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The increased availability of massive data sets provides a unique op-
portunity to discover subtle patterns in their distributions, but also imposes
overwhelming computational challenges. To fully utilize the information con-
tained in big data, we propose a two-step procedure: (i) estimate conditional
quantile functions at different levels in a parallel computing environment;
(ii) construct a conditional quantile regression process through projection
based on these estimated quantile curves. Our general quantile regression
framework covers both linear models with fixed or growing dimension and
series approximation models. We prove that the proposed procedure does not
sacrifice any statistical inferential accuracy provided that the number of dis-
tributed computing units and quantile levels are chosen properly. In particu-
lar, a sharp upper bound for the former and a sharp lower bound for the latter
are derived to capture the minimal computational cost from a statistical per-
spective. As an important application, the statistical inference on conditional
distribution functions is considered. Moreover, we propose computationally
efficient approaches to conducting inference in the distributed estimation set-
ting described above. Those approaches directly utilize the availability of
estimators from subsamples and can be carried out at almost no additional
computational cost. Simulations confirm our statistical inferential theory.

1. Introduction. The advance of technology in applications such as meteoro-
logical and environmental surveillance or e-commerce has led to extremely large
data sets which cannot be processed with stand alone computers due to processor,
memory or disk bottlenecks. Dividing data and computing among many machines
is acommon way to alleviate such bottlenecks, and can be implemented by parallel
computing systems like Hadoop [White (2012)] with the aid of communication-
efficient algorithms.

In statistics, this approach to estimation has recently been adopted under the
name divide-and-conquer; see Jordan (2013), Li, Lin and Li (2013). Pioneering
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contributions on theoretical analysis of divide-and-conquer algorithms focus on
mean squared error rates; see Zhang, Duchi and Wainwright (2013, 2015). The
analysis therein does not take into account a core question in statistics—inferential
procedures. In the last two years, such procedures have been developed for various
non and semiparametric estimation approaches that focus on the mean or other
notions of central tendency, this line of work includes Banerjee, Durot and Sen
(2019), Shang and Cheng (2017), Shi, Lu and Song (2017), Zhao, Cheng and Liu
(2016), among others. Focusing on the mean tendency illuminates one important
aspect of the dependence between predictors and response, but ignores all other
aspects of the conditional distribution of the response which can be equally im-
portant. Additionally, most of the work cited above assumes homoskedastic errors
or sub-Gaussian tails. Both assumptions are easily violated in modern messy and
large-scale data sets, and this limits the applicability of approaches that are avail-
able to date.

We propose to use quantile regression in order to extract features of the con-
ditional distribution of the response while avoiding tail conditions and taking
heteroskedasticity into account. This approach focuses on estimating the condi-
tional quantile function x — Q(x; 1) := FY_|}((I|x) where Fy|x denotes the con-
ditional distribution of response given predictor. A flexible class of models for
conditional quantile functions can be obtained by basis expansions of the form
O(x:t)~Z(x)" B (7). This includes linear models of fixed or increasing dimen-
sion where the approximation is replaced by an equality, as well as a rich set of
non and semiparametric procedures such as tensor product B-splines or additive
models.

Given data {(X;, Yi)},N: 1» quantile regression for such models is classically for-
mulated through the following minimization problem:

N
(1.1) Bor(r) :=arg min Epf{n —bTZ(X))},

where p; (1) :={t — 1(u < 0)}u and 1(-) is the indicator function. However, solv-
ing this minimization problem by classical algorithms requires that the complete
data set can be processed on a single computer. For large samples, this might not
be feasible. This motivates us to utilize the divide-and-conquer approach where the
full sample is randomly split across several computers into S smaller subsamples
of size n, the minimization in (1.1) is solved on each subsample, and results are
averaged in the end to obtain the final estimator F(t) [see (2.3) in Section 2 for a
formal definition]. While this approach is easy to implement, the resulting estima-
tor B(7) is typically not a solution to the original minimization problem (1.1). As
illustrated in Figure 1, this can be problematic for inference procedures. More pre-
cisely, the left panel of Figure 1 depicts the coverage probabilities (on the y-axis)
against number of subsamples (on the x-axis) for asymptotic confidence inter-
vals that are based on asymptotic distributions of BO, (7) but computed using B(7)
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FIG. 1. Left penal: coverage probabilities (y-axis) of confidence intervals for estimators computed
from divide-and-conquer; x-axis: number of subsamples S in log-scale. Different colors correspond
to linear models with different m = dim(Z(X)). Right panel: necessary and sufficient conditions on
(S, K) for the oracle rule in linear models with fixed dimension (blue) and B-spline nonparametric
models (green). The dotted region is the discrepancy between the sufficient and necessary conditions.

for three data generating processes (linear models with different dimension) and a
fixed quantile T = 0.1. This indicates that choosing S too large results in invalid in-
ference, as reflected by a rapid drop in coverage after a certain threshold is reached.
For different models, this threshold is different and it intrinsically depends on var-
ious properties of the underlying model such as dimension of predictors. These
observations indicate that developing valid statistical inference procedures based
on B(t) requires a careful theoretical analysis of divide-and-conquer procedures.
The first major contribution of the present paper is to provide statistical inferential
theory for this framework.

The approach described so far provides a way to estimate the conditional quan-
tile function for a single quantile. To obtain a picture of the entire conditional
distribution of response given predictors, estimation of the conditional quantile
function at several quantile levels is required. Performing such an estimation for
a dense grid of quantiles can be computationally costly as estimation at each new
quantile requires running the above algorithm anew. To relax this computational
burden, we introduce the two-step quantile projection algorithm. In the first step,
the divide-and-conquer algorithm is used to compute E(rl), e ﬁ(‘cK) for a grid
of quantile values 7y, ..., 7. In the second step, a matrix 2 is computed from
F(rl), . ﬁ(fK) [see (2.1) for a formal definition]. Given this matrix @, the quan-
tile projection estimator B(t) can be computed for any t by performing a multi-
plication of this matrix with a known vector (depending on 7) without access to
the original dataset. Based on 8(7), we can estimate the conditional distribution
function; see (2.8) and (2.9).

