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Minimizing Negative Transfer of Knowledge in
Multivariate Gaussian Processes: A Scalable
and Regularized Approach
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Abstract—Recently there has been an increasing interest in the multivariate Gaussian process (MGP) which extends the Gaussian
process (GP) to deal with multiple outputs. One approach to construct the MGP and account for non-trivial commonalities amongst
outputs employs a convolution process (CP). The CP is based on the idea of sharing latent functions across several convolutions.
Despite the elegance of the CP construction, it provides new challenges that need yet to be tackled. First, even with a moderate
number of outputs, model building is extremely prohibitive due to the huge increase in computational demands and number of
parameters to be estimated. Second, the negative transfer of knowledge may occur when some outputs do not share commonalities. In
this paper we address these issues. We propose a regularized pairwise modeling approach for the MGP established using CP. The key
feature of our approach is to distribute the estimation of the full multivariate model into a group of bivariate GPs which are individually
built. Interestingly pairwise modeling turns out to possess unique characteristics, which allows us to tackle the challenge of negative
transfer through penalizing the latent function that facilitates information sharing in each bivariate model. Predictions are then made
through combining predictions from the bivariate models within a Bayesian framework. The proposed method has excellent scalability
when the number of outputs is large and minimizes the negative transfer of knowledge between uncorrelated outputs. Statistical
guarantees for the proposed method are studied and its advantageous features are demonstrated through numerical studies.

Index Terms—Negative Transfer, Multivariate Gaussian process, Convolution process, Pairwise models, Regularization.

1 INTRODUCTION

AUSSIAN process regression models are widely used
G in several fields due to their desirable properties, such
as flexibility, ease of implementation, uncertainty quantifica-
tion and natural Bayesian interpretation [1]. Recently, there
has been increasing interest in extending GP models to deal
with multivariate outputs (also known as cokriging) due
to their prevalence in many applications. For example, in
manufacturing plants, hard to sample performance indica-
tors can be predicted from other correlated and cheap to
sample indicators [2]. Also, the future evolution of sensor
signals from in-service devices can be predicted using pre-
viously observed signals from similar devices in the histor-
ical database [3]. Other applications arise in geostatistics,
wireless networks and computer experiments.

The multivariate Gaussian process draws its roots from
multitask learning. When multiple datasets from related
outputs exist, integrative analysis can be advantageous
relative to learning outputs independently. This integra-
tive analysis, which leverages commonalities among related
outputs to improve prediction and learning accuracy is
referred to as multitask learning [4], [5]. The key feature
in multitask learning is to provide a shared representation
between training and testing outputs to allow the induc-
tive transfer of knowledge. From an MGP perspective, this
transfer of knowledge is achieved through specifying a valid
positive semidefinite covariance function that models the
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dependencies of all data points within an output and across
different outputs [6].

Traditionally, in MGP models, outputs are jointly mod-
eled with a separable covariance structure, i.e. correlation
over the same the input space is separable from between-
output correlation [7]-[9]. In such methods, the separable
covariance function is of the form ¢ x cov(x,x’) where ¢
is the between-output covariance matrix and cov(.,.) is a
covariance function over inputs € R”, the same for all
outputs. This assumption is appealing due to the simplified
covariance structure and significant reduction of model
parameters, however it restricts all marginal GP’s for all
outputs to share the same set of covariance parameters
defined in cov(.,.).

On the other hand, nonseparable covariance functions
allow outputs to possess both shared and unique features,
as different outputs share information through different
covariance parameters, therefore, accounting for non-trivial
commonalities in the data. Recent work on nonseparable
covariance functions are mainly based on convolution pro-
cesses (CP) [10]-[12]. Earlier work, is known in the geo-
statistics literature as the linear model of coregionalization
(LMCQC) [13] and can be seen as a special case of the CP
framework [14]. The CP is based on the idea that a GP
can be constructed by convolving a latent function with a
smoothing kernel [15]. Thus, if each output is expressed as a
convolution of a latent function drawn from a GP, and if we
share these latent functions across multiple convolutions,
then, multiple outputs can be expressed as a jointly dis-
tributed GP [16], [17]. As referred to by [18], the key feature
of the CP approach is facilitating the non-instantaneous
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mixing of base processes, where, for instance, each output
can be described using its own length-scale, which gives an
added flexibility for describing the data.

Despite the elegance of the MGP established using CP,
denoted as MGCP, model building is extremely prohibitive
and often impractical even with a moderate number of out-
puts. Further, it is not uncommon for modern engineering
systems to have a large number of outputs [19], [20]. For
instance, when considering qualitative factors, the number
of outputs in computer experiments increases dramatically
based on all potential combinations [21]. This leads to a set
of considerable challenges.

e Challenge 1 (Computational complexity): The fact that
the full covariance function of the joint GP should
be considered results in significant computational
burden and numerical issues. This challenge, in fact,
is a direct consequence of accounting for multiple
outputs and has been recently tackled in some litera-
ture [18], [22].

However, two other challenges arise with the CP construc-
tion and have yet to be tackled.

e Challenge 2 (High dimensional parameter space — Number
of parameters): The flexibility of the CP is based on
providing different covariance parameters for differ-
ent output levels, therefore, even for a moderate-
scale problem, the number of parameters in the co-
variance function can easily reach hundreds or even
thousands. This will lead to significant difficulties in
solving the optimization problem to find the maxi-
mum likelihood estimator (MLE) for the parameters,
specifically under non-convex and highly nonlinear
settings.

e Challenge 3 (Negative transfer of knowledge): The integra-
tive analysis of multiple outputs implicitly assumes
that these outputs share some commonalities. How-
ever, if this does not hold, negative transfer of knowl-
edge may occur, which leads to decreased perfor-
mance relative to learning tasks separately [23]. This
is specifically important in the CP approach which,
unlike separable approaches, implicitly implies that
functions have unique features. Even though nega-
tive transfer is a very important issue, no research
has handled this issue in the context of MGP models.

In the current literature, nonseparable modeling using
MGCP is prohibitive even for a moderate number of out-
puts, due to challenges 1 and 2. Also, no literature has
addressed the negative transfer of knowledge (challenge 3) in
MGCP that results from the integrative analysis of outputs
that share no commonalities. This article aims to simul-
taneously overcome these challenges through proposing a
regularized pairwise modeling approach for MGCP models.
The proposed method has excellent scalability when the
number of outputs is large and minimizes the negative
transfer of knowledge between uncorrelated outputs. Our
approach is based on breaking down the high dimensional
MGCP into a group of bivariate GP models, where the
shared latent function parameters that facilitate the sharing
of information in each bivariate model are penalized to
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prevent information sharing between outputs with no com-
monalities. Consistency in estimation and variable selection
are then established. In summary, our contributions can be
summarized as follows.

1) We introduce the notion of negative transfer in
MGP’s and provide the necessary and sufficient
conditions for an MGP to collapse into independent
GPs.

2) We provide a generic pairwise framework that ad-
dresses negative transfer while reducing the pa-
rameter space and computational complexity. Our
approach

a) scales to arbitrarily large datasets by paral-
lelization, where each pairwise model can
be estimated separately with only a small
number of parameters.

b) is generic regarding the choice of kernel and
allows any sparse MGP approximation to be
applied within.

3) We prove the consistency of our method in both
selection (an oracle property) and estimation. Here
variable selection implies selecting whether func-
tions should be predicted independently or not .

Empirical evidence demonstrates that the proposed
method can: (1) achieve similar prediction performance as
the full multivariate approach when the output dimension
is low, (2) outperform the full multivariate approach, with
only a fraction of its computational needs, when the out-
put dimension is high, (3) outperform the full multivariate
approach when some functions are uncorrelated even when
the output dimension is low.

The rest of the article is organized as follows. Section 2
provides some preliminaries related to the CP construction.
In Section 3, we motivate the proposed method through
expanding on the proposed challenges. Section 4 introduces
our regularized pairwise modeling approach and proves
some corresponding statistical properties. The advanta-
geous features of our proposed method are then demon-
strated through benchmarking our method with other refer-
ence methods in Section 5. Finally, Section 6 concludes this
article with discussions. Technical details are deferred to the
appendix.

2 PRELIMINARIES

Consider a set of N output functions y(xz) =
[y1(x), y2(x), ..., yn(x)] " from inputs x lying in some input
space X C RP. The MGP is defined as

o) ] [e
yay= [ = |+ | =R e,
yn () fn () en(x)

where the function F : RP? — RV i 1s zero mean multlvarlate
process with covariance covfj (x, ZB = cov! (z'))
for all x, &’ € X,4,j € T = Nl}andq ~
N(0,02) represents additive no1se. For the ith output the

observed data is denoted as D; = {(y;,X;)}, where
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Oy}, where V0; € Oy, covfj(',' ;05) is a valid positive
semidefinite covariance function, such that Oy is a set that
contains the true parameters 67 for the covariance of f(z).
Although in univariate settings there are many well known
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Fig. 1. lllustration of General MGP Setting

As shown in Figure 1, the underlying principle of the
MGP is to borrow strength from a sample of curves, through
the shared representation in (1) which enables integrative
analysis, in order to predict individual outputs. For instance,
assuming P = ) p;, at any new input xy € & belonging
to output ¢ € Z the joint distribution of the observed values
from all outputs and the target function value at the test
location y? = y;(xo) is given by

y Crs+3  Cpypo
( 20 X) ~N <0P+17 [ C.;'r,f? Cpogo+ 02| )
@
where y = [y{,ys,...,yy| are the noisy observed
targets corresponding to the latent function values
F = (A5, ", ff = fi(zi) such that
fi = fi(X5), Cpy € REXP is the covariance

matrix relating all input points for all outputs with
covf (z,x'), £ = diag[oil,,,...,0%I,,] is a block
dlagonal matrix in which the ith block corresponds
to a p;i x p; matrix, Cyo = [CjTl,f?’""C}rN,f?]T;
cov{c(mo, Zcp,)]" and Cro g0 =
cov? (zo, z0) where f0 := f;(x). Following multivariate
normal theory, the predictive distribution of y; (o) denoted
as pr(-|y) is given as

pr(yi(20)ly) = N (CF 1o(Crg + ) 'y, Cpo po+
07 = CJ o(Cry +3) ' Cp o).

