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Abstract

Varying coefficient models (VCMs) are widely used for estimating nonlinear regression
functions for functional data. Their Bayesian variants using Gaussian process priors on
the functional coefficients, however, have received limited attention in massive data appli-
cations, mainly due to the prohibitively slow posterior computations using Markov chain
Monte Carlo (MCMC) algorithms. We address this problem using a divide-and-conquer
Bayesian approach. We first create a large number of data subsamples with much smaller
sizes. Then, we formulate the VCM as a linear mixed-effects model and develop a data
augmentation algorithm for obtaining MCMC draws on all the subsets in parallel. Finally,
we aggregate the MCMC-based estimates of subset posteriors into a single Aggregated
Monte Carlo (AMC) posterior, which is used as a computationally efficient alternative to
the true posterior distribution. Theoretically, we derive minimax optimal posterior conver-
gence rates for the AMC posteriors of both the varying coefficients and the mean regression
function. We provide quantification on the orders of subset sample sizes and the number of
subsets. The empirical results show that the combination schemes that satisfy our theoret-
ical assumptions, including the AMC posterior, have better estimation performance than
their main competitors across diverse simulations and in a real data analysis.
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1. Introduction

We first introduce the motivation of studying Bayesian varying coefficient models with a
Gaussian process prior for massive data applications. Then, we outline our main contribu-
tions in this work and discuss the related literature.

1.1 Varying Coefficient Models Using a GP Prior

VCMs are a flexible and popular extension of the linear regression model (Hastie and Tib-
shirani, 1993), in which the regression coefficients can be smooth functions that capture
nonlinear dependence of the response function on the covariates. VCMs are extensively
used in practice, including time-series (Chen and Tsay, 1993; Cai et al., 2000), longitudinal
(Wu et al., 1998; Ruppert et al., 2003), spatial (Gelfand et al., 2003), and spatiotemporal
data analysis (Lu et al., 2009). Bayesian VCMs combine the flexibility of nonparametric
models and the interpretability of parametric models and provide uncertainty estimates
in inference and predictions via MCMC draws from the posterior distribution; therefore,
they are well-suited for the Bayesian analysis of massive time-series, healthcare, and spa-
tial/spatiotemporal databases.

We focus on Bayesian VCMs in which the varying coefficients are assigned a multivariate
GP prior. Without loss of generality, we assume that all functional variables (responses or
covariates) are defined on the d-dimensional indexing space [0,1]% (d € N). The index is
time and d = 1 in purely times series applications, whereas d = 2 and the index is a spatial
location in purely spatial applications. The two indices are combined in spatiotemporal
applications, where d = 3 and the index is a space-time tuple. More generally, for a sample
of indexes {u; : i = 1,...,n} (n € N) from [0, 1]¢, we observe the s;-dimensional ith response
vector y(u;) € R% (s; € N) and the matrix of ith covariate functions X (u;) € R%*P where
p € N is the number of covariates. We consider a VCM with the form

y(us) = X (u)Bwi) + e(ws), e(w) = N (0,721,,), i=1,....n, (1)

where B(u) = {B1(u),...,Bp(u)}T € R? for u € [0,1]¢ is the vector of varying regression
coefficients, 0 and I are a zero vector and an identity matrix of dimension s, and e(u;) € R¥
(¢ = 1,...,n) are idiosyncratic normal errors. The responses in (1) are allowed to have
different dimensions, but s; = s for every i (s € N) in a typical scientific application.

The VCM setup in (1) has advantages over its peers in the literature. For example,
the varying coefficients S(u) provide a more flexible and realistic modeling of responses
and predictors with space or space-time indices, so they perform better in practice than
fitting deterministic trends in covariates, such as polynomial regression (Gelfand et al.,
2003). There are some methods for modeling the varying coefficients 3(u) for u € [0,1]¢ in
(1), but we use a multivariate GP prior distribution on 5(u); see Section 2 for a detailed
description. In fact, VCMs in the existing literature typically rely on basis expansions using
local polynomials, P-splines, and trees for modeling the varying coefficients 5(u) (Li and
Racine, 2007; Marx, 2010; Berger et al., 2019). The specification of the number of basis
functions or the height of the tree and the choice of knots or split locations is usually difficult
in practice. In comparison, Bayesian inference using GP priors only requires a tuning-free
prior specification for the covariance parameters. Even low-dimensional structures in the
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data are conveniently modeled using a GP prior projected on a moderately large number
of inducing points (Quifionero-Candela and Rasmussen, 2005).

While the VCM in (1) with a GP prior on f(u) has such advantages in the modeling
of structured data, there are several practical considerations, including inefficient posterior
computations, that have severely restricted its application in massive data settings. Pos-
terior sampling involving GPs are already prohibitively slow if the sample size is large. In
fact, the cost per MCMC iteration for updating 5(u) scales as O(p?n?) for storage and
O(p®n3) for computations. As a result, the simple posterior sampling scheme for inference
in (1) using Gibbs and slice sampling as originally proposed in Gelfand et al. (2003) be-
comes infeasible in practice. Even with the low-rank GP approximation techniques using
r inducing points (Quifionero-Candela and Rasmussen, 2005; Alvarez et al., 2012), one can
only reduce the cost per MCMC iteration from O(n®p?) to O(npr?) (Alvarez and Lawrence,
2011). Furthermore, r is chosen to be sufficiently large, typically of the order O{(logn)¢},
to achieve satisfactory approximation accuracy (Burt et al., 2019). The use of deep GP
priors in (1) further worsens the computational burden and cannot be used in practice
(Damianou and Lawrence, 2013; Duvenaud et al., 2014). Finally, variational inference has
been widely used in machine learning for inference in applications based on VCMs with
multivariate GPs involving big data, but MCMC-based inference has remained relatively
unexplored in this context (Alvarez and Lawrence, 2011; Alvarez et al., 2019; Yousefi et al.,
2019). MCMC based inference has the natural advantage of accurately characterizing the
uncertainty of inference and prediction in VCMs with functional data, having strong local
features. This is crucial in the spatio-temporal application of interest in Section 5.3, which
aims at understanding local features in the space-time varying relationship between sea sur-
face temperature and sea salinity for the Atlantic ocean based on large functional data. Our
posterior inference algorithm fills this gap, providing a scalable MCMC-based alternative.

Addressing the computational bottlenecks for the VCM in (1) with a GP prior on 5(u),
we develop a three stage distributed Bayesian inferential approach for efficient computation
with functional response and covariates obtained at a large number of indices. The first stage
of the algorithm constructs k subsets by randomly selecting m samples without replacement
from the full data, where k is large and posterior computations with m is tractable. The sec-
ond step obtains k MCMC-based approximations of the full data posterior distribution by
fitting the VCM in (1) with a GP prior on §(u) on all the subsets in parallel. This step has
two main novelties. First, we compensate for the missing (1 —m/n)-fraction of the full data
in each subset by appropriately modifying the subset likelihood. Second, we reformulate
the VCM in (1) with a GP prior on (u) as a linear mixed-effects model using parameter
expansion. This leads to an MCMC algorithm that has closed-form full conditional distri-
butions for all the parameters, except those used for defining the covariance function of the
GP prior. We draw these parameters using elliptical slice sampling (ESS, Nishihara et al.,
2014), which bypasses the proposal tuning problems of Metropolis-Hastings algorithm. The
parameter expanded DA with the ESS step constitutes our DA-type algorithm for posterior
inference and predictions on the subsets.

The subset posterior computations are tractable because m < n and parameter updat-
ing is efficient due to the closed-from full conditionals; however, posterior computations a
subset condition on m samples only. The third stage of the algorithm develops a combina-
tion scheme that aggregates MCMC-based approximations of the true posterior distribution
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from the k subsets into the AMC posterior, which uses information from all the n samples.
This step has several theoretical novelties. First, we identify regularity assumptions under
which the AMC posterior distributions of both the varying coefficients and the mean re-
gression function have minimax optimal posterior convergence rates in the Ly norm toward
their truth. Development of such guarantees in VCMs with multivariate latent GPs remains
an open problem since their proposal in Gelfand et al. (2003). Second, our results provide
quantification on the orders of the subset size m, the number of subsets k, and modifica-
tion of the subset likelihood according to the underlying smoothness of varying coefficients.
Finally, our theory only requires a weak condition on the combination scheme, so it encom-
passes a few existing combination methods, including the AMC posterior proposed in this
paper as well as the double parallel Monte Carlo (DPMC, Xue and Liang, 2019), Wasser-
stein posterior (WASP, Srivastava et al., 2015), and posterior interval estimation (PIE, Li
et al., 2017) algorithms. The minimax optimality of the AMC posterior distribution implies
that it can be used for principled Bayesian inference in massive data settings with very large
n if m and k are chosen appropriately.

1.2 Related Work

The theoretical and computational properties of frequentist estimation methods for VCMs
have been studied extensively. The theoretical results focus mainly on VCMs that use
local polynomial smoothing, regularized basis expansions, and boosted trees (Hastie and
Tibshirani, 1993; Fan and Zhang, 1999; Huang et al., 2002; Zhou and Hooker, 2019); see
Park et al. (2015) for a recent review. The software for fitting VCMs is also well-developed
(Wood, 2017). On the other hand, Bayesian VCMs have been widely applied to different
types of data (Gelfand et al., 2003; Bakar et al., 2015; Hamm et al., 2015; Datta et al.,
2016), but the literature on their theoretical properties is sparsely populated. Recently, Bai
et al. (2019) have studied the theoretical properties of Bayesian VCMs based on regular-
ized basis expansions; however, their model is different from the VCM with multivariate
GPs considered in this paper, and their main focus is on the high dimensional variable
selection problem, which is essentially different from our focus on applications with massive
n. Furthermore, frequentist properties of the posterior distribution of regression function
obtained using a univariate GP prior are known (van der Vaart and van Zanten, 2011), but
their extensions to a multivariate GP prior, similar to the one used for Bayesian inference
in (1), are non-trivial and have not been studied.

Furthermore, Bayesian VCMs with multivariate response functions have not been stud-
ied extensively in the literature. There are some extensions of factor models based on
independent GP priors that are used for modeling multivariate responses. One such exam-
ple is a spatial factor model (Ren and Banerjee, 2013) that is defined as

y(ui) = Blus) + e(ug),  Blus) = Lv(w;), y(u) €R®, s €N, w; € 0,17 (2)
for i =1,...,n, where L is a p-by-q factor loading matrix and v(-) = {v1(-),...,v4(-)}" is a
vector of ¢ spatial factors, all following mutually independent univariate GPs vy (-), ..., v4(-).

Gu and Shen (2020) and Ren and Banerjee (2013) also specify identifiability constraints on
L in (2) for valid frequentist estimation and Bayesian inference using MCMC, respectively.
Compared to (1), every y(u;) in (2) has the same dimension and the covariate matrix
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X (u;) is unobserved due to the unsupervised nature of the model. While we also propose
a very similar formulation of the varying coefficients f(u) using the linear model of co-
regionalization (LMC) approach, our main focus is posterior inference on the regression
coefficient 5(u) and prediction of y(u) in (1), which does not require inference on L or v(-).

We now turn our focus to distributed Bayesian inference in (1). The strategy of modi-
fying the subset likelihoods for obtaining better uncertainty characterization in distributed
Bayesian inference for parametric models has been discussed in Minsker et al. (2017). Each
subset contains only m/n-fraction of the full data, so the posterior distribution computed
from the usual likelihood overestimates the uncertainty relative to the true posterior dis-
tribution. Thus, the modification of the subset likelihood is essential for accurate uncer-
tainty quantification in parametric models (Minsker et al., 2017); however, the subset like-
lihood modification strategy for parametric models cannot be straightforwardly applied for
Bayesian VCMs, due to the lack of any supporting theoretical result. One of our main con-
tributions is to identify the subset likelihood modification and to justify it through rigorous
theoretical results for VCMs; see Sections 3.2 and 4. If we use the asymptotic posterior La-
risk of a combined posterior distribution for quantifying its performance, then the likelihood
modifications required for asymptotic optimality are different in the parametric models and
VCMs based on an “appropriately tuned” multivariate GP prior.

The AMC algorithm belongs to the class of divide-and-conquer (or distributed) methods
for Bayesian inference. These methods have been studied extensively for scalable Bayesian
inference in parametric models (Scott et al., 2016; Entezari et al., 2017; Minsker et al.,
2017; Li et al., 2017; Srivastava et al., 2018; Xue and Liang, 2019; Jordan et al., 2019) and
nonparametric regression using univariate GP priors (Zhang et al., 2015; Shang and Cheng,
2017; Shang et al., 2019; Szabd and van Zanten, 2019, 2020; Zhang and Williamson, 2019;
Guhaniyogi et al., 2017). Unfortunately, the literature fails to address distributed Bayesian
inference in (1) using multivariate GP priors, which is our main focus. All these methods
consist of three main steps: dividing the massive data set into smaller computationally
manageable subsets, performing statistical estimation on the subsets in parallel, and com-
bining the subset estimates into a global estimate, which is used as an alternative to the true
posterior distribution. Existing distributed Bayesian inference methods differ mainly in the
third step that computes the global estimate. Given some minimal requirements are met in
the combination step, our theoretical results can be used to obtain posterior convergence
rates for any of these combination schemes used for distributed Bayesian inference in (1).
We demonstrate that such requirements are indeed met by the combination schemes used

in the AMC, DPMC, PIE, and WASP algorithms.

2. Model Setup and Prior Specification

In this section, we describe the varying-coefficient model setup and its equivalent formulation
as a linear mixed-effects model. We then provide the prior specification and outline the main
data augmentation algorithm that is used to fit the model.

2.1 Model Reformulation

Consider a general VCM setup based on (1) with p predictors out of which ¢ predictors
have varying coeflicients such that p > q. Without loss of generality, assume that the first ¢
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predictors have varying coefficients, so that f(u) = {fSya(u), Buv}™ in (1), where fya(u) € R?
for every u € [0,1]¢ and By, € RP™7 are the varying and non-varying coefficients blocks. For
performing Bayesian inference on [3(+), a typical strategy is to assign multivariate GP prior
and Gaussian prior distributions on Sy, (-) and Sy, respectively, and obtain MCMC draws
from the posterior distribution of 3(-) using (1).

The most important part of the prior specification is to choose a cross-covariance func-
tion for the multivariate GP prior on fy,(-) that is flexible and leads to simple posterior
computations. Versatile constructions exist for specifying the cross covariance of (By,(u)
(Gaspari and Cohn, 1999; Majumdar and Gelfand, 2007; Wackernagel, 2006; Zhang, 2007;
Genton and Kleiber, 2015; Bourotte et al., 2016). We, however, adopt the LMC tech-
nique (Alvarez et al., 2012) for inducing correlation among the components of Bya(u) due
to its simplicity and relatively efficient computation. Under the LMC framework, we set
Bva(:) = aya +Tw(:), where ay, € RY, T' € R7Y and v(u) = {v1(u),...,ve(u)}" is a vector
of ¢ independent GPs indexed by [0,1]? with mean functions 0 and correlation functions
p1(-s)s .-, pq(,-) with parameters 61, ...,0,, respectively. The independent GP priors on
v1(+),...,14(+) induces a multivariate GP prior on fy,(-). Specifically, given ay,, I', and
01,...,04, Bva(:) = owa +T'(:) is a g-variate GP with mean function o, and covariance
function C(u, ') defined as

C(u,u') = Cov{Tw(u),Tv(u)} = Tapa(u,u)TG =Y To{R(u,u)}aaly,  (3)
a=1 a=1

where u,u’ € [0,1], T, is the ath column of T, and R(u, ) = diag{p1(u, '), ..., pg(u,u’)}
is a g-by-q diagonal matrix of correlations determined by 0% = (67, ...,0;).

We now reformulate the VCM in (1) with a GP prior imposed on Sy, () using the LMC
technique as linear mixed-effects model. Define o = (Qya, fnv)" € RP and Z(u;) € R%*7 to
be the matrix that includes the first ¢ columns of X (u;) (i =1,...,n). Reformulate (1) as

y(ui) = X(uj)a+ Z(ui)Tv(u) + e(w;), v(-) ~GP{0,R(-,-)}, i=1,...,n, (4)

where R(-,-) = diag{pi(-,-),...,pq(+,-)} is the correlation “function” for v(-). The models
in (1) and (4) are equivalent if we let Bya () = aya+T'v(u) for all w € [0,1]%. The parameters
a and I" in (4) cannot be estimated uniquely from the data {y(u;), X (w;) : ¢ =1,...,n} but
the vector {B(uy),...,5(uy)} is still estimable if the design matrix formed by {X (u;) : i =
1,...,n} as the row blocks is of full column rank. The prior distributions on the unknown
parameters o, I, 72, @ are spelled out in Section 2.2.