The computational cost of our procedure is determined by the number of sub-
samples S and the number of quantile levels K. To minimize the computational
burden, K should be chosen as small as possible. Choosing S large will allow us
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to maintain a small sample size n on each local machine, thus enabling us to pro-
cess larger data sets. At the same time, classical inference procedures for ﬂ or (€8,
procedures based on asymptotic normality of ,B o) should remain valid for B(z),
B(0).

A detailed analysis of conditions which ensure this “oracle rule” is conducted
in Section 3. There we derive sufficient conditions for both S and K, which are
also proved to be necessary in some cases up to log N terms. Sufficient conditions
of § take the form § = o(Nl/zaN,m) where ay _, — 0. The specific form of ay
depends on the precise form of the model, with more complex models leading to
an,n converging to zero faster, thus placing more restrictions on S. Necessary and
sufficient conditions on K take the form K > N1/ | Z(x)||~1/", where n > 0
is the degree of Holder continuity [see (1.2)] of T — Q(x; 7). In particular, this
lower bound is completely independent of S. An interesting insight which will be
explained in more detail in Section 3.2 is that for large values of ||Z||, which typi-
cally corresponds to more complex models, the restriction on K becomes weaker;
see the paragraph right after Corollary 3.10 for a more detailed explanation.

A graphical summary of the necessary and sufficient conditions on K and S
derived in Sections 3.1 and 3.2 is provided in the right panel of Figure 1.

Deriving such necessary conditions on S, K is a crucial step in understanding
the limitations of divide-and-conquer procedures, as it shows that the interplay
between S, K and model complexity is indeed a feature of the underlying problem
and not an artifact of the proof; see also Shang and Cheng (2017).

While the oracle rules described above provide justification for using the asymp-
totic distribution of Eor for inference, this distribution is typically not pivotal.
We discuss several ways to overcome this problem. First, we propose simple and
computationally efficient approaches which directly make use of the fact that 8
is formed by averaging results from independent subsamples. Those approaches
are based on normal and ¢-approximations as well as a novel bootstrap procedure.
Second, we comment on extensions of traditional approaches to inference which
rely on estimating the asymptotic variance of Bor by using kernel smoothing tech-
niques. Simulations demonstrate finite sample properties of the proposed inference
strategies.

The rest of this paper is organized as follows. In Section 2, we provide a formal
description of all algorithms and estimation procedures discussed in this paper.
Section 3 contains the main theoretical results, with additional results presented
in the Appendix. In Section 4, we propose several practical approaches to infer-
ence. In Section 5, we validate the finite sample relevance of our theoretical re-
sults through extensive Monte Carlo experiments. Proofs of all theoretical results
are deferred to the Supplementary Material [Volgushev, Chao and Cheng (2019)].
Throughout the manuscript, sections and other results in this Supplementary Mate-
rial will be referenced by S.Number. The following notation will be used through-
out the paper.
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Notation. Let X :=supp(X). Let Z =Z(X) and Z; = Z(X;) and assume T =
[tL, Ty] for some O < 17 < ty < 1. Define the true underlying measure of (Y;, X;)
by P and denote the corresponding expectation as . Denote by ||b|| the L2-norm
of a vector b. Apin(A) and Apax(A) are the smallest and largest eigenvalue of a
matrix A. Let | ] denote the integer part of a real number n, and | j| = j1 +-- -+ jg
for d-tuple j = (j1, ..., ja). S™ ! C R™ is the unit sphere. a, < b, means that
(lan/bnl)nen and (|b,/a,|)nen are bounded, and a;, > b, means a,/b, — <.
Define the class of functions

ANT) = {f eCM(T): sup sup|D’ f(1)| <c,
(12) J=InlteT

sup sup

D/ f(x) = DI f(E)] _ }
J=In]t#7 ’

T e

where 7 is called the “degree of Holder continuity” and C%(X) denotes the class
of «-continuously differentiable functions on a set X'.

2. A two-step procedure for computing quantile process. In this section,
we formally introduce two algorithms studied throughout the paper —divide-and-
conquer and quantile projection. The former is used to estimate quantile functions
at fixed quantile levels, based on which the latter constructs an estimator for the
quantile process. We also note that algorithms presented below can be applied for
processing data that are locally stored for any reason and not necessarily large. As
an important application, the estimation of conditional distribution functions will
be presented.

We consider a general approximately linear model:

(2.1) Q(x; 7) A Z(x) "By (T),

where Q(x; t) is the tth quantile of the distribution of Y conditional on X = x €
R4, and Z(x) € R™ is a vector of transformation of x. This framework (2.1) incor-
porates various estimation procedures, for instance, series approximation models;
see Belloni et al. (2017) for more discussion. In this paper, we will focus on three
classes of transformation Z(x) € R™ which include many models as special cases:
fixed and finite m, diverging m with local support structure (e.g., B-splines) and
diverging m without local support structure.

The divide-and-conquer algorithm for estimating B, (7) at a fixed t € (0, 1) is
described below:

1. Divide the data {(X;, Yi)}f\’: | into § subsamples of size n.* Denote the sth
subsample as {(Xjs, Y,~S)}§‘:1 wheres=1,...,S.

4The equal subsample size is assumed for ease of presentation, and can be certainly relaxed.
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2. For each s and fixed 7, estimate the subsample based quantile regression
coefficient as follows:

2.2) B'(v):=arg min 3~ pe{¥is — BTZ(Xi)}.
i=1

3. Each local machine sends ﬁs () € R™ to the master that outputs a pooled
estimator

S
(2.3) B(m):=5"Y B'(0).

s=1

REMARK 2.1. The minimization problem in (2.2) is in general not strictly
convex. Thus, several minimizers could exist. In the rest of this paper, we will
only focus on the minimizer with the smallest £> norm. This is assumed for pre-
sentational convenience, and a close look at the proofs reveals that all statements
remain unchanged if any other minimizer is chosen instead.

