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Abstract

Distributed machine learning systems have been receiving increasing attentions for their
efficiency to process large scale data. Many distributed frameworks have been proposed for
different machine learning tasks. In this paper, we study the distributed kernel regression
via the divide and conquer approach. The learning process consists of three stages. Firstly,
the data is partitioned into multiple subsets. Then a base kernel regression algorithm is ap-
plied to each subset to learn a local regression model. Finally the local models are averaged
to generate the final regression model for the purpose of predictive analytics or statistical
inference. This approach has been proved asymptotically minimax optimal if the kernel
is perfectly selected so that the true regression function lies in the associated reproducing
kernel Hilbert space. However, this is usually, if not always, impractical because kernels
that can only be selected via prior knowledge or a tuning process are hardly perfect. In-
stead it is more common that the kernel is good enough but imperfect in the sense that the
true regression can be well approximated by but does not lie exactly in the kernel space.
We show distributed kernel regression can still achieve capacity independent optimal rate
in this case. To this end, we first establish a general framework that allows to analyze dis-
tributed regression with response weighted base algorithms by bounding the error of such
algorithms on a single data set, provided that the error bounds have factored the impact of
unexplained variance of the response variable. Then we perform a leave one out analysis of
the kernel ridge regression and bias corrected kernel ridge regression, which in combination
with the aforementioned framework allows us to derive sharp error bounds and capacity
independent optimal rates for the associated distributed kernel regression algorithms. As
a byproduct of the thorough analysis, we also prove the kernel ridge regression can achieve
rates faster than O(N~!) (where N is the sample size) in the noise free setting which, to
our best knowledge, are first observed and novel in regression learning.

Keywords: Learning Theory, Distributed regression learning, Optimal rates, Imperfect
kernels, Leave one out analysis

1. Introduction

Distributed machine learning systems have been receiving increasing attentions for their
efficiency to process large scale data. Many distributed frameworks have been proposed for
different machine learning tasks; see for instance Dean and Ghemawat (2004); Dobriban and
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Sheng (2020); Kraska et al. (2013); Boyd et al. (2011); Xu et al. (2018); Zhang et al. (2015).
Among others, the divide and conquer approach has been proved easy to implement but
efficient for statistical estimation and predictive analytics. This approach is used when the
data is too big to be analyzed by one computer node and usually consists of three stages.
First, the data is randomly partitioned into multiple subsets. In some applications the data
may be naturally stored in different locations as a result of data collection process and there
is no need for further partitioning. Second, a base algorithm is selected according to the
learning task and applied to each subset to learn a local model. Finally, all local models are
averaged to generate the final model. This approach is computationally efficient because
the second stage can be easily parallelized. Also, because the local model training does
not require mutual communication between the computing nodes, it can largely preserve
privacy and confidentiality.

In the context of nonlinear regression analysis distributed kernel methods implemented
via the divide and conquer approach have been widely studied and showed asymptotically
minimax optimal in many situations. In particular, if the kernel is perfectly selected so that
the true regression function lies in the associated reproducing kernel space, the minimax
optimality was verified for kernel ridge regression (Zhang et al., 2015; Szabd et al., 2016; Lin
et al., 2017), kernel spectral algorithm (Guo et al., 2017a), kernel based gradient descent
(Lin and Zhou, 2018), bias corrected regularization kernel network (Guo et al., 2017b), and
minimum error entropy (Hu et al., 2020). However, it is usually, if not always, impractical to
select perfect kernels for real world problems. More commonly one has to select an imperfect
kernel by some prior knowledge and /or a tuning process. Such a kernel is empirically optimal
within a family of candidate kernels, usually good enough for applications, but there is
no guarantee of perfectness. A typical example is the widely used Gaussian radial basis
kernel. It is effective in most nonlinear data analysis problems because of its universality.
But it is well known that its associated reproducing kernel Hilbert space consists of only
infinitely differentiable functions. Functions that are not infinitely differentiable can be well
approximated by the kernel but cannot lie exactly in the associated kernel space. In this
situation the learning rates obtained in the literature are suboptimal.

The primary goal of this study is to verify the capacity independent optimality of dis-
tributed kernel regression algorithms when the kernel is imperfect. We focus on the use of
kernel ridge regression (KRR) and bias corrected kernel ridge regression (BCKRR) in the
divide and conquer approach. For this purpose, we propose a framework to analyze a broad
class of distributed regression methods and conduct rigorous leave one out analyses. More
specifically, we make the following four contributions.

e First, we introduce the concept of response weighted regression algorithm, which
covers a broad class of regression algorithms and has both KRR and BCKRR as
examples. We propose a general framework to analyze the learning performance of re-
sponse weighted distributed regression algorithms and show that, for such algorithms,
it suffices to study the learning performance of the response weighted algorithm on a
single data set provided that it characterizes the impact of the unexplained variance
of the response variable on the learning performance. This makes the analysis of such
distributed learning algorithms much easier. Because both KRR and BCKRR fall
into this framework, we will utilize it to analyze the distributed KRR and distributed
BCKRR in this study.
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e Second, we conduct a leave one out analysis of the KRR algorithm and prove capacity
independent error bounds, which are sharp in the sense that they lead to optimal
capacity independent rates regardless the kernel is perfect or imperfect. While the idea
of leave one out analysis was originally developed in Bousquet and Elisseeff (2002);
Zhang (2003), our analysis is more rigorous so that the error bounds factor in the
impact of the unexplained variance of the response variable and therefore we are
able to utilize them in combination with the aforementioned framework to derive
sharp error bounds and optimal learning rates for distributed KRR. Furthermore, our
analysis also greatly relaxes the restriction on the number of local machines used in
the distributed regression. In particular, our results indicate that fast rates can still
be achieved with the number of local machines increasing at the order of O(v/N) (with
N being the sample size) if the true regression does lie in the kernel space. This is a
significant relaxation compared with those in the literature; see detailed comparison
in Section 2.3.

e Third, we conduct a rigorous leave one out analysis of the BCKRR and utilize the
results to derive error bounds and learning rates for distributed BCKRR algorithm.
Again, the results are optimal from a capacity independent viewpoint when the kernel
is imperfect. As the BCKRR was proposed by the idea of bias correction, its original
formula involves a two-step procedure and admits an operator representation which,
if not impossible, is unsuitable for leave one analysis in a natural way. To overcome
this difficulty we prove two alternative formulae for the algorithm, among which the
recentering regularization formula defines the target function by a Tikhonov regular-
ization scheme and allows us to conduct leave one analysis naturally. Moreover, these
two perspectives also shed light on the design of other bias corrected algorithms whose
solutions do not have an explicit representation like KRR. See Section 6.1 and the
discussions in Section 7 for details.

e Last, as a byproduct of our leave one out analysis, we derive super fast learning rates
for both KRR and BCKRR when the unexplained variance of the response variable
becomes zero, that is, the response value is determined and noise free for any fixed
input. If the kernel is perfect, the rate can be faster than O(N~!) and even as fast as
O(N~2) in the best situation. To our best knowledge, such super fast rates for kernel
regression are first observed and novel in learning theory research.

The rest of the paper is organized as follows. In Section 2 we describe the problem
setting, algorithms, and the main results. Discussions and detailed comparisons between
our results and those in the literature will be given. Empirical studies will be used to
illustrate the effectiveness of imperfect kernels in distributed regression. In Section 3 we
propose a general framework for the analysis of response weighted distributed regression
algorithms. Some preliminary lemmas were proved in Section 4. Then in Section 5 and
Section 6 we conduct leave one out analyses of KRR and BCKRR, respectively. The results
are then used to prove our main results regarding the error bounds and learning rates of
distributed KRR and distributed BCKRR. We close with conclusions and discussions in
Section 7.
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2. Problem setting and main results

Let X be the sample space of input variable x and ) the sample space of the response
variable y. They are linked by a joint probability measure p on the product space X x ).
The goal is to learn the mean regression function that minimizes the mean squared prediction
error, i.e.,

fr=argminé(f)  where £(f) = E[(y - f(2))’].

