard to show ||D3|lmax = Op(|[11I|lmax + ||D1]lmax). Under both
Theorems C.1 and D.1 (replacing F by F for regime 1 and F for regime 2), we
can check the following relationship holds:

1| UF | |inax [U(F = FH)|lnax = Op ([ A[[F0)-

max

Therefore we have

HA”max = HII] + IV”max
= Op(|U(F — FH) | max | Allmax + [U(F — FH)||3

max

+ |/ (F — FH) x| Al + 7l HH = Tmax]| A Fax) -

Appendix C: Proof of Theorem 3.1

Recall that PCA estimates F by F where the k' column of F /+/n is the eigenvec-
tor of (pn)~!X’X corresponding to the k" largest eigenvalue. By the definition

of f‘, we have

1 o~
— X'XF = FK,
np
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where K is a K by K diagonal matrix with top K eigenvalues of (np) 1X’X in
descending order as diagonal elements. Define a K by K matrix H as in [17]:

1 ~
H=—AAFFK'.
np

It has been shown that ||K||, |[K~!|| and ||H||, |[H || are all Op(1).
The following lemma provides all the rates of convergences that are needed
for downstream analysis.

Lemma C.1. Under Assumptions 2.1 and 2.2, we have ||Almax = Op(v/logp)
and

(i) |IF — FH||p = Op(y/n/p + 1/y/n) and ||F — FH|max = Op(y/logn/p +
Viogn/n);

(i) [|F"(E — FH)|[max = Op(1 + v/n/p);

(i) [|U(F — FH)|lmax = Op((1 + n/p)vlogp + n|| X1 /p);

(iv) [HH' — I|[max = Op(1/n+ 1/p).

Combining the above results with Lemma B.1, we have
~ 1
U-U=--UFF +1I,
n

where ||TT||yax = Op(v/lognlogp(1/,/p+1/n)++/logn||X|:/p) and additionally

~

~ 1
UU’' - UU' = -—UFF'U + A,
n

where || Allmax = Op((1+n/p)logp+n?||X||3/p?). Thus we complete the proof
for Theorem 3.1. We are left to check Lemma C.1, which is done in the following
three subsections.

C.1. Convergence of factors F

Recall H = (np)’lA’AF’f‘K’l. Substituting X = AF’ + U, we have,
3
F_FH= (ZEi)K‘l, (C.1)
i=1

1 ~ 1 ~ 1 ~
E, = —FA'UF, E,=—UAF'F, E;= —U'UF.
np np np

To bound ||f‘ — FH]|;max, note that there is a constant C' > 0, so that

3
B FH e < CE 23 B o

i=1
Hence we need to bound ||E;||max for i = 1,2,3 since [[K~!||2 = Op(1). The
following lemma gives the stochastic bounds for each individual term.

Lemma C.2. (i) [|E1|r = Op(\/n/p) = |Ea|lr, |Esllr = Op(1/vn+1//p+
Vn/p).
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(ii) |E1 ||max = Op(y/logn/p) = |Ez2|lmax, [ E3llmax = OP(l/\/ﬁ‘FVlOgn/n) .

Proof. (i) Obviously |E;|r < p~||A'Ul||r = Op(y/n/p) according to Lemma
F.1. |Ez||r attains the same rate. In addition, ||Es||r < n=Y/2p~ | U'U|p =
Op(14++/n/p) again according to Lemma F.1. So combining the three terms, we

have | F—FH| r = Op(1++/n/p). We now refine the bound for ||Es||p. [|Es||p <
(np) = (IU'UF|[r|[H|r + |[U"U|[p[[F — FH||r) = Op(1/v/n +1/\/p + Vn/p).
Then the refined rate of |F — FH||r is Op(y/n/p+ 1/y/n).
(ii) Since ||A'UF||r = Op(ny/p) by Lemma F.1,
[E1|lmax = OP((np)_l”F”maXHAIUﬁ”F) = Op(\/logn/p).

| E2 | max is bounded by p~||[U’A||max = Op(y/logn/p) while || E3||max is bound-
ed by

O (1)~ (I U'UF s + Vi [U'Ull |~ FH )
which based on results of Lemma F.2 and (i) is Op(1//p + v/logn/n). O

The final rate of convergence for |F — FH||max and ||F — FH||p are summa-
rized as follows.

Proposition C.1.

~ 1 /1 ~
|F ~ FH|ax = Op 4 /% +Y50) and |F — FH||r = Op(

Proof. The results follow from Lemmas C.2. O

<=
_|_
agl-

~—

C.2. Rates of |F'(F — FH)||max and |[HH — I||max

Note first that the two matrices under consideration is both K by K, so we do
not lose rates bounding them by their Frobenius norm.

Let us find out rate for |F/(F —FH)|| r. Basically we need to bound ||F'E;|| ¢
for i = 1,2, 3. Firstly

|F'Eil|lp = p~ | A'UF||p < p~ " (|A'UF| ¢ H|| ¢ + AU ¢|[F - FH| ).