Many widely used models are obtained as special cases of (4). If p,(u,u’) = 1,— for
every a, where 1,—,, equals 1 if v = v/ and 0 otherwise, then we recover the linear-mixed
effects model using (4), where I'T'" equals the covariance matrix of the random effects. If
si =1, p=gq, I' is a diagonal matrix, and X (u;) = Z(u;), then (1) reduces to

y(u;) = X(ui){a+Tv(w)} + e(u;) = X (wi)B(wi) + e(w;), i=1,...,n, (5)

where o and I'v(-) model the global and local effects, respectively, the diagonal entries of T’
determine the scale of local effects, and () is the p-by-1 varying coefficients vector. The
spatiotemporal varying coefficient model is a special case of (5) when u € [0,1]3 (Gelfand
et al., 2003; Gelfand and Banerjee, 2010). Finally, assuming u to be the time domain in (5)
yields a regression model for longitudinal data analysis.
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2.2 Prior Specification

The parameters (o,I',72) are jointly assigned a noninformative prior with density
p(a, T, 72) oc 1/72. If 7y represents the ¢*-dimensional vector formed by stacking the columns
of I', then this prior is a limiting case of the normal-inverse-gamma prior distribution on
{(a,7), 7%}, where (p + ¢?)-variate normal prior distribution is assigned on (c,v). We are
also not concerned with the identifiability of I' or « since they are intermediate latent
variables enabling efficient estimation of Sy, (u) for every u € [0,1]%.

As far as the choice of py(-,) (a = 1, .., q) is concerned, two types of correlation functions
are used in this paper. The first one is the exponential correlation function defined as
pa(u, ') = e~®alv=vll2 for any u,u’ € [0,1]%, where ¢ > 0, || - ||2 is the Euclidean norm,
and 0, = {¢.} (a = 1,...,q). We also use Gneiting’s correlation function for varying
coefficient modeling of spatiotemporal data presented in Section 5.3, which is defined as

1 ____%allh=hll3
w ‘t t/|2 n 1)H e ($alt—t/|2+41)ka/2 .U, o c [0, 1]37 (6)
a —_ a

pa(u,u’) = (

where u = (h,t),u/ = (W,t') are space-time tuples, h,h’ € [0,1]2, t,t' € [0,1], ¢o > O,
Yo >0, ke € 10,1], and 04 = (¢a, Ya, ka)™ (Gneiting, 2002). For the exponential correlation
function, we put a Uniform(cy,, Coq) prior on ¢,. The parameters ¢q, 14, and k, are
assigned Uniform(c,,,€14), Uniform(cy,, ¢2q), and Uniform(cs,, ¢3,) priors respectively for
the Gneting’s correlation function. The parameters for the uniform priors satisfy 0 < ¢;, <
Cig for 1 =0,1,2 and 0 < ¢3, < T34 < 1.

2.3 The DA-type Algorithm

The DA-type algorithm for posterior inference on 3(-),72 and prediction of y(-) has six
parts. Let U* be a given subset of [0,1]¢ where the draws of 4(-) and y(-) are required,
D be the training data, and v, = {v(u1),...,v(uy)}, where v(u;) is defined in (4). The
first part of the DA-type algorithm is the Imputation (I) step that draws v, given D and
(a, T, 72,0). The second part of the DA-type algorithm is the Prediction (P) step that has
five sub parts. It uses the v, to draw («, ', 72, 0) given D and {S(u*), y(u*) : u* € U*} given
(a,T,72,0). The I and P steps are repeated until convergence to the stationary distribution
of the Markov chain for (72, {3(u*), y(u*) : u* € U*}); see Appendix A for derivation of the
six parts and their analytic forms.

This DA-type algorithm is slow in moderately large data sets. The computational
complexity of the I step is O(n3p3) if we update multivariate GPs. Low rank GP methods
provide some computational relief, though the computational gain is not substantial if one
needs to maintain the inferential accuracy. The sparse iterative methods for sampling
from GPs lead to only marginal improvements because the number of iterations have to
be relatively large for guaranteeing accurate approximation (Chow and Saad, 2014). Due
to the slow I step, the DA-type algorithm using the full data is extremely inefficient in
applications with a large n. The next section presents an extension of the DA-type algorithm
using divide-and-conquer technique that overcomes these inefficiencies while retaining its
simplicity and numerical stability.
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3. Distributed Varying Coefficient Modeling Using a GP Prior

Our distributed model fitting of the Bayesian VCM consists of three steps described below.

3.1 First Step: Constructing Training Data Subsets

The first step of the distributed extension of the DA-type algorithm in Section 2.3 constructs
k subsets from the training data. The default scheme for constructing subsets is to randomly
sub-sample without replacement from the training data, ensuring that each subset provides
a reliable representation of the full data and all observations specific to a sample are on
the same subset. The size of a subset m is set to be moderately large so that p,qg < m
and posterior computations are efficient on any subset. The “optimal choice” of k depends
on the smoothness of the regression function, which we study in Section 4. Let D; be
the training data on subset j (j = 1,...,k), uj be the ith index in subset j, and y(uj;),
X (uji), Z(uj;) be the corresponding observations with dimensions sj;, s;;-by-p, sj-by-gq, for
i=1,...,m. Similarly, the subset j versions of parameters (3, «,I',72,6) are denoted by
(Bj, a5, F], T; ,9 ). The correlation function pj, equals p, but replaces 6, by 6;,. The GP
with with correlation function pj, is denoted as Djq(-), and 7;(-) = {7j1(:), ..., Djq()}".
The VCM in (4) has a natural extension to subset j. For i =1,...,m,

y(uji) = X(uwji)oy + Z(wji)Uvj(ugi) + €(ugi),
Zja() ~ GP{0, pja( )}, a=1,....q, e(uz)~N(0,77), (7)

which reduces to the subset j extension of (1) if {8;(u)}va = (@))va + L';7j(u), u € [0,1]9,

where 3;(u) = [{B;(u) }va, (Bj)nv] and a; = {(%)va, (Bj)nv} are represented in terms of their

varying and non-varying coefficients blocks. The prior distributions for (¢, F],Tj) and ¢;
in (7) are the same as defined in Section 2.2 for («, T, 72) and 6, respectively. If we obtain
MCMC draws of the parameters and predictions using the likelihood in (7) on each subset
directly, then we condition on an (m/n)-fraction of the full data, resulting in wider credible
intervals for parameters than those obtained using the full data posterior distribution. The
next step fixes this problem by using a modified likelihood based on (7) that compensates

for the missing (1 — m/n)-fraction of the full data.

3.2 Second Step: Posterior Sampling on the Subsets

We now consider the inference on each subset using the DA-type algorithm based on Section
2.3 and (7). The GP realizations 7j(uj1), . .., 7j(ujm) in (7) are looked upon as the “missing”
data, and marginalizing over them recovers the subset j version of (1) with a GP prior on
{Bi(uj1) bvay - - s {Bj(Ujm) va)- Fora=1,...,q, welet §; = 1", sj; and define

Vja = {Ua(uj1),- .., Da(ujm)}* €R™, ;= (7]),...,75,})" € R™,

Ij=j1,...,Tq), Tj,...,['jg€RY,

Zja = diag {Z(u1)Tja, ..., Z(ujm)ja},

vy ={y(un)’, ... 7y(Ujm)T}T7 Xj = {X(uj)"s -, X (ugm) T} (8)
If 7; is known, then the full conditional for drawing (aj,F],T]) given v;, D; is available

in closed-from; therefore, 7; is an auxiliary variable that simplifies the forms of the full
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conditionals if it is known and its marginalization preserves the Bayesian VCM with a GP
prior on {53;(-) fnv.

The I step of the DA-type algorithm on subset j uses this property of 7; for simplifying
the form of the modified likelihood. Assume that (aj,Fj,TJZ,Hj) are given. Let p(7; |
Dj, o ,T, 7']-2, 6;) denote the conditional density of 7; given D; and (a;,I';, sz, 6;) based on
(7). Then, the I step

(a) draws 7 given D; and (v, T'j, 72

7, 0;) from Nyg(ps;, ¥5;), where pip, and 3y, are defined
in terms of their blocks as

q -1
(,Uﬂj)a :R;FaZja <Z chchZ}C‘i‘TJngj) (y] —Xjaj), a= 1,...,q,
c=1
q -1
(Eﬂj)aa — ja - R.’]I"GZ}‘G <Z ZJCR]CZ‘;TC + 7']'215].) ZjaRja7 a = 17 R 7q7
c=1

‘ -1
(X5,)ab = —Rj,Z}, <Z ZjcRjeZ;. + TJ-2-7§J> ZipRjp, a#be{l,... q},
c=1

-/

(Rja)ii’ :pja(ujiyuji’)a 2‘77' = 17"'7m7 a = 17"'7Q' (9)

If we substitute the I step draw of 7; in (7) and compute the likelihood of (Oéj,Fj,TjQ, 6;)

given (Dj,7;), then this is equivalent to computing the likelihood of (ozj,I‘j,TjZ,@j) after
marginalizing over 7; in (7) using Monte Carlo. Denote this Monte Carlo based likelihood
as Lj, and we use it as the likelihood of (ay;,T;, Tj2, 6;) given D; in the P step.

The subset j draws (a;, T, Tj2, 6;) given D; using a modified version of L;. Since D;
contains an (m/n)-fraction of the full data, we raise L; to a power of d,, where ¢, is
a deterministic sequence dependent on n. Let Lj-" be this modified likelihood, and the
modification is equivalent to replicating D; for d,-times. The power J, is chosen such
that Lgn compensates for the missing (1 — m/n)-fraction of the full data on subset j. The

modified posterior density for drawing (o, I'; 72

3T ,0;) given D; is defined as

On . . 2 .
Ty, T3y 72,0y | Dy) = 3 p(a;’F”’TJ)p(GJ) . j=l...k  (10)
f Ljn p(aj, Iy, 7; ) p(Hj) do; dI'; d’Tj do;
where the denominator is finite due to the choice of prior distributions. The method of
raising subset likelihoods to a power is known as the stochastic approximation (Minsker
et al., 2014). We choose d,, = n/m following the same choice in parametric models (Minsker
et al., 2014; Entezari et al., 2017; Li et al., 2017; Srivastava et al., 2018), which is equivalent
to replicating the subset data for n/m times, such that the subset posterior variances of
parameters are comparable to the full data posterior variance. The theoretical impact from
0, will be further discussed in Section 4.
The P step draws aj,I‘j,TjQ, and 0; given (Dj,7;) in a sequence of three steps using
(10). Define v; = (I'j,...,I'},)", the column-wise vectorization of I'j, b; = (a7, ~;)", and

- - . 2
W= (Wh,...,WE) . W= [Xgi {in(wgi), ..., og(uji)} ® Zj;] € R*®Ha) - (171)
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fori=1,...,m, where W; € RS *(P+4°) and @ is the Kronecker product. Then, the P step

draws Oé],FJ,Tj , and 0; as follows:

(b) draw sz given 7; and D; as

On

; g = W;(WIW;) Wiy, (12)
anSj—p q?
where x?2 Sns;—p—a? is a chi-square random variable with §,5; —p — ¢> as its degrees of
freedom.

(c) draw b; = (af,7])" given 72

%, Uj, and Dj from N{(WJ.TWj)’leTyj,TJZ(W]-TW]-)’I}; and

(d) draw 0j1,...,0j4 given #; and D; using ESS (Algorithm 1 in Nishihara et al. 2014) with
the modified log-likelihood for 61, ... ,0, defined as

dnmq

log L(0j1, - - .,0;) = — log 21 — = Zlogdet ia) — 5" ZﬁfaRja Dja,  (13)

a=1

where 7, is defined in (8), Rj, is a m-by-m matrix defined in (9) and depends on
0jq. The form of the likelihood of 0,1, ...,0;, depends on the correlation functions of
the univariate GPs; see Appendix B for the exact details of the likelihood for the two
correlation functions used in this paper.

In most applications, the goal is to perform inference on [(u*) and predict y(u*) for
u* € U*, where U* = {u],...,u}'} is a known subset of [0, 1]¢, also known as the testing set.
This is done by using the parameter draws from parts (b)—(d) in the P step as follows:

(e) draw v, = {va(uy),...,ve(uy)}" given 7j, 0;, and D; from N(uj,,X7,), where

:U']a = R;F(L*R]a Vija, E;a = Rja** R;Fa*R‘ilR]'a*a
(Rjas)ivir = pjais uin),  (Rjax)ivr = pjati, uyr), (14)

fora =1,...,¢, 7,9 =1,...,l, and i = 1,...,m, and set {B;(u*)}nv = (®j)ny and
{Bj(u*) }va = (j)va + Iy (u*), u* € U*; and

(f) draw y;(u*) given o, I'j, 7' , X(u*), f(u*) independently from N(,qu,TjQIS*) for every
u* € U, where i = ( )BJ (u*) and s* is the dimension of y at u*.

The I and P steps, including the parts (a)—(f), are run in parallel on the k subsets un-
til convergence of the Markov chain for (TJZ, {B;(u*),y;(u*) : u* € U}) to its stationary
distribution; see Appendix B for derivation of the six parts and their analytic forms.

The AMC sampler cycles through steps (a)—(f) on subset j to obtain posterior draws
of B;(u*), 7' , and y;(u*), v* € U* (j = 1,...,k). Let T be the number of post-burnin
draws collected on every subset. Denote the parameter and prediction samples obtained
from subset j at the ¢th iteration as {ﬁj(t)(u ), J( ),yj( )( D) (t=1,...,T; u € U*), which
are called the jth subset posterior draws. We assume that the marginal jth subset posterior

10
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draws for 8, 72, and y* follow their invariant distributions denoted as (- | D;), IL2(- | D;),
and IL«(- | D;), which are called jth subset posterior distributions and their densities are
obtained using the joint density in (10). We develop next an algorithm for combining
the collection of k subset posterior draws such that the combined draw follows the AMC
posterior distribution that conditions on the full data.

3.3 Third Step: Aggregation of Subset Posterior Draws

We aggregate the subset posterior draws for 3(-), y(-), and 72 using centering and scaling op-

erations. Let ﬁ;(t) = {B](.t) (up),... ,Bj(t) (uf)}, y;.‘(t) = {yj(.t) (uy),..., j(t) (uf)}, and log Tf(t) be

the tth draws for 8(-), y(-), and log 72 on subset j (j = 1,...,k). Let £ € {B(-),y(-),log 72}
and fj(»t) be its tth draw on subset j. Define the empirical mean vector and covariance matrix
of £ draws on subset j as

1 & 1 &
pig = TZ@‘-”, Sje =D <fg('t) - ﬂj&) (fg('t) - st)Tv j=1. k(15
t=1

t=1

We now summarize the algorithm for obtaining draws from the AMC posterior using the
subset posterior draws. First, define the combined empirical mean and covariance matrix
for £ draws using the subset posterior empirical means and covariance matrices in (15) as

k k
1 1
e=1 D mie Be=1) Tje (16)
j=1 j=1

Second, center and scale the jth subset posterior draws of £ as
¢ =z (5]@ —ujg) L ot=1,...,T;j=1,...,k (17)
Third, rescale and recenter the £ draws from all the subsets in (17) as
1/2 (t . .
v =pe+ 370, t=t+(-OTj=1,..k (18)

to obtain #'th draws from the AMC posterior distribution of £&. The 72 draws are obtained
by taking the exponential of draws from the AMC posterior of log 72.

The AMC aggregation algorithm for subset posteriors bears close connections to a few
recently devised combination methods such as the Double Parallel Monte Carlo (DPMC,
Xue and Liang, 2019) and Wasserstein posterior (WASP, Xu and Srivastava, 2021). All
three algorithms agree on the combination of the subset posterior means but differ in their
approach to combining subset posterior covariance matrices. The scaling and re-scaling
steps are absent in DPMC because it relies on the asymptotic normality of subset posterior
distributions. On the other hand, the combination algorithms of AMC and WASP have the
same three steps, except the former and latter compute the combined covariance matrix
as the arithmetic and geometric means of subset posterior covariance matrices. The com-
putation of the geometric mean in WASP requires an iterative algorithm (Alvarez-Esteban
et al., 2016), so the AMC algorithm is computationally simpler. Finally, AMC, WASP

11
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and DPMC are applicable for aggregating posterior distributions of multivariate quantities,
whereas the PIE algorithm is developed for posterior distributions of scalar quantities only.

An important contribution of this article is to theoretically establish that any aggrega-
tion step of subset posteriors constructed in Step 2 with the modified data likelihood that
satisfies a simple assumption (see Assumption (A.6) in Section 4) will lead to an optimal
estimation of the regression function. We establish that this assumption is satisfied not only
by AMC, but also by DPMC, WASP and PIE aggregation methods for divide-and-conquer
Bayesian inference mentioned above.

4. Theoretical Properties of AMC

This section derives the posterior convergence rates for the varying coefficients and the
mean regression function for the three stage AMC framework under certain regularity as-
sumptions on the smoothness of the latent GPs. This setup allows the study of VCMs
with coefficients modeled using GPs with full-rank and low-rank covariance functions from
a common framework.

We first make the following assumption on n, k, m and the sampling scheme of index w.

(A1) cin < km < cgn for some constants 0 < ¢; < 1 < ¢g. The sampled indices in the

full data {ui,...,u,} and a single testing index u* are drawn independently from the
Lebesgue measure on [0,1]%. The subset indexes {uj1,...,ujm : j = 1,...,k} are
drawn independently without replacement from {u,...,u,}.