This is usually implemented by minimizing the empirical mean squared error or its regu-
larized version when we have in hand a sampled data set D = {(z;,y;),i = 1,...,N}. If f*
is linear, multiple linear regression or the regularized methods such as ridge regression or
LASSO performs well. When f* is nonlinear, kernel ridge regression can be used to search
a good approximating function in a suitable reproducing kernel Hilbert space.

Let K be a Mercer kernel, namely, a continuous, symmetric, and positive-semidefinite
function K : X x ¥ — R. The inner product defined by (K(z,-), K(t,))x = K(z,t) induces
a reproducing kernel Hilbert space (RKHS) H x associated to the kernel K. The space is the
closure of the function class spanned by {K, = K(z,-) : x € X'}. The reproducing property
f(z) = (f, Ky)k leads to |f(x)| < VK (z,z)| fllx. Thus if kK = sup,cy /K(z,2) < 00,
then Hy can be embedded into C(X) and || f|leo < k| f||x. We refer to Aronszajn (1950)
for more other properties of RKHS. The kernel ridge regression (KRR) estimates the true
regression function f* by the function fp y € Hx minimizing the regularized sample mean
squared error,

. 1 o 2 2
fp. = arg min {N ;(yz — fl@i)™ + )‘HfHK} : (1)
where A > 0 is a regularization parameter. It is a popular kernel method for nonlinear
regression analysis. Its predictive consistency has been extensively studied in the literature;
see e.g. Evgeniou et al. (2000); Bousquet and Elisseeff (2002); Zhang (2003); De Vito et al.
(2005); Wu et al. (2006); Bauer et al. (2007); Caponnetto and De Vito (2007); Smale and
Zhou (2007); Sun and Wu (2009b); Steinwart et al. (2009) and many references therein. Its
applications were also extensively explored and shown successful in many problem domains.

By the famous representer theorem, fp » admits a representation

N
fD’)\(l') = Z ciK(xi, 1’)
i=1

with ¢ = (c1,...,cn)’ € RY solved from the linear system (ANT + K)c = y where
I is the identity matrix, K = [K (xi,mj)]f-yj:l is the kernel matrix on the input data
and y = (y1,...,yn)" € RY. Let S : Hxg — RY be be the sampling operator de-
fined by Sf = (f(x1),...,f(zn))" for f € Hg. Its dual operator S* is given by S*c =
Efil ¢iK(z;,-) € Hg for ¢ € RV, In Smale and Zhou (2007) it is proved that fp ) has an
operator representation

1 1 !
foa= (AI + NS*S> S*y. (2)

One objective of this paper is to study the performance of the distributed version of this
method.
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We need several assumptions that are used throughout the paper. Recall the true
regression function is f*(x) = Ely|z] and define 02 = E[var(y|z)] = E[(y — f*(x))?]. Notice
that

var(y) = E {var(ykc)} + var(E[y|x]> = 0% 4 var (f*(x))
The second term on the right is the part of variance of y that is explained by the regression
function while the first term is unexplained. Our first assumption is on the finiteness of
unexplained variance.

Assumption 1. The unexplained variance of the response variable is finite, i.e., 02 < oo.

If in particular 02 = 0, then y = f*(z) is determined for each given z € X and we call
the regression problem is noise free. Note also for any function f independent of (x,y) there
holds

E[(y— f(2))*] =E[(f*(z) — f(2))’] + % (3)
This identity will be repeatedly used in the proof of our main results.

Next we need the so called source condition. To state it, let p, denote the marginal
distribution on &'. Define

Licf(x) = /X K, 0)f(t)dpy ().

Then Lg defines a compact operator both on L?)X (the space of square integrable functions
with respect to the probability measure p, ) and Hg. Let 7; and ¢; be the eigenvalues and
eigenfunctions of L as an operator on L%X. Then {¢;}?°, form an orthogonal basis of L/QJX
and

Lxf=) 7if:di), ¢ VfELy.
i=1 x
Also, {t; = \/Ti¢ : 7; # 0} form an orthonormal basis of Hx and, as an operator on Hp,
Lif=Y_ 7lfitiheti, VYV f€MHk.
11,70

It is easy to verify that Lx is a population version of the operator %S*S (as operators on
Hi).

Because L is compact and admits an eigen-decomposition form, L7 is well defined for
all » > 0. In particular, let H g be the closure of Hg in L%X. Then for each f € Hi we have

1
L} f € Hyk and
1
171z, = NEE Sl (4)

If the kernel K is universal in the sense that H is dense in C(X), then Hy = L?,X and (4)

holds for all f € L/Z)X. The source condition is stated as follows.
Assumption 2. There exist some u* € L%X and r > 0 such that f* = Ly u".

If the source condition holds with r > % then f* € Hg and the kernel is perfect for

learning the regression function. If r < %, then f* does not lie in Hx and the kernel is

imperfect. We will focus our study on the imperfect case in this paper.
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Before moving on to the distributed KRR, let us first recall that if the source condition
holds with 0 < » < 1, KRR can reach the optimal capacity independent rate O(IN 7%)
(Zhang, 2003). If % < r <1 and in addition the capacity of the reproducing kernel Hilbert
space as measured by the effective dimension satisfies

NA) =Te((M + Lg) 'Lg) < Cox™P (5)

for some Cyp > 0 and 0 < 8 < 1, KRR reaches the minimax optimal capacity dependent
rate O(Nfﬁ) (Caponnetto and De Vito, 2007). However, to our best knowledge, if r < %
meaning that the kernel is imperfect, such minimax optimality has never been verified in
the literature. Note all our results in this paper will not assume any capacity conditions.

2.1 Distributed kernel ridge regression

In the context of distributed kernel regression we divide the whole data D into m disjoint
subset D = |J;2; D,;. Without loss of generality we assume all data sets are of equal size
n = N/m and denote Dy = {(x¢1,Y01)s---, (e, Yen)}- Let fp, n be the local estimator
learned from Dy, by using KRR method (1). The distributed KRR defines the final global

estimator by
foa= ; N/ = Z_: fDyr- (6)

This approach has been studied in Zhang et al. (2015); Lin et al. (2017) and the minimax
optimality was verified for % < r < 1. In this paper we prove the following capacity

independent bounds for all r > 0.
Theorem 1 Assume 02 < 0o and f* = Lu* for some u* € LIQ)X and 0 < r < 1.

(i) fo<r< %, then there exists a constant Cy > 0 independent of N, n, m, or \ such
that

2 2 2
— |2 9 m m
E[HfD«\_fHL%J<01{N2/\2+)\"')‘r( N2A2+N)\>}'
Consequently, if m < N%, then with the choice A = N_H%, we have
- %12 __2r_
E [HfD,A — Iz ] = O<N 1+2T)'
Px
(ii) If 2 <r <1 and An > 1, then there exists a constant C3 > 0 such that

2 2 T 5t+i

9 A'm2T1
E — <C o A
[Hfm f HL,%J 2{N2A2+NA+ N5ti }

4r241
Consequently, if m < N 0+20)°  then with the choice A = NﬁTl?r, we have
B [7os - £l | = o(v).

6
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Note if r > 1 the error bounds and convergence rates are the same as r = 1 due to the
saturation effect of KRR and have been omitted. The error bounds in Theorem 1 are sharp
and the rates are capacity independent optimal. A detailed comparison with the results in
the literature is given in Section 2.3.

