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Abstract

We study distributed learning of nonparametric conditional quantiles with Tikhonov
regularization in a reproducing kernel Hilbert space (RKHS). Although distributed
parametric quantile regression has been investigated in several existing works,
the current nonparametric quantile setting poses different challenges and is still
unexplored. The difficulty lies in the illusive explicit bias-variance decomposition
in the quantile RKHS setting as in the regularized least squares regression. For the
simple divide-and-conquer approach that partitions the data set into multiple parts
and then takes an arithmetic average of the individual outputs, we establish the risk
bounds using a novel second-order empirical process for quantile risk.

1 Introduction

Distributed learning has attracted significant attention recently with the increasing popularity of
distributed systems and distributed data. Although the algorithmic aspects have gone far beyond
the simple data parallelism paradigm that uses a simple divide-and-conquer strategy to carry out
computations on each part of the data separately and then combine them in a finalizing step, the
theoretical verification has lagged behind even though nowadays there are a lot of cases for which
learning rates have been established, including [Zhang et al.| (2013} [2015)); [Rosenblatt and Nadler
(2015); Balcan et al.| (2015); (Chang et al.[(2017); [Lee et al.|(2017); [Lin et al.|(2017); Jordan et al.
(2018)); Volgushev et al| (2019); Lian and Fan| (2018)). It has been shown repeatedly for various
models that the divide-and-conquer method can achieve the same learning rate as the standard
estimator (assuming the whole data set is available on a single machine and it is computationally
feasible to compute this central estimator based on the entire sample), as long as the number of
partitions/machines is not too large.

In this work, we investigate the theoretical underpinning of the divide-and-conquer strategy for
distributed learning of nonparametric quantile regression models in reproducing kernel Hilbert spaces
(RKHS). Under this framework, the distributed learning rate for kernel ridge regression with a least
squares loss has been established in several works (Lin et al., 20175 |Guo et al., 2017} |Chang et al.}
2017). The quantile regression proposed by |Koenker and Bassett Jr| (1978)) is an important class of
models that can focus on the tail of the response distribution and is more robust the than least squares
regression. However, the rate for nonparametric distributed learning other than least squares loss
in the RKHS has not been established. The difficulty is that the nonparametric quantile estimator
in the RKHS does not have an explicit form, which makes the decomposition of the mean squared
error into bias and variance illusive, while such a decomposition is the key to establishing the rates in
the divide-and-conquer method. Previously, the quantile regression estimator in the RKHS studied
in L1 et al.| (2007); |Steinwart and Christmann| (2011) based on standard empirical process theory
does not make it possible to decompose the error into bias and variance and thus is not adaptable to
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the distributed setting, although the upper bound derived there can be roughly regarded as a sum of
a bias term and a variance term. On the other hand, for the fixed-dimensional parametric quantile
regression, the Bahadur representation for the estimator is well-established in the literature which can
be used in the distributed setting. Even in high-dimensional parametric quantile regression, Zhao et al.
(2020) used a debiasing strategy so that after debiasing the bias term is sufficiently small and can
be explicitly controlled. Another related work on distributed high-dimensional parametric quantile
regression is (Chen et al.[(2020), which is more closely related to the gradient method.

To address the challenges in trying to control the bias and the variance, we use what we call the
second-order empirical process involving the quantile loss function, which makes it possible to
approximate more accurately the quantile loss by a weighted least squares loss, and we show that
this approximation of the loss leads to approximation of the estimator (the weighted least squares
estimator is close to the quantile estimator). The rest of the paper is organized as follows. In the
next section, we state and prove the learning rates for both the central estimator and the distributed
estimator. Section [3|contains a simple numerical illustration, which is not used to verify the learning
rate (which is difficult if not impossible) but just to illustrate the divide-and-conquer method can
work reasonably. The paper concludes in Section

2 Conditional quantile estimation in the RKHS

For the response y, its conditional quantile at quantile level 7 is denoted by Q,|.(7) = fo,-(z). For
simplicity of notation, we will suppress 7 in our notations since we will focus on only an individual
value of 7 without modelling different quantiles jointly.