For the VCM in (4), we simplify the model setup by first assuming that p = ¢ and
X (-) = Z(-); that is, every covariate function has a varying coefficient. The frequentist
minimax rates for Gaussian process model with s > 1 are unknown, so we only consider
the case where s = 1 because it enables direct comparison of our posterior convergence
rates with existing frequentist results. A fully Bayesian asymptotic theory involves the full
posterior distribution of a, ', 72,6 and the latent GP realizations vi(-), ..., v,(+); however,
« and I' are not identifiable, so their posteriors do not contract to any point mass as the
sample size n increases to infinity. Additionally, given that our indexing space [0, 1] is fixed
and bounded, it is known that the length-scale parameters in 6 are also not identifiable in
fixed-domain asymptotics (Zhang, 2004). To alleviate the technical difficulties from such
non-identifiable parameters, we make the following assumption:

(A2) s=1,p=qand X(-) = Z(). o, T, 72, and 0 are all fixed at their true values oy = 0,
T, 7'02, and 6y. I'g is a full-rank ¢ x ¢ matrix. The observed response function satisfies
y(u) = Z(u)Tovp(u) + €(u), E[e(u)] = 0, Var[e(u)] = 72, for all u € [0,1]¢, where
() = {r01(+), ..., voq(-)}" are the true latent functions.

Assuming a = ap = 0 is equivalent to assuming that « is fixed at any true value ag, since
we can always redefine y'(u) = y(u) — X (u)ap and call y'(u) the response function. While
72 is assumed fixed in Assumption (A.2), it is possible to generalize our technical proofs
such that 72 has a prior in a bounded interval [72,72] for some constants 0 < 72 < 72 < oo
(van der Vaart and van Zanten, 2008). For our theory on convergence rates, we only require

the error to have mean zero and variance 702, but do not require the true error distribution
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to be normal. In other words, our convergence theory also works when our model of normal
error is misspecified.

We now define some notations for the subset data. For ¢ =1,...,mand j =1,...,k,
let y; = {y(uj1),...,y(ujm)}" and €¢; = {e(uj1),...,e(ujm)}*. For a = 1,...,q, let
Vja = {va(uj1), .., va(ujm)}". We have assumed that 6 is known, so 6;, = 0, = 6o,
and pg = pjo (@ =1,...,q). Since s =1 and p = ¢, Z(-) is a ¢-dimensional row vector

of functions. For a = 1,...,¢q, let I'y, be the ath column of I'y and Za() = Z(-)Ty. Let
Z(-) = Z()To = {Z1(-), ..., Zy(-)}, which is still a g-dimensional row vector of functions,
and Zjo = {Za(uj1),. .., Za(ujm)} for a = 1,...,q. With the stochastic approximation
described in Section 3.2, our “working model” of VCM on the jth subset data under As-
sumption (A.2) can be written as

q 2
~ - r - _
vi=> ZjaVja+e€, €~N (0, (;)Im> . Dja~ N (0,2, Rja), (19)
a=1 n
where Rjq is a m-by-m matrix with entries (Rjqo)ir = pa(uji, ujir), i,7 € {1,...,m}, a =
1,...,q, and p, has its parameter 0, fixed at 0y,. 6, = n/m is the same as used in the

stochastic approximation definition in Section 3.2. The stochastic approximation with §,, =
n/m is crucial for ensuring that the AMC posterior of varying coefficients 5(-) converges to
the truth at a polynomial rate of n rather than m, such that the AMC posterior can be a
valid approximation to the full data posterior, which converges at a polynomial rate of n.
In (19), we have also added an additional tuning parameter A, > 0 that only depends on n
and is only used for theory development. The value of A,, helps offering minimax optimal
rate and is specified later in Theorem 1. In practice, we simply set A, = 1 that provides a
nearly optimal rate, and the model (19) becomes the same model as the VCM in (4). This
can also be seen in Theorem 1 and in the ensuing discussion.

We focus on the posterior convergence behavior of the varying coefficients 5(-) = ag +
Dov(-) towards the truth So(-) = ag + Tovp(+), as well as the mean function w(-) = Z(-)5(+)
towards the truth wg(-) = Z(-)Bo(-). We introduce some concepts for reproducing kernel
Hilbert space (RKHS) that will be used for stating the assumptions on v’s. Let La(du) be
the class of all square-integrable functions on [0, 1]¢ with respect to the Lebesgue measure,
with the inner product given by (f, 9) 1,(du) = f[O,l]d f(u)g(u) du and the Ly(d u)-norm given
by | fII3 = ({f, f)Lao(dw), for any generic f,g € La(du). For the correlation function pq(:,-)
with parameters o,, we assume that sup,, ,cjo,174 pa(u,u') < oo (a=1,...,q), which means
that all correlation functions are trace class kernels. For each a = 1,...,q, by the Mercer’s
theorem, there exists an orthonormal sequence of eigenfunctions {¢qn}5° in La(du) with
eigenvalues g1 > pao > ... > 0, such that f[o,l]d Pa(s ) pan (W) du' = panpan(s) for all
h=1,2,..., and pa(u,u') = 35 ptanPan(w)pan(u’) for any u,u’ € [0,1]¢. The RKHS H,
attached to the correlation function p, is the space of all functions f € La(du) such that
the Ho-norm || f|I, = 3321 (f, 0an)7,qu)/Hen < 00, fora=1,....4q.

For two positive sequences {ay, }n>1 and {b, }n>1, the relation lim sup,, . an /b, < c for
some constant ¢ > 0 is denoted by a, < by, or b, 2 an. If a, < b, and b, < ay, then we
say that a, < b,.

We impose the following assumption on the eigenfunctions and eigenvalues of p, (a =
1,...,q) as well as Z(-):

13
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(A.3) (i) There exists a constant C, > 0 such that |pgu(u)] < C, for all u € [0,1]9,
a=1,...,q,and h=1,2,....
(ii) The largest hth eigenvalue of p1, ..., py, defined by pip. = maxg=1.. 4 flan, satisfies
pine < h=2V/4 for every h = 1,2,... and some constant v > d/2.

(A.4) For a=1,...,q, the true latent functions satisfy v, € H,.

(A.5) [Za(u)| < Cz for some finite constant Cz > 0 for all u € [0, 19and a=1,...,q. Let
h = [n34/(2v=d)] with v given in Assumption (A.3). For any u € [0,1]%, define the
gh-variate function

W(U) = {Z(U)Fgltpn(u), ey Z(’U,)FOl(plﬁ<’UJ), ceey i
Z(u)Cogpqr(u),. .., Z(u)Foqwqﬁ(u)}T e R",

and the matrix Q = E, {W(u)W(u)"} € R9"%4h where E, is the expectation with
respect to the Lebesgue measure on [0, 1]%. Then, the smallest and the largest eigen-
values of (2 are bounded away from zero and infinity by constants.

Consider the covariance function

Clu,u’) = Z ap, cos(hm|u —u'|) = Z an{ cos(hmu) cos(hmu') + sin(hmu) sin(hmu') },
h=0 h=0

for w,u' € [0,1] with ap, > 0 for all h = 1,2,... and ) ;2 ap < oo, then by the Mercer’s
theorem, {po(u) = 1,p9p_1(u) = cos(hmu), pop(u) = sin(hru) : h = 1,2,...} are the
eigenfunctions and {uo = ag, plon—1 = pon = ap : h = 1,2,...} are the eigenvalues. In this
example, Assumption (A.3) (i) is satisfied since the trigonometric functions are uniformly
bounded by 1. The commonly used Matérn covariance function with smoothness parameter
k takes the form C(u,u’) = %1(—;; (\/ﬂGHu—1/\|)F”.K',i (V20||u — /||) for u,u’ € [0,1]4,
where T'(+) is the gamma function and K, is the modified Bessel function of the second
kind. Then Assumption (A.3) (i) is satisfied for Matérn with d = 1 and k = 1/2 as the
eigenfunctions are again the trigonometric functions as shown in Section 3.4.1 of Van Trees
(2001). It is also known in the literature that the decay rate of eigenvalues for the Matérn
covariance function on [0, 1]¢ with smoothness parameter v satisfies Assumption (A.3) (ii)
with v = k + d/2 (Ritter et al., 1995; Schaback and Wendland, 2002; Santin and Schaback,
2016).

Assumption (A.4) assumes the smoothness of the true underlying functions
101(+), - - ., v0q(+). Given the eigenvalue condition in Assumption (A.3), for any given set of
nonzero constants ci, ..., ¢4, the RKHS attached to the covariance function > ¢_; capa(-,-)
is norm equivalent to the v-smooth Sobolev space on [0, 1]%.

Assumption (A.5) is a technical condition that makes v(-) estimable from subset data.
Similar conditions have been used in varying-coefficient modeling literature. For example,
in the VCMs based on basis expansions where the dimension increases with n, the bounded
eigenvalue condition in (A.5) is comparable to Condition (C1) in Wei et al. (2011) and
Assumption (A5) in Bai et al. (2019), both of which have imposed bounded eigenvalue con-
ditions on the covariance matrices involving the products of regressors and basis functions.
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Given the fixed full-rank T’y as in Assumption (A.2), combining subset draws of 3(-)
using the method described in Section 3.3 is equivalent to combining subset draws of v/(-).
For a = 1,...,q, let 74(-) be a random function drawn from the AMC posterior of v,(+).
We need the following assumption for the combination scheme in AMC.

(A.6) For any u € [0,1]%, for each a = 1,...,q, the AMC posterior mean and variance of
Uq(u) satisfy

k
]EVa|y: {Va %Z Ja|yj,uj{yja( )} + Op (n71/2> ;

_ k
C
Varr/a|y u{ya % Z I/Ja|y],uj ]Ub(u)}a (20)

for some constant ¢ > 0, where Es,ly;u; and Varg, |, .. are the jth subset posterior
mean and variance of v4(-) given the Jth subset data from (19), Ep, |, ., and Varg,, ,
denote the AMC posterior mean and variance of v,(-) given the full data, and the term
Op (n_l/ 2) holds uniformly over all u € [0,1]¢ and all @ = 1,...,q in the probability
of the observed data.

Assumption (A.6) imposes very weak conditions on the combination method for the
aggregated Bayesian posterior. It only requires that the AMC posterior mean is roughly
unbiased compared to the average of subset posterior means, and the AMC posterior vari-
ance to be upper bounded by the average of subset posterior variances. These relations
can be verified for many existing combination methods in the divide-and-conquer Bayes
literature for parametric models. In particular, the Op(n_l/ 2) term in (20) is exactly zero
in parametric models for the PIE algorithm (Li et al., 2017), the Wasserstein posterior (Xu
and Srivastava, 2021), the DPMC posterior (Xue and Liang, 2019), and our proposed AMC
method. Furthermore, if the model is parametric, then in all four methods, the subset pos-
terior and the combined posterior variances satisfy Varg, |, ,{Va(u)} = n™* Iyt +op(nh),
where 7 is a fixed information matrix that does not depend on n; see the theory in Li
et al. (2017), Xu and Srivastava (2021) and Xue and Liang (2019). Therefore, for para-
metric models, the combined posterior using either of these methods can recover the exact
asymptotic variance of the true posterior distribution after setting ¢ = 1 and changing the
inequality to equality in (20). Based on these observations about the combined posterior
means and variances, it is expected that in the VCM setup, the rates of convergence of the
AMC, Wasserstein, and DPMC posterior distributions to the true posterior distribution
should be similar to each other.

The following theorem is our main result on the convergence rate in Lo norm of the
AMC posterior distribution for the varying coefficients and the mean regression function;
see Appendix C for the proof. Although the convergence results are presented for the AMC
posterior distribution, they are not unique to the AMC posterior. Rather, they hold for any
other combined posterior distribution that is built under the three step framework described
in Sections 3.1, 3.2 and 3.3, with the combination step following Assumption (A.6), including
the Wasserstein posterior and the DPMC posterior.
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Theorem 1 Suppose that Assumptions (A.1)-(A.6) hold for the VCM in (19). Let B(-) =
oo + Lop(-) and w(-) = Z(-)B(-), where ¥(-) = {D1(:),...,V4(")}* is a q-variate random
function drawn from the AMC posterior of v(-). Let Eyx, Ey ., and EB|y,u be the expectations
with respect to the distribution of testing point u*, the true data generating distribution
(with randomness from yj; and wj;, j=1,...,k andi=1,...,m), and the AMC posterior
distribution of the varying coefficients B(-) given the full data.

(i) If \n = 1 and m = 0¥ for some constant n € (O, Vde], then the AMC' posterior
satisfies

Eur By By, [B(u7) = Bo(u)[; S n= G/,

and By By o By, {W(u") — wo(u)}? < n-GV=0/@),

(i) If N < n% v+d) gnd m > n2d/ v+ for some constant n € (0, %‘\j—:ﬂ , then the AMC

posterior satisfies

EyxEy ]EB|y,u HB(U*) _ ﬂo(u*)H; < n72v/(2v+d)’

and K, Ey,u ]EB|y,u {w(u*) o wo(u*)}Z 5 7’L—2V/(2V+d)-

Theorem 1 gives the upper bounds for the posterior convergence rates of both the ¢-
dimensional varying coefficients and the mean regression function in the Lo norm. To the
best of our knowledge, such convergence result for varying coefficients 3(-) is new in the
literature of Bayesian varying-coefficient models with multivariate latent GPs. Theorem 1
provides theoretical guarantees for the distributed extension of VCM proposed in Gelfand
et al. (2003), which is developed in Section 3 and scales to massive data settings.

When the tuning parameter \,, is chosen appropriately as in Theorem 1 (ii), the AMC
posterior of the varying coefficients 5(-) converges to the underlying truth in the Ly norm at
the rate n~¥/(2vtd)  This rate is known as the minimax optimal posterior convergence rate
in the Lo norm for the simple Gaussian process regression (van der Vaart and van Zanten,
2011). In the extreme case of m = n and k = 1, Theorem 1 also implies that the rate
n~V/(2v+d) g the convergence rate of the full data posterior distribution of 8 (+); therefore,
we have shown that the AMC posterior from our distributed Bayesian method can quantify
the posterior uncertainty in the same order as the full data posterior. If tuning from A\, is
not available (that is, A\, = 1), then Theorem 1 (i) shows that the AMC posterior converges
in the Ly norm at least at the rate n=(2v=4/(4V) which is slightly slower than the optimal
rate in part (ii). Furthermore, Theorem 1 also gives sufficient conditions for the subset size
m in the two scenarios. For part (i), the order of m is m 2> n(@/¥)t1 which is meaningful
when v > d since m < n. Since Assumption (A.1) says that mk and n have the same order,
this implies that the number of subsets k can increase no faster than n(V=%/V. For part (ii),
the order of m is m > n2¥/@v+d+1 and this works for all v > d/2 as in Assumption (A.3).
As a result, the number of subsets k can increase no faster than n(2v—4/(2v+d),

Our convergence rates in Theorem 1 are also comparable to similar theoretical results on
distributed Bayesian inference in non-parametric regression models using an univariate GP
(without a VCM formulation). This includes the recent works of Guhaniyogi et al. (2017)
and Szabé and van Zanten (2019). While Bai et al. (2019) have also shown the posterior
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contraction rates for the varying coefficients, their Bayesian model is based on basis series
expansion instead of multivariate latent GPs as in Gelfand et al. (2003) and our current
paper. Furthermore, their main focus is on high dimensional variable selection, which is
different from the big n problem considered here.

5. Experiments

This section evaluates the performance of methods based on the divide-and-conquer tech-
nique for inference and predictions in Bayesian VCMs using a simulation study and a real
data analysis. The simulation settings, including the details of data generation, competing
methods and the metrics for comparison are described in the first subsection. The second
subsection presents simulation results for different methods for a comprehensive compari-
son. The third subsection presents an application of the Bayesian spatiotemporal VCM to
a large dataset of sea surface temperature and salinity in the North Atlantic Ocean.

5.1 Setup

Data generation:

To assess performance of distributed methods, we design two simulation studies, referred
to as Simulation 1 and Simulation 2, with n = 3000 and n = 9000 samples, respectively.
The sample size in Simulation 1 is moderately large to ensure that posterior computation
of VCMs using the full data, although exorbitantly slow, are tractable and their results
serve as the benchmark. In both simulations, the cardinality of the set of indexes U*, where
the function estimation and prediction are evaluated, is set at 300. Our simulation studies
consider d = 2, with sample indices w1, . .., uy, and the indices in the set U*, uf, ..., ujy, are
simulated independently from the uniform distribution on [0, 1]2. Both simulations assume
p = 3 predictors, with all p predictors have varying coefficients, i.e., ¢ = p = 3. We simulate
a bivariate response function at all indices (i.e., s; = 2) using the varying coefficient model
(4) as

y(u) = X (u)Bo(u) + €(u), Po(-) =ap+Tov(:), ue{ul,...,up,uj,...,u350}, (21)

where X (u)s are 2 x 3 predictor matrices at each index, with each of their entries is inde-
pendently simulated from N (0, 1). To construct the varying coefficients, entries of the 3 x 3
matrix I'g are independently simulated from uniform(0, 3) and ¢y is fixed at (—2,2, —2). The
components v (-), (), v3(+) of the LMC coefficient vector v(-) = (v1(-),v2(+),v3(-))", are
drawn from independent GPs with 0 mean and correlation functions p, (u, u') = e~®elv=ll2,
where ¢, = a for a = 1,2,3. €(u)s are idiosyncratic errors following i.i.d. N(0,72). Both
simulations set the error variance 72 at 0.1. Each simulation is replicated ten times.