Since |A'UF|r = Op(y/np) and ||A'U||r = Op(y/np) by Lemma F.1, we have
IF'E1|lr = Op(v/n/p + n/p). Secondly,

IF'Es || < p~'[F'U'Allr = Op(v/n/p).

Finally,
1 1 ~
IF'Ealle = Op (5 [UF( + - [F'U'U ol[F — PHI ) = Op(1+ Vt/p).

So combining three terms we have ||F’(f‘ — FH)||max < HF’(f‘ —FH)||r =

Op(1++/n/p).
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Now we bound |[HH' —I|| 5. Since H'H = n~'(FH — F)FH + n~'F/(FH —
F) + 1, we have

1 ~ 1, ~ 1 1
|H'H ~ 1|l = Op (= |[F'(F — FH)|[p + —|F — FH|%) = Op (- + ).
n n n o op

Therefore |HH' — I||r has the same rate since |[HH' —I||r < |H|r|HH —
IrH . So [HH' —I|jmax = Op(1/n+1/p).

C.3. Rate of ||U(1'A1 — FH) || max

In order to study rate of |[U(F — FH)|max, We essentially need to bound
IUE;||max for i = 1,2,3. We handle each term separately.

1 -~ 1
[UE: [lmax = OP(n—pHUFllmaxllA'UFllF) = Op (| UF [[max [F'Ex || )

o (B2 8

By Lemma F.5, ||[UU’A||max = Op(v/nplogp + n||X||1). Therefore,

1 n||X nlo
[UB i = Op( [UU Al ) = Op (1200 [1108P),
p p p

From bounding |Es|| r, the last term has rate

1 N 1 ~
UE;3|max = — |[UU'UF||max < —||U||lmax||[U'UF
[UBs s = o [UU'OF s < [0 [U'UF

= Op((1+n/p)\/logp).

So combining three terms, we conclude || U(F—FH)||max = Op((1+n/p)v/10g p+
nl|1%|1/p).

Appendix D: Proof of Theorem 3.2
Recall that by the definition of 1<~“, we have
1 -~
—X'PXF =FK,
np
where K is a K x K diagonal matrix with the first K largest eigenvalues of

(np)"!X'PX in descending order as its diagonal elements. Define the K by K
matrix H as in [18]:

1 ~

H=—B'®W)d(W)BFFK'.

np
It has been shown that ||K]||, [K~!|| and ||[H||, |[H™!|| are all Op(1). Here we
remind that though H and K are different from those in regime 1 defined in the
previous section, they play essentially the same roles (thus with same notations).
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The following lemma provides all the rates of convergences that are needed
for downstream analysis.

Lemma D.1. Choose J = (pmin{n,p,v; ' })'/* and assume J?>¢2,, log(nJ) =

p max

O(p) where ¢pmax = Max,<jsup,cy ¢v(z). Under Assumptions 2.1, 2.3, 2.4 and
3.1, we have || Al|max = Op(Jdmax + V1ogp) and

(i) |F = FH||z = Op(y/n/p) and |F — FH|max = Op(y/logn/p);

(ii) |F'(F — FH)|lnax = Op(v/n/p +n/p + ny/vp [p);

(i41) [[U(F — FH)||max = OP(\/ nlogp/p + nJdmax||Xl1/p);

() |[HH" — I|lmax = Op(1/p + 1//P+ \/1p/p).

Combining the above lemma with Lemma B.1, we obtain
~ 1 ,
U-U=—--UFF +1I,
n

where ||TI||max = Op(v/10g n/p(JPpmax + V108 p) + J dmax||X]|1v/1og n/p) and

. 1
UU - UU' = —~UFFU’ + A,
n

Where HA”max = OP(n V Vp/p(J2¢i1ax +10gp) +nJ¢InaXHEH1 (J¢Irlax + vV 1ng)/
p+n2J%¢2 . IZ13/p?) if there exists C s.t. v, > C/n. We choose to keep ||Z||;
terms here although it makes a long presentation of the rate.

Thus we complete the proof for Theorem 3.2. We are left to check Lemma
D.1, which is done in the following three subsections.

D.1. Convergence of factors F

Recall H = (np)~'B/®(W)'®(W)BF'FK L. Substituting X = ®(W)BF’ +
R(W)F +T'F + U, we have,

15
F_FH= (ZA,;)K*1 (D.1)
i=1
where A;,i < 3 has nothing to do with R(W) and T*:
1 / TR Lo e Lo 'R
A, = —FB'®(W)'UF, A,=—UP(W)BF'F, A;=—UPUF;
np np np

A;,3 < i < 8 takes care of terms involving R(W):

Ay = iFB/@(W)’R(W)F’ﬁ, A5:iFR(W)’q>(W)BF’f,
np np
1 - 1 -

A¢ = —FR(W)PR(W)F'F, A;=—FR(W)PUF,
np np

As = iU’PR(W)F’f;

np
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the remaining are terms involving I':

1 - 1 -~
Ay = —FB'®W)TFF, A, =—FI'd(W)BF'F,
np np
1 - 1 ~
Ay, = —FI'PIF'F, A,,=—FI'PUF,
np np
1 - 1 - 1 -
A;; = —UPIFF, A, =—FRPIFF, A;;=—FI'PRFF.
np np np

To bound ||F — FH||1nax, as in Theorem C.1 we only need to bound ||A;||max
for i = 1,...,15 since again we have |K™!|l2 = Op(1). The following lemma
gives the rate for each term.