Cfmf? = [COV{C(.’B(), xCl)a )

®)

The mean in (3) is the empirical best linear unbiased
estimator (EBLUP) of y;(x(), while the variance is divided
into three parts, the first is the variance of the variable under
study, o2 represents additive noise and the last part is the
variance reduction due to the EBLUP approximation [24].

As shown from (3), the sharing of information is
achieved through COVlfj (z,x") which models the variations
both within and across different outputs, to capture their re-
latedness and improve prediction accuracy. This covariance
function is typically assumed to belong to a known paramet-

ric class [25] of covariance functions {cov (-,-305),0; €

valid autocovariance functions, however, in the MGP it is
extremely challenging to define cross-covariance functions
that result in valid covariance matrices [26].

An alternative to directly parametrizing a covariance
function is to construct a GP, f; : RP — R, through
convolving a Gaussian white noise process X (z) with a
smoothing kernel K;(x) = «;k;(x) where o; € R and
k; : RP — R. Since the base process is a GP, and a
convolution is a linear operator on a function, then the
convolved process is also a GP [27]-[29].

fil@) = K@) « X(x) = / Ki(z — wX(u)du, ()
where x denotes a convolution, cov(X;(u), X;(u’)) = é(u—
u') = 6(u' — u) = Oy and § is the Dirac delta function.
This approach is equivalent to applying a stable linear
filter, where the output f;(z) is a weighted integral over
the input signal X (z), weighted according to the impulse
response K;(x). This requires the filter to be stable, where
the output is bounded for all bounded input signals [30],
ie. for a positive real finite number a, | X(z)] < a =
|fi(x)| < a [ |ki(u)|du. Therefore the only restriction for
constructing a Vahd GP is that the impulse response/kernel
is absolutely integrable [*°_|k;(u)|du < oc. Some appli-
cations and extensions of the CP approach for the single
output case are presented in [31] and [25].

Under the CP construction as shown in (4), if we share
the same latent function X (x), across multiple outputs
fi(x),1 € Z, then all outputs can be expressed as a jointly
distributed GP, i.e. MGP [29]. The resulting covariance
function will then only depend on the displacement vector
d =1z — 2’ € RP and is given as

cov / Ki(x —u)K;(z' — u)du

/K K;(u — d)du.

As shown in (5), instead of directly parametrizing a
positive semi-definite covariance function we only need
to specify the parameters of a smoothing kernel, where
the resulting covariance function must be valid by con-
struction. Therefore, the key advantages is that we can
exploit influence of multiple latent functions, X, (x) where
q € {1,2,..,Q}, to share information across different output
levels through different covariance parameters encoded in
the kernels K;(x) as shown in (6) [11], [32].

©)

*X

Q
qz

Z/ K@ —u)X, (w)du.

(6)

g=1

3 CHALLENGES AND MOTIVATION

In this section, we expand on the MGCP challenges and
present the motivation for our proposed method.
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3.1

As shown in the previous section, the MGCP is fully
parametrized through the kernel parameters 8y and mea-
surement noise o = {o1,...,0n}. Now denote § =
{0;[7 o 1T and all the observed data as D = {D;,..., Dy},
then the likelihood of the joint MGCP is given as

Computational complexity

L(6;D) = (27) "?|Cs y + 2|71/
x exp(—y(Cyg 5 + E)_lyT/2).

As shown in (7), learning from the likelihood requires the
inversion of C'y 43 and calculating its determinant at each
step/iteration. The covariance matrix of the CP, assuming
p observations for each of the N outputs, scales as Np
leading to O(P3) = O(N3p?) computational complexity
and O(N?p?) storage. Therefore, CP modeling approaches
are plagued by extremely high computational loads and
numerical issues. In addition, more input points are usually
required for multivariate outputs, resulting in a further
increase in the complexity. Although separable approaches
consider multiple outputs however their restrictive covari-
ance functions often lead to structured covariances which
are easily manipulated [8], [9]. On the other hand, some
recent approaches have tried to tackle this computational is-
sue in the context of nonseparable covariances [18], [33]. For
instance, [18] proposed an inducing variable approximation
similar to the well-known partially independent training
conditional (PITC) approximation [1]. Their key assumption
is that that outputs {y;(x) : ¢ € Z} would be condition-
ally independent if all latent functions X, (u) are observed
at S inducing locations, i.e. pr({y;(x) £1|{Xq(u)}qQ:1) =
Y, pr(yi(w)|{Xq(u)}§:1). This assumption leads to the
inversion of a block diagonal covariance matrix which re-
duces the complexity to O(Np?) + O(NSp?). If S = p
then this matches the complexity of modeling with N inde-
pendent GPs. Further, [3], [22] assumed training output as
independent and proposed sharing latent functions X, (u)
only between test and training outputs. This lead to a block
arrowhead covariance matrix which also reduced the com-
plexity of learning from the likelihood to that of modeling

@)
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Despite the disadvantages associated with high computa-
tional complexity, the main drawback, which renders non-
separable modeling prohibitive even for a moderate NN,
is the large number of the parameters that need to be
estimated. This large number of parameters is a direct con-
sequence of the CP construction which inherits its flexibility
from the ability to share information through different ker-
nels resulting in different covariance parameters for differ-
ent output levels. It is clear from (3) that prediction accuracy
is greatly dependent on the parameter estimates which are
obtained from minimizing the negative log-likelihood func-
tion £(0; D) = —log L£(0; D). Up to an additive constant,
0(6;D) = (Y, (Cy s + X)) + Llog|Cy s + X| where
(A, A") = trace(AA’) and Y = yy'. Since, £(0;D) is
highly nonlinear and non-convex in 6, its minimization in a
high dimensional parameter space is extremely challenging,
time consuming and suboptimal as one should anticipate
poor parameter estimates in such high dimensions [34]-[36].

Furthermore, as shown in (6), the number of parameters
depends on ) which is the number of latent functions
induced in the model. For instance, consider the case in
Figure 2 where we share latent functions between each pair
of outputs, ie. @ = N(N — 1)/2 resulting in N(N — 1)
kernels. This is comparable to two way interaction effects in
ANOVA where [37] only pairwise interactions are consid-
ered through the shared latent GP. Now assume the kernels
Kiq(x) = aqikqi(x) follow the most commonly used expo-
nential kernel, kyi(z) = exp((z — ') T Agi(x — x')) where
Ay isa D x D positive definite diagonal matrix allowing dif-
ferent length scales for each dimension. As a result the total
number of parameters in the model is N(N —1)(1+ D)+ N
where the first part N(N — 1) represents the number of
kernels multiplied by the number of parameters (1 + D) in
each kernel, while the second part IV represents the number
of parameters in o. Note that this case is a bit conservative
as we use the exponential kernel which is able to provide
a large degree of flexibility with a small number of hyper
parameters [34], [38]. Even for a moderate scale case where
N = 30 and D = 1, we are required to estimate 1770
parameters under a non-convex setting. In another case,
considering the more restrictive approach in [39] and [40]
where Q = 1 and all outputs possess the same noise, i.e.
o =01 =,..,= oy, the number of parameters still scales as
N(N+2D+1)/241, therefore for N = 30 and D = 1 we are
estimating 991 parameters. In conclusion, obtaining good

Fig. 2. CP model structure example

estimates in such a high dimensional parameters space is an
impractical task, for this reason the practical applications of
the MGCP are limited. Note that once the parameters are
learned, prediction complexity at any new test point x¢ is
O(Np) for mean and O(N?p?) for variance, which can be
done rather efficiently.

3.3 Negative transfer

As previously mentioned, a major challenge in the MGP
which to the best of our knowledge has not been tackled
yet, is the negative transfer of knowledge that occurs when
we integratively analyze outputs that share no commonal-
ities. Similar to the second challenge, negative transfer is
specifically important in nonseperabale approaches which
are used when functions have unique features. We start with
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an example to illustrative the impact of negative transfer in
MGCP models. Consider a simple case with two outputs
and a one dimensional input x € X C R. The outputs
are generated according to yi(z) = 1 + sin(z) + €1(z)
and y2(z) = 4 + 0.5sin(1.5z) + e2(z) and = € [0,10].
The number of observations per signal is p; = ps = 20
evenly spaced points and the measurement noise is set as
o1 = oz = 0.1. We analyze this data separately using
a univariate GP applied to each output and integratively
using an MGCP. In the univariate GP, we assume a Gaus-
sian/squared exponential covariance where cov/;(z,z’) =
a?exp(—d?/(4v?)). In the MGCP we adopt the covari-

ance function in [11] and [40], where Covzfj(x,x’ ) =

iy [2|vivs |/ (V7 + v2)exp(—d® /(207 + 2v7)). Results are
shown in Figure 3.