2.2 Bias correction

The bias corrected kernel ridge regression (BCKRR) was proposed in Wu (2017) to efficiently
handle block wise data, for which the distributed learning is an example. Notice the operator
representation (2) implies fp  has asymptotic bias —A(A + Lg)~'f*. The BCKRR is
formulated by subtracting an empirical estimate of the asymptotic bias:

1 —1
Foy = for+ A (AI n NS*S) foa (7)

Similar to distributed KRR, a distributed BCKRR can be designed by applying BCKRR
on each subset and averaging the local estimators to obtain the global estimator as

1 m

g 8

ny)‘ - E Z fDlv)"
=1

The bias and variance of BCKRR had been characterized in Wu (2017) and the distributed
BCKRR was studied in Guo et al. (2017b). Those studies have shown that the BCKRR
benefits the block wise data analysis both theoretically and empirically. Similar to the
distributed KRR case, the distributed BCKRR has been shown asymptotically minimax
optimal when the kernel is perfect. But when the kernel is imperfect, Guo et al. (2017b)

derived the rate of O(N _ﬁ) under the capacity condition (5). It implies a capacity
independent rate of O(N ™ 1+2r ), which is far from optimal. Even with the capacity condition,
if it is weak, say 8 > % — 7, the rate in Guo et al. (2017b) is still worse than the capacity

2r
independent rate O(N ™~ 7+27 ). One of our main contributions is to address this question.

Theorem 2 Assume 02 < oo and f* = Liu* for some u* € L%X with some 0 < r < 2. If

An > 1, then there exists a constant C >0 independent of N, n, m, or X such that

2

g 2 . 1.
m—i_)\r’ if 0 <r < 3;
2 Nmsti
A f3<r<i;
T * 2 ~ N)\ N§+Z
E HfD,/\_f | =¢ N S N | 9
op  ATm2T1 AN'Tam2 o . 3
N+ — i F1<r<y;
N§+Z N§ )\N
Am Atime g2 .
)‘2T+W+T+)\N7 Zf%<7"§2.
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1
Consequently, if choosing A\ = N~ 21 and the number of local machines satisfies m < N?

with
2r

= ; 1.
472 +1
0 — 1 1+v2.
Arony T2<r=—2—
2
o P <r<y
\ T
then we have
I 2 2r
o[-, ] - o).
Px

2.3 Comparison with literature

The minimax rate analysis of regularized least square algorithms has been extensively stud-
ied in statistics and learning theory literature. If the eigenvalues of the operator L decays

1
as 7, < ¢ A, which implies the capacity condition (5), then the minimax learning rate of

2r
kernel ridge regression is O(N 27+5) for % < r < 1; see e.g. Caponnetto and De Vito

(2007); Lin et al. (2017); Blanchard and Miicke (2018). To our best knowledge, this rate
has never been proved for r < % without imposing additional conditions.

Note that the capacity condition (5) roughly measures the smoothness of kernel K.
The smoother the kernel is, the smaller the 5. For example, it is proved in Mendelson and
Neeman (2010) that, if K € C%(X? x X?) with some integer a > 1 and X2 is locally the

-1
graph of a Lipschitz function, then (5) is satisfied with g = (ﬁ(?f) + %) . Moreover,

the Mercer theorem guarantees all kernels satisfies (5) with § = 1. Therefore, § = 1
corresponds to the worst situation and imposing a capacity condition (5) with g = 1 is

equivalent to no capacity condition. We see the rate O(N 7%) is minimax optimal in a
capacity independent sense. It is proved in Zhang (2003) that kernel ridge regression can
achieve this capacity independent optimal rate when r < %

Concerning the distributed kernel ridge regression via the divide and conquer technique,
under the assumptions that E[|¢;(z)|?*] < A?* for some & > 2 and constant A < oo,

1
Ai <ai f and f* € Hg (ie. r= %), it is proved in Zhang et al. (2015) that the optimal

1
learning rate of O(N™ T+#) can be achieved by restricting the number of local processors

_ (NS
m C e — .
=\ A% logh N

This unfortunately does not apply to the case 5 = 1. Later in Lin et al. (2017) the minimax
s 3@2r—1)4p8 2r—1
optimal rate was verified for all 7 € [1,1] if m < N™P S5 2r75)
: 2 2r—1
(2017a) the restriction was relaxed to m < N M55 2078 Although their results apply
to 8 = 1, the restriction on m is strict. If r = %, the data is essentially not able to be

distributed according to their results. The error bounds in Lin et al. (2017); Guo et al.

and in Guo et al.
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(2017a) also apply to r < % but only lead to suboptimal rate O(N _1%5) with the restriction
m = O(1). If B = 1, the capacity independent rate is O(N~").

In this paper our primary interest is to understand the performance of distributed kernel
regression when the kernel is imperfect, i.e., when r < % and thus the true regression function

2r
f* is not in H . For this case, Theorem 1 (i) tells that, with the restriction m < NT+27 the
27
capacity independent optimal rate O(N ™~ 1+27) for r < % can be achieved. Note this rate

is even faster than the existing capacity dependent rate O(N _1%) when r < g, let alone
the capacity independent rate O(N~"). In other words, we proved faster rates under weaker
restrictions on m. More importantly, unlike previous results that requires m = O(1) and
thus disclaims the effectiveness of distributed kernel regression algorithms in this situation,
our results instead verified their feasibility.

If f* lies in Hg, i.e. 7 > %, it is as expected that the rate O(N_%) in Theorem 1
is worse than the minimax capacity dependent rate in the literature. But comparing the
restrictions on the number of local machines, we see our restriction is much relaxed. In
particular, when r is close to %, the restrictions in the literature approaches to O(1). But
our restriction still allows about O(v/N) local machines while preserving fast rates. It is
a sacrifice of convergence rates for more local machines and may be useful for applications

where analysis of super big data is necessary.

Concerning the distributed BCKRR, similar conclusions can be made. When r < %,

the rate in Theorem 2 is faster and the restriction is more relaxed than the results in
Guo et al. (2017b) while when r > % the rate is worse than those in Guo et al. (2017b)
but the restriction on m is greatly relaxed. As noted in Wu (2017); Guo et al. (2017b) a
main theoretical advantage of BCKRR is to relax the saturation effect of KRR. Comparing
Theorem 2 with Theorem 1, we see the the rate of distributed BCKRR continues improving
beyond r > 1 and ceases to improve until r = 2. The restriction on m also continues to get

V3
relaxed to N 1+v2 until r = HT‘E
It is worth mentioning that Shi (2019) studied coefficient regularization approach for
2r
distributed kernel regression and obtained capacity dependent optimal rate O(N ™ 27+5 ) for

% — g <r< %, which implies the capacity independent optimal rate O(N _%) for all
0<r< % But the requirement m < N e /log N is slightly more restrictive. Therefore,
on the one hand, the techniques there may be adapted to analyze DKRR and DBCKRR for
capacity dependent optimal rates under the same range of . On the other hand, they are
not supposed to supersede leave one out analysis and provide sharpest capacity independent

error bounds.

2.4 Empirical effectiveness of imperfect kernels

In this subsection we illustrate the empirical effectiveness of using imperfect kernels in
distributed regression. To this end, we adopt the example used in Zhang et al. (2015);
Guo et al. (2017b). The true regression function is given by f*(x) = min(z,1 — x) with

x ~ Uniform[0, 1] and the observations are generated by the additive noise model y; =
1

f*(x;) + € where ¢~ N(0,07) and 0 = 1. We consider two kernels: the Sobolev space

kernel Kg(z,t) = 1+ min(z,t) and the Guassian kernel Kq(z,t) = exp(—(z — t)2/0.3).
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Recall that f* belongs to H g, with || f*||xs = 1. So K is a perfect kernel for this problem.
Notice that the reproducing kernel Hilbert space associated to a Gaussian kernel consists
only infinitely differentiable functions and even polynomials may not lie in the space (Minh,
2010). We conclude f* does not lie in H g, and K¢ is an imperfect kernel. We generate N =
4098 sample points and use number of partitions m € {2,4, 8,16, 32, 64,128, 256,512, 1024}.
Mean squared errors between the estimated function and the true regression function is used

to measure the performance.