Competing methods:

We compare the performance of AMC algorithm with two sets of competitors. The
first set of competitors include distributed Bayesian methods which follow the same three
step algorithm as AMC, with the main difference appearing in the third step involving the
subset posterior combination. As part of our comparison endeavor with such distributed
Bayesian methods, we include DPMC, PIE, WASP and CMC algorithms as competitors.
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For each of these competitors, we first create k subsets of sizes m = 500 and m = 1000,
using subsampling without replacement in both simulations and vary k as 10, 20 and 30, 60
in Simulations 1 and 2, respectively. Second, we use the DA-type algorithm developed in
Section 3.2 in parallel to obtain posterior samples of 72, 3(u*), and y(u*) for u* € U* from all
the subsets. The sampling algorithm uses a sparse GP based on the FITC approximation
with » = 400 inducing points (Quinonero-Candela and Rasmussen, 2005; Alvarez et al.,
2012). The imputation of 7; in part (a) of our DA-type algorithm is done using the Lanczos
algorithm of Chow and Saad (2014) for computational tractability. The sampling algorithm
in each subset runs for 10,000 iterations, and the Markov chain is thinned by collecting every
fifth posterior sample after discarding the first 5,000 posterior samples as burn-in. Finally,
we combine subset posterior samples for 72, B(u*), and y(u*) for u* € U* using CMC,
DPMC, WASP, PIE and the AMC algorithms (described in Section 3.3). The combination
steps of AMC, DPMC, WASP, and PIE satisfy the Assumption (A.6) in Section 4, so we
expect similar empirical performance for these four methods. In contrast, no such theoretical
guarantee exists for the performance of the CMC algorithm.

It is also instructive to compare performance of AMC posterior with the second set of
competitors which include the Bayesian VCMs on the full data. To this end, we compare
with the true posterior distribution computed using full data, which sets the performance
benchmark for the distributed methods. Since there is no open source implementation avail-
able for the Bayesian VCMs with bivariate response vector, we implement it by ourselves
following the DA-type algorithm discussed in Section 2.3. Additionally, Finley and Banerjee
(2020) offer spSVC in the spBayes R package for fitting spatial VCMs, which are special
cases of (1) with d = 2, and fits to our simulation settings. Unfortunately, the current
software support is limited to univariate responses in VCMs; hence we implement spSVC
function marginally on each component of the bivariate response vector, and refer to this
competitor as spSVC. Ignoring correlation between the two components in the bivariate re-
sponse will presumably lead to a loss in inferential accuracy of spSVC compared to the other
competitors. Both the DA-type algorithm of Section 2.3 and implementation of spSVC are
prohibitively slow when n = 9000, so we present their results only when n = 3000.

Comparison metrics:

The point estimation of the varying coefficients and predictions at U* from all methods
are compared using mean square error (MSE), and mean square prediction error (MSPE),
respectively. Further, the coverage and length of 95% credible and predictive intervals (ClIs,
PIs) from the competing methods help assessing uncertainty in function estimation and in
prediction, respectively. Let So(u*) = {Bo1(u*), ..., Bop(u*)}, y(u*) = {y1(u*),...,ys(u*)}
be the true values of 5(), y(-) at u*, where p and s are their dimensions and v* € U* C [0, 1]¢.
Let B(u*), §(u*) be the posterior means of S(u*), y(u*), respectively. Then, the MSE in
estimating (-) and MSPE in predicting y(-) are defined as

lU*| p
MSE = \zj* 2 DB ) — By )
i=1 j=1
1 |U*| s
MSPE = e D7D () — s () (22)
i=1 j=1
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We evaluate point-wise coverage and length of the 95% CIs and PIs obtained from the
posterior distributions of 5(-) and y(+), respectively, for every u € U*, for all competitors.
As discussed before, the simulation settings assume s = 2, p = 2, and |U*| = 300. Let
ESSpa be the effective sample size of any DA-type algorithm that runs for Tpa hours, where
DA can signify any of the competitors discussed above. Then, following Johndrow et al.
(2019), we define the computational efficiency of a DA-type algorithm, including spSVC,
AMC, CMC, DPMC, WASP, or the full data posterior (referred to as the true posterior) as

Computational Efficiencyp, = logy ESSpa/Tpa, (23)

where ESSpa is computed using the coda R package (Plummer, 2003). We do not compute
(23) for the PIE combination algorithm since it is not designed to provide MCMC samples
for the parameters.

5.2 Simulated Data Analysis

Table 1 and 2 show the performance of all methods in terms of estimating the true varying
coefficient 5y(-) and prediction of y(-), respectively. As expected, the empirical performance
of combined posterior obtained using AMC, WASP, PIE, and DPMC are very similar in
terms of all the comparison metrics. Specifically, for both Simulation 1 and 2, they yield
similar MSE, MSPE, close to nominal coverage and similar length of 95% CIs and PIs, which
validates Theorem 1 empirically. The true posterior being the gold standard, achieves little
lower MSE and a bit narrower 95% CIs and PIs than its distributed competitors; how-
ever, the computational efficiency of the true posterior is much smaller than that of AMC,
WASP, PIE, and DPMC because it requires much longer to finish an iteration compared
to its divide-and-conquer competitors. Increasing the size of each subset m leads to better
inference, where as varying the number of subsets k£ with a fixed value of m does not seem to
have much impact on the inference. Among the distributed methods, the CI and PI lengths
are slightly larger for PIE, perhaps due to the marginal combination of subset posterior
distributions. Although WASP shows marginally narrower 95% CIs and PIs compared to
AMC and DPMC (all maintaining close to the nominal coverage), the subset posterior
combination step of AMC and DPMC are much more computationally convenient. On the
other hand, the CI and PI lengths of CMC are very small compared to that of the WASP,
which results in poor coverage for every m and n and deteriorates as k increases. Except
CMC, all other methods show similar performance for inference on the error variance 72
(Table 3). We also find the performance of spSVC to be excellent in predicting y(u*)s, but
becomes extremely poor in inference on 3(u*)s. The poor performance of spSVC in inference
on B(u*)s is mainly because the marginal model ignores the dependence between y; (-) and
y2(+). On the other hand, spSVC shows excellent performance in predicting y(u*)s because
the marginal spSVC model still uses three GPs for predicting y;(-) and ya(-).

AMC, DPMC, PIE, and WASP satisfy Assumption (A.6) on the combination of subset
posterior distributions, whereas CMC does not; therefore, we conclude that methods that
satisfy our theoretical assumptions show superior empirical performance. Furthermore, the
AMC and DPMC combination algorithms are the simplest among the distributed competi-
tors that offer combination of subset posteriors of all parameters jointly. Hence, they are
simple and computationally convenient alternatives to the full data posterior distribution
in Bayesian VCMs for massive data.
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Table 1: Summary of the results for inference on §(-). The CI coverage and their lengths
are averaged across 10 simulation replications, dimensions, and u € U*. A ‘-’ for the true
posterior and spSVC corresponding to n = 9000 indicates that the results are missing due to
intractable posterior computations. On the other hand, ‘-’ in reporting the computational
efficiency for PIE is due to the lack of definition.

n = 3000
Coverage at 95% Nominal Level 95% CI Length
m = 500 m = 1000 m = 500 m = 1000
k=10 [ k=20 [ k=10 [ k=20 k=10 [ k=20 k=10 [ k=20
True Posterior 0.96 2.53
Marginal spSVC 0.27 3.22
AMC 0.97 0.97 0.96 0.97 3.18 3.19 2.88 2.89
PIE 0.97 0.97 0.96 0.97 3.24 3.24 3.02 2.91
CMC 0.56 0.42 0.57 0.39 1.10 0.79 1.09 0.67
WASP 0.96 0.96 0.96 0.96 3.06 3.06 2.78 2.78
DPMC 0.97 0.97 0.96 0.97 3.19 3.20 2.89 2.89
MSE Computational Efficiency
True Posterior 0.40 2.10
Marginal spSVC 7.24 6.68
AMC 0.56 0.56 0.48 0.48 9.02 8.41 8.79 8.37
PIE 0.57 0.57 0.52 0.48 - - - -
CMC 0.56 0.56 0.51 0.48 4.70 4.56 4.27 2.60
WASP 0.57 0.57 0.49 0.48 9.02 8.41 8.79 8.37
DPMC 0.57 0.57 0.49 0.48 9.02 8.41 8.79 8.36
n = 9000
Coverage at 95% Nominal Level 95% CI Length
m = 500 m = 1000 m = 500 m = 1000

k=30 | k=60 | k=30 | k=60 | k=30 | k=60
True Posterior -
Marginal spSVC -

k=130 | k=60

AMC 0.98 0.98 0.98 0.98 3.04 3.05 2.75 2.75
PIE 0.98 0.98 0.98 0.98 3.07 3.08 2.77 2.77
CMC 0.34 0.25 0.34 0.24 0.58 0.41 0.52 0.37
WASP 0.97 0.97 0.97 0.97 2.91 2.92 2.64 2.63
DPMC 0.98 0.98 0.98 0.98 3.05 3.06 2.75 2.75
MSE Computational Efficiency
True Posterior - -

AMC 0.45 0.45 0.38 0.38 10.40 9.67 9.94 9.70

PIE 0.46 0.46 0.39 0.39 - - - -
CMC 0.45 0.45 0.39 0.39 5.76 4.03 5.47 4.01
WASP 0.45 0.45 0.38 0.38 10.40 9.67 9.94 9.70
DPMC 0.45 0.45 0.38 0.38 10.40 9.67 9.94 9.70

5.3 Real Data Analysis

We illustrate the performance of the combined posterior distributions obtained using AMC,
DPMC, PIE, WASP or CMC combination technique for the space-time varying coefficient
modeling, where the indices are u = (h,t) with A and ¢ denoting the spatial locations
and time points of the response and covariates. VCMs are widely used in a variety of
spatial applications, mostly without the temporal dimension; see, for example, Wheeler and
Calder (2007); Finley et al. (2014); Banerjee and Johnson (2006). On the contrary, their
applications in large data settings are limited, perhaps due to the demanding computations.
This section specifically considers the problem of capturing the spatio-temporal association
(with uncertainties) between the sea surface temperature (SST) and sea surface salinity
(SSS) in the Atlantic Ocean between 0° — 70° north latitudes and 0° — 80° west longitudes
using the spatiotemporal VCM. This implies that s; = 1, p = 2, d = 3, and the space-time
tuples lie in a fixed and bounded domain for the spatiotemporal model based on (1). The
data on SST and SSS are obtained from the Hadley center observations under the met office
in UK (www.metoffice.gov.uk/hadobs, more description available in Kennedy et al. (2011)).
We specifically consider 72000 space-time observations on SST and SSS over the 12 months
in 2018 and randomly set aside |U*| = 600 space-time tuples for prediction, which form
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Table 2: Summary of the results for y(-) prediction. The PI coverage and their lengths
are averaged across 10 simulation replications, dimensions a = 1,2, and v € U*. A ¢~
for the true posterior and spSVC corresponding to n = 9000 indicates that the results are
missing due to intractable posterior computations. On the other hand, ‘-’ in reporting the
computational efficiency for PIE is due to the lack of definition.

n = 3000
Coverage at 95% Nominal Level 95% PI Length
m = 500 m = 1000 m = 500 m = 1000
k:lO[k:QO[k:lO[k:ﬂ) k:lO[k:QO[k:lO[k:ZO
True Posterior 0.96 4.11
Marginal spSVC 1.00 1.66
AMC 0.97 0.97 0.96 0.96 5.05 5.05 4.61 4.62
PIE 0.97 0.97 0.97 0.96 5.12 5.11 4.81 4.65
CMC 0.55 0.42 0.57 0.39 1.75 1.25 1.73 1.08
WASP 0.96 0.96 0.95 0.95 4.87 4.86 4.46 4.46
DPMC 0.97 0.97 0.96 0.96 5.06 5.06 4.61 4.63
MSPE Computational Efficiency
True Posterior 1.30 2.10
Marginal spSVC 0.03 6.67
AMC 1.79 1.76 1.53 1.54 9.02 8.41 8.79 8.37
PIE 1.82 1.79 1.67 1.55 - - - -
CMC 1.78 1.75 1.65 1.53 5.72 4.10 5.55 4.11
WASP 1.79 1.76 1.53 1.54 9.02 8.41 8.79 8.37
DPMC 1.79 1.76 1.53 1.54 9.02 8.41 8.79 8.37
n = 9000
Coverage at 95% Nominal Level 95% PI Length
m = 500 m = 1000 m = 500 m = 1000

k=30 | k=60 | k=30 | k=60 | k=30 | k=60 | k=30 | k=060
True Posterior - -
Marginal spSVC - -

AMC 0.98 0.98 0.97 0.97 4.80 4.82 4.39 4.38

PIE 0.97 0.97 0.97 0.97 4.85 4.87 4.42 4.42

CMC 0.33 0.24 0.32 0.23 0.92 0.65 0.83 0.58

WASP 0.96 0.96 0.96 0.96 4.62 4.63 4.23 4.22

DPMC 0.98 0.98 0.97 0.97 4.82 4.84 4.40 4.39

MSPE Computational Efficiency

True Posterior - -
Marginal spSVC - -

AMC 1.41 1.40 1.22 1.21 10.40 9.67 9.94 9.70

PIE 1.45 1.45 1.25 1.24 - - - -

CMC 1.40 1.40 1.23 1.23 5.76 4.03 5.47 4.02

WASP 1.41 1.40 1.22 1.21 10.40 9.67 9.94 9.70

DPMC 1.41 1.40 1.22 1.21 10.40 9.67 9.94 9.70

Table 3: The 95% credible intervals for inference on 72. The lower and upper ends of Cls
are averaged across 10 simulation replications.

n = 3000

kE = 20 k =10 [
(0.0891, 0.1067)
(0.0975, 0.1141)

True Posterior
Marginal spSVC

AMC (0.0707, 0.103) (0.0695, 0.1016) | (0.0778, 0.1323) | (0.0798, 0.1041)
PIE | (0.0717, 0.1037) | (0.0703, 0.1021) | (0.0821, 0.1316) | (0.0801, 0.1042)
CMC | (0.0799, 0.0909) | (0.0802, 0.0881) | (0.0878, 0.0982) (0.0884, 0.094)
WASP | (0.0708, 0.1029) | (0.0696, 0.1016) | (0.0799, 0.1268) | (0.0799, 0.1041)
DPMC | (0.0707, 0.1031) | (0.0695, 0.1017) | (0.0778, 0.1347) | (0.0798, 0.1041)

n = 9000

m = 500

I

m = 1000

k = 30

I k = 60

[

k = 30

I k = 60

True Posterior
Marginal spSVC

AMC | (0.0709, 0.103) (0.0704, 0.1022) | (0.0799, 0.1038) | (0.0795, 0.1031)
PIE | (0.0718, 0.1037) | (0.0713, 0.1029) | (0.0803, 0.1041) | (0.0799, 0.1034)
CMC | (0.0819, 0.0879) | (0.0821, 0.0864) | (0.0887, 0.0932) | (0.0888, 0.0919)
WASP | (0.071, 0.1029) (0.0704, 0.1021) (0.08, 0.1038) (0.0795, 0.1031)
DPMC | (0.0709, 0.103) (0.0704, 0.1022) | (0.0799, 0.1037) | (0.0795, 0.1031)

the set U™ of size 600. Full scale Bayesian inference of spatio-temporal VCMs with data at
this scale is extremely challenging and has been sparsely dealt with in the literature.
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The global association between SST and SSS is well established in the fields of Oceanog-
raphy and Geophysics (Millero et al., 1998; Key et al., 2004; Lee et al., 2006). In fact, salinity
influences the depth to which water masses sink and how far they extend through the ocean.
The location and depth of these water masses controls how heat are transported between
the tropics and high latitudes. Both SST and SSS are also key in understanding how oceans
interact with the atmosphere. Monsoons are driven by exchanges at the air-ocean bound-
ary, affecting almost half of the world’s human population each year. Likewise, El Nifio has
profound effects on humankind and is, to an unknown extent, governed by ocean salinity
and temperature. Earlier work with nonlinear regression models to ascertain relationships
between SST and SSS (Xiong et al., 2013; Becker and Pauly, 1996) reveal significant posi-
tive association between these two climate indicators. Although some of these prior studies
reveal such associations to be spatially varying (Weldeab et al., 2006), there is still a dearth
of model based analysis of spatio-temporally varying associations between SST and SSS.