In the setting of RKHS, the unknown true function fj in the regression problem is assumed to be
inside an RKHS H C L?([0, 1]) with an associated kernel K (., .), with the L? space defined by a
probability measure px for x on [0, 1]. Note that here we assume the covariate « € [0, 1] without
much loss of generality. In the following we use (, ) and ||.||3 to denote the RKHS inner product and
the RKHS norm, respectively, while ||.|| is the L?-norm for functions. The function fj is estimated by

N
f=argmin ) p,(y; — f(x:)) + A fII3,, )
FeR o
where (y;,x;),i = 1,..., N is the entire sample from the true generating model with P(y; <

folxy)|zi) = 7, pr(z) = x(r — I{z < 0}) is the quantile loss function, and A > 0 is a tuning
parameter. f is referred to as the central estimator since it utilizes the entire sample.

In the distributed setting, the entire sample is distributed onto m machines and each machine computes
a local estimate

fen
where (y;,x;),i = 1...,n (suppressing the dependence of the index on j) is the sub-sample on the

j-th machine. We assume n = N/m is an integer and m is allowed to diverge with N. The final
distributed estimator is given by f = Z;n:l fi/m.

Let £ : L*([0,1]) — L2([0,1)),£(f) = [ K(z,.)f(x)dpx(z) and define £, : L([0,1]) —
L%([0,1]), L+ (f) = [7(0|z)K (x,.) f(z)dpx (x), where v(0|z) is the conditional density of ; :=
yi — fo(z;) at 0. We will assume that v(0|z) is bounded away from zero and infinity for all 2 and
thus the properties of £ and L. are almost identical for our purpose. We assume £ is compact and
has the spectral decomposition £ = Z;i1 $;$; ® ¢;, where s1 > so > -+ > 0 are the eigenvalues

and ¢; are the eigenfunctions. We assume the following smoothness condition on the true fj :
fo=L"gforsome g € H,r € [0,1/2]. 3)
Assumption (3) is often referred to as the “source condition” in the literature. L£” is defined as
the operator > ;5505 ® ¢;j. The condition can be written more explicitly as follows. By Lemma
L.1.1 of Wahba (1990), any g € H can be written as g = >_, g;¢; with 3, gj2-/8j < oo, and

L'g=3_,s79;¢;. Thus the assumption is the same as fgj/s;”T < o0, where fo; = (fo, ¢;)



is the Fourier coefficient of f, in the expansion. Since s; — 0, larger r implies faster decay of
foj, and the decay rate of the Fourier coefficient is naturally a characterization of its smoothness in
functional analysis.

We establish the error bounds for the central regularized quantile estimator (2)) as well as the distributed
estimator. For the central estimator, although quantile regression has been studied in several works
such as|Li et al|(2007); Zhang et al.[(2016)), these works simply assume f € H and does not impose
the additional assumption (3)). As for the least squares regression (Caponnetto and De Vitol, 2007),
such a regularity condition is expected to lead to faster rates. However, different from the least
squares case which relies on the closed-form solution of the regularized estimator, taking into account
the assumption (3] requires entirely different technical tricks.

Throughout the paper, C denotes a generic positive constant. The following assumptions are used.
(Al) s; < Cj~ for some c > 1. The smoothness assumption (3)) holds.

(A2) We have the entropy condition logN (g, H(1), L) < (C/e)?/, where H(1) = {f € H :
[1fll7e < 1}

(A3) (Sup-norm assumption) || f||oc < C||f]*~= f||§[ VfeH.

(A4) The conditional density of e = y — fo(x) given x, denoted by ~y(.|z), and its derivative are
uniformly bounded. v(0|z) is bounded away from zero uniformly for z € [0, 1].

The assumption (A1) on the polynomial decay of eigenvalues is commonly assumed in the literature.
The entropy condition (A2) is stronger than assuming s; < Cj~“. Such an assumption is not
uncommon and used in Miiller and van de Geer|(2015). Theorem 6.26 of |[Steinwart and Christmann
(2008)) showed that it is satisfied if the RKHS has a kernel with derivatives of sufficiently high orders.
The sup-norm assumption is also used in|Steinwart et al.[(2009); |Suzuki and Sugiyama| (2013), which
yields a better control for the sup-norm of a function in the RKHS. The sup-norm assumption is

satisfied if the RKHS is a Sobolev space or is continuously embeddable in a Sobolev space.

Assumptions (A1)-(A4) are required for the proof for the distributed estimator. For the central
estimator, we can remove (A2) and (A3) and add the following assumption.