According to Zhang et al. (2015), if the Soboleve space kernel Kg is used, the theoreti-
cally optimal choice of the regularization parameter is A = N ~3. When Guassian kernel is
used, by Theorem 1 and Theorem 2, the optimal choice of A should depend on the index
r in the source condition, which, unfortunately, is unknown. By 0 < r < % we know the

2

optimal choice should be N~ with % < a < 1and a = § seems an acceptable choice. So

we will also use A = N~3 for the Guassian kernel to make the first comparison between
the four distributed kernel regression algorithms, namely, distributed KRR with Sobolev
space kernel (DKRR-S), distributed BCKRR with Sobolev space kernel (DBCKRR-S), dis-
tributed KRR with Guassian kernel (DKRR-G), and distributed BCKRR with Gaussian
kernel (DBCKRR-G). To do this, for each aforementioned m value and each algorithm, we
repeat the experiment 50 times and report the mean squared errors in Figure 1(a). The
results indicate that, even if K is imperfect for the problem, it performs comparable with
the perfect kernel Kg when m is small and may even outperforms Kg when m becomes
large.

To our best knowledge, all rate analysis literature of distributed kernel regression, in-
cluding Zhang et al. (2015); Lin et al. (2017); Lin and Zhou (2018); Guo et al. (2017b,a)
and this study, suggest the optimal regularization parameter be selected as A = N~™% with
« an index depending on the regularity of the true regression function f*. While this is very
helpful for researchers to understand the optimality of the algorithms, it is less informative
for their practical use because such an index is unknown for real problems. Furthermore,
distributed kernel regression becomes necessary only if the data is too big to be processed
by a single machine. In this situation, it is imaginable that globally tuning the optimal pa-
rameter is either impossible or too time consuming. At the same time, note that distributed
kernel regression requires underregularization, meaning that the regularization parameter
must be chosen according to the total sample size N, not on the local sample size n. To
resolve all these problems, Guo et al. (2017b) proposed a practical strategy to tune the
parameter for distributed kernel regression. It first cross-validates the regularization pa-
rameter locally to get optimal choice Ay, = n~¢ for each subset for D, and then use an
underregularized parameter

log N

3= 2 = e ®)

to train the local model on D,. To mimic a real problem, now let us assume we have
no information about the true regression function and the regularization parameters have
to be selected by using the above tuning strategy. We run the four algorithms again for
each m value and report the mean squared errors in Figure 1(b). We see that, when a
theoretically optimal regularization parameter is not available and A\ has to be tuned from
data, the performance of all four methods deteriorates faster as m increases. But Guassian

10
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kernel, though imperfect, seems less sensitive to the number of local machines and so the
performance deteriorates slower than Sobolev space kernel.

Finally, the results in both plots indicate that, regardless the choices of kernels and
regularization parameters, bias correction always helps to improve the learning performance
and relax the restriction on the number of local machines.

Figure 1: Mean squared error of distributed kernel regression with Sobolev space kernel and
Guassian kernel when (a) the regularization parameters is fixed as A = N~5 and
(b) the regularization parameter is locally tuned and underregularized according
to equation (8).

©10° 0.025

= DKRRS | “a= DKRR-S

|| e DBCKRR-S ~e-DBCKRR-S
DKRR-G voo | ~+-DKRR-G

o | -% DBCKRR-G - DBCKRR-G

3. A framework for fast rate analysis of distributed regression

In this section we first establish a general procedure to prove fast rate for a class of regression
algorithms that possess certain special features and apply to the two algorithms we study
in this paper.

Definition 3 Let A be a parameter space and H a set of hypothesis functions. A regression
algorithm A : (X x V)N x A — H that tunes parameters in A is response weighted if for any
data D € (X x)Y)N and any X € A there exists a vector of functions g1 (Dg, ), ..., gn(Dz, )
which depend only on the input data D, = {x1,...,xN} and the parameter A but not on the
output data Dy = {y;}}., such that

N
AD,X) = yigi(Da, ).
=1

There are many regression algorithms belonging to the response weighted family. By
the representation of fp  and ff) > it is easy to verify that both KRR and BCKRR belong
to this family. There are more examples in the literature. For instance, traditional multiple
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linear regression, the kernel smooth estimators, the stochastic gradient descent algorithms

associated with the least square loss are all response weighted regression algorithms.
Denote by A the distributed algorithm that applies the divide and conquer approach

and uses A as the base algorithm on local subsets. It is easy to derive the following lemma.

Lemma 4 If A is a response weighted regression algorithm, then A is also a response
weighted regression algorithm.

This lemma simply says that the response weighted feature can be inherited by the dis-
tributed algorithm. This property allows to derive fast rates for such distributed algorithms
by studying error bounds of the base algorithm, as shown in the following theorem.

Theorem 5 Let A be a response weighted regression algorithm and, when applying to a
data D of N observations with parameter A, have the error bound as

B [HA(D, \) - f*||2LgX] < (N A o?).

Then the corresponding distributed algorithm A will have the error bound

B[1A0.N - £ | < 220 4 w0

m

assuming the whole data D is equally split into m subsets with each subset containing n
observations.

Proof Let yzi = f*(zg;) for 1 <€ <m,1<i<nand
DZ = {(xf,la y21)7 B (xf,nv yZn)}
be the noise free observations associated to the subset D,. We have
* * *k * 2
(o )2 = E[Var (Wﬂmz,i) } = E[ (ym —f (:L’“)) } =0

and therefore

E

|z - 5

2
) ] <e(n, A, 0). (9)

Px

Because of the response weighted feature of A we have

E[A(De, )|D| = > Elyeilwedgi(Deas A) = 3 F(@00)9i( Dies ) = A(D}, A),
=1 =1
Therefore E[A(D;, )] = E[A(D}, \)] and we have
B[ 1300 - £1, |

12
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m 2 m 2
= E % Z (.A(De, /\) E [A(D@, A)] > + %Z <E [.A(Dg, )\)] _ f*>
=1 L2 =1 13,
1 — [ 2 .
< W;E | ADe )~ ELAD )| b |t E:: | Blawe N - 1 5
1 & [ L2 1 1 m 2
_ W;E _HA(Dz,A) - f L%J + <m - m2) ; |& A, ) - £ .
1 — 1
SmQ;e(n,A,a +m;E HADZ, L?J
< %5(7% A, 02) 4 £(n, A, 0),
where we used (9) in the last step. m

Theorem 5 states that, if the base algorithm A admits sharper error bounds for the
noise free data (i.e. 02 = 0), then the distributed algorithm will be able to converges fast in
the sense that the distributed computing is playing a rule and produces an estimator better
than the algorithm on a single subset.

In order to use this general framework to derive error bounds and fast rates for dis-
tributed algorithm, however, we must study the performance of the base algorithm on a
single data with full exploration of impact of the unexplained variance o. Although both
KRR and BCKRR have already been studied in the literature, the error bounds that clearly
involve o2 and allow us to derive error bounds of their distributed version with imperfect
kernels are not available. They will be our main objectives in Sections 5 and 6.

4. Preliminaries

In this section we provide some notations and preliminary lemmas that will be used in the
proofs. For any regularization parameter A > 0, define

fr=arg uin {If = £l + A flE ) (10)

It is a sample limit version of the KRR estimation fp , and admits an operator represen-
tation

Hh= ()\I + LK)flLKf*.

It plays an essential role to characterize the approximation error of the two algorithms under
study. The following lemma is well known.