We compare performance of the combined posterior obtained using AMC, DPMC,
WASP, PIE combination schemes (all following theoretically guaranteed optimal perfor-
mance) along with the other distributed competitor CMC, popularly used in the machine
learning literature for distributed inference with massive data. We have also attempted
to fit spatially varying coefficient model on the full data using the spSVC function in the
spBayes package in R; however, full data posterior computations using spSVC fails due to
the large sample size. Gneiting’s correlation function (6) is employed in the spatiotemporal
VCM due to its flexibility in modeling space-time correlations (Gneiting, 2002). The values
of k and m are set to be 400 and 2500, respectively, and the results for the distributed
methods follow from three step strategy described in Section 3. Because the true varying
coefficients are unknown, we only make assessment of point prediction and predictive uncer-
tainties for all the methods using MSPE and coverage of 95% PIs for the space-time tuples
in U*, respectively. Computational efficiency of all methods are also reported.

Figure 1 presents the posterior mean of the spatially varying coefficient corresponding to
SSS in January, May and September for AMC, PIE, WASP and DPMC. From the equator
to the pole, the annual excess precipitation over evaporation increases, and thus salinity
decreases along with SST, with latitude. However, in lower latitude, due to the pronounced
salt accumulation as a result of excess heating and oceanic currents, SSS surges, which
results in lower (1(s) values. This trend becomes more prominent during the months of
summer or fall (columns 2 and 3). In general, SSS decreases in comparison with SST during
winter, except for the Brazilian coast, which shows lower coefficient values even in winter
due to the strong North Brazil Current (Weldeab et al., 2006). The increase in latitude
shows a considerable drop of SSS compared to SST leading to higher ((s) values. The
estimates appear to be consistent over all the four combination approaches (AMC, WASP,
PIE and DPMC) following the three step algorithm.

Turning our attention to the predictive inference, Table 4 demonstrates comparable
point estimation and predictive uncertainties from AMC, PIE, WASP and DPMC com-
bination schemes. In contrast, the machine learning competitor CMC shows high MSPE
and considerably wider credible intervals at all space-time tuples. The computationally
efficiency metric for other methods also supercede CMC by a large margin. As a result,
the space-time varying coefficient figures corresponding to CMC also appear to be different
from the other competitors, and hence it has not been included under Figure 1. As a whole,
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the data analysis reinforces our findings on the three step divide and conquer approaches
with the theoretically guaranteed combination schemes AMC, DPMC, WASP and PIE as
simple, computationally efficient, flexible, and fully Bayesian inferential tools for inference
in large spatiotemporal data with the VCM model. We emphasize that the scalability of
all these approaches depend on the Bayesian VCM model fitted in each subset. Using more
computationally efficient variants of GPs for v(-) in each subset, a much higher degree of
scalability is achievable.

Table 4: Summary of the results for prediction of sea surface temperature at 600 space-
time tuples using the spatio-temporal VCM fitted at each subset. The PI coverage and their
lengths are based on point-wise 95% predictive intervals and are averaged across the 600
space-time tuples. Computational efficiency for all methods are also reported. Omission of
computational efficiency for PIE is due to the lack of definition.

Coverage | MSPE | 95% PI Length | Computational Efficiency
AMC 0.99 2.92 6.60 9.99
PIE 0.99 2.93 5.61 -
CMC 0.90 74.95 24.71 1.06
WASP 0.98 2.92 5.26 9.99
DPMC 0.99 2.92 6.53 10.09

6. Discussion

Bayesian varying coefficient models with multivariate Gaussian process prior on varying
coefficients are extremely popular in functional regression models with a wide variety of
applications, since they combine the flexibility of a nonparametric model and interpretabil-
ity of a linear regression model. Unfortunately, full scale Bayesian inference with VCMs
are relatively less explored with big data, due to the computation and storage becoming
prohibitively burdensome. This article proposes a three step distributed framework that
divides the data into (possibly) overlapping subsets, fits posterior inference with VCM in
each subset after appropriately modifying the subset likelihood, and finally aggregates in-
ference from subsets with a combination algorithm to derive a pseudo posterior distribution
that approximates the full posterior. This article is presumably the first approach to design
a principled distributed Bayesian algorithm on VCMs with large data. Additionally, we
claim threefold contribution in the literature of distributed Bayesian inference on VCMs.
First, we identify the modification required in subset posterior likelihoods and justify such
modification with rigorous theoretical guarantee. Second, a new subset posterior combina-
tion algorithm, referred to as the Aggregated Monte Carlo algorithm, is proposed. Unlike
a few other subset posterior combination algorithms proposed in the context of univariate
Gaussian process regression models, AMC jointly combines subset posterior of all parame-
ters and yet offers straightforward implementation. Finally, the major contribution of the
article becomes theoretically establishing minimax optimal convergence rate for the vary-
ing coefficients and regression mean function under the three stage distributed Bayesian
framework. The theoretical results explicitly offer the choices of £ and m as functions of
n, smoothness of the fitted Gaussian process and the smoothness of the true varying co-
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Figure 1: The four rows represent space-time varying coefficient corresponding to the STVC
regression model with SST as the response and SSS as the predictor. Rows 1-4 correspond
to the coefficient maps from AMC, WASP, PIE and DPMC respectively. In each row,
columns 1, 2, 3 present coefficient maps in January, May and September respectively.
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efficients to guarantee optimal inference. Furthermore, the theoretical results are proved
under mild assumption on the subset posterior combination algorithm, which is found to
hold for DPMC, WASP and PIE, along with the proposed AMC algorithm. Simulation
studies demonstrate similar point estimation and prediction, along with close to nominal
coverage for all the distributed methods that satisfy theoretical assumptions. We fit space-
time varying coefficient models to delineate local variability, as well as seasonal variability
in the relationship between SST and SSS in the northern Atlantic ocean.

As a first attempt to principled distributed inference with VCMs, we employ FITC
approximation of the Gaussian process for each coefficient in every subset inference and
are able to seamlessly scale Bayesian VCMs for ~ 10° observations, even with moderate
dimensional multivariate varying coefficients. As an immediate future work, we plan to
fit a more computationally convenient approximation to the GPs on varying coefficients
(Gramacy and Apley, 2015) to ameliorate scalability. On the theoretical front, our proof
techniques do not depend the normality of error terms in the VCM model. Our conjecture
is that if we assume the normal error assumption, then by using the techniques in van der
Vaart and van Zanten (2011), it is to possible to improve the rate in Theorem 1 to an
adaptive minimax optimal rate n~¥/ (¥t without the tuning parameter \,, and to relax
the function space from RKHS in Assumption (A.4) to the larger space of functions that
are less smooth. We leave this direction for future research.
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Appendix A. Draws from the True Posterior Distribution

Consider the linear mixed effects reformulation of the Bayesian VCM in (4) and the prior
distributions on (a,T,7%,64,...,0,) again. Define total number of observations as s =
Sty Sis Zay Va, Ra (a=1,...,q), and y, X, Z, R, v, € as follows:

Zy = diag{Z(u1)Ta, ..., Z(un)Ta}, vy = {valur),...,valun)}, v'=(1,...,1,),
(Ro)iir = paluiyuy), i,4'=1,...,n, R=diag(Ry,... JRy), € =(e1,...,€6n),
vt ={y(w), . y(u)l X=X ()" X () ] Z = (2 ), (24)

where Z,, Ry, X, and Z are s-by-n, n-by-n, s-by-p, and s-by-ng matrices, respectively, R is
a ng-by-ng block diagonal matrix, and v, v,, and y are ng-by-1, n-by-1, and s-by-1 vectors,
respectively. Using these definitions, the Bayesian VCM in (4) and the prior distributions
are re-written as

q
y:Xa+ZZaya+e:Zu+e, e~ N(0,72I), vy~ N(0,R,),
a=1

va~N(0,R,), v~N(O,R), p, F,TQ) x 772 p(0,) = Uniform(c,, ), (25)

where the uniform distribution of 6, is assumed to be component-wise if 8, is a vector. In
this case, ¢, and ¢, are also vectors of the same dimension as 6,. The prior distribution on

the latent variables v and parameters o, I', 72,61, . .. , 04 are assumed to have the form
q
p(v,a,T,7%,601,...,0,) = H{p(va | 0a)p(0a)}p(a, T, 7%) = p(v, 61, .. .,0,)p(a, T, 72). (26)
a=1

Our sampling algorithm for drawing £(-), y(+), and 72 from their respective full data pos-
terior distributions is based on (25) and (26).

First, we derive the full conditional of v. Assume that y,a,T,72,601,... , 04 are given.
Using (25), the joint distribution of (y,v) is an (s + ng)-variate Gaussian distribution with
mean (Xa,0), where 0 is an ng-by-1 vector, and covariance matrix C, where the blocks
corresponding to the marginal covariance matrices of y, v, respectively, and their cross
covariance matrix are

(C)yy = ZRZ™ + 721 = zq: ZuRoZF + 721, (O)yy =R, (O),, =ZR. (27)
a=1
This implies that v given y, o, I, 72,61, ..., 0, follows N(u,,%,), where
py =R"Z"(C),}(y— Xa), ¥, =R-R"Z"(C),}ZR. (28)
Second, we derive the full conditional of (a, T, 72). Assuming y, v are given, define
Wi = [X(ui), v"(w;) @ Z(wy)), i =1,...,n, W"'=[W[,...,W]], b =(a"7"), (29)
where v is the column-wise vectorization of I'. Rewrite the Bayesian VCM in (25) as

y=Wb+4e, €e~N(0,721), p(b,1%) ox 7 2 (30)
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If b = (WTW)AleTy is the least squares estimate of b and § = Wb is the mean estimate
of y based on b, then

1 (y—Wb)'(y—Wb)] 1
2 _— p— [R—
prb10) x e { = .
b =) =)+ = WG — W)
(72)5/2+1 b 9,2
1 ly — 913 (b—b)"(W*W)(b—b)
- (r2)5/2+1 exp <_ 972 ? ) expq - 972 . (31)
Marginalizing over b in (31) implies that
1 ly — 913 ly — 913
2 _ 2 2 - 2
p(T | y) S (7-2)(5—p—q2)/2+1 exXp < 27_2 ) T | Yy, v 2 ) ) (32)

s—p—4q

and (31) assuming 72 is given implies that

(b—b)*(WTW)(b— b)
272

plb | y,7%) exp{— } bly,v,r? ~ N b2 WTW) T (33)

therefore, (32) and (33) imply that the distribution of (b,72) given y lies in the Normal-
Inverse-Gamma family. The « draw corresponds to the first p elements of b and the remain-
ing elements of b are “un-vectorized” into the ¢-by-q matrix I'.

Finally, we derive the ESS algorithm for drawing 6, ..., 0, given v. Using (26), we have
that

1 1 B q
logp(01,...,0q| V) x D) Zlog |Ra(04)] — 3 Zngal(ea)ya + Zlog le <,<c.  (34)

a=1 a=1 a=1

but ESS cannot be applied directly for sampling 01, ...,6, given v due the range restric-
tions on 6,s imposed by the uniform prior distributions. We address this problem by first
transforming 61,...,0, to 01,...,0, as

Cq — Cq

1+e0a’

(35)

La 9a22a+

where each 0, € (—o0,00) and the mapping of 6, to 6, is done component-wise if 6, is
a vector. The form is logp(fy,...,0, | v) in (34) is modified using the Jacobian of the
transform as

B B 1 B 1 . q -
logp(Br, ..., 0 | v) o< = 5 > “log|Ra(0a)| — 5 > ViR (0a)va + ;bg(ca —¢,)

a=1 a=1

q q i
+ Zlog 0q —ZZlog(l + b)), (36)
a=1 a=1
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The 0,5 in (36) are supported on (—oo0,00), so we apply the ESS algorithm using the
proposal N(0,41) for (61,...,0,), where I is an identiy whose dimension is determined by
that of (01,...,0,); see Algorithm 1 in Nishihara et al. (2014).

In summary, the sampling algorithm for drawing from the posterior distribution of
(a,T,72,01,...,0,) starts from an initial value of parameters (0, 1(0) 72(0), 9%0), . ,96(10))
and cycles through the following four steps for t =0, 1,..., co:

(a) draw v+ given y, o), T 72(1) Hgt), e G(St) from N(u,,X%,), where p,, %, are de-
fined in (28);

(b) draw 72t+D given g, (1 using (32);

(c) draw (D D) given 3, v+ 72041 ysing (33) and the vectorization of v(*+1)
is reversed to obtain T'**1: and

(d) draw 0 oY given (1) using ESS, the likelihood in (36), and the relation
between 6, and 6, in (35).

In practice, the interest also lies in drawing S(u*) and y(u*) for u* € U*, where U*
is a known subset of [0,1]¢ with [ elements. This accomplished by the addition of two
extra steps after steps (a)—(d). Let v} = {vo(u}),...,va(y))} (a = 1,...,q) and v(u*) =
{r1(u*),...,vy(u*)}, u* € U*. Then, the GP prior on v4(-) (a =1,...,q) implies that the
vy given v, and 6, is drawn from N (u}, X?), where

i =RNR 'y, X = Rgw — RLR,'Ruyx,a=1,...,q,

a

(Ra*)ii’ = pa(ui? U?/), (Ra**)i/i" = Pa(uh‘k Uﬁ//), 1= ]-a ceey N, 7:,7 i// = ]-a v 7l' (37)

177

Given (a,T',7%,61,...,0,) and u* € U*, the draws of B(u*) is obtained as

Bu®) = {BW) v {BW) " {B(u)}a = ava +Tv(u"), {BW)}ay = any,  (38)

where nv,v correspond to the non-varying and varying coefficients indices, and the draw of
y(u*) is obtained as

y() ~ Npys, 71), e = X (u)B(u’); (39)

therefore, at the (t+1) iteration of the full data sampling algorithm, the following two steps
are added if U* and X (u*) for every u* € U* are known:

(t+1) (t+1)

(e) draw v, given vg ', pity) using (37) (a = 1,...,q) and obtain B(u*)**+1) given
at+D) P+ AR using (38) for every u* € U*; and

(f) draw y(u*)*D given X (u*), (u*) D 72+ using (39) for every u* € U*.

We also take advantage of the low-rank structure in the covariance matrices if inducing
points are used defining the covariance functions of GP (Quinonero-Candela and Rasmussen,
2005; Alvarez and Lawrence, 2011).
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Appendix B. Draws from the jth Subset Posterior Distribution

Consider the reformulation of (25) on subset j. Define total number of observations on
subset j as §; = > "1 Sji, Zja, Vias Rjay yj, X, Zj, R;, v;, €; are the subset j counterparts
of Zg, Va, Ra, Yy, X, Z, R, v, €, where the dimensions of subset j variables are obtained by
replacing s by 5; and n by m in their full data counterparts. Using these definitions, the
Bayesian VCM in on subset j and the prior distributions are re-written as

yi = Xjo5 + Zpojp + -+ Ziglig + ¢ = Zivj + €5, ¢~ N(0,771), Dja ~ N(0, Rja),
Vja ~ N(0,Rj,), v~ N(0,Rj), p(aj,T}y, 7'j2) x 7]72, p(0qj) = Uniform(c,,¢,).  (40)
where the prior distributions on 6, remain unchanged. The prior distribution of the subset

J latent variables ©; and parameters aj,Fj,TJZ,Gﬂ, ...,0j4 also have the same form as in
(26)

q
P(75,05, 05,775 051, 050) = [ [{p(F5a | 050)p(0ja) Ip(05, 15, 77)
a=1

= p(ﬁj, 9]‘1, . ,qu)p(aj, Fj, 7']2) (41)

The sampling algorithm for drawing 3(-), y(-), and 72 from their respective subset j
posterior distributions is based on a modified form of (40) and (41). The conditional density
of (e, T, Tj2, 0j1,...,0;q) given y; after stochastic approximation is defined following (10)
as

~ ~ on
m(a, Ty, 77,0515, 05q | y5) o< {p(y; | 75, 05, T, 75)p(75, 051, -+, 03¢) Y play, T, 77), (42)

where p(7;,60;1,...,0jq) is the subset j version of p(v,61,...,6,) in (26). The model in (40)
implies that the joint distribution of (y;,7;) given ozj,Fj,sz,Gﬂ, .., b0jq is an (85 + mq)-
variate Gaussian distribution with mean (Xj;a;,0), where 0 is an mg-by-1 vector, and
covariance matrix 6]-, where the blocks corresponding to the marginal covariance matrices
of y;, Vj, respectively, and their cross covariance matrix are

q
(Cilyyy; = ZiRjZ] + 71 =Y ZjaRjaZjy + 31, (Ciloyo; = Rjy  (C))lye; = ZR;.

a=1
(43)
This implies that ; given y;, a;,T;, 7']2, 01, .. ,0; follows N(uz;, ¥5,;), where
wo, = R Z5(Cy)y (05 — Xjoy), o, = Ry — RjZ{(C)),, Z;R;. (44)

The conditional density of (aj,Fj,TjQ) given y; is obtained using (42). The subset j
counterpart of W and b in (29) are W; and b} = (aj,~;), where v; is the column-wise
vectorization of I';. The conditional density in (42) together with (30) implies that

1 exp (Y = Wbt (y; — Wb (1
(72)3%n/2 277 [0n

2
m(77, b5 | y;) o 2
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= 1 exp {_ (yj —95)" (v — 95) + (g5 — W;b;)" (95 — Wjby) }

(Tj2)§j§n/2+1 27]2/5n

B 1 Sully; — 13 (bj — b;) "0 (W W) (bj — b))
= s P |57 |exp{— 5 ,
(Tj )SJ n/2+1 2Tj 27

J

where l;j = (W]-TWj)_leTyj is the least squares estimate of b; and §; = le;j is the mean

estimate of y; based on Ej. Marginalizing over b; in (45) implies that

1 Snlly; — 953 Snlly; — 9513

2 nllYi — Yjll2 2 nllYi — Yilia
77(7']- | y;) o Y — exp (—2 , T |y; ~ —5—=22 0 (46)
(TJ‘Q)(SJ n=P=¢)/2+1 QTJ ngénfpfqg

and (45) assuming Tj2 is given implies that

(b — by) "6 (WFW;) (b; — bj) }

2
27']-

m(bj |y, T )ocexp{

2
b \yJ,T NN{I; 6—](WTW) 1}; (47)

therefore, (46) and (47) imply that the distribution of (b],T]) given y; lies in the Normal-
Inverse-Gamma family. The a; draw corresponds to the first p elements of b; and the
remaining elements of b are “un-vectorized” into the g-by-¢ matrix I';.