While B(z) defined in (2.3) gives an estimator at a fixed t € 7, a complete
picture of the conditional distribution is often desirable. To achieve this, we pro-
pose a two-step procedure. First, compute B(tx) € R” for each 7 € T, where
Tk C T =[1r, ty] is grid of quantile values in 7 with |Tx| = K € N. Second
project each component of the vectors {(t1), ..., B(tk)} on a space of spline
functions in . More precisely, let

K
~ . . re T 2 -
(2.4) Q= arg;relﬁé}];(ﬂj(fk) o' B(w))”, j=1,...,m,

where B := (By, ..., Bq)—r is a B-spline basis defined on G equidistant knots 7, =
t < --- <tg =ty with degree r; € N [we use the normalized version of B-splines
as given in Definition 4.19 on page 124 in Schumaker (1981)]. Here, uniformity of
knots is assumed for simplicity, all theoretical results can be extended to knots with
quasi uniform partitions. Using &, we define the quantile projection estimator

B(): T — R™:
(2.5) B(v) := E"B(1),

~
=
=

where E is defined below. The jth element 3 () = A}—B(r) can be viewed as

projection, with respect to || f || x := (Z,le FrmN/?, of B ; onto the polynomial
spline space with basis By, ..., B,. In what follows, this projection is denoted
by I1g. Although we focus on B-splines in this paper, other basis functions are
certainly possible.

The algorithm for computing the quantile projection matrix Z is summarized
below, here the divide-and-conquer algorithm is applied as a subroutine:
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1. Define a grid ofguantile levels iy =17 + (k/K)(ty — ) fork =1, ..., K.
For each i, compute (1) as (2.3).

2. Foreach j =1,..., m, compute
K -1,k B
(2.6) @)= (Z B(Tk)B(Tk)T) (Z B(w)B ,-(m),
k=1 k=1

which is a closed form solution of (2.4).
3. Set the matrix

2.7)

A direct application of the above algorithm is to_estimate the quantile func-
tion for any t € 7. A more important application of ﬂ(‘L’) is the estimation of the
conditional distribution function Fy x(y|x) for any fixed x. More precisely, we
consider

~ v T
2.8) Frxolo =+ [ 1{Z@ B <y)dr,

o)

=) a2 - Oyl

where 77, and ty are chosen close to 0 and 1. The intuition behind this approach is
the observation that

u+/ (0G:7) < y)dr

(2.9 149 if Fy|x(ylx) <7tr;
=1 Frix(y|x) if tp < Fyix(ylx) < tvu;
U if Fy x(y|x) > tu;

see Chernozhukov, Fernandez-Val and Galichon (2010), Volgushev (2013). The
estimator F, y|x is a smooth functional of the map 7 Z(x)T B(t) [Chernozhukov,
Fernandez-Val and Galichon (2010)]. Hence, properties of Fy\ x depend on the
behavior of Z(x)T B(7) as a process in T, which we will study in detail in Section 3.

3. Theoretical analysis. The following regularity conditions are needed
throughout this paper:

(A1) Assume that ||Z;|| <&, < oo, where &, is allowed to diverge, and that
1/M < Amin(E[ZZ"]) < Amax(E[ZZ 1) < M holds uniformly in N for some fixed
constant M.

(A2) The conditional distribution Fy|x(y|x) is twice differentiable w.r.t. y,
with the corresponding derivatiles frix(ylx) and f{,‘X(y|x). Assume f =
SUPyeR,xex | frix(ylx)| < oo, f:= SupyeR,xeX|f§\x()’|x)| < 00 uniformly
in N.

(A3) Assume that uniformly in N, there exists a constant fii, < f such that

0 < fmin < Tlg;xlg)f( frix(Q(x; o)lx).
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In these assumptions, we explicitly work with triangular array asymptotics for
{(X;, Yi)}zNzl’ where d = dim(X;) is allowed to grow as well.

Assumptions (A1)—(A3) are fairly standard in the quantile regression literature;
see Belloni et al. (2017). The eigenvalue condition in (A1) is imposed for the
purpose of normalization, which in turn determines the value of &,,. For basis
expansions with local support such as B-splines, the right scaling to ensure the
eigenvalue condition results is &,, < /m.

3.1. Fixed dimensional linear models. In this section, we assume forall t € 7
andx e X

3.1) O(x; 1) =Z(x)" B(1),

where Z(x) has fixed dimension m. This simple model setup allows us to derive
a simple and clean bound on the difference between B, ﬂ and the oracle estimator
,3 o and leading to a better understanding of resulting oracle rules. Our first main
result is as follows.

THEOREM 3.1. Suppose that (3.1) and assumptions (A1)—(A3) hold and that
K < N%, S=0(N(ogN)™"). Then

SlogN  SY*(log N)"/4
N N3/4

If additionally K > G > 1, we also have
(SlogN 51/2(1og1v)2>
P +

62 swp B - ﬁor(r)uzop(

€Tk

) +op(N12).

N-1/2
N N +op( )

+sup] (T Qx0: 9)(©) — o

sup |Z(x0) T (B(z) — B, (1))| < O

where the projection operator Il was defined right after (2.5).

The proof of Theorem 3.1 is given in Section S.3.1. To obtain_ thls result, we
develop a new Bahadur representation for each local estimator ,B (7); see Sec-
tion S.2.1. The main novelty compared to existing results is a sharp bound on the
expectation of the remainder term. This is crucial to obtain the bound in (3.2). In
contrast, relying on previously available versions of the Bahadur representation
would result in a bound of the form (S/N )3/4 (log N )3/4, which is somewhat more
restrictive. See Remark S.2.3 for additional details. Theorem 3.1 can be general-
ized to potentially miss-specified linear models with dimension that depends on
the sample size. Technical details are provided in the Appendix.