Lemma D.2. (i) ||A1]max = Op(\/logn/p) = || Az2|lmax;

(”) ||A3Hmax = OP(J¢maX \Y IOg(nJ)/p)7

(ZZZ) HA4||max = OP(J_R/QVIOgn) = ||A5||max and ”AQHmax =
Op(\/vplogn/p) = [[Aiollmax;

(1) | Agllmax = Op(J~"Vlogn) and ||Ai1]lmax = Op(Jvpv/Ilogn/p),

(v) |A7||lmax = OP(QSmaX\/pflJliH log(nJ)logn) = ||Ag|lmax

and ||Aiz2|lmax = Op(Jdmaxr/Vp log(nd)logn/p) = ||A1s]max;

(m) HA14HIHaX = OP(\/ p_ljl_ﬁyp IOgn) = ||A15||ma>c~

Proof. (i) Because ||F||lmax = Op(vIogn), |[F|lz = Op(v/n). By Lemmas F.3
and F.4, [U®(W)B|r = Op(y/pn) and [[U'P(W)B|max = Op(v/plogn).
Hence

VK -
[A1]lmax < n—pHF”maxHB/@(W)/UHF”FHF = Op(\/logn/p),

VK ~
[ A2lmax < n—p||U’<I>(W)B||mx||FHFIIFIIF = Op(y/logn/p).
(i) We have As=-LU'®(W)(®(W)'®(W)) (W) UF. By Lemma F.3

and F 4, |[U'®(W)||r =Op(v/npJ) and ||U ®(W)||max = Op(Pmax/plog(nJ)).
By Assumption 3.1, [(®(W)'®(W))"t|a=0p(p~!). Note the fact that
for matrix A,xn, Bnxn, Cnxrs [[ABC|lmax = maXj<mr<r|a;Beg| <

V| Allmax|[Bll2]|Cl[ 7. So

sl < L2000 (ROW ) 2 (W) (W) U

:OP(J(bmax\/m/p)'
(iii) Note that [|[®(W)B|2 < [[G(W)|2 + [[R(W)[2 = Op(,/p), and

IROW)|lmax = Op(J"/?). Hence we have [B'®(W)R(W)|max <
”B/(I)(W)/HIHR(W)Hmax < \/73||B/(I)(W)/H2”R(W)”max = Op(pJ_H/2)~ Thus
3/2 -
| Asllmax < HF”maXHB/(I)(W)/R(W)”maX”FF”F = OP(J7K/2 Vlogn).

np

Similarly, ||As|lmax attains the same rate of convergence.
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In addition, notice Ag, Ao have similar representation as Ay, As. The only
difference is to replace R by I'. It is not hard to see ||B’®'T||max = Op(,/P7p).

Therefore ||Ag|lmax = Op(y/Vplogn/p) = ||A1ol|max-
(iv) Note that

[Pllo = (W) B(W))~/2B(W)'B(W)(B(W) (W)~ /2] = 1
and [R(W)PR(W)|lax < pIR(W)[2, [Pl = O, (pJ~*). Hence

K - —K
[ A llmax < n_pHFHmaXHR(W)/PR(W)HmaXHFFHF = Op(J~"y/logn).

A1 has similar representation as Ag. Since

TP [max < [STIEH[(S®) 7 2 = Op(J1y),

we have ||A11]|max = Op(Jvpv/logn/p).
(v) According to Lemma F.4, [[U'®(W)||max = Op(¢max+/plog(nJ)). Thus

K ~ _
HA7||max < %HFHmaXHFHFHRIq)((I)/q)) 1CI)/UHmax

< Op(p~ v/ J1ogn) [R'®||p[[ (2 @) ™ [2]| 2" Ul tmax

Jlog(nJ)logn
- O ( max —> )
P QS pJK
since |[R/'®||r < ||R||r||®|2 = Op(pJ—*/?). The rate of convergence for Ag
can be bounded in the same way. So do A1y and Aj3. Given that |[I'®|F =
Op(pJvy), we have ||A1z]|lmax = Op(JPmax/Vp log(nd)logn/p) = || A1s]|max-
(vi) Obviously, [[A14]lmax = Op(p~*VIogn||R'PT || max) and ||R'PT||pax <

|IR'®||p||(®'®)~ || ®'T| p. We conclude [[A14|max = Op(y/p~1J1=%1,logn).
Same bound holds for Ajs. O

The final rate of convergence for ||F — FH||max and ||F — FH||z are summa-
rized as follows.