13
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Lemma 6 Under the source condition f* = Ly-u* for somer >0 and u* € L,%X , there hold
1= £7135 <A™,
X Px

and
Al <A™z,

In the analysis of BCKRR, we will need the sample limit of fg , defined by

= P+ AN + L) ™ o= (M + L) (AL + L) . (11)
For this function, we have the following approximation property (Guo et al., 2017b).

Lemma 7 Under the source condition f* = Ly.u* for some r > 0 and u* € LZX, there
holds

||f§ o f*H%% < )\min(27“74)||u*H%% )
X X

The following lemma can be derived from operator monotone property; see e.g. Sun and

Wu (2009b).

Lemma 8 If T} and Ty are two bounded self-adjoint positive operators, then for any o €
[0, 1] there holds
1T = 15| < 170 = T2

The Lemma 9 below follows from simple calculation.
Lemma 9 Let & be a random variable with values in a Hilbert space H and {&1,...,En} be
a set of i.i.d. observations for €. Then

N 2

6B

i=1

E[|¢]%]

E < ——.
- N

Let HS(Hk) be the class of Hilbert-Schmidt operators on Hg. It is known HS(H k)
forms a Hilbert space with the Hilbert-Schmidt norm which, give an operator A on Hg, is
defined by ||A|%g = Trace(A*A). Then Ly as an operator on Hg belongs to HS(H ) and
| Lk |lus < w2; see e.g. Sun and Wu (2009a). Define the rank one operator K, ® K, by

K, Kpf =(f,Kys)k Ky = f(2)K,.

Then |K, ® K.|lus < k2. Note for any Hilbert-Schmidt operator A there holds ||A| <

|A|lus. Applying Lemma 9 to { = K, ® K, we have the following lemma.

Lemma 10 We have
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Define
Q0 N>:mm{uf Pl +AHfHK}—AE[ 2].

Note that Q(\, N) depends on the regularization parameter A and sample size N, not on
the data D. We will need a sharp bound for Q(A, N).

Lemma 11 Assume f* = Liu* for somer >0, u* € L?)X.

(i) If0<r <1, then
QU N) < 22 |uI7 -

(i) If 3 <7 <1, then

2K 2K >

A, N) < N7 ||lu*||? <1+ — +
Q( ) = ” HL%X )J’N%"‘i \/W

(iif) If1 <r <3, then

QN <Xl (142
X 2 4

(iv) Ifr >3, then
2K 2K
N) < \2[|u*||? 1+—+—.
Proof By the definition (10) we see
QNN) =fx— f*lligx +AANE = AE [ foallE] - (12)

We see conclusion (i) follows easily from Lemma 6.
To prove conclusions (ii)-(iv), the key is to bound [|fAl|% — E [|[fpall%] - To this end,
first note that

Hf/\H%(—E[HfD,A”%(] =E[(/A\ = fox I+ o))

2E [(fx — fo fa) e — Ifx = foallk]
2E [(f» — foo )k
2(fx —E[fopl, k-

By the operator representation (2) of fp x we have

IN

Elfp)] =B |+ <)\I+NS S> S*Sf

It is easy to verify that fy—E[fp.] = E [(AH%S*S)*U] with U = (45*S—Lx)(fr—f*).
Applying Lemma 9 to the H x-valued random variable £ = (fy(z)— f*(x)) K, and by Lemma

6 we have ‘
E [HU‘@(] < RQHJCA N f*H%%X N1 < /iZHU*H%%X )\mm(2r,2)N71'
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Then, by the assumption f* = Li-u* for % <r< % and using Lemma 8, Holder’s inequality,

and Lemma 10, we obtain

(x—E[fppl, N =E [<()\I+ %5*5)*1@ ()\I+LK) 1L}(+ru*>fj
1 1 -1 1
—E|{(L PO+ L) (M +—=8S) U, L2 > ]
[< K K) < N ) KU «

<|ullzz E
Px

i (ar s Les) U
s

* [ -1 "'_% 1 * Tﬁ%
< g, B | (A |25 2~ (59°9)

+A’°—3)||UHK}

< Jutllps B | (A7
Px

1
r—3

1
Li — NS*S

+A"—%’)|U\|K

2

* -1
PR (E N

1
|2 - sts

- H . H2 K2r}\min(r—1,0) ﬂAmin(Zr‘f%,rf%)
u 2 - + .
— L T 1 1
Px N3ti Nz

) X3 (B [IU13])

N

Plugging this estimate into (12) and applying Lemma 6 again we obtain the desired bounds

in conclusion (ii) and conclusion (iii).
If r > 3, then by (13), we have

(Ix—Elfoal, g < HU*HL%,XE [(Al

1
Ly - NS*SH + 1)HUHK]

<, (48X
= L%’X N N% .

The conclusion (iv) follows by plugging this estimate into (12).

Next we define
CON) =15 = £z +A(B[I - Foallk] — B [I75, — foalk])-
It will be used to derive the error bound for BCKRR when r > 1.
Lemma 12 Assume f* = Lju* for some r > % and u* € LZX. If X <1, then

)\min(QT—l,l) )\min(r,l)

i 2r 2 * (2 min(2r,4)
Q* (N, N) <20(k™" 4+ k° + K)||u ||L’23X </\ + N + (LD
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_|_

)\min(ZT—%,r—i-%,Q) N 41%20_2
N3 AN

Proof First note that
E |17~ foalk] —E 15— foalk| < 2B [(A-fba £-foa) |-

L
. Fir=E[fhaIDa| = (A1 + %5*5) -~ (221 + %5*5) %5*5 f*
d

B Jxr = E[fpalDs] = (AI + %S*S)A%S*Sf*.

Then we have that

(o0}, ] B ()

o o) "o o) - o ) s |
K

2 3

_E H (A1 + is*s)_lls*(y — S

2
1 ey 21 o «
~ v | E ‘/\2</\I+NS S> 5y = Sf7) K]
1 2 2202
<2ATZE || =S*(y — Sf* < .
Therefore,

B (1 = foallk] ~E[I5bs — oallk] <2B[(F— fy Fim ) ]+ 250

By the fact A\2f} = (2ALx + L%)(f* — f}) we have
O i * —2 i * i xQ B px
B fin= (M +559) {(2)\I+ ~5°8) 875 = 2\ + Lic)Lic ¢ (£ — )
_ 1 * —2 1 * 1 xQ B oex
- (AI+ =5 s) (2)\I+ =5 S) (NS S LK)(fA )
1 % -2/1 xQ B o=
+ ()\I+ = S) (NS S LK)LK(fA ).

Applying Lemma 9 to the random variable £ = (f*(x) — fﬁ(x))Kz and by Lemma 7 we
obtain

E

9 ] HQHff\ . f*H%Q RQHU*H%Q )\min(2r,4)
Px Px

N - N

| (575 = L)t - 1

K

Similarly, we have

E

9 I€2HLK(f§ _ f*)H%z K2[[u*|| e p2AmIn(ri2.4)
Px Px
- N - N

(57 = i) Eact = 1)

K

17
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Hence we have

) 1OI€ZH’U,*”%% \min(2r—2,0)
oE A
K:| - N

By Lemma 8 and Lemma 10 we have
2
el sl
K
A+ 258) P Lgsrna|
- H (M 5 8°8) T8 ST p
-2 1 mm(r %71) l % min(r—f 1) max(r—l,%) %
575 ( L ~ (55°9) )L u

.

min(r—4,1) (iS*S) min(r—3,1)

E [Hfi - fi,,\

fi)\ - fx,)\

< 2)\’E H()\I+ 1 g

N

.