The results clearly indicate that separate modeling of
each function is significantly better than their integrative
analysis. This is specifically clear for y», which interestingly,
was predicted using a larger length scale than the truth
due to sharing of information with a smoother function y;.
Note that this problem occurred in our dense input example
(p; = 20) which implies that the challenge of negative trans-
fer becomes exceedingly significant with sparse data. For
these reasons, and since negative transfer is a crucial issue
in MGP models, the main goal of this article is to handle
the negative transfer of knowledge while maintaining the
scalability of the model.

3.4 Motivation: Pairwise estimation and the precision
matrix

In this article we propose a pairwise distributed estima-
tion scheme motivated by both the distributed estimation
literature for univariate GP models [41], [42] and pairwise
modeling of longitudinal profiles [39], [43]. The proposed
approach is based on distributing MGCP estimation through
bivariate GP submodels which are individually estimated.
Predictions are then made through combining predictions
from the bivariate models within a Bayesian framework.
Not only does this approach scale to arbitrarily large
datasets by parallelization, also each bivariate model can
be efficiently built with a limited of parameters and a small-
scale covariance matrix.

While, pairwise modeling seems to address computa-
tional challenges, negative transfer remains an important
issue. Interestingly, pairwise modeling turns out to possess
unique characteristics which allows us to tackle the challenge
of negative transfer. While few literature [44] have aimed
to establish the number of latent functions to be shared,
such approaches do not imply avoiding negative transfer.
As we will show in this subsection, information sharing
and independent predictions can only be avoided through
independence and hence sparsity on the precision matrix.
However, since MGCP models are based on modeling the
covariance through latent functions not the precision matrix
then we can only control the precision matrix under specific
structures. It is clear from (3) that prediction accuracy for
the GP/MGP is dependent on the inverse covariance matrix,
also known as precision matrix 2 = (Cy s+ 3)" ! € RP*F.
The precision matrix carries conditional independence infor-
mation. This matrix consists of block matrices £2;; € RP:*Ps,

5

where the (c, )" entry of each block is denoted as QZ’-C/.
One can directly show that cov(y;, yjcl|y) = 0 if and only

{y3/{yf, 95’} (y excluding y;
and y?l). Thus, conditionally independent variables lead
to zero entries in the precision matrix [45]. As mentioned
previously, GP/MGP models are characterized through a
positive semidefinite covariance function (ex: COVZj(iL‘, x’))
rather than a conditional covariance function to generate
the precision matrix. However, the remarks below illustrate

some useful properties in the case of a bivariate GP.

if Q5 = 0, where § =

Lemma 1. (Multivariate)  Given that pr(y|X,0) =
N(0p, 271, then Q;; = 0 if and only if the multivariate
Gaussian random vectors y; and 1y; are conditionally
independent, i.e. cov(ys,y§ |§) = 0 for every ¢ € {1,..,p;} and
d e {1, ..7pj}.
Lemma 2. (Bivariate)

Q. .\ 1 )
N1 0pitp,; <Qi Q;]J) , then Q;; = 0 if and only
if, the multivariate Gaussian random vectors y; and y; are
independent, i.e. cov(yf,y5 ) = 0 for every c € {1,..,p;} and
de{l, . p;}

Given that pr(y;,y;| X1, X2,0') =

A brief proof of both Lemmas and further references are
provided in Appendix A. The key conclusion from the Lem-
mas are as follows. Lemma 1 shows that an MGP collapses
into independent GP’s if and only if the inverse covariance
off-diagonal blocks are zero. While Lemma 2 shows that
through pairwise modeling, we are able to control the pre-
cision matrix through parameters in the covariance function
used to construct the bivariate GP.

The utilization of pairwise modeling, distributed estima-
tion and this direct mapping from the covariance function
to the precision matrix is detailed in the following sections.

4 MODEL DEVELOPMENT

The proposed framework presents a flexible alternative that
can scale to a large number of outputs while avoiding the
negative transfer of knowledge. The nature of our pro-
posed pairwise approach circumvents any need to find or
establish latent functions between pairs. While within each
pair, model selection is automatically done through our
regularization approach which is consistently able to infer
whether information should be shared or not. In Section 4.1,
we establish our pairwise model based on a CP construction.
Our pairwise scheme is based on distributing the estimation
of the high dimensional MGCP into bivariate GP’s which
are individually built. An MGCP with N outputs as a
result decomposes into N(N — 1)/2 pairwise submodels
to predict all outputs. However, for the sake of notational
simplicity, and building on Figure 1, we focus on predicting
one output through sharing information from the remaining
N — 1 outputs as shown in Figure 4 below. In Section, 4.2
we provide some statistical guarantees for the proposed
method. Section 4.3, provides a direct approach to applying
our regularized pairwise approach to separable modeling.
Finally, Section 4.4, provides the methodology to combine
predictions from the bivariate submodels.
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4.1 The pairwise and regularized MGCP
yz‘(l‘)} _

Based on (1) for each pairwise submodel we have { ()
j

{fi(fﬂ)} + {ei(m)

, for i,7 € Z, where the input data is
/(@) q(mﬂ ! P

D; = {(yi, X;)} and D; = {(y;, X;)}. Further, we assume
that y;; = [yf , yJT]T represents the noisy observations cor-
responding to the latent function values f;; = [f;", ij]T. In
order to capture both the unique properties of each output

Methodology: Avoiding Negative transfer

@ Kii Ki Kji
Pair ij )
* x L O N
S fi

fi

Fig. 5. Bivariate submodel structure

As shown in Figure 5, independent features are encoded
tigough dependence on a latent function that has no effect
encoded through the common dependence on Xj.

Following the CP construction in (6), we have that
yi(w) = fi(m) +€i(w) = Kii(@) * X;(x) + Koi () * Xo(x) +
€;(x), similarly, y;(x) = Kjj(x)*X;(x)+ Ko; () * Xo(x) +
€;(x). This model is quite flexible, as it provides both shared
and unique latent functions for both outputs. Based on this
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Data points-y2
T T T T T

2 4 6 8 10

modeling framework, the cross covariance function between
the two outputs is given as

(x,x') = covlfj(az, z') + cov
= covlfj (x, ) + 0770 a0

v

€
covy; ;

i (137 CB/)

®)

where, 7;; is the Kronecker delta function, which is equal
to one if i = j, and is zero otherwise. In a more general
case to that of Section 2, we define the latent functions
{Xq :q=0,i,5} as cov(Xq(u), Xg(u')) = £20uw where
&, € R. Then given the fact that X,(u) and X, (u’) are
independent latent functions which only covary if ¢ = ¢
and u = v’ and utilizing the commutativity of the convolu-
tion and the ”sifting” property of the Dirac delta function,
ie. [ f(u)d(u — x)dz = f(x), we have that covlfj (z,z') =
E(fi(z)f;(2")) =

E( 3 / Kyi(2) Xy (w)du
q€{0,i} o
> / Koy (@)X ()
q'={0,5} e
= Y [ KalwKy ) BOG @)X, (@) dudu
q€{0,i,j} 77T
= > @ [ Kutwky@)ie - #)duda’
ge{0,ij} TN
= > g,‘;’/ Koqi(u)Kyj(u — d)du
qe{0ij} 7T
&)
where £ = ¢ — u, T = ' — u’. Note that the derivation in
(9) is a wrapper function for covlfi(w, z'), cov; ;(x,x’) and

covlfj(m, x’). Based on our model framework illustrated in

Figure 5 and due to the shared dependence on only Xy, the
autocovariance and cross covariance functions simplify as

covl;(z,a') = gm0} &a [ o0 Kyi(w) Kgi(u — d)du
covl;(@,@') = (0,53 62 [ o0 Koj(u)Kys(u — d)du
cov! (@, @) = €2 [ Koi(u)Ko;(u — d)du

! (10)
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This modeling framework is generic in terms of the
choice of the kernel function. However, a general purpose
kernel can be constructed through assuming the kernels
follow a Gaussian form. As mentioned previously, the Gaus-
sian kernel is the most common choice of kernels due to its
flexibility and correspondence to Bayesian linear regression
with an infinite number of basis functions [34]. Further,
similar constructions using such kernels have been utilized
in both a GP and MGP setting [18], [46].

Now assume the kernels

> 1 Kqi() =
ozqi(47r)7\Aqi\_ZN(ajO,Aq_il) to be

scaled Gaussian

kernels. Also, denote N (x|mqi, A )N (z|pgi, A}) =
Nl — nglo Ay + AN (ali A)  where
A" = (Agit+Ag) tand o = AN (AgiptgitAgjprgs), tobe

the identity for the product of two Gaussian distributions.
Then, we have that covfj (z, ')

= > M/ N(u| = d, AN (u|0, A du

q€{0,3,5}

—1 Al - X
&, Zj/ N(ul —d, A + AN (ulfi, A)du

qE{O .5}

= Y SuwIN(d0o,AL + ALY
q€{0,i,5}

= Z gq z]exp(_idT d)7
qG{O,i,]}

(11)
where wf, = aqzaq]@”)%qu 7%‘Aqy|7l @l =
22aqlan|AqZ|4|AqJ| /|qu+AqJ|2 and @7, = (A, L+
qul) D= Aj(Ay + Agj)7tAy. A mce feature of
(11), is that the marginal process ie. cov{i(m,a}) =

S a=t0.iy S5 qlexp(—deAqld) has the most common
Gaussian covariance function resulting from the convolu-
tion of two Gaussian kernels. Therefore, (11) can be viewed
as the extension of the Gaussian covariance function to the
multivariate case. Once again we note that (11) is a wrapper
function where for z # j, we have that covf (z,2') =
il exp(—5d T @Y 'd).