Proposition D.1. Choose J = (pmin(n,p, Vp_l))l/" and assume
J2$2 . log(nJ) = O(p) and v, = O(1),

|F — FH| s = op(, / loin) and |F — FH||p = op(\/Z). (D.2)

Proof. The max norm result follows from Lemmas D.2 and (D.1), while the
Frobenius norm result has been shown in [18]. O

D.2. Rates of ||F'(F — FH)|lmax and |[HH — I||lmax

Note first that the two matrices under consideration is both K by K, so we do
not lose rates bounding them by their Frobenius norm.
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It has been proved in [18] that [|F'(F—FH)||z = Op(\/n/p+n/p+n/vy/p+
nJ~*/2). By the choice of J, the last term vanishes. So

B/ (F — FH)|[max < |F'(F — FH) [z = Op(v/n/p+n/p +ny/vp/p).

[18] also showed that |H'H—I||p = Op(1/p+1/\/pr+J /% + /v, /p). Since
|H|| and |[H™!|| are both Op(1), we easily show |[HH' —1I||jax < |[HH —1I||F <
[HHH - I||p[H™ || = Op(1/p + 1/y/pr + \/vp/p) since J* = p/v,,.

D.3. Rate of |U(F — FH)||max

By (D.1), in order to bound |[U(F — FH)||max, we essentially need to bound
ITUA|lmax for ¢ = 1,...,15. We do not bother going into the details of each
term again as in Lemma D.2. However, we point out the difference here. All A;
are separated into two types: the ones starting with F and the ones starting
with U.

If a term A; starts with F, say A; = FQ, in Lemma D.2, we bound ||A;||max
using VK ||F||max||Ql| 7. Now we use bound |[UA;||lmax < VE||UF||max||Q|| 7
so that we obtain all related rates by just changing rate ||F||max = Op(y/Ilogn)
t0 [|[UF||max = Op(v/nlogp).

Terms starting with U includes A;, i = 2,3,8,13. In Lemma D.2, we bound
lA:|lmax; @ = 3,8,13 using ||U'®||max while we bound |[As||max using
|U'®B||max. Correspondingly now we need to control |[UU'®|y.x and
lUU'®B||max separately to update the rates. The derivation is relegated to
Lemma F.5. We have [[UU'®(W)||max = Op(¢dmax(vnplogp + n||X|1)) and
||UU/@(W)B||max = OP(\/Wng + nj¢max||2H1)

So we replace the corresponding terms in Lemma D.2. It is not hard to see the
dominating term is |UAz||max = Op(v/n10gp/p + nd dmax||21]1/p). Therefore,
|U(F — FH)||;max has the same rate.

Appendix E: Proof of Theorem 4.1

Proof. Denote the oracle empirical covariance matrix as
1 m
_ iyTi!
Sy =% z; U'ut.
1=

As in [9], the upper bound on |Q — | is obtained by proving
(% = 2N)Qlmax = Op(Tm,np) and [(Ex — X)2max = Op(Tim,n,p)- (E.1)
Once the two bounds are established, we proceed by observing

HIp = EQ|max = [[(Z = Z)2max = Op(Tm,N,p)»
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and then it readily follows that if A < 7,, v p,
”Q - ﬂ||max < HQ(IP - 2Q)”max + ”(Ip - 2Q)/Q”mam
< 21Ty — E2|max + [Ty = ZR[max |21 < Al|€2[|1 + 7[€2]11
= OP(TmJ\ﬂP%

where the first term of the last inequality uses the constraint of (4.4) while the
optimality condition of (4.4) is applied to bound ||ﬁ||1 by ||€2]1. So it remains to
find 7, v p in (E.1). Since Q € F(s,Ch), |11 < Co, so we just need to bound
Hi\: — XN ||max and ||Ey — X||max. Obviously,

12— Sl = 0, (/2).

We have shown in (4.3) that 3 given by (4.2) attains the rate |2 — 2y ||max =
Op(am np). Thus 7 v p = \/10gp/N + apm, N p. Similar proof as in [9] can also
reach error bounds under || - ||y and || - ||2, which we omit. The proof is now
complete. O

Appendix F: Technical lemmas

Lemma F.1. (i) ||[A'U||% = Op(np),
(ii) |[U'U|% = Op(np? + pn?),
(iii) |[U'UF||% = Op(np? + pn?).