Finally, the form of the full conditionals of 6;1,...,60;, and S(u*),y(u*) for u* € U*
remain the same as in steps (d)—(f) of the sampling algorithm for drawing from the full
data posterior distribution, except the log likelihood for 60,1, ..., ;4 is multiplied by a factor
dn in step (d). Let 8;(u”),y;(u*),v;(u*) = {vj(u*),. .., vjg(u")}, and Rjax, Rjaws, V5, (@ =
1,...,q) be the subset j counterparts of S(u*),y(u*),v(u*) and Rgs, Ross, V. The full
conditional of v; in (42) implies that the conditional likelihood of 6;1,...,0;, given 7;
remains unchanged after stochastic approximation. Similarly, the GP prior on v,(+) remains
unchanged except that 6, replaces , (a = 1,...,q). This implies that the steps for drawing
from the full conditionals of 0;1,...,0;, and B(u*),y(u*) for u* € U* have the same form
as in the steps (d)—(f).

In summary, the sampling algorithm for drawing from the jth subset posterior dis-

tribution of (o, T',72,01,...,60,) and B(u*),y(u*) for u* € U* starts from an initial value
of parameters ( ( ) I‘(O) 2(0), 93((1)), e ,6?](-2)) and cycles through the following six steps for
t=0,1,...,00

(a*) draw zxj( ) given yj,ag-t),I‘;t),Tf(t),Qj(.?, . ,9]((1) from N(uz,;,%5,), where pp,, ¥, are

defined in (44);
(b*) draw Tj( +1) given y;, v ](Jr ) using (46);
(c*) draw (« (Hl),’yj(tﬂ)) given y;, v J(t+1),7'j2(t+1) using (47) and the vectorization of fy](t+1)

is reversed to obtain F(tH)
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(d*) draw Hj(.tlﬂ), . ,HJ(.ZH) given Dj(-tﬂ) using ESS as in step (d) of the full data posterior
sampling algorithm after multiplying the log likelihood by d,,;

(e*) draw v; (tH) and obtain 3;(u*)+1) given ¥ (t+1), ) P+ HJ(ZH) as in step (e) of
the full data posterior sampling algorithm; and

(F*) draw y; (u*) D given X (u*), B;(u*) D), Tj2(t+1) as in step (f) of the full data posterior
sampling algorithm.

Appendix C. Proof of Theorem 1

We use |||-||| to denote the matrix operator norm, and tr(-) to denote the trace of a matrix or
a covariance function. For two semi-positive definite matrices Ay and As, A7 < As means
Ao — Ay is semi-positive definite. For abbreviation, we write the Bayes Lo-risk in estimating
Bo(+) using the combined posterior from Theorem 1 as

2

L(II) = E,~ E, EmyuHB Bo(u)|l5 (48)

where 3(+) be a g-variate random function drawn from the AMC posterior of 3(). Let Eyx,
Ey; ;s Eyus Egjly; (similarly E, iy and By o for a =1, . q), EE|y,u (similarly
Epjy,w and Eg,p,, for a = 1,... ,q) respectively be the expectations with respect to the
distribution of u*, the true data generating distribution of the subset data (y;,u;), the true
data generating distribution of the full data (y,w), the subset posterior distribution of
(similarly v and v,) given y;,u; after stochastic approximation, and the AMC posterior
distribution of 3 (similarly ¥ and 7,) given the full data. Notations for the variances are
similarly defined.

We begin by decomposing this Bayes Lo-risk. Given the relation 3(-) = Tgv(+), it follows
that

2
L(I) < [|ITo|l|* Eur Eyu Bg,,,, [17(u”) — vo(u")l3 (49)
where |[|To[|| < oo given Assumption (A.2). Therefore, it suffices to study the Bayes Lo risk
of v(-).
Based on Assumption (A.6), we have the following decomposition: For any u* € [0, 1],

*

Eoy . [7(u*) — vo(u®)][3
Eoly [[7(*) = By o P(u*)} + Ery o {7(u)} — vo(u)||;
Eojyu |[P(0) = Eopy {7} |5 + [ Espy P (@)} = vo(w?)];

q
= 3" Varg, jyu {Fa(u)} + [Eopy (7)) — 0w

a=1

Z Z Vary,, ly; u; {vja(u)}

a=1 j=1
: 2
Z { zk: [ ialys g Via (7)) = VOa(u*)] + Op (n_l/Z) }
_ =

7(u

?r\m

?’r\H
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?r\m

q k
ZZ Ay qlyj,u; {vja(u®)}
) _q 1 k 2
+2 Z {k; Z |:EVja|ijuj{Vja(u*)} - VOa(U*):| } +0, (n71), (50)

J=1

where the last inequality follows from (a +b)? < 2(a? +b2). Using this inequality again, we
have that

Eu*E IEl/h,/uH ( >_V0 )H2

-
o

Eur By, u; Var,, jy. o {Vja(u®)}

a=1 j=1
q q 1 k 2
+2) Eu By {k > [Buaiusans (ial™)} = vou(u)] } +0p (n7")
1 a=1 j=1

I
-
M= 3

E’u* Eyj,uj Varl,ja‘yjmj {Vja(u*)}

Il
—_

Ly

q
+2) By By, {
a=1

2
|

Z [E”ja\ijuj{yja(u*)} - EVja’yj\uj{Vj“(u*)}}

j=1

=

k 2
1 " " _

+ 3 [EVja,yﬂuj{Vja(u )} = voa(u )} } +0p (n 1)

j=1
_c &
E Z Z Eus By u; Var,, jy. u; {Vja(u®)}

a=1 j=1
i ’

+ 42Eu* Ey.u <k Z [ Vjalyj,uj{Vja(U*)} - EVja,yjluj{Vja(U*>}] >

a=1 j=1

q k 2
+4) EuEy (; > [Eyja,yjluj{yja(u*)} _ vOa(u*)] ) +0, (n7h). (51)

a=1 j=1

Furthermore, using the sampling independence between subsets of u; as in Assumption
(A.1), the second term in (51) can be simplified as

q k 2
1D B By (i D Bty (a0} = By, {via )] )

a=1 j=1

= 1 2 D Eur By (B, (05 (47)} = B, ()}

a=1 j=1

- . .
+ %2 Z Z By By By E“jflu ( [Eyjlw EVjalyj’Uj{Vj“(“ )} - EVjavyj\Uj{’/ja(u )}

a=1j#j'
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X [Eyj/|uj/ ]Euj/a|yj/,uj/{yj/a(U*)} - Euj/a,yj/|uj/{yj/a(U*)}:| >

I
7 -
[
M-

2
Eu Byt [Boyalyy iy 10500V} = Buy g, 100 (0)} ]

)

Il
—
<.

Il
A

4
K2

[M]<
M=

Eur Bu; (Vaty,ju, [Eu,ojy, 0 {ia(w)}]) (52)

a

Il
_
<.
Il
—

where the second term after the first equal sign is zero due to the independence between u;
and uj given the full data v according to Assumption (A.1). The third term in (51) can
be bounded from above by the Cauchy-Schwarz inequality:

q k 2
13 Ew B, (,ﬁ D Byt iau)} = voa(w?) )
a=1

j=1

q k
= % Z Z By B, {Eijyjluj{Vja(U*)} - VOa(U*)} ’ : (53)

a=1 j=1
We can plug in (52), and (53) to (51) to further obtain that

B By, UED|y 7)) = vo(u)|3
g 2
ZZ u* U’J |: Vjavyjluj{yja(u*)} - VOa(U*)]
o
+5 Z > B Euy (Vaty,u, oy, o, (via(w)}])
o
L Z Z By, u; Varv]aly],uj{yja( u*)}+ Oy (n_l)
k 7 2
Z “J V]yyj|uj{yj(u*)} - VO(U*)
4

?T\Hk

2

M?r

+ L2 By (Vary Ju; [Ewlyj,u]'{’/j(“*)}})
7=1
.
+ z Z Eur By, o tr (Var,,j|y].,uj {Vj(u*)}) + 0, (n7h). (54)
j=1

Now we provide the detailed expressions for three terms on the right-hand side of (54).
We define the following notations. Let I'g, be the ath column of I'y, a = 1,...,q. In
the derivation below, p,(,-) is the correlation function with its parameter fixed at 6yq,
a=1,...,q. Forj=1,...)kanda=1,...q,

Rja(U*) = {pja(uj17U*)7 s 7pa('U«jm7U*)}T € Rm7
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Rj(u*) = diag{Rj; (u"), ..., Rj,(u")} € RT*™,
R(u,u') = diag{p1 (u,u), ..., pg(u,u')} € R u, o/ €[0,1]%,
Z(-) = Z()To e R, Z,(-) = Z(-)Toa € R,

Zja = diag {Za(ujl), ey Za(ujm)} S Rmxm Zj = {Zjl, ey qu} € Rqum,
(Rja)ii’ = pa(u]-i,uji/), ’i,i/ S {1, e m}, i = dlag(le, .. R ) S quxqm7
ﬂja: {Va(Ujl),...,Va(Ujm)}T e R™, JT (Vlj,..., qj) € RI™,
Voja = {V0a<’LLj1), ceey Voa(Ujm)}T ceR™. (55)

Based on the subset model (19) and the standard GP derivation, we have that for
a=1,...,q,

9 1
ol 050} = (0) = BV 25 (275,23 + P00 - i), (50
=~ ~ = T2\ -1
Vary ‘“7[ vl 13 )}] = Vary , |Rj(u")Z] | ZiR;; 27 + Oknlm> Z/J]
2 7 .. 77T Tg)‘n - 7 *\T
=79 R;(u") J <Z]RJJ it L Im) ZiR;j(u*)", (57)
=~ ~ = 2\ -1
Var, |, u]{yj( )P=A {R(U u’) RJ(U*)ZJ‘T (ZJRJJ]T Oanm> ZJRJ(“*)T}

In the following lemmas, we give upper bounds for (56), (57), and (58), respectively. We
first introduce some additional notations. In Assumption (A.5), we assume that the largest
eigenvalue of 2 is bounded above by a constant ¢n and its smallest eigenvalue is bounded
below by a constant cq, for 0 < cq < ¢q < oo and for all a = 1,...,q. By the definition
of Z(-) = Z(-)Tp and Z,(-) = Z(-)Toa (@ = 1,...,q) and Assumption (A.5), we have that
|Zo(u)| < Cz||Toall2 < Cz||To|| for alla =1, ..., q and all u € [0,1]%. We define the positive
constant Cz = Cz]||Tol| for the derivations below. We define the R%valued functional space
Li(du) for f = (f1,...,fy)" with f1,...,f; € La(du). The g-variate RKHS H is defined
to the space of functions with the finite H-norm ||f[|§; = Y>>0, [|fallfy, if f= (f1,..., f)"
Li(du) and f, € H, for @ = 1,...,q. This g-variate RKHS satisfies the reproducing
property that if f € H, then for any u € [0,1]¢ and any ¢ € RY, (f, R(u,-)c)y = f(u)Tc
see Section 3.2 of Alvarez et al. (2012). For abbreviation, we let A(c, h) = Z?Zl Wix/ (fhis +
¢) for any ¢ > 0, any positive integer h, and pu; as defined in Assumption (A.3). For
a = 1,...,q and any positive integer h, let tr(ps) = Y ioq Hai, tT(Pap) = Z;’ihﬂ hais
Te(p) = S0, tr(pa). and Tr(p, h) = S0, tr(pan).

Lemma 2 Suppose that Assumptions (A.1)-(A.6) hold. Then for every j =1,...,k,

2
Ey» Eu]' Euj,yj\u]'{l/j(u*)}_yo(u*) 9
2 km 4 2
<8 CQ " llvollfy + 85— o CC%eaco vollfi Tr(p) Te(p, h) + msayvollf
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_ 2 m
24l (o) exp { s b

where B = Cgé’%gélqA (18Xn/(cqokm), h) + 1

Proof [of Lemma 2| Consider the subset posterior distribution of v;(-) on the subset j. The
jth subset posterior distribution of v;(u*) has the mean

- S~ - 7‘2)\ !
() = Ry Z (2R 2] + ) s (59)
We view 7;(u*) = {Dj1(u*),...,0j,(u*)}" as a g-variate function of u*. Define the [0, 1]¢
R? operators Aj (j =1,...,k) and A as
T A
80 = B2 (B2 + B2 00) = () = 550~ )
i 1
AC) = 350 w0} = T DA (60)
j=1 j=1

Fora =1,...,q, Ajq, and A, denote the ath components of A; and A, respectively. We
can recognize that for j =1,...,k, 7;(-) in (60) is the solution of g-variate function to the
optimization problem (see Section 3.2 in Alvarez et al. 2012)

m B 7_2 n
argmin, s [Z {(ug) — 2wz} + 22 ||u||]%1]. (61)

i=1

Now fix a € {1,...,q}. Taking the Frechét derivative of (61) with respect to v, and plugging
in U; gives

" ~ 7'02)\n .
Z { (uji)0j(uj;) — y(“ji)} Za(uji)pa(ugi, ) + Tl/ja(') =0. (62)
=1
Stacking this up across a =1,...,q gives
S T s () — N RO NZ ()T Tg)‘”ﬁ,_o 63
Z (wji) 0 (uji) — y(ugi) p Rlwji, ) Z (uji) " + k i(-) = 0. (63)
i=1

Since the true model assumes that
y(usi) = Z(uzi)vo(uzi) + €(uzi) = (vo, R(wji, ) Z (uji)" Yu + €(ugi),

SO

Z(uji)v(uji) — y(uji) = Z(wji){0j(uji) — vo(usi)) — e(uj;)
= (A (), Rluji, ) Z (uji) ") — e(ui),
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Hence, we take expectations K, , |,,, on both sides of (62) and obtain that

R Zug)® + 0 g ’
,,J,W{ (u50) ) = (o) } Rusis )2 (ja) + 2By {7500}

Ms IIMS

(B sty 1850} R(wji, ) Z (ujo) ymR(uji ) Z (uji)
1

— By g, {€(uji) YR (wji, ) Z (ui) ™ +

~.
I

Tn Eyj,yj\u]- {ﬁ]()}

5 e n N
< Vi Yilug {A;0)} s Rluji, )2 (“ﬂ) >HR(“ji=')Z(uji)T+ 0]: By, wilu; {250}

(64)

I
Ms

1

<.
Il

Using (60), E,, 4. ju; {25()} = Eu; 40, {A5()} + vo, and dividing by m in (64), we obtain
that

~ 7'2 n
*Z< oty 18500} ROt ) 2" Blugs ) 20z + 0, (A5(0))

A

0 n
_ 3. 65
= vo(-) (65)
If we define the jth subset covariance operator ¥; = m~'$ i R(uji, ) Z(uji)" ®

R(uji,-)Z(uj;)", then (65) reduces to

>\ T@An
(55+ 220 ) By, (850} = =220
= | Euj,y]-|uj (AJ)HH <lwvolm, Jj=1,....k, (66)

where the last inequality follows because f)j is a positive semi-definite matrix.
The rest of the proof finds an upper bound for

5 4
‘ EVjvyjluj(Aj)’L - Z ‘ B
a=1

The main idea is to reduce this problem to a finite dimensional one indexed by a chosen
h = [ *—| € N as specified in Assumption (A.5). For each j =1,...,kand a = 1,...,q,

2

Vja,Yj "U,j (A]a) 2

let 4,4 = ( jals -5 jah Oja(hi): - 5jaoo) , such that

Eyja,yj\u]- {Aja(‘)} = Zéjah¢ah(')? 5jah = <EVja,yj‘uj {Aja(')} ) ¢h()>

‘ =

9 oo
2
Euja,yj\uj- (AJ)HZ = Zdjah' (67)
h=1

Lo(du)’
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Define the vectors
T T
55 = (Bjatse e 8jan)™s Ola = (53.@(,;“), . ,5]-%0) ,

5011 Ew 1, (A = LI+ 19715 and v wpper bound [, (80 by spavacely
upper bounding H5 113 and H /13- Using the expansion pg(u,u') = 3521 pnan(w)pan (')
for any u,u’ € [0,1]¢, we have the following upper bound for HéjaH% and HéjaH%

_ Ha1 ' h
= 3 L3
Hah
jah (i0) 2 (4i4) 9
S IU/ZZIZ Lah = Mal ’Euja,yj\uj' (A]a) H, S tr(pa)HVOaHHaa (68)
2
2 /“L(z(h—l—l > 5 jah
st < —Jar
H ja 9 Ma(h+1 Z jah = :ua h-‘rl) Z Lah
h=h+1
(iv) 2
< Ha(h+1) ‘ ]Eijyj\uj (Aja) o (69)
where (i) follows from the decreasing eigenvalues a1 > pa2 > ..., (i) and (iv) follow
because || Euja,yj\uj(Aja)H%ﬂa =370 5]2'ah/iuah’ (7i1) follow from a1 < tr(pg).
Let
_ i oy P TyT
05 = (0j1,-++50j4)", 5 = (071 s---1054)", 6 = (0j15---10j,)"
We now derive a more refined upper bound than (68) for de”% =37, \LdjaH%, such that the
upper bound converges to zero as m — oco. For a given positive integer h, eacha =1,...,q,

and each j = 1,...,k, let M, = diag(yta1,--.,p,,) € RV, M = diag{My,...,M,} €
RIxah 10t ;€ quth and ®;, € R™*h he matrices such that

((I)ja)ih:()pah(uji)y i:1,...,m, h:1,...,B, j=1,...,]{3,
(I)j = diag{éﬂ, ceey ‘ij} S quxqﬁ . (70)
Let voa(-) = Y324 CoanPan () With Coan = (Voas Pah) Ly(dw) for h=1,2,... anda =1,...,q.