Now we let 0f € Oy, represent the parameters in
COVlfj(ZE, x') where Oy, is a set that contains the true pa-
rameters 9}‘»”_, and we denote 0;'; = {9};,0';; }T, where
o;j = {0i,0;}7, to be the set of all parameters in the
bivariate submodel. Then, given our CP formulation and
following (8), the marginal density of the bivariate sub-
model is expressed as pr(y;, y;| X1, X2, 0;;) =

/ pr(yii| £13) pr(£:5107, )df.;
Pi Dj . (12)
- / T prelse) TT pr(e' 155 pr( 5105, )i,
c=1 c’'=1

where pr(fi;|0r,) = N(0p.Cy, 1), pr(yi;lfis)
N(0p/,3;;) and p = p; + pj. Therefore pr(y;,y;|
Xl,X270ij) :N(Omcfij,fij + Eij) where
Cfigfj) " (O'Z‘QIM 0 ) ,
Dj
(13)

Cr. .1,
Cfijvfij + Eij = (CT

2
fo5; Crit; 0 o5l

7

such that Cy,, ¢, € RP*P is the covariance matrix relating
all input points of outputs 7 and j with covfcj(w, 2’) in (10)
and (11). As previously mentioned, parameter estimates are
obtained from minimizing the negative log-likelihood func-
tion £(0;;; D;, D;) = —log pr(y;, y;| X1, Xs, 0;;). Denoting
Y, = yi y;; , up to an additive constant, the bivariate
likelihood and its derivatives are given as

1 _
K(GZJ’D D ) 2<1/ij7(cfij,fij + Eij) 1>
) (14)
=+ 510g|cf1,jafij + Eij‘ .
Further, through denoting C” = Cy,,, vy~ =Cy,. 5., T
i, Wiy = C;lyij and E,,,,, = ao(ﬁf) l; 69(,") the gradi-

ent and second derivatives with respect to any parameter
9-7-1) € 0;; are then given as (in Appendix B we expand on

ac” /96

ot _ 1<\If ol —Cl, aC”>

200" "o6L
0% 0°C;
8o 5<‘I’“‘I’5‘ -G (39”39“ ~=m))
ij (%] (¥ %)

<\1: \IJL,:W,>.

The computational complexity of learning from the bi-
variate likelihood in (14) is reduced to O((2p)*). More
importantly, the total number of parameters in the model is
reduced to 4(1 + D) + 2 + 3 where 4 represents the number
of kernels (K;;, K;;, Koi, Ko;) multiplied by the number of
parameters (1 + D) in each kernel, while 2 represents o;
and o;, and 3 represents the parameters (o, &;,&;) of the
latent functions (Xo, X;, X;) respectively. Note that reduc-
tions in parameter number can be done through assuming
Ko = Koy or 0y = 0. As shown distributed estimation
using bivariate submodels, is able to handle both the com-
putational complexity and large parameter number to be
estimated. Also, all pairwise models can be parallelized and
thus our model can scale to an arbitrarily large number of
outputs by parallelization.

Now, recall Figure (5), X, defined by &g, represents the
latent function which facilitates the sharing of information
between outputs ¢ and j. Therefore, in order to handle neg-
ative transfer of knowledge we use the bivariate likelihood
in (14) but with £y penalized. Following Lemma 2, we will
show in the following section that shrinking &y decreases
the cross correlation amongst the outputs and that £, = 0
ensures that each output is predicted independently. The
penalized negative log-likelihood function is defined as

lp(0i5; Di, Dy, A) = £(8i5; Di, Dj) + Pa(|&ol) 5 (15)

where Py(§y) is a penalty function. Different types of
penalty functions can be used, examples include: ridge
penalty Py (|&|) = A&, 41 penalty Py (|&]) = A|&o], bridge
penalty Py (|¢]) = A|&|°<"<!, and scad penalty Py (|¢]) =
Néol i [€0] < A, (€2 -29M €0l +22)/(29-2) if A < o] < 7,
A2(y 4+ 1)/2 if [€]| > Y. The tuning parameter A (A and
in Scad) has an important effect on predictions. For instance
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in the Lasso, as A increases, &y shrinks to zero. Typically,
the optimal tuning parameter is found using a grid search
such as generalized cross validation (GCV), specifically b-
fold GCV [47]. The GCV is based on splitting the data into
b groups. For a given ), first, we exclude one group as the
testing dataset, and the rest b — 1 groups are used as the
training data, from which predictions at test locations are
obtained. This is repeated b times for each group. The tuning
parameter is then chosen as the minimizer of some accuracy
measure (ex: absolute error, mean squared error, etc..) based
on the GCV procedure.

Prior to discussing the statistical properties of our model,
we note that the pairwise model pr(y;, y;| X1, X2,8;;) =
N(0p,Cy,, y,,) is in itself an MGP. Thus, any sparse MGP
approximation can be directly used to make the pairwise
model faster, be it an inducing point/variational approx-
imation, a state space approximation, a matrix tapering
approach or just a faster matrix inversion/determinant
calculation scheme. For example, considering u inducing
variables, one can directly implement the partially inde-
pendent training conditional approximation (PITC) [18],
where pr(y;, y;| X1, X2, 0;5) = N(Op,blockdiag(C’yij,yij -
Cyij’uC;ﬁLCu,yij)) + C’ymuC wCu,y,;) or even just the
Nystrom approximation pr(yl,yJ\Xl,Xg,Oij) ~ N(0,,
Cyij,uC;}uCu,yij)'

4.2 Statistical properties

We now discuss some of the structural properties of
our model. We first introduce the main theorem which
guarantees that our regularized model in (15) is able to
avoid the negative transfer of knowledge.

Theorem 1. Suppose that £y = O, then the predictive distribution
of the bivariate model at any new input xy € X reduces to that of
a univariate model where pr(y;(xo)|yi;) = pr(yi(xo)|y;) and
pr(y; (xo)lyi;) = pr(y;(@o)|y;) such that

pr(yi(xo)|yij) = N(C;7fgﬂiiyi, Cio po+

of — C;,fgﬂiicfi,f?)
= N(C};,f;’ﬂjjyj? Cyo pot
02— CJ, 9;Cy, o)

J

pr(y;(xo)|yis)

where for ¢ € {z it Qe = (Cy. 5. + 02I,,)" 1 € RPexPe,
Cfcvfo = [cov] (0, T 1), .. covf (o, Tep. )],

= covf (xg,xy) and covzc(w,w’) =
£c f

VK ce(u — d)du.

The proof is detailed in Appendix C. The key feature
of this theorem is that penalizing only one variable, in
our initial parameter set o € 6y, C 6;;, will lead to
separating the bivariate model into two models equivalent
to the univariate GP established through a CP in (4). Our
regularization approach is flexible to any specified kernel
function and not based on the Gaussian covariance derived
in (11), where theorem 1 holds for any valid kernel function

KCC

8

K;q. We note that the result of theorem 1, is based on the
fact that for ¢ € {i,j} as & — 0

COVZ(w = & % Koi(u)Koj(u — d)du — 0
covl(z.a)= Y & / K i (w)K i (u — d)du
qe{0,c} -

oo
e / Koo (w) Koo (u — d)du.
— 00

This is important to note since non-sparse penalties such
as the ridge penalty can still minimize the negative transfer
of knowledge through shrinking &y. This however comes at
the expense of variable selection implied in sparse penalties.

Next, we discuss some asymptotic properties of our
regularized bivariate model. In order to investigate the
asymptotic properties of our regularized model, we first
need to examine the properties of 8;; obtained from mini-
mizing the unpenalized likelihood in (14). Here we note that
one advantage of our model is that for both the penalized
¢p(0;;) and unpenalized likelihood £(0;;) we are minimiz-
ing over the same set of parameters 6;; since & € 6;;.
Based on mild regularity conditions for dependent obser-
vations, it has been shown that the maximum likelihood
estimator of @;; is 7, consistent. Refer to Appendix D, for
more detaﬂs [48]-[50]. Now for the penalized model, let
;" = {65",07"}7 be the true parameter values corre-

sponding to Oi = {OT , O T T, and let 6,; be the estimated
parameters obtalned from m1n1m121ng ¢p(0;;). Hence £ and
£ respectively represent the true and estimated value of
& . For the penalty function Py (|{y]), we assume that the
penalty is non-negative; Py (|&y|) > 0 and P»(0) = 0, and
that larger coefficients are penalized no less than smaller
ones; Px(|&0]) > Pa(|€ol) if |€)] > |€o|- These are typical as-
sumptions and are satisfied by the aforementioned penalties
[51]. Further, we assume that the first and second derivatives
of Px(|€o|) are continuous at & # 0. We next provide two
theorems that establish parameter estimation and selection
consistency. The theorems provide similar results as in [51],
but defined within our model specifications and based on
dependent observations. Note that the “/” notation on a
function implies a derivative.