Proof. We simply apply Markov inequality to get the rates.
E|A'U|% = Eftr(A'UU'A)] = n - tr(A'EA) < n||Z|| - tr(A’A) = O(np) .

n

(zp: ujt“jt/)z]

E[UU} =E[Y
t=1¢
p

=1 j=1

n
_ 2 2 2
= Y (ZEadd+ Y o)
Jija=1  t=1 1<t#£t;<n

= Op(np® +pn?),
since Y . 0% = tr(2?) < |Ztr(Z) = O(p).

n p

n K
EHU/UFH% = E{ZZ( Zujtujt’ft’k)ﬂ
=1
K p n]
ZZ (ZE[UiltU?Qt]fEkJF Z 0—]2'1j2ft21k)

1<t#t1<n

~
Il
=
E
Il
-
R
Il
_
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Lemma F.2. (i) |A'U||lmax = Op(v/plogn).
(1) [U'Ul[max = Op(p),
(iii) |U'UF||max = Op(v/nplogn + py/logn).
Proof. (i) ||A'Ul|max = max;y [ujAx| where Ay is the &' column of A. Since
uj A, is mean zero sub-Gaussian with variance proxy A, XA, < || Z||[|Ax* =
O(p), we have ||A'Ul|max = Op(v/plogn).

(ii) [[U'U|lmax = maxy ¢ |ujuy| < maxysy [ujuy | + maxy [ujug|. We need to
bound each term separately. The second term is bounded by the upper tail
bound of Hanson-Wright inequality for sub-Gaussian vector [24, 41] i.e.

P(f|u]|? > t2(2) + 20/40(2)s + 2||Z|s) < e~*.

Choose s = logn and apply union bound, we have max; |[uju,| = Op(tr(X) +
24/tr(X)s) = Op(p + Vplogn) = Op(p). Then we deal with the first term. By
Chernoff bound,

P(Iggg( [Wjuy| > s) < 2n2e *Elexp(fuuy )],
where Elexp(6ujuy)] = Elexp(6?u;3u,;/2)] < Elexp(C6?||u;?)]. [24] showed
that

tr(E%)n? )
1= 2[|%]ln

For n < 1/(4|Z]) < tr(2)/(4tr(2?)), the right hand side is less than
exp(3tr(2)n/2) < exp(Cpn). Choose n = CH?, we have

Elexp(n]u:|2)] < exp (tr(Z)n +

P(n;ax [Wjuy| > s) < 2n? exp(—s6 + CH%p) .
i

We minimize the right hand side and choose 6 = s/(2Cp), it is easy to check
n < 1/(4]|X]|) and see that max;. |[ujuy| = Op(v/plogn). So we conclude that
[UUllyas = O (p). ]

(iii) Let fx be the k'* column of F. |[UUF|pax = max;y [u,Ufy| <
maxy i, [ujU (g Fi(— )| + max s, [ujuy fix| where U(_y), fi(—) are U and f can-
celing the t'* column and element respectively. From (ii) we know the second
term is of order Op(pmaxy |fix]) = Op(pvlogn). Define £ = U(_t)f'k(_t) ~
subGaussian(0, 3|/ f,_ ||?), which is independent with u;. Thus

]P(n;li}gX|u;£| > 5) < 2nKe *Elexp(fu}€)],

where Elexp(0uj€)] < Elexp(62ujSuy||fi_s [?/2)] < Elexp(C6%n|ju.l?)]. Sim-
ilar to (ii), we choose n = C6#%n here. It is not hard to see max;y |u,&| =
Op(v/nplogn). Thus ||U'UF||pax = Op(v/nplogn + py/logn). O
Lemma F.3. (i) |[F'U’||%2 = Op(np).

(i) [U'©(W)|% = Op(npJ), [U'@(W)B|% = Op(np).

(ii) | €(W)UF|% = Op(npJ), [B'S(W)UF|3. = Op (np).
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Proof. This results can be found in the paper of Fan, Liao and Wang (2014).
But the conditions they used are a little bit different from our conditions. In
particular, we allow no time (sample) dependence and only require bounded
||IX]|2 instead of ||X||;. By Markov inequality, it is sufficient to show the expected
value of each term attains the corresponding rate of convergence.

E|[F'U’||% = Eftr(F'E[U'U]F)] = Eftr(F'te(2)F)] = n - tr(X) = O(np).

E|[U'S(W)|[% = E[tr(@E[UU[W]D)] = n - E[tr(@/S)] < nJd - E[[|5'SD||2]
< nJdCoE[||®'®||2] = O(npJ).

E||®(W)'UF|% = E[tr(¥'E[UFF'U'|W]3)] = Eltr(FF')tr(&'S®)] = O(npJ).