(A2’) For some sufficiently small constant v > 0, E[p,(y — f(x))] — Elp-(y — fo(z))] >
CIf = Fol? Y f = I = foll <u, llf = foll < 1.

Assumption (A2’) is a strong convexity condition of the population loss. It can be shown that (A2’) is
implied by (A3) and (A4). It also holds if the conditional density +(.|x) is uniformly bounded away
from zero ((A4) only requires (0|x) is uniformly bounded away from zero). The following result
gives the bound for the central estimator.

Theorem 1 Assume (Al), (A2’) and (A4) hold. Setting A = N~ @ %, we have ||f — fol| =
0, (N~ o055,

We first state a lemma on the relevant empirical process. The proof relies on the Rademacher com-
plexity E[Sup s <u,flln<1 + Zivzl o f(z;)], where o; € {—1, 1} are i.i.d. Rademacher variables.
The Rademacher complexity is a characterization of the complexity of the function space. As shown
in|Mendelson| (2002), we have a bound

1 N
E| sup —» oif(z:)] < CR*(u), “)
IF <l flle<t NV ;

where R*(u) \/% Z]oil min{s;,u?}. When s; < C'j~, itis easy to see R*(u) < C'R(u) with
1

1
a

R(u) :== “\/ﬁ .



Lemma 1 For any u with R(u) < u?, with probability at least 1 — e_CNRQ(“)/UZ,

NZpT yi = (@) = pr(yi = fo(2:)) = Elp-(y = f(2)) = pr(y = fo(2))]

< Cﬁgmf_h”+cnwmf—ﬁm%erH

Sketches of Proof of Theorem 1. We prove by way of contradiction. Assuming ||f— foll is large,
we try to establish

NZpT n N+ AIFIZ > = pr yi — fo(z:)) + N foll3,

which will contradict the fact that f is the minimizer of the penalized loss. The difference of the
quantile loss on the two sides is approximated by its population version with the help of Lemma 1 and
bounded below by assumption (A2’), while the difference of the penalties are carefully bounded by a
nontrivial application of Young’s inequality for operators, taking into account the source condition.
Proof of Theorem In the proof we choose u that satisfies R(u) = u?*2" (that is, u =
N~ =@ 72 since R(u) = ul~= /v/N).

By way of contradiction, suppose || f — fo||> > Lu2(+2") for some sufficiently large constant L.
This means

1
inf ~ Ay — fx:) + Al FIIF 4 i Ml foll3 < 0.
L SR E pr(yi = f(zi) + Al fll3 — E pr (i — fo(x:)) = Al foll3
By the convexity of the functional in f in the above, we have

. 1 2
Hfff(,H?lil{u?(lJr?T) N Xi:pT( 4 (xz)) + )‘”f””r’-[ N2 ZPT Yi fO(xz)) - /\”fOHH <0. (5)

—CNu?**

On the other hand, by assumption (A2’) and Lemmal 1} with probability at least 1 — e " (note

Nu2+4?“ _ N(1+27‘)a+1 N OO)

C\If - fol?

< Elp:(y — f(2))] - Elp:(y — fo(@))]
< Mlfolld = AFIZ + Cu' R@)I|f — foll + CR@)|f — foll
= —2XMfo, f — fo)u — Alf = fol3, + CuT'R()I|f — foll + CR)|f — follx
< CXNTE(IF — ol + A2 = follz) = A f — foll3,
FOU RS — foll + CR@W)|f — folln
A
< ||+C/\1+2T+Z”f_f0”§-t_>‘||f_f0Hg-i
2(n A
reu RIS~ foll + O 2 ol
< o By - g onie s R
= CulTf — fol + CuPt ©
In the 5th line above, we used that

IA(fo, f — fo)ul
AL g, f— fo)ul
Mg, L£7(f = fo))ul

< ONEFATTTL(f — fo)llun
< X = fo (=202 +2rL)(f — fo))m
< OXTT||F = foll + AN f = folls



where the first line used assumption (3)), and the second to last line used Young’s inequality for
positive operators A\ =27 £%" < (1 — 2r)\ + 2rL. (6) implies || f — fo|| < Cul*?", contradicting
Ilf = foll = Lu**?" for L sufficiently large, and the proof is complete. O