Theorem 2. If 2o = max{[PY(|§5])| : € # 0} — O, then there
exits a local minimzer 0;; for £p(0;;), such that |[0;; — 0};|| =
O(ry* + z1), where zy = max{P} (|¢51]) : & # 0} .

Theorem 3. Assume that & = 0 and the parameters

0.,; = {0i;}/{&} satisfy ry consistency in theorem 2. Then

iflim inf lim inf $P3() > 0, A = 0 and pA/r, — oo as
p—oo £o—0t

p — oo, we have that li_>m pr(éo =0)=1
p—oo

The proof for theorems 2 and 3 is detailed in Appendix
D. In the above theorem “lim inf” denoted the infimum
of the limit points. It is clear from theorem 2 and 3, that
if we choose a proper tuning parameter A and penalty
function Py (|&]|) there exists an r, consistent estimator
for the penalized likelihood ¢p(0;;), which possesses the
sparsity property £ = 0, ie. asymptotically performs as
well as knowing that {; = 0 beforehand. This result is also
known as an oracle property which provides consistency in
variable selection [52]. Here variable selection implies select-
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ing whether functions should be predicted independently or
not, a stated in theorem 1.

4.3 Application to separable covariance

In this section, we provide a direct approach to applying our
regularized pairwise approach to separable modeling. Here
we recall that a key aspect of separable covariance is that all
functions share the same marginal covariance, i.e. the within
correlation function. Thus, negative transfer is inevitable
due to this restriction. However, through regularizing the
between-output correlation matrix, one can decrease neg-
ative transfer where some pairs can be predicted indepen-
dently as shown here. The covariance function in a separable
model is of the form covzfj (x,x') = Tjjcov(z, '), where T;;
is the between-output covariance matrix and cov(.,.) is a
covariance function over inputs € R”, the same for all
outputs. For cov{j(a:, z’) to be a valid covariance function,
it is required that T;; = {t.  } be a positive definite matrix
with unit diagonal elements (PDUDE) [9]. Therefore, in a

1 tij
tiy; 1)

such that ?;; measures the correlation between output ¢
and j. It is interesting to note that the covariance between
outputs only varies through ?;;, this is why outputs in
separable functions are instantaneously mixed as they are
directly derived by a scaling or a rotation to an output
space of dimension D. Inspired by Theorem 1 and Appendix
C, one can directly show that ¢;; = 0 ensures that each
output is predicted independently. Therefore, in separable
modeling, we only need to adjust the penalty function
to Px(|t;j]), and optimize the penalized likelihood while
restricting T;; to be PDUDE. It is interesting to mention
here the intrinsic coregionalization (IC) model [53] which
is a simplified version of the LMC previously mentioned
in the introduction. The IC is a separable construction that
reduces to independent predictions over each output under
an isotopic data case and if outputs are modeled as noise
free. Unfortunately, despite its ability to avoid negative
transfer, such a model cannot make use of commonalities
across outputs.

bivariate case with two outputs i and j, T;; =

4.4 Combining the predictions

Without loss of generality, we focus on predicting output
N through sharing information from the remaining N — 1
outputs as shown in Figure 4. Based on (3), for each sub-
model in Figure 4, the predictive equation for any new input
o € X for output N is expressed as

pr(yn (xo)lyin) = N(C;Nﬁvﬂmyim Cfiz\’7fi1\’+ 16)
2 T
ON — CfiNgf]%QiNCf'iN7fR7)7
where i € TV = {1,.,N — 1}, Qin = (Cy,n fin +
-1 T T T —
2in)" O = [Cpipp Cpo gl and Cropy =
[covjfvc(azo,wcl), ...,covf\,c(a:o,accpc)]—r for ¢ € {i,N}. Our
goal is to efficiently combine the predictions from the N —1
bivariate submodels to form an overall result. To this end,
we utilize the product of GP experts (PoE) model, used in
univariate GP’s, however implemented within the specifi-
cations of our pairwise model [42], [54]. Here, we aim to

9

combine predictions from N — 1 “experts”, where each ex-
pert is a regularized bivariate GP. The PoE model combines
the predictions by the product of all expert predictions. In
our pairwise model, the PoE implies that pr(ynx(zo)|y) =
Hi\;l pr(yn (xo)|yen ). PoE models are straightforward and
theoretically appealing as each expert is weighted by the
inverse covariance, therefore experts which are uncertain
about their predictions are automatically weighted less
than experts that are certain about their predictions. How-
ever, a major shortcoming of PoE models is that as N
increases, the combined prediction tends to be overconfi-
dent. For instance, assume that all functions in Z= are
exactly equivalent, then we have that pr(yx(zo)|yen) =
N(M,V) ¥e € -V for some mean M and variance V.
Therefore, pr(yn(zo)ly) = N(M = M,V = V/(N — 1))
and as N — oo = V — 0. Naturally, in such a case
we would want pr(yn(zo)|y) = N(M = M,V = V). To
this end, we weight the contributions of each expert with a
weight 3. = 1/(N — 1) for c € Z=V. As a result, given that
pr(yn(xo)|yen) = N(M,,V.) Ve € T, and following
the identity that the product of Gaussian distributions is
Gaussian, we have that pr(yx (xo)|y) = N(M, V), where

B N-1 B B N-1
V=3BV, M=VY BV M.,  (17)
c=1 c=1

This efficient closed form inference for combining the bi-
variate models is independent of the computational graph,
and, consequently, facilitates the ability to scale to arbitrarily
large datasets by parallelization, where each bivariate model
is efficiently built with a limited of parameters and a small-
scale covariance matrix. Note that (17) is similar to the log
opinion pool model [55] and the Generalized product of
experts [42], [56], therefore, the key feature of the PoE model
is still retained as experts that are uncertain about their
predictions are weighted less, also, since > .7~ e = 1,
then it ensures a consistent model that falls back to the prior.
Some slight modifications to the traditional PoE have been
also proposed such as the Bayesian Committee Machine
(BCM) or the robust BCM [41], [57] . The BCM is based
on adjusting the variance of the unweighted PoE, by a prior
variance pr(yy (o)), while the robust BCM adjusts the BCM
with weights similar to those in our model. However, the
BCM is based upon assuming a block diagonal covariance
where all experts share the same parameters, which hinders
its application in our model.

5 NUMERICAL CASE STUDIES

We conduct case studies to demonstrate the advantageous
features of our regularized and distributed multivariate
Gaussian convolution process denoted as MGCP-RD. In
Section 5.1, we discuss benchmarked methods and the gen-
eral setting for our numerical case studies. Then Section 5.2
uses simulated functions to demonstrate the performance of
the proposed method under four different model settings.
Further an illustrative example is provided in Section 5.2.

5.1 General settings

In this section, we discuss the settings used to assess the
MGCP-RD performance using simulated data. To evaluate
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the performance of our proposed method, we randomly
generate N signals from different model settings, in which
the first N — 1 outputs are used as a training set, while the
Nth output is selected as the testing function. We repeat
the study for W = 1000 times. For each replication, we
use the mean absolute error (MAE) between the true signal
value and its predicted value at piegt = 50 points as
the criterion to evaluate our prediction accuracy. We then
report the distribution of the MAE across the T’
lations using a group of boxplots, with respectiv
represented as black dots. The MAE values are

as prediction errors in all boxplots. Kernel param
obtained through minimizing the negative log-li

using a scaled congugate gradient algorithm ( [

[39]). For the MGCP-RD, we distribute the comj

over only two systems, where each system was res

for sequentially fitting (N — 1)/2 of the bivariate

All computations are done on R-3.2.2 in a 64-bit |

7 setting. Further, in our simulation studies, we be

our method with four other reference methods for

ison: 1) The individual GP established using a CP,

as GCP, where the test function is fitted separatel

The full MGCP model, denoted as MGCP, describe

tion 3.2; 3) The inducing variable approximation,

as MGCP-I, which tackles the computational co
challenge [18], [32]; 4) The pairwise model for lon:

profiles, denoted as MGCP-P [39], [40], [43]. To piuviue
consistent results we utilize the Gaussian kernel in Section
4.1 for each of the benchmarked methods. In the GCP,
this kernel reduces to the Gaussian/squared exponential
covariance function in the univariate case. For the MGCP-I
and since no specific latent structure is proposed we use that
of the full MGCP in Section 3.2. However, for the MGCP-P,
we utilize the proposed latent structure in the paper which
only involves one common latent function for each pairwise
model. Finally, throughput the numerical study we use a 3-
fold cross validation method to find the tuning parameters
for our approach.

5.2 Results

We simulate functions from three different settings to
demonstrate the benefits of the MGCP-RD. The model set-
tings and results are shown below.