The bound in (3.2) quantifies the difference between B and B,, in terms of
the number of subsamples S and can be equivalently formulated in terms of the
subsample size n = N /S provided that log N ~ logn. When considering the pro-
jection estimator, an additional bias term I1g Q(xg;-) — Q(xo; -) is introduced.
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Provided that for a given xo € X one has t — Q(xo; 7) € AJ(T), this bias term
can be further bounded by O(G™"). Note that in the setting of Theorem 3.1 the
oracle estimator converges to B(t) at rate Op(N~'/2), uniformly in v € 7. By
combining the results in Theorem 3.1 with this bound, upper bounds on conver-
gence rates for E(r) —B(7) and sup, .+ |Z(X())T(ﬂ(1') — Q(xp; t)| follow as direct
corollaries. R

__ Theorem 3.1 only provides upper bounds on the differences between B, B and
B,-- While a more detailed expression for this difference is derived in the proof
of Theorem S.2.1, this expression is very unwieldy and does not lead to useful
explicit formulas. However, it is possible to prove that the bounds given in The-
orem 3.1 are sharp up to log N factors, which is the main result of the next the-
orem. Before stating this result, we need to introduce some additional notation.
Denote by & (&, M, f , 7, fmin) all pairs (P, Z) of distributions P and transfor-
mations Z satisfying (3.1) and (A1)—(A3) with constants 0 < &,,, M, f, 7 < 00,
Jfmin > 0. Since m, &,, are constant in this section, we use the shortened notation

f@l(é‘-»M’ f’ f/’fmin)-

THEOREM 3.2. For any T in T there exists (P,Z) € 21(&, M, f, f’, fmin)
and a C > 0 such that

. — -~ CS
(3.3) lim supP(”ﬁ(r) — B, (D] > _> =~ 0.

N—o00 N
Moreover, for any c,n > 0 there exist (P,Z) € Z1(§, M, f, f', fumin) such that
T Bi(1) e ANT), j=1,....d and

- -~ cS
(3.4) lim sup P(sup 1B(x) = Bor(®)] = — + CG‘") - 0.
TeT N

N—o0

The proof of Theorem 3.2 is given in Section S.3.1. The result provided in (3.3)
has an interesting implication: the best possible precision of estimating Q in a
divide-and-conquer framework is restricted by n = N/S§, the sample size that can
be processed on a single machine, regardless of the total sample size N. A related
observation was made in Example 1 of Zhang, Duchi and Wainwright (2013) who
construct a data-generating process where the MSE rate of a divide-and-conquer
estimator is limited by the sample size that can be processed on a single computer.

As corollaries to the above results, we derive sufficient and necessary condi-
tions on S under which g and Z(x) ' B satisfy the oracle rule. Note that the asymp-
totic distribution of the oracle estimator ,,.(7) under various conditions has been
known for a long time; see for instance Theorem 4.1 of Koenker (2005). Under
(A1)—(A3), it was developed in Belloni et al. (2017) and Chao, Volgushev and
Cheng (2017) who show that

(3.5) INBor ()= BO)~G()  in (€°(T))",
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where G is a centered Gaussian process with covariance structure
; H(z,7') :=E[G()G())]
(3.6)
= Jn(@) 'B[ZX)ZX) () (AT — 1T,

where J,, () :=E[ZZ" fyx (Q(X; T)[X)].

COROLLARY 3.3 (Oracle rules for g). A sufficient condition for VN (B(r) —
B(t)) ~ N(0, H(z, 7)) for any (P,Z) € P&, M, f, f', fmin) is that S =
o(Nl/Z/ log N). A necessary condition for the same result is that S = o(N1/?).

The necessary and sufficient conditions above match up to a factor of log N. In
order to guarantee the oracle rule for the process, we need to impose additional
conditions on the smoothness of T — B(t) and on the number of grid points G.

COROLLARY 3.4 (Oracle rules for B). Assume that T+ B;(1) € AX(T) for
j=1,...,d and given c,n > 0, that N2> K> G and rr > 1. A sufficient con-
dition for NN(B() — B(-)) ~ G(-) for any (P,Z) € P\, M, f, [, fmin) sat-
isfying above conditions is S = o(N'/*(log N)™ 1) and G >> N/ A necessary
condition for the same result is S = o(NY2)y and G > NV @),

Corollary 3.4 characterizes the choice for parameters (S, K) which determine
computational cost. The conditions on S remain the same as in Corollary 3.3.
The process oracle rule requires restrictions on K based on the smoothness of
T — Q(xo; 7), denoted as 1. Note that, compared to the results in Belloni et al.
(2017), smoothness of T — Q(xo; 7) is the only additional condition of the data
that is needed to ensure process convergence of v/ N (B(-) — B(-)). Specifically, the
lower bound on K in terms of N becomes smaller as 7 increases, which implies
that smoother t — Q(xg; t) allow for larger computational savings. Corollary 3.4
implies that the condition on K is necessary for the oracle rule, no matter how S
is chosen.

Next, we apply Corollary 3.4 to the estimation of conditional distribution func-
tions. Define

(3.7) FYlyClxo) =11 +/ Y 1{Z(x) "B, (1) < y}dr.
TL

The asymptotic distribution of I?)‘,’lr « (-|x0) was derived in Chao, Volgushev and
Cheng (2017).

COROLLARY 3.5. Under the same conditions as Corollary 3.4, we have, for
any xo € X,
VN (Fyix (-x0) — Fy|x (1x0)) ~ — frix (-1x0) Z(x0) " G(Fy|x (-|x0))

in £((Q (xo; 71.), Q(x0; T17))),
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where F y|x (|x0) is defined in (2.8) and G is a centered Gaussian process with co-
variance gzven in (3.6). The same process convergence result holds with F )‘,’" x (-1x0)

replacing FY|X( |x0).

The proof of Corollary 3.5 uses the fact that y Fy| x(y|x) is a Hadamard
differentiable functional of 7 Z(x)Tﬂ(r) for any fixed x. The result of this
corollary can be extended to other functionals with this property.

3.2. Approximate linear models with local basis structure. In this section, we
consider models with Q(x; t) ~ Z(X)Tﬂ(f) with m = dim(Z) — oo as N — o0
where the transformation Z corresponds to a basis expansion. The analysis in this
section focuses on transformations Z with a specific local support structure, which
will be defined more formally in Condition (L). Examples of such transformations
include polynomial splines or wavelets.