The rate obtained for the central estimator is the same as the rate obtained for kernel ridge regression
in|Caponnetto and De Vito| (2007);[Lin et al.|(2017) and thus cannot be improved in general. However,
the proof of Theorem [I|does not yield clearly any bias and variance terms separately. As mentioned
in the introduction, separate control of bias and variance is usually the key step in obtaining the
learning rate of the distributed estimator. The empirical process of Lemmal T|cannot be utilized to get
the approximate bias and variance terms, although such type of empirical process was popularly used
in the literature (Belloni and Chernozhukovl, 2011} L1 et al., 2007; [Lv et al., 2018]). To deal with this
problem, for the distributed estimator, we use the empirical process techniques not on the difference
of the quantile loss as in Lemmal[I] but instead on a higher-order difference taking into account the
gradient of the loss also, resulting in what we will call the second-order empirical process. This will
allow us to approximate the quantile loss by a weighted least squares loss, with results on distributed
learning for the latter available from the literature (after minor modifications).

More specifically, we define g(z,, f) = p(y — £(2)) — ps(y — fo(@)) + (7 — I{y — fola) <
0} (f(z) — fo(x)). If the loss were differentiable, g would be the residual in the first-order Taylor’s
expansion of the loss. For notational simplicity, we denote e = 7 — I{e < 0} withe = y — fo(z).
The key lemma that controls the difference between the quantile estimator and the weighted least
squares estimator is the following result involving second-order empirical processes. Due to the use
of an additional term (7 — I{y — fo(x) < 0})(f(z) — fo(x)) representing the first-order expansion
in g, the bound in Lemma [2]is typically much smaller than that in LemmalT] for risk difference.

; 7 —2s _3_ 1
Lemma 2 For any u € (0, 1), with probability 1 — exp{u=2%/*} where s = 3 — L > 1,

s 1/o 1-1/« 2/a
U 1 U 1
sup (P, — P)g(z.y. f) < C () + () |
11£ = foll <[l f— foll <1 Vv \w noo\w

Based on Lemma[2] we can prove our main result for the distributed estimator. It is shown that under
suitable conditions, the learning rate for the distributed estimator matches that of the central estimator.

PR o S—
Theorem 2 Under assumptions (Al)-(A4), setting A < N @FDa¥I, when m <
2
. a2 (2r+1)—(8r+2)a+2r+1 2ar
mm{ 5 , — __a@rtl)
2a2(2r+1)+2a a(@r+1)+1 . (2
(2r+1) ,we have || f — fo|| = Op(N ™~ 2erinT2),

Remark 1 We note that, unfortunately, the exponent here is quite messy, and the first term in

a?(2r41)—(8r+2)a+2r+1 2ar
2a2(2r+1)+2a > a(2r+1)+1

(since the explicit expression on when the first term is bigger is quite messy we do not choose to write
it down). Also the expression o (2r + 1) — (8r + 2)a + 2r + 1 may not even be positive (if it is not
positive, the bound becomes void). It is positive if o > 3.

min { } can be either bigger or smaller than the second term

Sketches of Proof of Theorem 2. From Lemma |2, we can show that fj which minimizes the

regularized empirical loss can be well-approximated by f; that minimizes the sum of three terms:
P, ((f(x)— fo(x))e) (the first-order term in the definition of g), the Tikhorov regularization term, and
the second-order term from Taylor’s expansion of the expected loss. By definition f; is a weighted
kernel ridge estimator and the statistical bound for its average over m machines can be more easily
established. However, rigorous establishment of the closeness of f; and f; requires more detailed
analysis involving multiple applications of Lemma 2}

Proof of Theorem By Knight's identity that p(z —y) — p-(x) = —y(7 —I{z < 0}) + [ (I{z <
t} — I{x < 0})dt, we have

f(x)=fo(z)
/ Ftlz) — F(0]z)dt
0

Pg(x,y,f) = Ep:(y— f(x)) = Ep:(y— fo(x)) =E

= %Eh(olw)(f(w) — fo(@))?] + Op(E(f(x) = fo(2))*])
1

= SEbO)(f(2) = folx))’] + Op(u?~1/%), ©)



using E[(f(z) = fo(z))’] < [If = foll« E[(f () — fo(x))?] and the sup-norm assumption, where
F(.|z) is the conditional cdf of e = y — fo(z).