E[|U'®(W)B|% and ||B’®(W)'UF||% are both O(np) following the same proof
as above. Thus the proof is complete. O

Lemma F.4. (i) [|[F'U|pax = Op(v/nlogp)

(i) [U'®(W) [ max = Op(¢maxy/plog(n)), [U'®(W)B|[max = Op(vplogn).
(iii) | 2(W)'UF ||max = Op(dmaxv/nplog J), [|B'@(W)'UF||nax = Op(/np).
Proof. (i) It is not hard to see ||[F'U'||max = maxp<i j<p|Dorey fktje| =
Op(y/nlogp). The detailed proof by Chernoff bound is given in the following.
By union bound and Chernoff bound, we have

n
p( ’ o] > t) < 2pKet? B! D ],
kgnll(a,lxgp t_zlftku]t > S zprie €

The expectation is calculated by fist conditioning on F,
E[eOZ?’:l ftkﬂjt} _ E[IE [692?:1 fw«“jt\F” < ]E[e‘ﬂzzzl ffkajj/ﬂ < ehnCot?®,

where the second equality uses the sub-Gaussianity of u;; and the last inequality

is from n~'F'F =T and ||| < Co. Therefore, choosing § = nLCO’ we have
P f t) < 2pKe 0S8 = 9pK e~ on
max Ujt| > e ez? = e on,
(kSKJSP fek Jt‘ )— P p

t=1

Thus ||F'U’||max = Op(v/nlogp). B
(i) [U(W)llmax = maxy,| 35 wjedn (Wit)| = maxy,i,¢ |y ue], where

bui = (¢ (W11), ..., 6,(W,1))'. Consider the tail probability condition on W:
]P’( . o),y | > t‘W) < 2Jdn - e YE[eP | W)
< 2Jdn - exp { —t0 + %925,’/[2@2_5”}.
The right hand side can be further bounded by

1 - 1
2Jdn - exp ( —th + 592C’o||¢yl||2) < 2Jdn - exp ( —th + EpCoﬂzngfnaX).
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Choose # to minimize the upper bound and take expectation with respect to
W, we obtain

_ 2
=) il
P(VSJ,rlnga;i},(kSn |p),ug| > t) < 2Jdn - exp 2pCod?

Finally choose t =< ¢maxy/plog(nJ), the tail probability is arbitrarily small

with a proper constant. So ||U'®(W)||max = Op(Pmax/plog(nJ)). The second
part of the results follows similarly. Note ||[U'®(W)B|/max < [U'G(W)||max +

IlU'R(W)||lmax and the first term dominates. So the same derivation gives

P(IU'GW) s > 1) < 2K exp { - gcﬂg” J

where g, = (g5(W1), ..., 9.(W,)). ||gk]|> = O,(p) since it is assumed eigenval-
ues of p~!G(W) G(W) is bounded almost surely. Hence, ||[U'®(W)B||max =
Op(vilogn).

(iii) |@(W) UF|lmax = max,<gi<ar<i | 25—y diey ¢v(Wit)ujifir]. Using
Chernoff bound again, we get

P n
Z Z v (Wit)ugi fir
j=1i=1

Since Y, fikd),u¢|F ~ sub-Gaussian(0, Y, f7.¢,,5¢.,1) = sub-Gaussian(0,
n@,,X¢,1), the right hand side is easy to bound by first conditioning on F.

IP’( max
V< JI<d k<K

> 1) < 2JdK et B[V Rl Sndlin],

E[eez;;1 f"““??l“t] < E[exp (%W%Lzzq%z)} < E[eXp (%np00¢?nax92)]-

Therefore, choosing 6§ = , we have

t
npCod2, .«
1
IP>(||<I>(W)’UF||max > t) < 2JdK - exp{ — 10+ §an'0¢I2naX02}

- 2JdKexp{ - W}

So we conclude [|®(W)'UF||max = Op(dmaxv/nplog J). By similar derivation as
in (ii), we also have |B’® (W) UF||nax and ||G(W)'UF ||;nax are both of order

Op (/D). O

Lemma F.5. (i) ||[UU'A|lmax = Op(vV/nplogp + n||X||1),

(i) [[UU'®(W)||lmax = Op(¢max(vnplogp+n|X|1)) and [[UU'S(W)B||max =
OP(\/ nplogp + nJ¢max||E||l)-

Proof. (i) [[UU'Al|max < maxjp|d> p; ujeajA, — n2§':1 o Nk +
7 Max; Z;’,:l loji7||1Aj7k|. The second term is O(n||X]1). So it suffices to fo-
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cus on the first term. Let ¥ = AA’ and u; = Av; so that Var(vy) = L
Write A’ = (ay,...,a,), so we have uj; = a}vt Also denote di, = A’Xy. Thus
Uj WA = a VLV dk and Z 1 O Ak = a d;.

(max’z a’; Vtvtdk a’; dk)‘ > s)

- ~ ~ ~ 3 S
t=1 s

where a; and dj are two unit vectors of dimension p. We will bound the right
hand side with arbitrary unit vectors a; and dy.