Since the model Q(x; 1) ~ Z(x)Tﬂ(r) holds only approximately, there is no
unique “true” value for B(t). Theoretical results for such models are often stated
in terms of the following vector:

(3.8) yy(@) = argynElIiRI}n E[(ZTy — Q(X; f))zf(Q(X; 7)|X)];

see Chao, Volgushev and Cheng (2017) and Remark A.6. Note that Z T y y(7) can
be viewed as the (weighted L;) projection of Q(X; t) onto the approximation
space. The resulting L, approximation error is defined as

(3.9) cn(yy) = sup |Q(x:1) —yn(0) Z()|.
xeX,teT
For any v € R, define the matrix I (v) :=E[ZZT f(Z"v|X)]. For any a €
R™, b(-) : T — R™, define E(a,b) := supreTEHaTJ Y(b(1))Z|]. Throughout
the rest of this subsection, we assume the following condition:

(L) Foreach x € X, the vector Z(x) has zeroes in all but at most r consecutive
entries, where r is fixed. Furthermore, sup, .y £(Z(x), y y) = O(1).

Condition (L) ensures that the matrix I (v) has a band structure for any v € R™
such that the off-diagonal entries of J,; !(v) decay exponentially fast [Lemma 6.3
in Zhou, Shen and Wolfe (1998)]. Next, we discuss an example of Z which satisfies

L).

EXAMPLE 3.6 (Univariate polynomial spline). Suppose that (A2)—(A3) hold
and that X has a density on X = [0, 1] unlformly bounded away from zero
and infinity. Let B(x) (Bl(x) B J—p— 1(x)) be a polynomial spline basis
of degree p defined on J uniformly spaced knots 0 =¢#; < --- < t; = 1, such
that the support of each B j 1s contained in the interval [¢;,7;4,41) and nor-
malization is as given in Definition 4.19 on page 124 in Schumaker (1981). Let
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Z(x) = ml/z(El x),..., Ej_p_l(x))T, then there exists a constant M > 1 such
that M~! < E[ZZ"] < M [by Lemma 6.2 of Zhou, Shen and Wolfe (1998)]. With
this scaling, we have &, < i/m. Moreover, the first part of assumption (L) holds
with r = p 4 1, while the second part, that is, sup, .y éN’(Z(x), yy) = 0(),is
verified in Lemma S.2.6.

THEOREM 3.7. Suppose that assumptions (A1)—(A3) and (L) hold, that K <
N? and S&} log N = o(N), cm(y §) = 0, ' A (log N)72). Then

sup |Z(x0) " (B(x) — B, (1))

‘[GT[{
=op(|Z(xo) [N7'/?)
(3.10) log N S&2 (log N)?
+0P<(1+—(S)“f/2 )(C,%,()/N)-i-—gm(;g ) ))
1 Z(x0)|EnSTog N [|Z(x0)]l { SE2 (log N)'1O\1/4
+0P< N N1/ ( N ) )

If additionally K > G > 1 and c,%1 (yy) = o(N~1/2), we also have

sup 1Z(x0) T (B(z) — B, (D))
< |ZGxo)| sup I1B(@) = Bor (O | + 0p (| Z(x0) | N~V/?)

+ sug{\(l'lx Q(x0; )) (1) — Q(x0; )| + |Z(x0) ¥ 5 (x) — Q(x0; )]},
TE
where the projection operator Il g was defined right after (2.5).

The strategy for proving Theorem 3.7 is similar to that for Theorem 3.1, the
difference is that we now apply an aggregated Bahadur representation which makes
explicit use of the local basis structure of Z (Section S.2.2).

Similar to Theorem 3.1, Theorem 3.7 only provides upper bounds on the differ-
ences between B, B and B,,. As in the setting of fixed-dimensional linear models,
this result can be complemented by a corresponding lower bound which we state
next.

THEOREM 3.8. For any t in T, there exists a sequence of distributions of
(Y, X) and sequence of transformations Z. such that assumptions (A1)—(A3) and
(L) hold, that S&3 (log N)'© = o(N), 2, (¥ y) = o(N~Y/?) and there exists a C > 0
with

CSSm) > 0.

(3.11) timsup P(|20) "B ()~ Zxo) Bop ()] =
N—o0
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Moreover, for any c,n > 0 there exists a sequence of distributions of (Y, X) and
sequence of transformations Z satisfying the above conditions and a xy € X with
T+ Q(x0; 1) € AL(T) such that

(3.12) 1imsupP(sup!Z(xo>T/?(r) — Z(x0) " B, ()| = C]Sf"’

N—o0 teT

+ CG_") > 0.

Compared to Section 3.1, we obtain an interesting insight. The sufficient and
necessary conditions on S explicitly depend on m (note that under (A1)-(A3) we
have &,, 2 m) and become more restrictive as m increases. This shows that there
is a fundamental limitation on possible computational savings that depends on the
model complexity. In other words, more complex models (as measured by m) allow
for less splitting and require larger subsamples, resulting in a larger computational
burden.

We conclude this section by providing sufficient and necessary conditions for
oracle rules in the local basis expansion setting. To state those results, denote
by Zr (M, f , 7, Jfmin,» R) the collection of all sequences Py of distributions of
(X,Y) on R¥*! and fixed Z with the following properties: (A1)—(A3) hold with
constants M, f 7 < 00, fmin > 0, (L) holds for some r < R, é,‘,‘l (log N)® = o(N),
c,zn yy) = o(N_l/Z). The conditions iE P (M, f, 7, Jfmin, R) ensure the weak
convergence of the oracle estimator f,,.(tr); see Chao, Volgushev and Cheng
(2017).

The following condition characterizes the upper bound on S which is sufficient
to ensure the oracle rule for (7).

(L1) Assume that
N N N2 N2 Z(xo)|
S=o 2 N3 RS N3 2
mé&;logN &7 (logN) Emlog N &y (logN)

For specific examples, Condition (L1) can be simplified. For instance, in the
setting of Example 3.6, we can reduce (L1) to the form

S=o(N'"?(og N)2m~=2 A N(log N)~10m=2).