Let fj be the minimizer of $ E[y(0]z)(f(x) — fo(x))?] + Pu((f(z) — fo(x))e) + Al| f||3,. This
is basically the least squares problem when the true model is given by y = fo(x) + €, with two
differences. One is that the loss is weighted by v(0|z) and the other is that the first term is the

population counterpart of Y, (r(0|z;)(f(z;) — fo(x:)))?/n. Itis easy to see that fj has a closed
form f; = (Lo 4+ A)"2Lo fo + (Lo + )~ iz a K gy Ely(0]2)(f(x) — fo(x))?] is replaced
by >, (r(0]z:)(f (s) — fo(x:)))?/n, the minimizer would be fF = (Lpny + A) ' Loy fo + (Lny +
A)_lw, where L., defined as L, f = LS f(zi)K (x,.), is the empirical version
of £,. We can see analysis of f; would be similar to (and actually simpler than) the analysis
of f*, and the latter was basically the problem studied in |Lin et al.| (2017), since we assumed
~(0]z) is bounded away from zero and infinity and it makes no difference in statistical analysis. In
~ a(2r+1)
particular, by Corollary 11 of Lin et al|(2017), we can get || - Z;nzl fi— foll = Op(N™ IR ),
ifm<N ST . Furthermore, by combining Corollary 8 and Lemma 21 of |Lin et al.[(2017), we

1
F[EF a1
foll = 0,(XTET L)

Now we bound H]?J - EH For simplicity of notation, define the function h(u) = u
0’ 1\ 1/« yl=1/e 1\2/«
S () T )T

By Lemma[2]and (7)), for any f € H with ||f — fo|| < Cuand || f — folln < 1,

also get the local estimates satisfy Hf] —

3—1/a +

s = 1) = 1 3o = o) + 5 S~ e <O e) = o)

%

—fP{w(OIl‘)( (z) = fo(z))*}

< Ch( )-
Let u; — WT then
3 bl = (@) = 5 3 el — o) + - 3 = Ier < 0D(Fy(w) — fola)
%P{y(om(fj(x) - fo(x)l)z} |
< Ch(uy).

Taking the difference of the two displayed above,
- ZpT = Al + pr = Fia)) + M F3
- Z(T — I{e; < 0})(f(@:) — fi(xs))

5 POOR)(E) ~ o))}~ 5 P01 (F ) — folw))) + AL ~ AT 1B,
< Clh(u) + b)), ®)

Since f] minimizes P {~( 0|33 f(@) = fo(x)*} = 257 e f (@) — fo(ws)) + Al f]13, the first
order optimality condition for f] yields

—= Zel (xi,.) + E(0[2)(f;(x) = fo(z)) K (z,.)] + 2\ f; = 0. )



Thus we have

S P{v(0l2)(f () — fo(2))*} - %P{V(Olw)(fj(w) — fo(2))?}

E[y(0lz)(f () = [i(2))(f;(x) = fo(@))]

|

I
1S
=
=)

S
=
\
—

8]
S~—

\
Ao

8]
S~—
S~—
.

~E[y(0z) (fj(x) — Fi@)? + (f = F, Bl (0) (fi(z) — fo(2)) K (2, )]
—(f - fJ, Zel (24,.))

1 ~ ~
= §E[’Y(0\9ﬂ)(f(x) — Fi@)A = 2X{fj, f — Fi)ne
where the last step used (9). Using this in (]E) we get

ﬁzpf yi — Fl@) = AlfI2 + ~ pr yi — Fi(x2)) + Allf 113,

+%E[ Olz)(f (x)—fj(x))Q]—%(fj,f—fﬁ + AlLF I3, = LF115,

= ——ZpT i = flai) = Al I+ ZpT vi = fi(wa)) + A il
1
+5E0(02)(f(2) — F@)?1+Af = Fl15
< C(h(u) + h(ur)). (10)
Let up = n %+ia-1. Note that this us is the value of u that makes u? = h(u). Let
uz = \/h(u1) + h(uz). Suppose 3 E[y(0lz)(f;(z) — fi(x))? ]"‘/\”fa fill3; > Lu3 for some L

sufficiently large. By (10), and us1ng the same arguments as in the proof of Theorem ] that lead
to (3), there exists some f € H with 1 E[y (O|x)( (x) — fj( N+ Al - fj||H = LuZ, and also

satisfying 133, pr(ys — f(@i)) + M3 < 5 3 pr(yi = F(@i) + A fill3,. such that

S BB ) ~ @)+ MF — T < CO(VTus) + h(u).