]P’(’ Zﬁ;vtvgak — nag.&k‘ > s)
(‘ Z ((a +di)'vy) 2 —nla; + dy? ‘ > 25)
t=1
+ IP’(‘ S (@ - de)'ve)® — nlla; — ak||2‘ > 23) .
t=1

Note that (a; 4 dj)'v¢ ~ subGaussian(0, |a; + dx||2) and ||a, + di||? < 4. By
Bernstein inequality, we have for constant C' > 0,

]P’(’ g(ﬁ;—vtvgak — 5}&;{)’ > s) < 2exp ( — C'min(s?/n, s)) .

Choose s = Cy/nlogpmax,y, ||a;|//|dx|| in (F.1), we can easily show that the
exception probability is small as long as C is large enough. Therefore, noting
max;i [|a;[|[[dk < Cmaxy [|Agll, max;y |35, wjeai e — n 328y 05 Aj] =

Op(v/nlogpmaxy |[Ag]) =  Op(Vnplogp). Finally |[UUA|pax =
Op(vnplogp +n||X|).

(ii) The rates of |[UU'®(W)||max and [[UU'®(W)B||max can be similarly
derived as (i). Denote ®,; = (¢, (W11), ..., du(Wpi))', s0

n p
[UU D (W) || max < r;af)n]( ‘ Z ujpuy P, —n Z 00 (Wjn)

+n1}1axz |ojje | do (W)

= Op(\/mnﬂx | @] + ndmax||X]1)
P(Pmax(v/nplogp +nl|X|1))
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Denote the k' column of ®(W)B by (®B);, we have

n P
(U0 ®(W)B e < max | 3 ety (@B) Y 5 (9B);15)
’ t=1

=1

p
+nmax > o [[(@B)

=1

= Op(v/nlogpmax||(®B)y| + nJ Gmax[|Z]1)
= Op( v nplogp+ nJ max[|2]1) ,
where we use maxy, [|(®B),| < [|®B||r = Op(\/p).

Appendix G: More details on synthetic data analysis

G.1. Model calibration and data generation

We calibrate (estimate) the 264 by 264 covariance matrix 3 of u; by our pro-
posed method to the data in the healthy group. Plugging it as input in CLIME
solver delivers a sparse precision matrix €2, which will be taken as truth in the
simulation. Note that after regularization in CLIME, Q! is not the same as 3,
and we set the true covariance ¥ = Q™. To obtain the covariance matrix used
in setting 1, we also calibrate, using the same method, a sub-model that involves
only the first 100 regions. We then copy this 100 x 100 matrix multiple times
to form a p x p block diagonal matrix and use it for simulations in setting 1.
We describe how we calibrate these ‘true models’ and generate data from the

models as follows.

1. (External covariates) For each j < p, generate the external covariate

W iid. from the multinomial distribution with P(W; = s) = w,,s < 10
where {ws}1%, are calibrated with the hierarchy clustering results of the
real data.

. (Calibration) For the first 15 healthy subjects, obtain estimators for F,
B and T' by PPCA, resulting in F, B = n~}(®(W)'®(W)) " 1&(W)'XF
and T' = n~1(I — P)XF according to [18]. Use the rows of the estimated
factors to fit a stationary VAR model f; = Af;_;+¢€;, where ¢, ~ N(0,3,),
and obtain the estimators A and ENIE.

. (Simulation) For each subject i < m, pick one of the 15 calibrated
models and their associated parameters from above at random and do
the following.

(a) Generate 7}, (entries of ') iid. from N(0,52) where 62 is the sam-

ple variance of all entries of I. For the first three settings, compute
the ‘true’ loading matrix A" = ®(W)B +I". For the last setting, set
A" =T" since G(W) = 0.
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(b) Generate factors f/ from the VAR model f/ = Aff | + €, with €, ~

N(0, ZNJE), where the parameters A and 3, are taken from the fitted
values in step 2.

(c) Finally, generate the observed data X' = A'FY + U, where each
column of U’ is randomly sampled from N(0,Q7"), where € has
been calibrated by the CLIME solver as described at beginning of
the section.

G.2. More on pervasiveness

In this subsection, we discuss the pervasive assumption, which requires the spikes
to grow with order p, and present numerical performance of ALPHA for different
levels of ¢pin and cmax (defined in Assumption 2.3). The readers will have a
rough idea about how the spikiness (or the constant in front of the rate) affects
the performance. We particularly consider the cases when cpax is small or cpip
is large. As a threshold matter, we verify that the real data is consistent with
the pervasive assumption.

Denote the maximum and minimum eigenvalues of the matrix A’A/p by Amax
and Apin respectively, and denote the maximum eigenvalue of the matrix U'U/p
by A¥ .x- We first investigate the magnitude of Ayin, Amax and Ay, derived from
the real data. Following exactly the same data generation procedure as in the
original simulation study, we randomly generate 1,000 subjects. We find that
Amax has mean 15.352 and standard deviation 4.918, Ay, has mean 10.069
and standard deviation 5.416 and A} .. has mean 1.317 and standard deviation
0.119. We also investigate the signal-to-noise ratio Apmin/A% ., which has mean
7.711 and standard deviation 4.230. Therefore, our real data demonstrates a
spiked covariance structure while the spikes are not extremely spiky.