_ We now present the sufficient and necessary conditions for the oracle rule of
B () under the Condition (L) for Z.

COROLLARY 3.9 [Oracle rule for B(‘L’)]. Assume that (L1) holds and data

are generated from Py with (Py,Z) € Pr M, £, [, fmin, R). Then the pooled
estimator B(t) defined in (2.3) satisfies for any fixed T € T, xg € X,

VNZ(xo)T(B(t) — y y (7))
(Z(x0) T iy (v) " 'E[ZZT 1J1 (v) 1 Z(x0)) /2

where Jy, (T) is defined in Corollary 3.3. This matches the limiting behavior of
Bor If S 2 Nl/zgnjl, the weak convergence result (3.13) fails for some (Py,Z) €

e@14(17 f’ 7’ fmin’ R)’ xO S X~

(3.13) ~N(0, 7(1 — 1)),
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To compare the necessary and sufficient conditions in Corollary 3.9, assume for
simplicity that m > N* for some « > 0 and ||Z(xg) || < &, (this is, for instance, the
case for univariate splines as discussed in Example 3.6). Since under (A1)—(A3) we
have m!/2 < &,,, it follows that (L1) holds provided that S = o(N /¢, (log N)~2)
and the necessary and sufficient conditions match up to a factor of (log N)?.

Next, we discuss sufficient conditions for the process oracle rule.

COROLLARY 3.10. Consider an arbitrary vector xg € X. Assume that
data are generated from Py with (Py,Z) € &1 (M, f, 7, Jfmin, R), that (L1)
holds, that T — Q(xq; 1) € AN, re > n, supt€7—|Z(x0)TyN(‘c) — Q(xo;
)| = o(|Z(x0) [N~/?), that N> > K > G 3> NYCV|Z(x)[| 71/, ¢ (yy) =
o(N~Y2) and that the limit

HX() (T19 ‘EZ)
(3.14) i 2007 @OEIZZT, (@) Z0) (1 A T — TiT)
T N—oo 1Z (x0) |12

exists and is nonzero for any ty, Ty € T, where Jy, (7) is defined in the statement of
Corollary 3.3.

1. The projection estimator B(‘L’) defined in (2.5) satisfies

VN
I1Z(x0) |
where Gy, is a centered Gaussian process with E[Gy,(7)Gy, (t)] = Hy, (7, 7).
The same holds for the oracle estimator (7).
If G < NYCOYZ(xp) |~V or § > Nl/zénjl, the weak convergence in (3.15)
fails for some (P, Z) which satisfies the above conditions.
2. For Fy|x(:|xo) defined in (2.8) and G defined above, we have

(3.15) (Z(x0) "B() — Q(x0: ) ~ Gyy () in (T,

(Fyix (1x0) — Fy|x (1x0)) ~ — fr|x C1x0) G, (Fy x (-1x0))

IZ(xo) |l
in £°((Q(x0; t1), O (x0; T0)))-

This matches the process convergence for 2 ;lr x (-1x0).

The proof of the sufficient conditions in Corollary 3.10 is presented in Sec-
tion S.3.2.3, and the collapse of the weak convergence (3.15) is shown in Sec-
tion S.3.3. Similar to the discussion after Corollary 3.4, the process oracle rule does
not place additional restrictions on the number of subsamples S besides (L.1). How-
ever, the process oracle rule requires additional assumptions on the quantile grid
Tk - An interesting observation is that G > (N/ 1Z(x0)|1%)'/ P in Theorem 3.14
can be weaker than G >> N''/@" from Corollary 3.4. For instance, this is true in the
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setting of Example 3.6 where ||Z(xo)| =< m'/2. Consequently, the computational
burden is reduced since K can be chosen smaller. The intuition behind this sur-
prising phenomenon is that the convergence rate for the estimator Z(xo)Tﬁor(t)
in nonparametric models is typically slower. Thus, less stringent assumptions are
needed to ensure that the bias induced by quantile projection is negligible com-
pared to the convergence rate of ﬁor (7).

The sufficient conditions in this section can be extended to cover approximately
linear models with increasing dimension that do not satisfy condition (L.). Techni-
cal details are provided in the Appendix.

REMARK 3.11. To the best of our knowledge, the only paper that also studies
the sharpness of upper bounds for § that guarantee valid inference in a divide-
and-conquer setting with nonparametric regression is Shang and Cheng (2017).
However, Shang and Cheng (2017) only consider nonparametric mean regression
in the smoothing spline setup.

4. Practical aspects of inference. In the previous section, we derived con-
ditions which guarantee that the divide-and-conquer estimator B and the quantile
projection estimator ﬁ share the same asymptotic distribution as the “oracle” esti-
mator ﬂ or» SO that inference based on the asymptotic distribution of ﬂ o Temains
valid. In practice, this result can not be directly utilized since the asymptotic vari-
ance of the oracle estimator ﬁor is in general not pivotal. Classical approaches to
inference for this estimator are typically based on estimating its asymptotic vari-
ance from the data directly, or conducting bootstrap to approximate the asymptotic
distribution.

Estimating the limiting variance requires the choice of a bandwidth parameter,
and existing research indicates that classical rules for bandwidth selection need
to be adjusted in a divide-and-conquer setting [see, e.g., Banerjee, Durot and Sen
(2019), Xu, Shang and Cheng (2016)]. We discuss related issues for variance esti-
mation in Section 4.2.

Conducting bootstrap substantially increases the computational burden of any
procedure, which is problematic in a massive data setting we are considering here.
While recent proposals by Kleiner et al. (2014), Sengupta, Volgushev and Shao
(2016) provide a way to reduce the computational cost of bootstrap in a big data
setting, the approaches described in those papers are not easily combined with the
divide-and-conquer setting which we consider here.