5) ¥
+2)\2E ) (L grgyminrd2) pras—1. ),

H()\I+ —5*S

2
< 2””*”%2 ,{max(4r—6, 0) (E
Px

/{min(4r—2, 4) )
< 2””*”%% ,imax(4r—6, 0) —— + )\mm(2'r—1,2) )
v Nmm('f’ 3 )

+ )\min(2'r—1, 2))

So we have

BI(%- s o), ] =Bl B[ s p),]

)\mm(r—l,()) )\mm(Qrf— r—z 1)
Nmin(g+i,1) T N3

0 N )\mln(Qr 2,0)
< 10(K™ 4+ K% + K)||u” HL2

and therefore

A (E [||f§ - fD,)\H%(} -E [HfBA - vaA”?KD

)\min(Qr—l,l) )\min(r,l) )\min(27'f

< 2r 2 *112
<20k + KX+ K)||u ||L‘27X ( N + NI + N

This together with Lemma 7 gives the desired conclusion.

5. Error bounds for KRR and distributed KRR

The main result of this section is the following error bound for KRR on a single data set.

Theorem 13 Assume f* = Lju* for some 0 <r <2 and u* € LZX.
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(i) IfO<r <%, then

4 2%2 K 2K
2 < N2 [|4/* |12 K <K~ LR A )
E [HfD,/\ f ||L§X:| <2237 ||u ||LgX (1+ N2)\2 N\ + N2)\2 + N g

(ii) Ifr > % and \ s chosen so that AN > 1, then there is a constant c; > 0 such that

E|lfor— 2 | <e [ AminGr2 4 mny) + Ll
DA 13| =4 Nmin(GG+30) AN |

The proof of Theorem 13 will be proved in Section 5.1 below. With this theorem, the
following corollary on the capacity independent rate of KRR follows immediately.

Corollary 14 Under the assumption of Theorem 13, by choosing A = N~ max(357-3) g

have

— min(-22_ 2
E [|fD,>\_f*||%§X} :O<N (1+2r73)>.

If, in addition, o = 0, then we can choose A\ = N~ to obtain

O ) z'f0<r§%;
O(N-F+D), ifi<r<i
E{HfD,A—f*H%Q]: ( ). e
o O( ) if 1< g%
O( 2, ifr>3

While the capacity independent rate of O(N _%) is well known in the literature and
it is expected the noise free learning should intuitively be better, it is still surprising to
see the rate for noise free learning in Corollary 14 can be faster than O(N~!). Moreover,
KRR was known to suffer from a saturation effect that says the rate ceases to increase for
r > 1. We see from Corollary 14 that for noise free learning the rate can continue to increase
beyond r > 1 and the saturation effect occurs when r > % To our best knowledge, both the
super fast rate and the relaxed saturation effect for noise free regression learning are novel
observations.

We can now prove Theorem 1 by combining Theorem 5 and Theorem 13.

Proof [Proof of Theorem 1.] Theorem 13 tells that, if 0 < 7 < 1, the error bound for KRR
with a single data set of sample size n is

4 2 4 2
. K 2K K 2K
e(n, A, 0%) < 20 [luf|7; (1 tooe T m) + (W * n)\> -

Consequently

4 21%2
A0) < 22702, (14 2 4B,
a0 <ol (14 s+ 2
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By Theorem 5 and the fact N = mn, we obtain

2
e(n, A, 0%) +e(ny ), 0)
m

E [pr,x ~ Il } <
Px
4 2k2 k4 2k2
< ANZT||0*]|12 1 K 2
- J HLIQJX ( o ) T e T ) ?
2 2 2
m m o‘m o
< A2 (1 —_—
_01{ <+N2A2+ A>+ +NA}

with C1 = (14 &*) max(4|u*|2, ,1). If X = N™%+ and m < N%, then m < N\ and
P

therefore

2

E ||fD,)\_f*H%2 §301 )\2T—|—— :301(1_{_0_2)]\[—%‘
Px N

This proves the claim in (i).
To prove claim (ii) we note that if % <r <1and An > 1, the error bound for KRR is

A" o2
2 2r -
e(n,\,o%) < </\ +n§+i —i-)\n).

By Theorem 5 we have

SN * r A" o? , )\ng"'i o2
e e e (v JmEd 2

r 1
nzt1

4r?241

With the choice A = N~ P and m < N#2+iri1 | we obtain
N * ]2 9\ nr— 2T
E [HfD,/\ = Ilzz ] < 2¢1(24 g? )N~ 71,

X

This finishes the proof. |

5.1 Leave one out analysis for KRR

In this subsection we bound the error of KRR on a single data set and prove Theorem 13.
To this end, we perform a leave one out analysis of KRR. While the idea of leave one out
analysis roots in the work of Zhang (2003), we need a more rigorous analysis to quantify
the dependence on o2.

Let D be a sample of N + 1 observations D = ={zi=(xy,yi) : 1 <i < N+1}, and

D(Z) denote the sample of N observations generated by removing the ith observation (x;, y;)
from D, that is, D o) =12z = (zj,y;) : 1 <j < N+ 1,5 #i}. Let

N+1
N 2 2
7 argfme;& NjE_l (f(zj) —y)" + Al fll%
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and define the leave one out estimators associated to 15(1-) by

R 1 N+1
fo = avg min ¢ ; (f () = y5)* + Allf %

It is easy to verify that g = f5 ~x and fp = f(N+1). We also note that f(i), 1<i<N+1
TN+1

are identically distributed (but not independent).

The following bound for the leave one out estimator is referred to leave one out stability
and has been proved in Zhang (2003). We still give the proof for the purpose of self-
containing.

Lemma 15 We have

K
N — § < oz — vl
Hf(z) gHK > N)\‘g(xz) yz|
Proof We denote Af; = f(i) — g and
N+1 )
&)= (flaj) —u)"
j=1
i

Recall that, if h is convex, then for any a,b € R and ¢ € [0, 1], there holds
h(a+t(b—a)) —h(a) < t(h(b) — h(a)).

By the convexity of the square loss, we have

>

Ei(g+HtNf) = &i(g) <t (52'( @) — &-(@)) (14)

and

>

Elfw = t08) = Efay) <t (8:0) - Elfw)) - (15)

By the definition of f(i), we have

1 5 P 1 . . 2
<&i(f@y) + A Hf(i) oS ~Eilfo) —tAf) +A Hf(i) —tAfi| -

N
This together with (15) leads to

t

‘f(i) —tAfi j{ < VX (52'(!?) —&( A(z'))) . (16)

ot (i, &5) ~ P10 filk = | -

—1
K

Similarly, by the definition of g, we have

1., TR S 9o 1. .. . 2

& — N )< L ) )

v Ei9) + A9l + 7 (@) —4i)” < & (G +EASi) + Mg+ A fillk
1 .

N (i) + tOfi(ms) —vi)?
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By (14), we obtain
2
—2(g, Afi)g —tzHAfiIIQ ~|lg+ o
< 15 (6) — &) + 375 {60 + 18 S — 9 — @) —)*} . (D)

Adding (16) and (17) together, we obtain

211 =) | Al < 55 {000 + A7) = 3 — @) — )}
= - Aili) (20(w) + A fi(w) — 205)

|Afz (-’Ez) + tAfz(l’z) - 23/1 .