T
Also define the tail error vector vj, = (Vjai,--.,Vjam)" € R™ and v; = (vJTl, . ,v}q> €
RY™ (j =1,...,k) such that

o
Vjai = Z diahPan(uji), 1=1,...,m.
h=h+1

For any g € {1,...,h} and any a € {1,...,q}, we take the Hy-inner product between Pag
and the ath component of (65) and obtain that for j =1,...,k,

—Z< sy {8500} Rlutgas 1 2(u5)" ) (paltgis) Zaluzi)s g (4))

Hq
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2 A 2\
](;m <Euj,yj\uj- {Aja(')}v@ag(')>Ha = l(c)m <V0tl? ‘Pag>Ha7 (71)
which implies that
1 N & - . 8 An Ojag 78\ Coag
m; ;Zb(uji)]Euj,yjuj {Ago(uji)}| Za(uji)pag(uji) + ——— oy kT iy (72)

The first term on the left-hand side of (72) can be rewritten as

% Z Z Zb(uji) B yslu; {Ajp(uji)}t

Za(wji)Pag (i)

m q h
- % Z Z Zy(uji) Z 8onPon (Wii) | Za(wji)Pag(wji)

i=1 | b=1 h=1

+%Z Z 7o (i) Z 8onpon (i) | Za(wji)ag(uji)

b=1 h=h+1

=1
q B _ . 1 B ~
> (Zindse),, (Znaty) + 5030 (Zotn) (Zms),

1b=1 1=1
1 T T o 4 1 T T 7
=— < jazjaz;zjb@jb&jb +— (éjazjazjuj)g
1 - 1 -
= (@}azfazj@éj.)g = (@}azfazjvj)g, (73)

which implies that in (72), forg=1,...,handa=1,...,q,

1 . 1 ~ = 2\ 0 2 o
~ @TZTZ-@&) —((I)T-Z-TZ» ) 07n %ag _ _T0%n Y0ag
m<Ja Jajjjg—i_m Jaraa jv]9+ km Hag km Hag
Let (éa = (Coals---»Coqp)" and Cé = (gélT, A ({;)T € R, Stacking the last display over
g=1,...,h gives
1 T ~T ~ \L 1 T ~ ~ 7_02)\71 —1 \L 7_02)\n —1 i
Then stacking this over a = 1,...,q gives
1 15 1 1 15 7'02/\71 “1¢l T(?)\n —1.
which implies that
L1 212,0, + 0 1) gt = 0yt Lgrgrg, 74
834 4%t i T " kem o = 2 Zj Zjvj- (74)
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The proof is completed by showing that the right hand side expression in (74) gives an
upper bound for H5¢||% Using the © matrix defined in Assumption (A.5), we define the

1/2 o
matrix QQ = (Iqh + TO)‘"Q Lpr- 1) e R?"¥"  Then

1 rhrs T8,
—®j 2] 7;0, Zm M~ 4 (I)TZTZ ®; —Q
1 .
1 -1
=QQ { Gt Q Q7 <m<1>jT.Z}qu>j - Q> Q }Q.
and using this in (74) gives

et (L grzrs -
{Iq,-ﬁ—Q ! <mq>}2}2j¢j—9>Q I}Q(sj

_1:Q+

2
oA A—10-11/~14 _ L A-10-1gT 515
Now we define the event
1 o~
Ei = {H‘Qlﬂl <m<I>;FZjTZj<I>j - Q> Q|| < 1/2}, (76)
with the randomness in {u;1,. .., ujm}. We have that
NPT A RS _ 1
Ip+Q Q! (mcp}Z}Zj@j - Q) Q' = 1o (77)

whenever £j1 occurs. It is also clear that @ = I ;. Therefore, when & occurs, (75) implies

that
2

)\ S
km OO0 M + Q 0~ 1<1>}Z].szvj
2

Joi, <

2

)

2

2

TN L a s 1 S

QT MG 18 HmQ 'R 27 Ziv;

where the last inequality follows because (a + b)? < 2a% + 2b? for any a,b € R
For the first term on the right hand side of (78), we have that

2 2 2 —1
To)\n )\n —1as—1 4
< [ === MQ M QM
( km > { ( gh km > } %

2

<8

TeXn gt
Z Q IQ IM 1(3
m

2 2 -1
T An I 2 0>‘ 4
= MM QM
(i) & (ueeareponr)
AN e (B N A s B 72
< (ToAn 0" ) ap L _ To/n Oh 0n 2
- ( km > ’ ( km 0 Cka;hzlﬂah QkaHVOHH

For the second term on right hand side of (78), it is equal to

1 s 2\ AN s
—Q 00 7] 2y = (M+ T](;m”sz—1> -EMWQ*@}Z}Zjvj. (80)
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The first term in (80) has bounded matrix operator norm by Assumption (A.5):

M TAn )1 o =  max Cﬂkm (81)
km 1<a<q,1<h<h roAn Tg
For the second term in (80), 7 (i) Cy in As-
sumptions (A.3) and (A.5) to obtain that
1 2t T - ~ (5
Hli/ml@}ZJTZJUJ <22, (Zivs) Z0,M9] 2] (Z0;)
—2
C ~
=2, (Zvs) (Za®iaMa®],Z50) (Ziv,
,2 q h m ~
<533 {5 st (5), |
a=1g=1
7 2
CZC% (—22 q h m _
< 2 me (2| (Zm),
a=1g=1 =1
020% 52 q h mo 4 2
- (me Zzuag ZZ’ b(u]z)vjbi
a=1g=1 i=1 b=1
C(Zc% 52 q h m q [e ] 2
S D D) IR D DO IS DU
a=1g=1 i=1 b=1 h=h+1
_ 2
h q )
< it (S5 ) (30 5 i
a=1g=1 b=1 h=h+1
(1)442(1 e qoo(SJQbh
< CpChen” (D trlea) |- | 20 20 v | | 20 20 %
a=1 b=1 h=h+1 b=1 h=h+1
. d a 2
= CCheq” (Z tr(pa>) (Z tr(pa,m) (Z vty B30 )
a=1 a=1 1 b
= C4CZCQ ( )TI'(IO, }_L) ) Vj,y]\uj H
(i) _
< Co0%¢q” Ivollf Tr(p) Tr(p, ), (82)

where (i) is from the Cauchy-Schwarz inequality and the definition of tr(p,), and (ii) is
from the relation (66). Combining (80), (81), and (82) leads to

cokm

Tg An

1o =P _ -
HmQ 'OTRTZ Zivi || < =5 CaCheq lvollf Tr(p) Te(p, B). (83)
2
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Finally we combine these results. Note that (68) implies that

q
155113 =D 137,113 < Ztr pa) voalliz, < Tr(p) l[volls - (84)
a=1

a=1

(69) and (66) together imply that

q q
1818 = D188 < D tagieny |[B
a=1 a=1

Based on (56) and the definition of Aj, we combine (84), (69), (78), (79), (83), and Lemma
5 to obtain that

2
o ShGane ol 69)

Via,yjlug (Aja)

2
E,- .,

2
Euj,yj|uj'{yj(u*)} - VO(U*) 9 El/j,yﬂu]' (AJ)H

=E, Ey, ,
< By, (16713 +116713)
~E, {WHQ E51) + 1971131(5) + 107 13 }

H6 131(E0) } + Tr(o)lvo i Pu, (€51) + B, (116713)

km _
H vollf + 85— CpCeacy” Il Tr(p) Tr(p, h)

<8

<s o 5

+ 2qh|vo|[E Tr(p) exp § ——a—— b + i 1y |v0 ]2
qriivolim Lrip) exp 8(B2 + B) H(h+1)«1VO1IH>

where B = C’;C’%Q;qA (78 An/(cqkm), h) + 1. This proves the conclusion. [ |

Lemma 3 Suppose that Assumptions (A.1)-(A.6) hold. Then for every j =1,...,k,

Eyr By, tr (Vary.‘uj {El,ﬂyj,uj {I/J(u*)}D

A 24km — [ km

< 12202 o+ 2 e (o) ol ) (57 + 20l )
€ n
C2C%cq*1dq - km

+ 1D , ahon). 1)+ 205 (S + 2l

_ km m
4gh T —+2 2 ——
g To(o) (5 2l ) exo { g™}
where B = C;C’%gg_)lqA (18 An/ (cqkm), h) + 1.

Proof [of Lemma 3| We use the same notations as in the proof of Lemma 2. We further
expand the functions Aj,(-) defined in (60) fora=1,...,gand j=1,...,k as

):Zgjaiépai(')a Z JMSOM )s A;a(') = Z Sjai‘pai(')’
=1

=1 i=h+1

bl
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Sj‘a - (5]'@1,..- SjaE>T’ SJT‘a = <Sja(5+1)"" Sjaoo)T’

Sj.:(djf,...,aj;) , 8= (5};,...,5};) .

From (57), we can see that

E,~ tr (Varyjluj [EVﬂijuj{yj (u*)}D

oo a o w2\
*\ 7T ~7 D 7T Tg)\n - * ’
< E, Eyj\u]- Rj(u )Zj Z]’Rijj + A I, Yj — Uo( )

2
= Bur By ju, 185 ()13 = Bur By, |87 (@13 + Bus By, AT ()3
By, 167113 + By, 16713

(86)
Therefore, we will find an upper bound for Ey« E, .. [|A; (u*)||? in the following. We start
with finding a rough upper bound for E

il |A;]|4. Using the definition of 7; in (60) and
the optimizer property in (61), we have that

- 2
o I3 y(ugi) — Z(wji) 05 (wji)
15512 € { }

~ 2
> . + o5l
- 2
(ii) " {y(uji)_z(uji)VO(uji)} )
<> Lk + [[vollf
=1
m) { uﬂ 9
Z 2)\n/k + HVOH]HD

(87)

where (i) follows because the term inside the summation is non-negative, (iz) follows because

7; minimizes the objective, and (4i7) follows from our model assumption. Since the error
variance is 7¢, (87) implies that

Ey,ju, 1851 < 2By, 12115 + 2Eyj\uj lvoll:

{e( uJZ 2
< 2Ey]\uj Z 2)\n/k + 4||V0||H

2km

Using this bound for E, |, , 12|, we can find an upper bound for E, juy 1105113

y3|u] H(S H2 - Z Z ]Ey]|u] jaz

a=1j=p+1
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a © Ry (02 By s (02)
yj lu; yjlug
=3 gy Y ) EE:lhuh+1 >
a=1 ichy1  Ha(h+D) imhp1 P
q
= ZM&(H—}-I) Eyj\uj- HA}aH[QPﬂa S Zlu’a(ﬁ—‘rl) Eyjluj ||Aja||%ﬂa
a=1 a=1
2km
< e (5 4l ) (%9)
n
and also an upper bound for E, |, H&H%
Eypu; 10503 = D) Eyjpu; (53a:)
a= li 1
|
< Zﬂalz Byt 030) Zual Ey,ju; 1A, <m0 By, 145115

a=1

< Te(p) <2’jm ) (90)

Now we find an upper bound for E, |, ||Sj\|§ Define the error vectors

o0
Vjai = Y Ojaitpan(ti),

h=h+1
- - - T .
Uja:(vjala"'avjam> eRm7 ZZl:"'vm7 G,Zl,...,q,
~ _ (~T ~T\T qm
vj—(vjl,...,vjq) e R,

Now we use an argument similar to the derivation of (63), (64), (65), (71), (72), (73), and
(74). Instead of taking the E, , |, as in (65), we do not take this expectation and keep
the error term €(u;;) all the way along the derivation. We can obtain the following relation
similar to (74):

< (I>TZT

m <

oA 1) § = _T0An g1 1<I>TZTZ Lgrzr, 91
b P T M T W A A e 2y O1)

We use the same @ matrix as defined in the proof of Lemma 2. Then (91) can be rewritten
as

1 (1 s _ .
{Iq,-L—i—Q o1 <m<1>}zfzjq>j—9>cg 1}Q5j.

23\ 1 O 1 5
_ %Q_lg_lM_1Cé _ EQ—lg—lcpjT,Zj'.ijﬁj T EQ*Q—%}Z}@. (92)

On the event £;; defined as in (76), using (77) and the fact Q = [ ; (92) imply that
By, 16715 < By, 1Q57113
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2
7'0>‘n el L A 1e—laTET s ~ | R
= 4Eyg|ug km Q QM CO - EQ Q CI);FZJTZ]UJ + %Q Q (I);FZJTEJ ,
Tg)\n —10o—=1r,—1-1 2 1 A N—1AT AT ~ 2
< 12 7@ QM CO + 12 Eyj|uj 7@ Q q)j Zj Zjvj
m 9 m 9
1 2
-10n—1 7
+12Ey ), ’mQ Q@ Zfe; . (93)

where the last inequality follows because (a + b + ¢)? < 3a® + 3b% + 3¢? for any a,b,c € R.
We bound the three terms on the right hand side of (93). The first term can be bounded as
n (79). The second term can be bounded similar to the proof of Lemma 2: By Assumption
(A.3), we have that

1

~ s )\
—1n—1 ~
EQ Q (I’}Z]TZJ"UJ' = (M + k

-1/2 1
1 20— 7T 7 ~
et ) MV ] 7] 25 (94)

The first term in (94) has bounded matrix operator norm in (81). For the second term in
(80), we repeatedly apply Assumptions (A.3) and (A.5) to obtain that

2

iMl/m—lq)T.Z.TZﬂ»

m /i B )
2

v lu;

—2 q

¢ S \T (5 . -
:—H{ZQ By, 20 (Zi03) (Z3a®iaMa®}uZs0) (2% )
a=1

m 2
3 {Z Za(u7i) Pag (us) (Zj@j)i}

a=1g=1 i=1

| A

CQCQ q h mo 2
<, 3 {Z\(Zﬁj)i }
a=1 g=1 ]
020%052 q h {

-T2 By lu; Z Z““Q

s
Il
—

a=1 g=1 i=1 b
0203652 q h m q [e’e) 2
<y S {3 S )
a=1g=1 i=1 b=1 h=h+1
q h q 0 B 2
< CChe” [ 30D oy | By [ 20 D [
a=1g=1 b=1 h=h+1
@) d L6,
gmﬂyw)zzM%%ZZJ
a=1 b=1 h=h+1 b=1 h=h+1 Hbh
q q 9
4 2
= C:iC%QQ Tr(p) (Z tr(ﬂa,h)) yjlug <Z| _]b”Hb>
a=1 b=1

= CC%e” Tr(p) Tr(p, ) By, 118115,

yjlug
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(<) C’4C'ZCQ2 Tr(p) Tr(p, h) <2/}<\:m > (95)

where (7) is from the Cauchy-Schwarz inequality and the definition of tr(C'), and (i) is from
the relation (88). Combining (94), (81), and (95) leads to

1 2

- 2k k
—Q7' 0] 2} 251, - “

< C4C’ZCQCQ2 Tr(p) Tr(p, h) ( + 2H1/0H1%1> . (96)
9 7'0)\ An

For the third term in (93), by Assumptions (A.3) and (A.5), we have that

yjlu;

1 —-10—-1§T 7T ?
Yjlu; EQ W0 Zje; ,
-2 2 —1
Ca > L T0M 1 -1 5
< m2 E e {6}2]‘(1)]' (Iqh+ m QM > (I);FZJTEJ}
mo 2
<55, 33—t {3 et
a=1h=11 anm,uah =1
@) ¢ 72 q h m
(2 ~
= 7722 ZZ 7'0 )\n y]‘uj {Z Z ’U/Jz Soah u]2)26(ujz)2}
a=Lh=11+ Cﬂkmuah =1
Clnlyy L o Euptuy | 2 ()’
a=1h— 11+chOmyh i=1
C2C%cq%T, _
< CCHaT0 2y o hm) ) (97)
where (i) follows from the independence between {€;1,...,€jn}. Therefore, we can obtain

that
By By tr (Varyj‘uj [Eyﬂyj’uj {V](u*)}D
Eyﬂu; HSH@ + IEyj|uj HSTH%
= By, {15 I31E ) | + o, {ITHIBLES D) b + By, 16713

. 2
1 %Q‘lQ‘lM_lcg 2B, %Q_IQ_IQ}Z}ZJ-@J' z
+12EWUj72Q‘%T*@§Zﬁaz—%mmuﬂ<2T”—FMWMm)
#15(0) (27 + Aol ) Puy (€50)
%H2&IMM+MT@%WWJﬁUﬁmM<T”ﬂMM)
C2C%cq 134

B _ km
n 12%/\(73)\”/(@2%7@7 h) + 20 (g 1) (/\n + 2””0”1%1)
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- km m
4gh T — 42 2 —_——
g To(o) (57 + 2l ) exo { - g

where B = C’ié%g&lq/\ (78 n/(cokm), h) + 1, (i) is from (86), (i) is from (89), (90), and
(93), and (7i7) is from (79), (96), (97), and Lemma 5. This completes the proof of Lemma
3. |

Lemma 4 Suppose that Assumptions (A.1)-(A.6) hold. Then for every j =1,...,k,

By By, ; tr [Varl,j lyj 0y LV (u*)}}
5Tg An 4@% km

2 = - . B
22, qh T _m
+2XA,7q r(p)eXp{ 8(BQ+B)},

where B = C’f,é’%gélqA (18 /(cokm), h) + 1.