As an alternative to variance estimation or classical bootstrap approaches, we
propose several simple inference procedures which directly utilize the fact that
in a divide-and-conquer setting estimators from subsamples are available. Those
procedures are very easy to implement, and require only a very small amount of
computation on the central computer without additional communication costs. De-
tails are provided in Section 4.1.
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4.1. Inference utilizing results from subsamples. We begin by discussing in-
ference at a fixed quantile level 7. The key idea in this section is to make direct
use of the fact that S estimators B, (7) from subsamples are available. Observe that
the estimator ﬁ(r) is simply an average of Bl (r),..., ﬁ s(t) which can be seen as
i.i.d. realizations (provided groups are homogeneous) of a random variable with
approximately normal distribution. This suggests two simple options:

1. Use the sample covariance matrix, say iD, of Bl(r), e, ﬁs(t) in order
to conduct inference on B(z) or linear functionals thereof such as Q(x; 1) :=
Z(x) " B(t). For example, a simple asymptotic level « confidence interval for
Q(x; 7) is given by

(4.1) [Z(x0) "B (x) £ S™V2(Z(x0) TSP Z(x0)) P (1 — a/2)].

2. A refined version of the previous approach is to additionally exploit the fact
that a suitably scaled version of u;Es () should be approximately normal since
each Bs(r) is itself an estimator based on sample of i.i.d. data. Hence for small S
(say S < 30) more precise confidence intervals can be obtained by using quantiles
of the student ¢ distribution (if uy is a vector) or F distribution (if uy is a fixed-
dimensional matrix). For example, a modification of the confidence interval in
(4.1) would take the form

4.2) [Z(x0) TB(x) £ S~ 2(Z(x0) TSP Z(x0)) 15 1.1-02].

where #5_1,1—4/2 denotes the 1 — o/2-quantile of the 7-distribution with § — 1
degrees of freedom. The asymptotic validity of both intervals discussed above is
provided in the following theorem.

THEOREM 4.1. Assume that the conditions of either Corollary 3.3, Corol-
lary 3.9 or Corollary A.2 hold, that c,,(y 5) = o(||Z(x0)|N~/?) and that S > 2
(S can be fixed). Then the confidence interval (4.2) has asymptotic (for N — 00)
coverage probability 1 — «.

If additionally S — oo, the confidence interval given in (4.1) also has asymp-
totic coverage probability 1 — «.

See Section S.4.1 for a proof of Theorem 4.1. The main advantage of the two
approaches discussed above lies in their simplicity as they do not require any costly
computation or communication between machines. There are two main limitations.

First, for small values of S (say § < 30) the confidence intervals in (4.1) will
not have the correct coverage while the interval in (4.2) can be substantially wider
than the one based on the exact asymptotic distribution since quantiles of the ¢-
distribution with few degrees of freedom can be substantially larger than corre-
sponding normal quantiles. Moreover, the approach is not applicable if S is smaller
than the dimension of the parameter of interest. Second, the approaches are not
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straightforward to generalize to inference on nonlinear functionals of 8(7) such as
F y|x (y]x) or inference which is uniform over a continuum of quantiles 7.

The first limitation is not likely to become relevant in a big data setting since
here we typically expect that S is large due to computational bottlenecks and
memory constraints. For the sake of completeness, we discuss this case in the
next section. To deal with the second limitation, we propose to use a boot-
strap procedure that can be conducted by solely using the subsample estimators
{B,(tk)}s=1....5.k=1....x Which are stored on the central machine. Details are pro-
vided below:

1. Sample i.i.d. random weights {ws p}s=1....5.p=1,....p from taking value 1 —
1/+/2 with probability 2/3 and 1+ +/2 with probability 1/3 (i.e., weights are chosen
such that ws , > 0, Elws ] = Var(wsp) = 1) and let &. p .= S™' 35 w5 p.

2. Forb=1,...,B,k=1,..., K, compute the bootstrap estimators

S
—(b) 1 Ws b =s
4.3 = — ’
(4.3) B (w) S‘g @.’hﬁ (tk)
and define the matrix 2 from (2.7) with E(b)(rk) replacing B ().

3. Similarly, as in (2.5) compute B(b) (+) from the matrix 2® defined above. For
a functional of interest ® approximate quantiles of the distribution of ®(8(-)) —

.....

A formal justification for this bootstrap approach is provided by the following
result.

THEOREM 4.2. Let the assumptions of either Corollary 3.4, Corollary 3.10
or Corollary A.5 hold and assume that additionally S — o0o. Then we have condi-
tionally on the data (X;, Y;)i=1,..N,

VN
IZ(x0) |

where the limit Gy, denotes the centered Gaussian process from Corollary 3.10 or
Corollary A.5 under their respective assumptions and G, = Z(x0) ' G under the
assumptions of Corollary 3.4.

(Zx0) BV () = Z(x0) TB()) ~ Gy () in £2°(T),

The proof of Theorem 4.2 is given in Section S.4.2. We conclude this section
by remarking that the bootstrap proposed differ from the cluster-robust bootstrap
of Hagemann (2017). The main difference is that we propose to directly utilize
the subsample estimators B’ while the approach of Hagemann (2017) requires
repeated estimation on the complete sample.

4.2. Inference based on estimating the asymptotic covariance matrix. As sug-
gested by a referee, an alternative way to conduct inference is to compute, for
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each subsample, not only the estimator ﬁs but also a variance estimator and pool
those estimators. Here, we provide some details on this approach. For the sake of
simplicity, we only discuss the case where m is fixed and the model is specified
correctly, that is, the setting of Section 3.1.

It is well known that the asymptotic variance—covariance matrix of the differ-
ence \/n(B,,(t) — B(t)) (for fixed m) takes the “sandwich” form

() =1(1 = ) () 'E[ZZ]Jn(x) 7,

In () =E[ZZ" fy|x(Q(X; D)IX)].

The middle part E[ZZ ] is easily estimated by % YidZ; SZ;. Since this is a
T

simple mean of the subsample-based quantities % i LisZL,,

a distributed computing setting is straightforward.

The matrix J,,(t) involves the conditional density fy|x(Q(X; 7)|X) and is
more difficult to estimate. A popular approach is based on Powell’s estimator
[Powell (1986)]

implementing this in

n
— R e
Here, £, denotes a bandwidth parameter that needs to be chosen carefully in order
to balance the resulting bias and variance.