< /\I
Therefore,

21 =) [|Afillg <

Letting ¢t — 0, we obtain

G(zi) + tA fi(xi) — 2y

K
: < P — il
188l < 57590 — v
This proves Lemma 15. u
We will need the following lemma.
Lemma 16 We have
N+1
1 2 N
E|— > (9 1)’ <@ N+1) +0
s 3 )| < a( 2

Proof Let A = N +1 and f5 be defined by (10) associated with the regularization parameter
\. By the definition of §, we have

| N )
N1l > () — i) ]

i=1

N+1

N 1 N ) ) 2 ~112 N)\
= N 2 (0~ A DIl - el
N+1
N 1 2 N .
< No1 1E[N Z (Fa(ws) —vs) + Auf;n%] - B sl

= [If5 - f*H%gX +AIf5l% — AE|l% + o
:Q(X,NH) + o2
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where we have used the fact that f5 is independent of (x;,y;) and the identity (3). |

Proposition 17 There holds that

x K 2r2 N wt 27
E [nfm -/ ||%;,X] < (1 et m) AN+ (mz " m) 7

Proof By the facts thatfp y = f(N+1) and f(i), 1 <4 < N 41 are identically distributed,
we have

N+1
* A * 1 r *
B|Ifoa Iy, | =B |liven - 1 | = 5y >ow o - 17123 |

By the fact that f(;) is independent of (zi,y;) and the identity (3) we obtain

1 N+1
E [IIfD,A—f*H%2 ] == [
Py N +1 P

1 N+1 )
-1 85 Bl -
11_ N+1

N+l > (folz) - yi)2] — o2

i=1

|
=

N+1
1

N1 > (f (@) - vi)® — Vil (g(z:) — yl)g]

ill . 2 i=1
N+l Z (Q(%) - yi) ] - 02)

By Lemma 15 and the reproducing property we have

=

,{2

| ooy (@) — 9(x0)| < Bl oy — dllx < (i) — yil-

Na)y

Therefore,

E m 2 ( (z)(xl) — yi)2 — m (g(xz) - y1)2]
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1 ML N+ )
< 0 — (&
k4 2k2 1 Nl 2
= R — E 0
(N?A? +N)\) N+1 ; (9(z) = w3)
Then
4 2/{2 1 N+1 )
_ F)2 < K e - Gl — s _ 52

and the desired conclusion follows by using Lemma 16. |

Note that Theorem 13 follows immediately from Proposition 17 and Lemma 11.

6. Error bound for BCKRR and distributed BCKRR

The main result of this section is the following error bounds for BCKRR on a single data
set that will be used in combination with Theorem 5 to derive the error bounds for its
distributed version.

Theorem 18 Assume 02 < oo and f* = Li-u* for some 0 <1 <2 and u* € LZX.

(i) If0O<r <%, then

E £ 2 < 82T [l |12 14 K4 +52 +42 pe +I€2
1753 = Fllzg | = 837z N2z T A ) T AN T )

(ii) If% <r <1 and AN > 1, then there is a constant é1 > 0 such that

N [T I Py CO
ba= Pl [ = (M + Tr 35 )
(iii) Ifl<r< %, A <1 and AN > 1, then there is a constant ¢o > 0 such that

. N . A Nt: o g2
E |:”fﬁD,)\ _f H%%}X:| < C2 <)\2 + N%‘*‘% + W + )\]V) .

(iv) Ifr > %, A <1 and AN > 1, then there is a constant ¢3 > 0 such that

# *1(2 ~ min(2r, 4) A o? A2
E ”fD,)\_fHLgX <é (A +N+W+ﬁ -

The proof of Theorem 18 will be proved in Section 6.2 below. The following corollary
on the capacity independent rate of BCKRR follows immediately.
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Corollary 19 Under the assumption of Theorem 18, by choosing \ = N_1+12T we have
ElIff — 712, | =0 (N T
||fD A f HL? - :
) Py

If, in addition, 0% = 0, then we can choose A\ = N~ to obtain

O (N~%), ifo<r<3;
ﬁ ) 0 (N_(%”fi)) ,ifl<r<u
E[pr,,\_f*”m ] = 5
x O (N_(§+Z)> . ifl<r<;
O(N_Q), z’frZ%.

BCKRR suffers from a saturation effect when r» > 2, which relaxed the saturation effect
of KRR (Guo et al., 2017b). For noise free learning, however, we see the result for BCKRR
is the same as that for KRR in Corollary 14 and the saturation occurs when r = % A
plausible interpretation of this phenomenon is that the rate O(N~2) might be the fastest
rate a regression learning algorithm can achieve and thus bias correction cannot help further
improve the rate.

Theorem 2 can now be proved by combining Theorem 5 and Theorem 18. The proof is

similar to that of Theorem 1 in Section 5. We omit the details.

6.1 Two alternative perspectives for bias correction

Recall the BCKRR estimator is defined by a two step procedure. Although it admits an
explicit expression and an operator representation, neither is suitable for leave one out
analysis, if not impossible. In this section we show that BCKRR can be interpreted by
two alternative perspectives, fitting the residual and recentering regularization. The latter
represents BCKRR as a Tikhonov regularization scheme and plays an essential role in
the leave one out analysis of BCKRR in the next subsection. These two perspectives on
bias correction may also be of independent interest by themselves; see the discussions in
Section 7.

Suppose KRR estimator fp  fit the data by trading off the fitting error and model
complexity. If we further fit the residuals by a function h and add it to fp,x, the resulted
function will have smaller fitting error. In other words, the bias is reduced. The following
proposition tells that BCKRR defined in (7) is equivalent to this process.

Proposition 20 Let r; = y;— fp a(x;) be the residual and h is the KRR estimator obtained
by fitting the residual, i.e.,

N
. (1
h=arg min {N ;(n —g(x))* + )\||9||%(} :

Then we have fg/\ = fpx+ h.
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Proof Denote by r = (ry,72,...,7,)" the column vector of residuals. By the operator
representation of the KRR estimator we have

=L (o0t Lows) s (18)
N N ‘

It can be easily verified that
S*r=S"(y — Sfpy) = 5" —iS*S /\I—i-iS*S - S*
= y DX) =0Y N N y
1 -1
=A <)\I + NS*S> S*y = AN fpoa.
Plugging it into (18) we obtain
. 1\ 4
h=MAM+ 5SS ) foa=fp,—foa
This proves the conclusion. |

Recall that KRR is somewhat equivalent to search a minimizer of the fitting error in a
ball of radius \% centered at the zero function. The following proposition explains BCKRR

as a re-search for a minimizer of the fitting error in a ball centered at fp . This is somewhat
equivalent to increasing the searching region to reduce the fitting error and thus implement
bias reduction.

Proposition 21 We have

N
Th = arg in {;,Ezj P2+ Allf - meK} (19)

Proof By the fact y; = fp x(x;) + r; and Proposition 20, for all f € H, we have

(i — (@) + Ay — foalk

2l
1=

s
Il
—

(ri = h(:))* + Al %

I
2|~
™=

@
Il
—

(ri — [f (i) = foa(@))® + Allf — Foallk

IN
2|~
™=

@
I
-

(yi — f(x2))* + Allf = foallk

I
z| =
e

s
I
—
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Therefore, fg) ) 18

a minimizer of the recentered risk functional

N
oS = F M ~ ol
i=1

Since the recentered risk functional is convex in f, the minimizer is unique. This proves

(19).

Proposition 21 writes the BCKRR as a recentering Tikhonov regularization scheme. It
enables the use of convex analysis to derive the leave one out error bound for BCKRR.