5.2.1 Setting |

In this setting, we aim to compare the performance of the
MGCP-RD in a simple case with few number of outputs
(N = 5) and no negative transfer. In order to establish a
setting with no negative transfer, the multivariate output
model for the IV curves are generated according to the same
functional form y;(x) = 1 + sin(z) + €;(x) for z € [0, 10]
and ¢ € Z. The number of observations per signal is
p = p1 =,..,= py = 10 evenly spaced points, the test
points are evenly spaced across [0,10] and measurement
noise standard deviationissetto o = 01 =,..,= oy = 0.1
for all outputs. For the MGCP-], all p design points are used
as inducing variables. Also, in this setting we implement the
ridge penalization. The importance of this case is that the
three challenges of nonseparable modeling can be readily
handled in a low dimensional setting with no negative

10

transfer. Therefore, this scenario is able to evaluate the
performance of the MGCP-RD relative to the full MGCP.
The results are shown in Figure 6.

The results in Figure (6) indicate that there is an in-
significant difference in the prediction error between the full
model (MGCP) and our proposed method. First, amongst
the models that considered multiple outputs the MGCP-P
had the worst performance. The MGCP-P is based on aver-

1 11 ~ 1

0.10 0.12
I I

0.08
I

Prediction Errors

0.04
I

0.02
I
\
\

MGCP |
MGCP-RD -
MGCP-l -
MGCP-P
GCP

Fig. 6. Setting | results

As mentioned in [34], different parameters estimates
correspond to different interpretations of the data, however,
predictions will be moderately effected as the Bayesian
correspondence in the GP implies that predictions should
pass through or close to the design points. As will be shown
in later settings, this approach of averaging parameter esti-
mates becomes specifically dangerous with high noise lev-
els, large parameter space and outputs with varying forms
and characteristics where parameter estimates fluctuate
widely between different submodels and iterations. Second,
and following the intuition why we average predictions
rather than parameter estimates, Figure (7) below shows
the advantageous features of the weighted PoE model. In
Figure (7), we compare the MGCP-RD results with MGCP-
RD prediction errors before averaging the N — 1 pairwise
submodels from each iteration (denoted as BIVARIATE).
Note that since we consider the marginal errors from each
submodel in the BIVARIATE then we have W(N — 1)
errors compared to MGCP-RD with G errors. As shown in
the figure, the straightforward mechanism of PoE models,
where experts that are uncertain about their predictions
are automatically weighted less by the inverse covariance,
provides both a simple vet efficient solution for distributed
modeling.

E

Prediction Errors
002 004 006 008 010

-

MGCP-RD
BIVARIATE

Fig. 7. PoE results

0162-8828 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Wisconsin. Downloaded on July 24,2020 at 20:36:38 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPAMI.2020.2987482, IEEE

Transactions on Pattern Analysis and Machine Intelligence

5.2.2 Setting Il

In this setting, we aim to compare the performance of the
MGCP-RD in a case with a moderate number of outputs
(N = 50) and no negative transfer. Also, we also aim to
illustrate the importance of MGP models in extrapolation
which has not been fully exploited in literature. We adopt
the quadratic function example from [21] with some modifi-
cations. The multivariate output model for the N curves are
generated according to y;(x) = 1 + e!2? 4 ¢;(z) fori € T
and e/ ~ uniform(0.8,1.2). The number of observations
for the N — 1 training output is p = 20 evenly spaced
points for x € [0,10], while for the Nth function to be
predicted we generated p = 10 evenly spaced points for
x € [0, 7]. The test points are evenly spaced across [0, 10] and
measurement noise standard deviation is set to o = 1 for all
outputs. Due to the long model building time, only W = 50
iterations for the MGCP and MGCP-I are conducted. For
the MGCP-], all p = 20 design points in [0, 10] are used as
inducing variables. Also, in this setting we implement the ¢;
penalization. The importance of this case is that we are able
to test all benchmarked models in a rather high dimensional
parameter space with higher computational complexity. The

raciiltc ara chnaurm in Rictira 8 wrhila an illiictrativia avammnla
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Fig. 8. Setting Il results

Based on the results we can obtain some important

insights. First, from a computational perspective, and as
shown in Figure 8, the model building time of the MGCP
and MGCP-I is extremely prohibitive. It takes o= ~ev2ma
13 hours to build one MGCP model and this
one dimensional input and a moderate number «
(N = 50). The mean building time for each iter
half a second for the GCP, 6.8 minutes for the }
and 104 minutes for the MGCP-P. Although the
considers paired models however to predict the N
we need to fit N(N — 1)/2 pairwise submodels, 1
method where only N — 1 models need to be b
results illustrate why non-separable MGP model
used in low dimensional settings. As mentioned
for the MGCP-RD, we parallelized computational
2 systems (25 models sequentially fit in each syst
ever, with more computational power, the buildin
the MGCP-RD can be significantly reduced.

Second, in addition to the severe computatio
back of the MGCP, its predictive accuracy greatly
in such a high dimensional space. This is intui
derstandable, as minimizing the negative likelihood 1n such
a high dimensional (4950) search space is a prohibitive
task for any search algorithm. The MLE will directly get
trapped in a local minima and will not be able to move
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even if different starting points are tried, therefore lead-
ing to suboptimal parameter estimates with undesirable
properties. Besides that, the computation is plagued by
numerical issues associated with inverting the 990 x 990
covariance matrix at each iteration of the search algorithm.
Similar results have also been shown in [39], [40], [50], where
MGP models tend to loose accuracy in a high dimensional
parameter space. This issue is also faced in the MGCP-
I, which is not able to address the large parameter space
challenge, despite tackling the computational complexity
where it only requires the inversion of 20 x 20 covariance
matrices. It is important to note that multivariate statistical
modeling often encounters functional data with N >> 50
[20], [58], thus the aforementioned drawbacks significantly
increase in severity with more outputs.

Third, in Figure 9 below we compare our the MGCP-
RD results in cases with different output number N under
setting II specifications. As shown in the figure, as we
increase N the prediction errors significantly decrease. This
results further highlights the efficiency of the weighted PoE
model specifically when N is large.

0.7

0.3 : 5

Prediction Errors

0.2

0.1 i : ‘ :

T T T T
N=5 N=10 N=25

Fig. 9. PoE results with different N

Test Function 1

Test Function 2 Test Function 3

Fig. 10. Intrapolation vs extrapolation

Finally, in Figure 8 we do not report the GCP prediction
accuracy to maintain scale, since the mean prediction error is
21.78. The reason for this poor performance is related to the
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fact the GP in traditional settings cannot extrapolate as cor-
relation goes to zero for data points that are far away from
the observed data. However, the MGP is able to borrow
strength from other observed outputs to predict the future
evolution of a specific output. In other words, extrapolation
in the MGP can be seen as interpolation across different
output. To highlight this aspect, Figure 10 illustrates the
MGCP-RD performance in extrapolation.

In Figure 10, for function 1 we perform interpolation,
while for functions 2 and 3 we extrapolate following setting
IT specifications. However, in function 3, we generate p = 10
evenly spaced points for € [0,5] instead of z € [0,7].
The figure clearly shows that one main advantage of MGP
models is the ability to extrapolate an output when other
correlated outputs are observed over a larger domain. This
advantage of MGP models indeed has many practical appli-
cations in cases where extrapolation might be also of interest
to the user.

5.2.3 Setting Il

In this setting, we aim to compare the performance of the
MGCP-RD when negative transfer of knowledge exists. We
establish a simple setting with few number of outputs (N =
8). Motivated by M /M /1 queuing systems, the multivariate
output for the NV functions is generated according to:

o i€{1,2,3,4}: ygl)(x) =12% + ¢(z) for z € [0,0.8]
o i€{5,6}:97(x) =22/(2(1—2))+€(z) for z € [0,0.8]
o ie{7.8}:yP (@) =22/(1 —2)+ () for x € 0,0.8]

The number of observations per signal is p = 7 evenly
spaced points for x € [0,0.8], the test points are evenly
spaced across [0, 0.8] and measurement noise standard de-
viation is set to 0 = 0.005 for all outputs. In this setting,

if we assume z to be the system utilization, then yEQ)(x)

and yl(g) (x) respectively define the steady state closed form
equations of the expected Queue time and Queue length in
an M /M/1 system, where the inter-arrival time is exponen-
tially distributed with rate 2 [59]. All p = 7 design points
in [0,0.8] are used as inducing variables for the MGCP-I
and we implement the ¢; penalization for the MGCP-RD.
Following our general settings, for each iteration we find the
MAE of the Nth function to be predicted which belongs to
ygg) (z) and represents the expected queue length. Also, we
benchmark with two other methods denoted as MGCP-Sep
and Spectral. In MGCP-Sep, the MGCP is used to predict the
Nth output using only the training signals with the same
functional form, ie. we fit outputs i € {7,8} separately
using the MGCP. While, Spectral is an MGP based on
a recently proposed spectral mixture kernel in [60]. The
Spectral method is added to check whether more expressive
kernels such as the spectral mixture are able to automati-
cally address negative transfer without using our proposed
framework. Note that, the importance of our Model Setting
III, is that the we are able to test all benchmarked models
in a setting where outputs behave according to different
functional forms. The results are shown in Figure 11.

The results in Figure 11 clearly illustrate the ability of
our model to minimize negative transfer while borrowing
strength from other correlated output. As shown in the
figure, MGCP-Sep outperformed MGCP. This confirms that
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negative transfer is occurring since if outputs belonging to
yZ(3 () are analyzed separately the results are better than
the full model (MGCP). More interestingly, we have that
MGCP-RD outperformed MGCP-Sep. The reason is that
y§3)(:1:) and yf2)(:1:) are highly correlated, therefore, MGCP-
RD was able to learn this cross correlation of yg?’) (z) with
yl@)(a:) while at the same time avoiding negative transfer
with ygl) (x). However, MGCP-Sep is not able to learn from
the cross correlation between yl(‘} (x) and yl@ (x). Indeed,
in this model setting we observe that £ = 0 for pairwise
models including yi?’) () and ygl)(z) which indicates that
these outputs possess no common features and should be
predicted independently.