Because the left hand side above is Lu2, this would lead to contradiction if L is large enough. To
see this, we note that Lu2 > Ch(v/Lug) since uz > /h(ug) = uz, and also LuZ > Ch(uy) since
u = h(u1) + h(ug) > h(u).

Based on the previous arguments, we then have ||f] - fj || < Cus. Finally, the distributed estimator
satisfies

T
< gl Zuly, ||Zj bl
< m]aXHf] fJ Z — fol|-

___2ar_ .
As mentioned before, when m < Na@+D+1  the second term above has the optimal rate

~ a(2r41) _
H% Z;nzl fi — foll = Op(IN~22+0+2). To obtain the same rate for || f — fo||, we would re-
quire
a2 a(2r+1)
n O(2+4cx 1 < N~ 2aCer+D)+2 | (11)



a2 (2r+1)—(87+2)a+2r+1

Using n = N/m, (I1)) is equivalent to saying m < N 2e?@r+1+2a . In summary, if
2
. a2@r+1)—(8r+2)at2r+1 2ar
m < Nmm{ 2a2(2r4+1)+2a 7&(2r$1)+1}

b

the optimal rate is achieved. (]

Remark 2 As stated in the theorem, for f to achieve the same rate as the non-distributed estimator,

a2(2r+1)—(8r+2)a+2r+1 2ar
2a2(2r+1)+2a Ya(2r+1)+1

min
we need the constraint m < N { . On the other hand, from the

a(l42r a?
proof, we have the convergence rate N ~miraE + (N/m) ™ «Z+4at1 even if the bound for m is not
satisfied (when the bound is not satisfied, we just have a non-optimal rate). In practice, of course it is
hard to check whether a specific pair (m, N) satisfies the bound since it is asymptotic in nature. On
the other hand, in the setting that data are physically located on m machines and one is unwilling to
share data across different machines, then we have no other option and just accept this given m. In
this situation, we do not have to be concerned with the choice of m.

3 Some numerical illustrations

Here we illustrate the distributed quantile regression in relatively simple simulations. For a value
7 € (0, 1), the sample is generated from the model y; = fo(x;) + (1 + ;)0 (e; — ®1(7)), where x;
are generated uniformly on [0, 1], €; ~ N(0,1), @~ is the quantile function of the standard normal
distribution so that f(x;) is indeed the conditional 7-quantile of y;. We set fo(x) = sin(27x) and o =
0.5. The simulations are carried out for different combinations of n € {32, 64,128,256, 512, 1024}
and m € {1,2,4,8,16,32}, with the total sample size of N = nm. Note that m = 1 actually
corresponds to the central estimator. For the RKHS, we use the Sobolev space of the second order.
The tuning parameter X is chosen to minimize the errors on independently generated test data. In
each setting, 100 repetitions are used to compute the average squared estimation error || f — fo||*.

Choice of A is an important practical matter. Theorem |2 shows the choice of A\ ~ N QGRS
depends on the total sample size N, which indicates that tuning parameter chosen based on local data
is not optimal. In our simulations, we use independently generated data to select the optimal A that
ensures f (f implicitly depends on )) is the one that achieves the smallest prediction error on the
test data. When independently generated data is not available, either hold-out data or global K-fold
cross-validation can be used, which requires coordination of the central machine. If the hold-out data
is maintained by the central machine, the central machine can evaluate and compare different values
of A. If K-fold cross-validation is carried out on the local machines, the central machine needs to
send f back to the local machines so that the local machines can calculate the cross-validation errors,
and then send the errors to the central machine. This needs to be done K times for K-fold CV. Xu
et al.| (2018, |2019) developed a generalized approximate cross-validation criterion in the least-squares
case and established its asymptotic optimality. We expect that similar criterion developed for quantile
regression (Yuan, [2006)) can be adapted in our case. However, even in the non-distributed setting,
Yuan| (2006) did not establish the asymptotic properties of the criterion, mainly investigating its
performance from a computational viewpoint. Thus it remains an open question whether such a
criterion has a desirable asymptotic property. The investigation of such problems requires additional
study by itself and thus we do not use this in the current work.