Proof [of Lemma 4] For each a = 1,...,q, we have the eigen-decomposition
pa(u, ') = 32 paiai(w)pai(u) for u,u’ € [0,1]%. This together with the expression
of Var,, |, o, {vj(u*)} in (58) and the orthonormal property of {(,;};~; imply that

By By, o, tr [Var,,ﬂyj’uj {v; (u*)}]
q B o TQA -1 B
=2 B By Y { pa(u*, u*) — Rj(u*)" Z], (ZjRjj 0 "Im> ZjaRja(u*)}

a=1 "
q oo
=1 ZZMah Eq {@ah(U*)Q}
a=1 h=1
. g m m o0 o0 ~ ~ o~ = Tg)\n -
_)\;L Euj ;;;Z:lhz:lﬂahﬂah’{ jTa <ZJRJJ .;r+ k Im> Zja}i/i”

m m oo

= )\ ! Z Z Hah — A Euj Z Z Z Z :U’ah(pah Uji Spllh(uﬂ )

a=1 h=1 a=1i=14=1h=1

q

q h m m
= )‘El Z Z Hah — Aﬁl Eo; Z Z Z Z Ngh@ah(uji)‘Pah(uji’)
h=

1 a=1 =1 ¢=1h=1

e 2y -1
X {ZJTa (ZjRjj JT+ Oanm> Zja}

i’
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o0

q o] m m
+)‘;LIZ Z “ah_AEIEUjZ Z Z tian Pan (i) pan (i)

q

—1i=1i'=1 h—ft1

2 -1

2y 3

X {ZjTa <ZjRjj ]T—l- Oanm> Zja}
i/

q h 2 -1
_ ~ o~ 7' A -
< )‘nl Eu] Z Z {Mah :uahq)gah ( iRjj Ok nIm> Zjaq)jah}

2

—1
+ OIj”Im> chbjM} + M\, Te(p, h), (98)

=\ E,, tr {M - M} 77 <ij3ij}

where @, denotes the hth column of the matrix ®;, defined in (70), and (¢) follows because
we dropped the last negative term to make it larger.
If we let

M=M-M®Z] <ZjRijjT + TO?"%) B Z;®;M,

then (98) has shown that

Eyx Ey; u; [Varyj‘yjyuj{yj(u*)}} <M1 Ey, tr(M) + X, Tr(p, h). (99)
Forj=1,...;k,a=1,...,q,and h =1,2,..., we define the following matrices

M(I = diag{ua(ﬁﬂ),...,uam}, Mt = diag{MlT,...,MJ},

Pjan = {pan(uj1), .- -, %h(ujm)}T :

T, = {q>ja(,3+1),...,<1>jaoo}, dlag{ ﬂ,...,qﬁq},

Rl =olM'®], Rj;=o;M; + RL,

where ®; € RI™%4h g defined in (70). Then the Woodbury formula (Harville, 1997) and
the definition of ) imply that

. - - -1
M = {M—l + @77} <Z RLZT + Ok "Im> chl>j}

2770
:7'3>\,1 {Q A 1 ~' < kR gL >_IZ-(I)-_Q}1
km km I\ XTI m 77
:@Q‘l [I+Q_1Q‘1{1<I>TZ-T< hZiRLZT+1 )_12-@-—9}62‘1]_1@—19—1.
km ah m 329 \Fax, 2ittieg T Am i®j

(100)

For j = 1,...,k, define the event £jo = { k Zj 3y

semi-positive definite, we have the relation that
T o7 1 k_ 7 pt T 1 )
{ ( ZR]JZ]) _4}Q{Smax (7_3)\" 455 j) §4}g5327
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Smax(A) is the maximum eigenvalue of the square matrix A. Therefore, by Markov’s in-
equality and Assumption (A.5), we have that

s - 1 D -
k 1 k T
Py, (£2) < P, {tr (TgA"Zj i J’T) > 4} < ARy, tr <TgAan ji JT)

4k _ _
= By tr (0] M) Z)

Tg)\n
Sy uahm@{zz ws P pun(u)? }
a=1h=h+1
7-2)\ Z Z ZﬂahEu] {@ah u]z }
0 a=1 p=p+1 i=1
402k -
- TQZ)\mTr(p,h). (101)
0/\n

On the event £;1 NEj2 (with £;1 defined in (76)), we have that

1 _ . -1
Ii+Q ot {mq>}z;f (Fo 22 + 1) 20, —Q}Q—l

Z +
@) “1o-1J) Larsr (1 s -1
S Lt QTT ST Z (L b I ) 2% - Q0 Q

-1
= [; — 7Q + Q 1Q { @TZT (jlfm + Im> qu)j — Q} Q_l
(i) 1 4 1 2
L [qfl - quﬁ - g ’ §Iqﬁ = quﬁa (102)

where (i) follows on the event &£;2, and (i4) holds on the event £;; and from the fact
Q2= I;,- Therefore, from (100) and (102), we can obtain that

9 qh'Q_lg_l}
57’0)\ 91 5T An oA L1 -

< 207 07
2km r(Q & )_ 2km o @+ kmM

570 1 578 An, 5 .
< = A (75 A/ (cqkm), h) . (103)
72 0\n/\&Q )

2km ;hz:l e+ kno@;):h 2cqkm

Ey, {tr(M)l (5j1ﬂgj2)} < Ey, {

Therefore, by combining (99), (101), (103), and Lemma 5, we obtain that

Eur By, b1 |Vary, o, {v(u")} ]
<A1 Ey, tr(M) + X1 Tr(p, h)
<A By, {00 (D)1 (€1 N Ej2) |+ A7 By, {r(N)1 (€5) |
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+ 2 B, {6 (V)1 (£55) b+ A7 T, )

512\, _ B .
< T A ) ) X, T o, (65
4C%k ~ B
= Qm Tr(p, h) Tr(p) + X, Tr(p, h)
7—0>‘n
50An | (2 . 4C%km _ B )
< 22kaA(Tox\n/(ggkm),h)+ 5P Tr(p, h) Tr(p) + A, Tr(p, h)
7 m
2A-1gh T __m
+2X, ¢ r(p)eXp{ 8(32+B)},

where B = C?D(f’%gg_)lqA (1§ An/(cqkm), h) + 1. This completes the proof of Lemma 4. W

Lemma 5 For the event £j1 defined in (76), the probability of the event 5y is upper
bounded by

. . m
Py, (gjl) < 2qhexp {_W} ) (104)

where B = C’;CN'%Q51QA (18 n/(cokm), h) + 1.
Proof [of Lemma 5| For j =1,...,kand i =1,...,m, let
Wii = { Z1(uji)pu1 (wsi), - - Z1(uji) @ (wji), - -
Zo(uji)pqr(uji)s - - > Za(ugi) g (uzi) } - € R,

similar to W (u) in Assumption (A.5). With some linear algebra, the matrix in the definition
(76) can be rewritten as

)

Qo (TlrL@}Z}chpj — Q> Ql=q@Q o (7711 > W - Q) Q!
i=1
1 m
== Z Q' (Wuwj —Q) Q" (105)
i=1
Using Assumptions (A.3), (A.5), and the fact that @ = I j, we can obtain that for every
j=1,....,kandi=1,...,m,
et~ (Wiwji — ) 7|
< fle7 o7 w5 + Il
< WJEQ_QQ_IWJ&L' +1

Tg An

—1
M1 Wi+1
km ) gt

<Wi (Q +
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< C20%¢q A (15 A/ (cokm), h) + 1= B. (106)
Furthermore,
lt@ e -y @y
< [lo tet (wuwh - ) Q7 Y|* < B (107)

Now from (105), (106) and (107), we apply the matrix Bernstein inequality (Theorem 6.1.1
m
of Tropp 2015) to the sequence of {Qlefl (WjiWﬁ — Q) Q*I}' ) to obtain that

1 .
1 —
P, (£5) =Py, <‘HQ 0 <mq>}zfzj<1>j—9>@ ! >1/2>

<Py ( > 1/2)

~ Z Qo (WuWwrh—-Q) Q™
=1

. (m/2)*/2
< 2gh _
= eXp{ mB2 + mB/6
- m
< 2qh —_—
<2hew { - g b,
which completes the proof. |

Proof [of Theorem 1] We prove part (i) and part (ii), respectively. We simplify the upper
bounds in Lemmas 2, 3, and 4 with the choice \,, = 1 and \,, =< n~(2V)/(2v+d)

(i) With A, = 1, we first derive a bound for the quantity A(7¢)\,/(ckm),h) for a generic
constant ¢ > 0 (Wthh will be replaced by ¢q and ¢ in the upper bounds in Lemmas 2, 3,
and 4). Using Assumption (A.3), there exists some constant ¢, > 0 such that ;. < c,i=2¥/4
for i = 1,2,.... Therefore, given the fact that 2v > d, we have that if A\, =1,

o CuCoTy -1
I/ (ck < 14 =0 p2v/d
AlroAn/ (ckm) Z ( ckm,uh*> T ( + cn

1
-1 2 -1
< Z (1 n c;inLTo h2v/d> + Z (1 I Cyz;To h2v/d>

h<nd/(2v) h>nd/(2v)
2 —1
< n®/@v) 4 Z <CuC2To h2v/d>
- cn
h>nd/(2v)
2\ — h+1
< ¥/ @) 4 CuC2Ty AU
cn h

h>nd/(2v)
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cn
2v—d
= /@) 1=

2v
~ /)

2\ —1 2
< /@) 4 <CuC2To> o (1)

Given the condition m > n(%¥)*7 in the exponent of (104), we have

m m n(d/v) +n

= — > =n'l.
8(B2+B)  A(mEAn/(cokm),h)? ~  nd/v

This implies that for some positive constant ¢ > 0,

exp {_8(3‘;13)} < exp(—c'n").

With the choice h = [n3% (V=97 we have that

q
h ZZZMahSQZMh* qucuh_2v/d

a=1p>h h>h h>h

h+1 00
< qc, g / x /gy < C#/ x /gy
- 3d/(2v—d
h>h h n3d/( )

__3d . 2v-d .
= qcun 2v—d d =n

Note that Assumption (A.3) (ii) and Assumption (A.4) imply that Tr(p)

(108)

(109)

(110)

O(1) and

llvollm = O(1). Using the orders in (108), (109), and (110), the order of the upper bound in

Lemma 2 can be quantified as

k

4
= Eu By,

j:l
+ n-n"34+n 73 4 pBYE=D] L oxp(—nh)

2
Euj,yj|uj{yj(u*)} - I/()(u*) 9

Sn
Sn
Similarly, the order of the upper bound in Lemma 3 can be quantified as

k
% Z By By, tr <Varyj\uj [EVH%‘ uj {y](u*)}D

j=1

1 n

L nd/@v) 1

—l—k +k n=3 (n+1)
1

+to nI3Y V=D (1 4 1) . exp(—¢'n")

5 kflnfl + n*(ZV*d)/(QV) + kfln72 + kfln[Bd/(Qvfdﬂ+l . exp(_clnn)
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< p(2v=d)/(2v) (112)

The order of the upper bound in Lemma 4 can be quantified as

By, tr (Var, o, {75 (u")})

> ol
LS M?r

no- nd/(QV) + (n+1)-n3 4 pBHYE=D . oxp(—¢n)
n—(2v—d)/(2v)‘ (113)

IZANRYAN

Finally, we combine (111), (112), (113), (49), and (54) to obtain that

L(ﬁ) S n—l + n—(2v—d)/(2v) + n—(?v—d)/(2v) + n—l 5 n—(2v—d)/(2v).

The rate for w(-) follows trivially from the inequality
[@(u") — wo(w)| = |Z(w)B(u") = Z(u")Bo(w")| < Cz [|B(u”) — Bo(u”)[,-
This proves the conclusion of Theorem 1 (i).
(ii) When X, =< n%®*4d similar to part (i), we first derive a bound for the quantity

A (78 n/(ckm), h) with ¢ > 0 being a generic constant. Using Assumption (A.3), there
exists some constant ¢, > 0 such that pu; < c,j ~2v/d_ Therefore, we have that

X CuCaTEN Jd !
" ) < 1 < 14 #2207 g2y
A(8Mn/ (km), h Z<+0kmﬂh*> _Z<+ Gl >

h=1
CLCaTEN / -t CLCaTEN / -1
< 14 CnC2T0An 4 2v/d 1C270 An ; 9v/d
< >y < + =0 + 0> (14 SO h
h<nd/(2v+d) h>nd/(2v+d)
2)\ -1
< pd/@v+d) | Z <Cu0270 nh2v/d)
h>nd/(2v+d) cn
CLCaTENn -1 _
< pd/@v+d) (€2 Z 2/ g,
- cn
h>nd/(2v+d)
2 —1
< pd/@vtd) 4 CuC2Ty An n — g (7—1)
B cn
— pd/@vtd) | Aglnl—ﬁ
= pd/@vid) (114)

where the last step follows because A, < n/(2v+d),

Given our condition m > n?¥(2v+d)+n in the exponent of (104), we have

m m . 020/ (2v+d)+n
8(B2+ B) ~ A(1gAn/(ckm), h)2 ™ n2d/(2v+d)
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This implies that for some positive constant ¢ > 0,

exp {8(32771—1—3)} < exp(—cn"). (115)

With the choice h = [n34/ Y= Tr(p, h) is upper bounded by n=3 as in (110).
Using the orders in (114), (115), and (110), the order of the upper bound in Lemma 2
can be quantified as

k
4 * * 2
=D B By [y, {0 (0} = vo(u) |
=1
nd/(2v+d) n
< n 3 43 4 BV —dn
< - +nd/(2v+d) n +n"+n exp(—c'n')

Similarly, the order of the upper bound in Lemma 3 can be quantified as

k
% > Eu By tr (Varyjluj [EVj\ijuj{Vj(u*)}D

j=1
nd/(2v+d) n n ( n n 1)
ST md/evtd) "\ d/@vrd)

L1 weva 1 s <2” N 1)

-3

km k nd/(2v+d)

1 n

ZoplB3d/@v=d)] (" . _dn

+k n (nd/(2v+d)+1> exp(—c'n')

g k71n72v/(2v+d) + k71n4v/(2v+d)73 + n72v/(2v+d) + k71n2v/(2v+d)73
+ k*ln[BV/(Qvfdﬂ+2v/(2v+d) _exp(_clnn)

< n—2v/(2v+d) (117)

~ °

The order of the upper bound in Lemma 4 can be quantified as

El ey

k
> B By tr (Vary, 0, {v5(0)})
j=1

< L areva) (n 24/ (2v+d) | nfd/(2v+d)> 3

n
o/ @erd) | [34/v=a)] g /m)

5 n—QV/(2V+d)' (118)

Finally, we combine (116), (117), and (118), (49), and (54) to obtain that

]L(ﬁ) S n—2v/(2v+d) + n—2v/(2v+d) + n—2v/(2v+d) + n-1 S n—2v/(2v+d)'

The rate for w(-) follows similarly. This proves the conclusion of Theorem 1 part (ii). M
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