Also, we notice that Spectral behaved similar to MGCP
and thus was not able to address the negative transfer of
knowledge. This is expected as the spectral kernel possesses
a large number of parameters, thus making optimization
rather difficult and prone to become trapped in local minima
and there is no incentive in the spectral kernel to penalize
spurious correlations. This also illustrates that one can have
models as expressive as needed to model within-output
(auto) correlation however handling across-output (cross)
correlation should be done with care to avoid negative
transfer. Finally, one important observation is that MGCP-P
behaved worse than GCP. As previously mentioned, aver-
aging parameter estimates is specifically dangerous in cases
with different functional forms as parameter estimates from
different submodels will greatly fluctuate.
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Fig. 11. Setting Ill results

5.2.4 Setting IV

In this setting, the goal is to predict the foreign exchange
rate compared to the United States dollar currency. The
data comes from the pacific exchange rate service (http://
fx.sauder.ubc.ca/data.html). Our analysis utilized the ex-
change rates of the top ten international currencies (Cana-
dian Dollar CAD/USD, Euro EUR/USD, Japanese Yen
JPY/USD, Great British Pound GBP/USD, Swiss Franc
CHF/USD, Australian Dollar AUD/USD, Hong Kong Dol-
lar HKD/USD, New Zealand Dollar NZD/USD, South Ko-
reon Won KRW/ USD, Mexican Peso MXN/USD) during
the 52 weeks of the 2017 calender year. The data is illustrated
in Figure 12. Each output is adjusted to have zero mean
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and unit variance. We use a leave-one-out cross validation
approach to evaluate the performance of the MGCP-RD
and the benchmarked methods. We iteratively treat one
exchange currency rate as the test output and the remaining
9 currencies as the training set. This procedure is repeated
for the 10 currencies. For each test output we randomly
remove 13 data points (25% of the data from a specific
output) and test the model capability to recover the true
underlying values at these test points. For the MGCP, all
remaining input points are used as inducing variables for
the MGCP-I and we implement the ¢; penalization for the
MGCP-RD.

13
TABLE 1
Setting IV results

H MGCP MGCP-RD MGCP-I MGCP-P  GCP H
MAE 0.203 0.156 0.218 0.952 0.247
std.error  (0.160) (0.068) (0.236) (0.544) (0.182)
SMSE 1.666 1.293 1.788 3.261 1.703
std.error  (1.783) (0.861) (2.250) 6.002)  (1.935)

Despite that, the added flexibility arises serious computa-
tional challenges even with a moderate number of outputs

Exchange Rate
o
Exchange Rate

due to the significant increase in computational demands
er of parameters to be estimated. Further, the
analysis of multiple outputs implicitly assumes
¢ loutputs share some commonalities. However, if
not hold, negative transfer of knowledge may
this paper, we try to simultaneously address
the computational (computational complexity, high dimen-

° 10 20

Fig. 12. Data illustration

First we provide some illustrative results in Figure 13.
As shown in the figure, the MGCP-RD was able to able
to efficiently recover the underlying truth. For performance
accuracy comparison we also use the standardized mean
square error (SMSE) defined in [34]. The results in in Table
1 show that the MGCP-RD was significantly able to outper-
form the benchmarked methods. This result in intuitively
understandable as based on Figure 12, the trends display
clear heterogeneity and thus negative transfer is a key issue
when integratively modeling the exchange rates.

EUR/USD CAD/USD

Exchange Rate
]

Weeks
AUD/USD

Weeks
HKD/USD

Exchange Rate
0

Weeks

Fig. 13. MGCP-RD predictive results

6 CONCLUSION

MGP models established using a CP construction offer a
general and flexible solution for multiple output regression.

stonal parameter space) and negative transfer challenges.

W . . . .
“to do so, we propose a regularized pairwise modeling

approach for MGCP models that has excellent scalability
and minimizes the negative transfer of knowledge between
uncorrelated outputs. The proposed approach is based on
distributing MGCP estimation through bivariate GP sub-
models which are individually estimated. Predictions are
then made through combining predictions from the bivari-
ate models within a Bayesian framework. Interestingly, pair-
wise modeling turns out to possess unique characteristics
which allows to tackle the challenge of negative transfer
through penalizing shared latent functions. The modeling
framework is generic in terms of the choice of the kernel
function and can scale to arbitrarily large datasets by par-
allelization. We also provide statistical guarantees for the
proposed method, extent our method to separable molding
cases and demonstrate its advantageous features through
numerical studies. The numerical studies illustrate that we
can (1) achieve similar prediction performance as the full
multivariate approach when the output dimension is low,
(2) outperform the full multivariate approach, with only
a fraction of its computational needs, when the output
dimension is high, (3) outperform the full multivariate ap-
proach when some functions are uncorrelated even when
the output dimension is low.

One important extension of this model lies in the domain
of functional graphical models. In such models, nodes are
functions rather than random variables. In fact, and since
a GP itself is an undirected graphical model, the MGP
represents a fully connected undirected functional graphical
model where each node represents an output. In our pair-
wise approach, we are encouraging independence between
pairs of functions through our regularization framework.
However, an interesting extension would be to extend this
regularization framework, to build conditional indepen-
dence amongst functions in a similar sense to Lemma 1. The
main challenge however remains in providing a mapping
between the covariance matrix and the precision matrix
which control conditional independence between the out-
puts. We will work along this line and report the results in
the future.

0162-8828 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Wisconsin. Downloaded on July 24,2020 at 20:36:38 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPAMI.2020.2987482, IEEE

Transactions on Pattern Analysis and Machine Intelligence

APPENDIX A

In this appendix we prove the following Lemmas from
Section 3.4:

Lemma 1. (Multivariate) Given that pr(y|X,0) =
N(0p, 71, then Q;; = 0 if and only if the multivariate
Gaussian random vectors y; and 1y; are conditionally

independent, i.e. cov(ys, y]C/|y) =0 for every ¢ € {1,..,p;} and
= {1, ..7pj}.

Lemma 2. (Bivariate) Given that pr(y;,y;| X1, X2,0") =
-1
N1 0y 1,5 <Qfﬁ QZ) , then Q;; = 0 if and only
ij
if, the multivariate Gaussian random vectors y; and y; are

independent, i.e. cov(yf,yf) = 0 for every ¢ € {1,..,p;} and
= {1, '~7pj}'

Proof. We first prove Lemma 2 and deduce Lemma 1
accordingly. Let C,, .. denote the covariance between

Qi Q) _
the random vectors y; and y;, where (Q;; Q. =

-1
(C'.'_Jl_uyz Cyiayj) —
Cyiyyj

= cov(yi,y;)"'. Using the inverse
Y;.Y;
variance Lemma, we have that ( Qilf Q”) _

(Cyjy + H2TC0V<y_j1‘yi)_1H2 —H{cov(yjlgil)‘1> ,
—cov(y;|y:)~ Ha cov(y;lyi)

(18)
where H> = C?I yjcvjiyi and cov(y;ly;) =
Cy, v, C’; v,Cy. '.Cy,y;- We mnow have that
Q;; = H2 COV(yJ‘yz) b= _Cyl,y Cy“ijOV(yﬂyi)_l

However, since cov(y;,y;)~! is positive definite then

both Cy, ., and cov(y,|y;) are positive definite and thus
Q;; = 0 if and only if Cy, ,,, = 0.

To prove Lemma 1, we consider the random vectors
y;, y; and § where § = {y}/{yf,yjc-/}. Now replace y;
by 4 and replace y; by the partitioned vector [y, y.] .
Following (18), we observe that Q;; = cov(y;, yj|'y')*1,. By
applying the inverse variance Lemma again, but this time
to cov(y;,y;|y) " instead of cov(y;,y;)”" we have that
Qj; = cov(yi,y;l§) " =

< H3 _Hl COV(y]|yu 1) 1) (19)
cov(y;|yi, g ) 'H, Cov(yj|y“ ) ’
where Hs = cov(y;,y:|9)~ ' + H{ cov(y;ly:, 4) 1 H;

and H; = cov(y;,y;|4) "cov(y;, yi|§)~*. Then following
Lemma 2, the off-diagonal block is zero in this case, if and
only if the multivariate Gaussian random vectors y; and y;
are conditionally independent where cov (s, yj”f/ |g) = 0 for
everyc € {1,..,p;}and ¢ € {1,..,p;}.