The simulation results are shown in Table[T]for 7 = 0.5. We can examine the table in several ways.
First, each row of the table indicates what happens when one fixes the number of observations on each
machine while increasing the number of machines (the total sample size of course also increases).
In this case, we see the errors decrease with the number of machines since the total sample size
increases. Second, each column of the table indicates what happens if the number of machines are
fixed while the number of observations increases proportionally with the total sample size. Here we
also see the error decreases. Third, the results along the anti-diagonal directions shows the results
when the total sample size IV is fixed while we change the number of machines m. For example, the
numbers shaded in yellow all corresponds to N = 512 while the numbers shaded in blue corresponds
to NV = 1024. Here we see that the error in general increases with the number of machines (up to
some random fluctuations). This is natural since the central estimator should perform best if it is
feasible to compute. Finally, we observe that the table shows the divide-and-conquer strategy is useful
when NV is large. For example, in the table, the smallest error is achieved when n = 1024, m = 32,



Table 1: The estimation errors for different pairs of (n, m) when 7 = 0.5. The total sample size is
N =nm.

1 2 4 8 16 32

corresponding to N = 32768. It would be hard to deal with such a large sample size in the standard
implementation (the kernel method is always computationally burdensome) without using some
advanced techniques to approximate the solution, if such techniques exist at all.

The simulation results for other values of 7 are presented in Appendix A. We also perform an
additional simulation with 3-dimensional predictors in Appendix B.

4 Conclusion

In this paper, we established the convergence rate of the nonparametric quantile estimator in the
distributed learning setting under the RKHS framework. The second-order empirical process allows
us to approximate the estimator by the estimator obtained from a weighted least squares problem,
which in turn has an explicit bias and variance decomposition as done in the existing literature.
However, the theoretical drawback here is that this strategy currently does not allow us to obtain the
optimal rate for the entire range « € (1, 00) (we require « to be sufficiently large). It may be the case
that some other entirely different proof strategy is required to get a more elegant result.

In practice, it is always hard to estimate extreme conditional quantiles with 7 very close to O or 1.
For any fixed 7 in the open interval (0, 1), we do not have theoretical problems since we always
require m to be much smaller than N and thus typically the local sample size n = N/M is still quite
large in the big data setting. Theoretically, the statistical convergence rate inversely depends on the
density (this is well-known in the parametric setting, although in the nonparametric setting we are
not aware of explicit mentioning of this in the literature). At the tail of the distribution, the density
is typically small and thus the statistical error is large, which can also be seen from our simulation
results for 7 = 0.1 and 0.9 in the Supplementary Appendix. Extreme conditional quantile regression
is a separate discipline of its own and has been studied, for example, in|Chernozhukov and Du| (2008));
Wang et al.|(2012)); 'Wang and Li| (2013). However, even in the non-distributed setting we are not
aware of any theoretical study of this problem in the framework of RKHS and it remains unclear
whether some techniques can be adapted to this setting.

Acknowledgments and Disclosure of Funding

This project is partially supported by NSFC Project 11871411 at the Shenzhen Research Institute,
City University of Hong Kong; and partially supported by the Hong Kong Research Grants Council
(RGC) General Research Fund under Grant 11300519, 11300721, 11311822 and 11301423.



References

Balcan, M.-F,, Liang, Y., Song, L., Woodruff, D., and Xie, B. “Communication efficient distributed
kernel principal component analysis.” arXiv:1503.06858 (2015).

Belloni, A. and Chernozhukov, V. “l1-penalized quantile regression in high-dimensional sparse
models.” The Annals of Statistics, 39(1):82—-130 (2011).

Caponnetto, A. and De Vito, E. “Optimal rates for the regularized least-squares algorithm.” Founda-
tions of Computational mathematics, 7(3):331-368 (2007).

Chang, X., Lin, S.-B., and Zhou, D.-X. “Distributed semi-supervised learning with kernel ridge
regression.” Journal of Machine Learning Research, 18:1-46 (2017).

Chen, X., Liu, W.,, Mao, X., and Yang, Z. “Distributed high-dimensional regression under a quantile
loss function.” Journal of Machine Learning Research, 21:1-48 (2020).

Chernozhukov, V. and Du, S. “Extremal quantiles and value-at-risk.” In The New Palgrave Dictionary
of Economics (2008).

Guo, Z. C., Lin, S. B., and Zhou, D. X. “Learning theory of distributed spectral algorithms.” Inverse
Problems, 77:074009 (2017).

Jordan, M. L, Lee, J. D., and Yang, Y. “Communication-efficient distributed statistical inference.”
Journal of the American Statistical Association, 114:668-681 (2018).