Then we manipulate the data generation process correspondent to two differ-
ent cases. One is to multiply the original loading matrix A by 3, called Modified
(a), while the other is to divide A by 3, called Modified (b). Note that in the
case of Modified (b), Amin will be 1/9 of the original Ap,;, and thus smaller than
A aws SO we do not see a clear eigen-gap in this case. Table 3 compares the per-

formance of recovering the precision matrix € under the original and modified
setting when n; = 100.

TABLE 3
Gaussian Graphical Model Analysis

€2 — Qflmax |2 — Q|1 |2 — Q2
Original 0.564 3.445 1.188
Modified (a) 0.524 3.052 1.066
Modified (b) 0.749 4.914 1.719

We can see from the table above that the performance of ALPHA in the
case of Modified (a) is slightly better than that in the original case. Note that
increasing cp,;, makes the heterogeneity part more spiky. Larger ¢y, allows PCA
or PPCA to distinguish the spiky heterogeneity term more easily. In contrast,
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decreasing ¢y makes the original spiky heterogeneity term hard to detect. We
also tend to miss several heterogeneity factors while extracting them. Therefore,
in Modified (b), the estimation error becomes significantly larger compared with
the original case.

G.3. Sensitivity analysis on the number of factors

In this section, we study how the estimated number of factors affects the recovery
of the Gaussian graphical model through simulations. The specification of the
number of factors is critical to the validity of our ALPHA method, which inspires
us to assess the performance of K and K on our simulated datasets in the first
place. Recall that

~

K = argmax; < g, Me(X'X) /N1 (X'X),

K = argmax; <. M\e(X'PX)/App1 (X' PX),
where P is the projection operator defined in (3.5) in the main text. The final
estimator of the number of factors, denote by K, comes from the heuristic
strategy we developed for choosing between PCA or PPCA. We choose PCA
if Ag(X'X)/Az 1 (X'X) > Ap(X'PX) /A, (X'PX) and choose PPCA vice
versa. The intuition is that we favor the method that yields larger eigen-ratio
between the spiked and non-spiked part of the covariance.

Analogous to the simulation study in our paper, we generate m = 1,000
people’s BOLD data based on calibrated “true” data. We investigate the accu-
racy of the proposed K, K and K for two cases: (i) n; = 20,p = 264 and (ii)
n; = 100, p = 264, presented in Table 4. As we can see from the table, when n;
is small, K outperforms K and when n; is large, K is better. Note also that our
heuristic estimator K has great performance in both cases of large and small n;.

TABLE 4
Accuracy ofK K and K

n; = 20 n; = 100
TotErr OverEst UnderEst | TotErr OverEst UnderEst
K| 38.7% 0% 38.7% 0.7% 0% 0.7%
K| 297%  6.8% 229% | 47% @ 2.7% 2.0%
K| 207%  6.8% 22.9% 3.5% 2.3% 1.2%

Given the performance of our proposed estimators of the factor number, we
now artificially enlarge this estimation error and see how it affects the Gaussian
graphical model analysis. Let 1 be a random perturbation with P(n = 0) = 1/2,
P(n =1) = 1/3 and P(yn = 2) = 1/6. Define KT := K +n and K~ :=
max(K —n,0), where K is the true number of factors. As the notations indicate,
K overestimates the factor number while K~ underestimates it. Since P(n 75

0) = 1/2, their estimation accuracy is only 50%, worse than that of K and K
as presented. We use KT and K~ as the estimators of the number of factors
respectively to recover the precision matrix of U and compare their performance
with that of K. The results are presented in Table 5.
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TABLE 5
Gaussian Graphical Model Analysis

n; = 20 n; = 100
192 = @lmax 12— 21 12— Q| 12 = max 12— 21 12— 2o
Oracle 0.687 4.131 1.311 0.335 2.018 0.695
K° 0.873 2.824 1.351 0.536 2.006 2.017
K 1.156 8.581 2.950 0.564 3.445 1.188
Kt 0.771 3.27 1.49 0.586 2.154 1.074
K- 1.618 11.384 4.062 1.84 15.133 4.941

“Oracle” above means that we directly use the generated noise U to calculate
its sample covariance and plug it in CLIME to recover the precision matrix.
K° means we know the true number of pervasive factors, and use PCA or
Projected-PCA (choosing the method that yields larger eigen-ratio) to adjust
factors. As we can see from the table above, KT is nearly as good as K°, which
means that overestimating the number of factors does not hurt the recovery
accuracy. In contrast, underestimating the number factors will seriously increase
the estimation error of €2, as shown by K, because the unadjusted pervasive
factors heavily corrupt the covariance of U. Nevertheless, both K+ and K~ uses
partial information of the true number of factors. In comparison, our procedure
K, without any prior knowledge about the number of factors, have a great
performance in recovering €.
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