APPENDIX B

In this appendix we expand on 9C;; / 695;) from Section 4.1.
Recall that 95;) € 9; = {OTI_J,,U;}T, Ci; = Cy,, 5., + 25
and Ay is a D x D positive definite diagonal matrix
allowing different length scales for each dimension. For

14
. . V2Z-(1) 0 .
instance if D = 2 then Ay, = | ¢ 2 . We first
0 Vi)
expand on 0C;;/ BGW , where, as shown in Section 4.1,

the covariance of the marginal process is covf [z, ) =
Zq 0,i} é.q quXp(*fd qud) = Zq {0,i} Eq qzexp<
i LS d(c)uol(c)) force{l,...,D}.

dcovl;
053

dcov, 1
B — 2§ga0iexp(—ZdTA0id);

1
= 250a3iexp(f 1 d’ Ag;d);

2
0ag;

8COV{i

1 2 2 42 2 1 T
=—c d ; ——d Ay;d);
81/021‘(@) 2§0a01 (c)VOz(c)eXp( 4 0 )

dcov,
(9(71‘

= QO'iTiij,x/.

acovl, acov{i acovl,
22 7 “0aZ d 3, 7 due to similarity
with their counterparts above. Now when i # j, we have

We exclude

that Covf (x, :c) = fow exp(—5d' ®Y; ) where oY =
22 OAOlOLOJ|AOl|4|A0]| /|A01 +A0]‘2 and q) (Aq_zl +
1
qu )"t Letd ={1,...,D}/{c} then
8c0v 1 -1
o7 = = 280y exp(—de@(i]j d);
dcov?. A A 1 -
2%] _ g g ‘ 0z| | 0]| P(—*dT‘i’?j 1d);
dag; |A0@ A0;|2 2
dcov?. _ 1 _
T” = B§g2%a01aojexp(—7dT¢'?» 1d)+
a’/01‘((;) 2
Aoili|Ag;|7 =
532%a07, Ojl 0 |4| OJ| ;
[Aoi + Aoj|2
_é _ —d2 V()z(c)ng(c)
© (ng(c) + ng(c))

1 _3 1
Voi(e)| Aoj|1 (% [T¥63 (e [ A0i =5 [ Agi + Aoy |2

1 _1
= [ Aoil 1 10i(c) | Aoi + Aoj| ™2 lc_/[(l/gw) +V02j<cf>))

B =
[Aoi + Aoyl
acov
We also exclude a2 L an d Vi due to similarity with
07 OJ(L)

their counterparts above.

APPENDIX C

In this appendix we prove the following theorem from
Section 4.2:

Theorem 1. Suppose that £y = O, then the predictive distribution
of the bivariate model at any new input xy € X reduces to that of
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a univariate model where pr(y;(xo)|y:;) = pr(y:(xo)|y;) and
pr(y;(@o)|yi;) = pr(y;(wo)ly;) such that

pr(yi(@o)lyi) = N (CF, yo iy, Cpo o+
.
o - Cfi,ffﬂiicfi»f?)
.
pr(y;(zo)lyij) = N(Cf_wfj(’ﬂjjij Cro ot
2 T
Tj — Cf-,fgﬂjjcfj,f;)

where for ¢ € {i,j}, Qee = (Cy, y. + 021, )1 € RPXPe,

Cy.. fo = [cov! (o, 1), - covf (o, Tep, )] T,
Cyo = cov{c(xo,:vo) and cov{c(w,:n’) =
52 f K('(‘ Kc(;(u — d)d’U,

Proof. Based on (9), & = 0 implies that, for ¢ # j,
covf( = & [7, Koi(u)Koj(u — d)du = 0 for ev-

ery d. Therefore, we have that C;; = Cy,, 5. + Xij =
(OF 33 0p~><pj) < 2[ 0 )

i Ji ¢ + . Applying (3) under
(0@- <p; Cf.8; 0 ‘732'1171 pplying ©)
a bivariate setting we we have that
pr(yi(zo)|yis) ZN(C}:J.,fgC;lyijv Cyo g0+

2 T —1
gi — Cf'ijvf?Cij Cfiﬁf?)'

(20)

Recall, Cy, o = [C;“fo,Cf fO] where

C;“ = [cov? (@0, @i1), ...,Covfi(sco, xip,)]T  and

ij,f,? = [Covf (zo, 1), . cov{j (mo,xjp,)] . However,

since cov;-fj (x,2') =0 fori# jthen Cy, ;o = O;—j, therefore
Cf,y.10Cis Wis = [Cf, g0, 0] X

(C.fhfi + UiI L) OPLX;D T, 7T
( 0p; xp; (ij’f] + UéI ) & Vi ]

= C}Z’fioﬂiiyi

T 1 T
Cy,.10Ci; Cyiy 50 = [Cy, po,0p,]X

((Cfiv.fi +0j I 7)

Opi Xpj

Opvxp‘ ) T T
7 C ,
(C.fjvfj + ajIPj) [ i f? ]
T
=Cy, o 8iCy, g0

Similarly, we can obtain the proof pr(y;(xo)|yi;)-

APPENDIX D

In this appendix we prove the following theorems from
Section 4.2:

Theorem 2. If zo = max{|PY(|§5))] = & # 0} — O,
then there exits a local minimzer ©;; for (p(6i;),
such that ||0;; 05 = O(p' + =), where

21 = max{P\(|§5]) = &5 # 0} -

Theorem 3. Assume that & = 0 and the parameters
0,; = {6;;}/ {fo} satisfy ry, consistency in theorem 2. Then if

/
hgi,égf léﬂn énf IPA (&) > 0, A — 0and pA/r, — oo as

15

p — oo, we have that hm pr(€p =0) = 1.

Proof. First we note that for the the negative log-likelihood
(¢') and penalty function (P} (|&|)) the “/” notation on
a function implies a derivative. As previously mentioned
the MLE for the unpenalized likelihood ¢(8;;) is 7, con-
sistent where r, is a sequence such that v, — oo as
p — oo. Therefore, we have that 7’;16’(01-]-) = 0O(1)
and ||6;; — 05| O(r;') [48], [49]. This result is a
direct extension of the well known root-p consistency of
the MLE based on independent and identically distributed
normal observations, which holds under the usual regular-
ity conditions (please refer to chapter 7 of [48]). In theo-
rems 2 and 3 we aim to study the asymptotic properties
of the penalized likelihood /p(0;;) = £(0;;) + Px(|¢0]) -
The proofs provide similar results as in [51], but defined
within our model specifications and based on dependent
observations. To be consistent with [51] notation, instead
of minimizing the negative log-likelihood we maximize the
log-likelihood whose form follows (p (6;;) = —(p(0;;) =
—E(Hij) — ]P’,\(|fo|) = EJF(GU) — P)\(|§0|) Also we follow
their convention by multiplying by p the penalty function,
ie lpy(0;5) = €1(0;5) — pPa(|&o]). To prove theorem 2, we
need to show that for any given ¢ > 0 there exists a large
constant G such that

pI‘( sup £P+( ij +pg) < E]P’Jr( 2]) ) > 1—-e¢ ) (21)

llgll=¢

where p = 75! + z;. This equation implies that, with a
probability at least 1 — ¢, there exists a local maximum in
the ball {6}; + pg : H gl|| < G}, where the local maximizer
0;; satisfies ||0;; — 03;|| = O(p) = O(r;* + 2z1). Expanding
on (p(0;; + pg) — KP(B 1), we have that

lpy(03;) = [€4(6]; + pg)
- P[PA(|€0 + pgeo)

—0,(03)]

—Pa(l& D],

(22)
where g¢, denotes the element in g corresponding to £,. Un-
der the assumption that P»(|¢o|) > 0 and P»(0) = 0, and if
& = O then le.y (65;+pg)— Lo (65;) < L4 (055+pg)—L+ (85
as PA(I€5 + 951) = PaI&5]) = Pallpge,[) > 0. Using a
Taylor expansmn we have that £, (0; + pg) = £,(0};) +
ol (85;)Tg — 7gT]I(0* )g{1+ o(1)} where ¢/, (8;;) " is the
gradlent vector of £ evaluated at 6;; and [ is a finite pos-
itive definite information matrix at 9* Therefore, through
applying a Taylor expansion also on Py (|54 pge, |), we have
that

lp1 (07 + pg) —

_gm(m_)

ey (075 + pg)
< [pl(6;;)"g - 59TH(0*) g{1+o(1)}]
— p[pPA (1€ Dsign(€5)ge, + PP (I€51) 98, {1 + 0(1)}](-23)

Note that 7, 1¢'(6;;) = O(1), and the penalty form is
similar to that of [51], thus the rest of the proof is identical

to theorem 1 in [51]. Regarding theorem 3, we need to show
that li_>m pr(&o = 0) = 1if & = 0. First we have that
p—oo

Olpy(655) _ 901 (0:)

| 0& — PP (|€o])sign(&o)-

(24)
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Following a first order Taylor expansion, (24) can be written
as

EMM(@U) _ 8€+(0:j) 82€+(0;j)

(é(ﬁ) _ 6*(”))

>

(n) j
9o 9o €000,
PU(BF) o primygn) _ go(n)
D (02" _02" )(01 _01"/ )
ZZ agoae(n (n J J J J
- pP&(\éol)Slgn(ﬁo),

(25)
for some 6 € (0;‘],9 i) However since £ (0,;) is of
order O(r,) and given that ||0;; — 6;;|| = O(r; ') we have
aeu»gé(fij), = Ap[ — P (|éo|)sign(&o) + O(;—;)} From here

and since, lim inf liém inf 1P} (&) > 0 and pA/r, — oo,
p—

then the sign of M is only determined by the sign of

§O.Thus,az“’57§(f”)<0for0<£o<sand%57§(9”) > 0 for

—e < &y < 0 for some small ¢, which is a sufficient condition
to prove theorem 3.
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