Koenker, R. and Bassett Jr, G. “Regression quantiles.” Econometrica: Journal of the Econometric
Society, 1(46):33-50 (1978).

Koltchinskii, V. Oracle inequalities in empirical risk minimization and sparse recovery problems.
New York: Springer (2011).

Lee, J. D., Liu, Q., Sun, Y., and Taylor, J. E. “Communication-efficient sparse regression.” Journal of
Machine Learning Research, 18:1-30 (2017).

Li, Y, Liu, Y., and Zhu, J. “Quantile regression in reproducing kernel Hilbert spaces.” Journal of the
American Statistical Association, 102:255-268 (2007).

Lian, H. and Fan, Z. “Divide-and-conquer for debiased 11-norm support vector machine in ultra-high
dimensions.” Journal of Machine Learning Research, 1:1-26 (2018).

Lin, S.-B., Guo, X., and Zhou, D.-X. “Distributed learning with regularized least squares.” Journal
of Machine Learning Research, 18:1-31 (2017).

Lv, S., Lin, H., Lian, H., and Huang, J. “Oracle inequalities for sparse additive quantile regression in
reproducing kernel Hilbert space.” Annals of Statistics, 46:781-813 (2018).

Mendelson, S. “Geometric parameters of kernel machines.” In International Conference on Compu-
tational Learning Theory, 29-43 (2002).

Miiller, P. and van de Geer, S. “The partial linear model in high dimensions.” Scandinavian Journal
of Statistics, 42:580-608 (2015).

Pollard, D. Convergence of stochastic processes. New York: Springer-Verlag (1984).

s

Rosenblatt, J. and Nadler, B. “On the optimality of averaging in distributed statistical learning.’
arXiv:1407.2724 (2015).

Steinwart, I. and Christmann, A. Support vector machines. New York: Springer (2008).

—. “Estimating conditional quantiles with the help of the pinball loss.” Bernoulli, 17:211-225
(2011).

Steinwart, 1., Hush, D., and Scovel, C. “Optimal rates for regularized least squares regression.” In
COLT 2009 - The 22nd Conference on Learning Theory (2009).

10



Suzuki, T. and Sugiyama, M. “Fast learning rate of multiple kernel learning: Trade-off between
sparsity and smoothness.” The Annals of Statistics, 41:1381-1405 (2013).

Volgusheyv, S., Chao, S., and Cheng, G. “Distributed inference for quantile regression processes.”
Annals of Statistics, 47:1634-1662 (2019).

Wahba, G. Spline models for observational data. Philadelphia, PA: Society for Industrial and Applied
Mathematics (1990).

Wang, H. J. and Li, D. “Estimation of extreme conditional quantiles through power transformation.”
Journal of the American Statistical Association, 108(503):1062—-1074 (2013).

5

Wang, H.J., Li, D., and He, X. “Estimation of high conditional quantiles for heavy-tailed distributions.’
Journal of the American Statistical Association, 107(500):1453—-1464 (2012).

Xu, G., Shang, Z., and Cheng, G. “Optimal tuning for divide-and-conquer kernel ridge regression with
massive data.” In 35th International Conference on Machine Learning, ICML 2018, volume 12,
5483-5491 (2018).

—. “Distributed generalized cross-validation for divide-and-conquer kernel ridge regression and its
asymptotic optimality.” Journal of Computational and Graphical Statistics, 28(4):891-908 (2019).

Yuan, M. “GACYV for quantile smoothing splines.” Computational Statistics and Data AnalysisData
Analysis, 50(3):813-829 (2006).

Zhang, C., Liu, Y., and Wu, Y. “On quantile regression in reproducing kernel Hilbert spaces with the
data sparsity constraint.” Journal of Machine Learning Research, 1-45 (2016).

Zhang, Y., Duchi, J. C., and Wainwright, M. J. “Communication-efficient algorithms for statistical
optimization.” Journal of Machine Learning Research, 14:3321-3363 (2013).

—. “Divide and conquer kernel ridge regression: a distributed algorithm with minimax optimal rates.”
Journal of Machine Learning Research, 16:3299-3340 (2015).

Zhao, W., Zhang, F., and Lian, H. “Debiasing and distributed estimation for high-dimensional
quantile regression.” IEEE Transactions on Neural Networks and Learning Systems, 31:2569-2577
(2020).

11