6.2 Leave one out analysis of BCKRR

We now perform a leave one analysis of BCKRR by the similar framework as that we have

done in Section 5

. The result will be used to prove Theorem 18. To this end, recall the

definitions of 5, f(i) and ¢ in Section 5.1. We define

Notice that that f(ﬁN by = fh, and g = f% 5 Where again A=

A | N , A
Fy =ave puin {53 (1) =) 01 = Folk (20)
=
1 N+1 )
g =arg pin {5 3 (7o) = 33)? IS - 1% |- 21)
j=1

N

Lemma 22 Forall1 <i<n+1, there is

Proof Recall

Hf(ﬁi) —§fllx < % [’Q(ﬂiz‘) — il + 9% () — yi\]
N+1
E(f) = Z (f(zj) — yj)z.
s

Let Af; = f(ﬁl) — §*. By the convexity of the square function, for any ¢ € (0, 1), we have

and

By the definition

Lo
~alG

E(GF+tAf) — () < t[&(f&)) — &Y, (22)
&(J?(ﬁl-) —tAfi) — 51'(]%) < t[& () - 5z‘(fﬁi))}~ (23)
of fé) in (20), for any ¢ € (0,1)

I 1. . . .
)+ Ay = Follk < N&(f(ﬁi) —tAf) + TGy — D fi = foll
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This yields

Moe(Fhy — Fo 85), - P10 < 5 {6 - mf) - g} e

Similarly, by the definition of ¢¢ in (21), we have for any t € (0, 1)

1 1
Loy 1 a2
veig) + (@ 9 (@) —yi)* + Mg* - all%
1 1 a R N
<SG HEAL) + 5 (=05 () + £ (20) = y3) "+ N|g* = g+ A Sl

Thus,

Moo (d - 9.08) -~ PINRIR) < {6 i) - & )

o (Fy o) = ) (2 - 08 ) + 175 (w0) — 2) (25)
Adding (24) and (25) together and applying (22), (23), we obtain
21 =Dl +2(5 - f AF)
<+ (Fy o0 = ) (2= 08 ) + 0 (w0) — 20:)

Letting ¢ — 0, we have

|afill + (3 - fior £F) < i = (Fy ) - ) (3 - v:)

= A (3 —u).

Therefore,

.2 K X
IAfill% <119 = FallxlAfillx + Nf)\l\ﬁfillﬂgﬁ(fm) — Yil,

which implies

A K
) <llg— f. et () — g
1 Fillie < 19— Foolic + g4 e) il

By Lemma 15, we obtain the desired bound. |

Proposition 23 We have

AR2 Apd N 4% 4Rt
E[”fg),\ I HL2 ] S( +N/\+N2)\2)Q<N+1’ N+1>+<N)\+N2)\2)U'
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Proof Note that f(ﬁi), 1 <¢ < N +41, are identically distributed, and f(ﬁl) is independent of

the observation (x;,y;). By the fact f}g \ = f?

N1y We have

B|Ifh, - £l | -

1 N+l y 9
~ T foy =17
N—i—lz (4) L2,

i=1
1 N+l
_ A N — )2 — 52
= N1 ;(f(i)(xz) Vi) ] o
;N
_ ) — )2 — 52
ot S ]
| N ﬁ 9
F N sl
tB N (Ff) (@) — (@) ]
;N
- Aoy Al A — as
+2B |5 2 (Ff) @) = g (@) () yz)]
=J1+ o+ J3. (26)
Recall Lemma 16 tells that
N+1
1 R NA
Ni1l Z(Q(«Tz) - yi)2] < Q(ma N+ 1) +o”. (27)
i=1
By the definition of §¥ we also obtain
N+1 N+1
1 1 N
— ST (@) —v)?| <E|—— S (g(zi) —v:)?] < Q[ N+1) + 02
W1 2 0~ <B | g 3o y»] <Q(yrp N+1)+o
(28)
Therefore, we can bound J; by
N
< _— .
Jl_Q(N+1,N+1> (29)
To estimate Js, we apply Lemma 22 and obtain
o) — b)) < k2l — a2 < w2 (i) — vl 4 =l ) — u])
(Fiy(@) = @) < w2Iff) = ik < w2 (55190 — il + 518 (@) — wil
o K 2 K ~f 2
<2k NoNZ (9(zi) —yi)” + N2 (9" (i) —wi)” ) -
Then by (27) and (28) we obtain
4kt N 9
< _— .
e <Q<N+1,N+1>+a> (30)
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For Js, by Lemma 22 again, we have
2|(ffy @) = # @) (F@) - w)

< 26 (55190 — il + 55510 (@) = wil) 19 (o) — wi

< 2"i||f?,-) — &l k1% (z:) — vil

A

K2 3K% 2
< m(9($i)—yz) +m( 9" (@) — i)

By (27) and (28) again, we have

45 N 5
< — T .
Js < 35 <Q<N+1,N+1)+a) (31)

The desired error bound follows by combining the estimation for .J;, Js and J3. |

Theorem 18 part (i) and part (ii) now follow immediately from Proposition 23 and
Lemma 11.

If r > 1, the bound in Proposition 23 is still true but the estimation for Q(A, N) is not
sufficient to prove sharp bounds for BCKRR. Instead, we will estimate J; in (26) alterna-
tively to obtain the following error bound for BCKRR, which together with by Lemma 12
allows to derive the sharp bounds in Theorem 18 part (iii) and part (iv).

Proposition 24 Ifr > 1, we have
2

4 4 N

Proof Let A\ = N—H and fﬁ be defined by (11) associated to the parameter A. Since
Gt = f5 5 We can regard fg as the sample limit of §. Recall the error decomposition in (26).

By (19) and a similar process to the proof of Lemma 16, we have

1 N+1
DI M]
1=1
N+1
< E }V;@ﬂ(m )+ Al —gu%] — B 1 - ]
;N n ) . L
<E |1 U0~ | < SB[Iff ~ al — 16 - ali]

<= £ + 0+ B IFE - allk — 19 — 9% ]-
X
Hence we can bound Ji as

f %2 3 a2 ot A2 g VA
B £+ SB[ - gl — 19 - 3l = @ (g N+ 1),
Combining this with the estimations in (30) for Jo and (31) for J3 we obtain the desired

bound. [ |
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7. Conclusions and discussions

In this paper, we first proposed a general framework to analyze the performance of response
weighted distributed regression algorithms. Then we conducted leave one analyses of KRR
and BCKRR, which lead to sharp error bounds and capacity independent optimal rates
for both approaches. The error bounds factored in the impact of unexplained variance of
the response variable and hence are able to be used in combination with aforementioned
framework to deduce sharp error bounds and optimal learning rates for distributed KRR and
distributed BCKRR even when the kernel is imperfect in the sense that the true regression
function does not lie in the associated reproducing kernel Hilbert space.

Our analysis involves two interesting byproducts. The first one is the super fast rates
for noise free learning. To our best knowledge, rates that are faster than O(N~!) have been
observed for classification learning in some special situations (Smale and Zhou, 2007) but
have never been observed for regression learning in the literature. In this paper we first
show that they are also possible for regression learning.

The second one is the two alternative perspectives to reformulate BCKRR. They are
not only critical for us to analyze the performance of BCKRR in this study, but also shed
light on the design of bias corrected algorithms for other machine learning tasks. Recall
that the original design of BCKRR in Wu (2017) heavily depends on the explicit operator
representation of KRR. In machine learning, most regression or classification algorithms
are solved by an iterative optimization process and no explicit analytic solution exists.
It is thus impractical to characterize or estimate the bias. However, the idea of fitting
residuals may apply to all regression problems while recentering regularization can apply to
all regularization schemes. Regression learning usually adopts a loss function L(|y — f(z)])
and minimizes the regularized empirical loss:

fr =arg i { ZL (lyi — D+>\Hf||1<}

Define the residuals r; = y; — fL (z;) and fit the residual by a function g7, such that

Jr, = arg mln { ZL (|ri — g(z)]) +)‘”9”K}

The bias corrected estimator with respect to the loss L can then be defined as fﬁ = fL +
gr. In binary classification one usually uses a loss function of form L(yf(z)) where y €
{1, -1}, for instance, the hingle loss in support vector machines or the logistic loss in
logistic regression. Because y; are labels and residuals are meaningless, it is not appropriate
to implement bias correction by fitting residuals in binary classification. Instead, we can
still use recentering regularization. Namely, suppose the regularized binary classification
algorithm estimates a classifier fL by

N
fi = arg Jmin { Z +/\HfHK}
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We define the bias corrected classifier by
| N
8 ) e e
fi = arg min {N ;1 L(yif(xi)) + Allf fL”K} :

It would be interesting to study these bias corrected algorithms in the future and investigate
their theoretical properties as well as empirical application domains.
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