There are several possible approaches to estimate J,/ () in a parallel computing
environment. If an additional round of communication is acceptable, it is possible
to construct estimators with the same convergence rate and asymptotic distribution
as the estimator based on the full sample. Details are provided in Section S.1 in
the Supplementary Material [Volgushev, Chao and Cheng (2019)]. If only a single
round of communication is allowed, the following algorithm can be used instead:

(44) Th() =

1. For s =1,..., S, in the same round as computing Bs(t), compute j;fs (1)
from (4.4) and =, := %Zi Z[SZL.

2. Along with (E‘v(t))szl ,,,,, s, send (];fs(r), in)s:] s to the master ma-
chine and compute 7Z(r) = %Zle TP (1), %1 := éZle S5

3. The final variance estimator is given by () =1(1 — r)j:;(r)_lfl X
TP

.....

REMARK 4.3. Note that in the above algorithm we first take averages
over the subsampled estimators JP (7) and only invert the aggregated matrix
7,1: (7). An alternative approach would have been to compute the estimator
j;fs (1)1, j:,f (t)~! for each subsample and average in the end. However, given

that A > A1 is nonlinear, this might result in additional bias since in general for
random matrices (E[A]) ™! * E[A1].

An important question for implementing the above algorithm is the choice of the
bandwidth parameter /,. To gain some intuition about the optimal choice of #,,,
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we will formally discuss the case of a linear model fixed dimension. First, observe
that by a Taylor expansion we have almost surely

Tn@ ST @ = Ju () S ()
= — I (@) T ) = I () I () B T (1)
I (O S T ()T TR () = T (1)) I (1)
+ (@O (S =)@
+ 0(|T (@) = T +1Z1 = Sl |75 (0) = Ju(@)]).

Ignoring higher-order terms and terms that do not depend on #,, it suffices to ana-
. =P
lyze the properties of J,, (1) — J;u (7).

THEOREM 4.4. Under assumptions (A1)—(A3), assume that additionally y —
f)/’l x (¥|x) is continuously differentiable with first derivative being jointly contin-

uous and uniformly bounded as a function of x, y and that nh,(logn)~! — oo.
Then

_ 1
T2 (1) = (@) = An) + op( ;’fl”)

where the exact form of A, (t) is given in the proof. Moreover,

h2 1
B[ A,(0)] = “CEZZ] i (2 B)X)] + 0(<E0) + 002)

and for Ay (j k) denoting the entry of Ay in row j and column k

Cov(An.(j.1) (D) ANy (D) = ——E[ fy1x(ZT B(D)X)Z; Zk Zu Zy]

Nh,

1
+0<Nhn>.

The proof of Theorem 4.4 is given in Section S.4.3. Theorem 4.4 has several
interesting implications. First, note that the asymptotic MSE of Ay (7) is of the
order hﬁ + (Nh,)~!, which is minimized for Ay ~ N3 (note that the term
logn/n is negligible). Under the additional condition S = o(N?3(log N)™ "), we
have logn/(nh,) = o(N =2/5), and in this setting the MSE of the first-order ex-
pansion of 7,1:1 (t) matches that of the Powell “oracle” estimator as derived in Kato
(2012). This shows that, despite using estimators from subsamples, the same rate
for estimating J,,f (7) as from the full sample can be achieved. That requires a
stronger condition on S than the oracle rate for the estimator B. It is not clear if
the latter condition is sharp, and we leave an investigation of this issue to future
research.
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Second, the choice h, ~ n~'/3 which would have been optimal for estimating
Jm (7) based on a subsample of size n does not lead to the optimal error rate for

the averaged estimator 7:1 (). In fact, the optimal bandwidth for 7,5 (7) is always
smaller, which corresponds to undersmoothing. Similar effects were observed in
various settings by Zhang, Duchi and Wainwright (2015), Banerjee, Durot and Sen
(2019) (see their Appendix A.13) and Shang and Cheng (2017).

5. Monte Carlo experiments. In this section, we demonstrate our theory
with simulation experiments. Due to space limitations, we restrict our attention
to correctly specified linear models with different dimensions of predictors. More
precisely, we consider data generated from

(5.1) Yi =021+, Xi+e&, i=1,...,N,

where g; ~ N (0,0.01) ii.d. and m € {4, 16, 32}. For each m, the covariate X;
follows a multivariate uniform distribution ¢/([0, 17"~ with Cov(X; i Xik) =
0.120.717=*! for Jj.k=1,...,m —1, and the vector §8,,_ takes the form

B;=(0.21,-0.89,0.38);

Bis= (,B3T, 0.63,0.11, 1.01, —1.79, —1.39, 0.52, —1.62,
(5.2) T
1.26,-0.72,0.43, —0.41, —0.02) ';

B =(B5.0.21,875)".

Throughout this section, we fix 7 = [0.05, 0.95]. Section 5.1 contains results
for the estimator ﬁ(t), while results for fy| x(y]x) are collected in Section 5.2.
Additional simulations (including models with heteroskedastic errors) are pre-
sented in Section S.9 of the Supplementary Material [ Volgushev, Chao and Cheng
(2019)].

5.1. Results for the divide-and-conquer estimator B(t). We fix the subsample
size n and consider the impact of the number of subsamples S on the coverage
probabilities of different 95% confidence intervals. To benchmark our results, we
use the infeasible asymptotic confidence interval

(5.3) [xg B(t) £ N 2a ()@ (1 —a/2)],

where o2(7) denotes the theoretical asymptotic variance of °” (t); this Cl is valid
by the oracle rule but contains unknown quantities. The coverage properties of this
interval also indicate whether we are in a regime where the oracle rule holds.

In a first step, we consider the properties of confidence intervals discussed in
Section 4.1 which directly utilize the availability of results from subsamples. We
consider the following three types of confidence intervals:

1. The normal confidence interval (4.1).
2. The confidence interval (4.2) based on quantiles of the #-distribution.
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3. The bootstrap confidence interval based on sample quantiles of (8 (l)(‘r) —

B(r)), (ﬂ(B)(r) — B(t)), where B(l)(t), e B(B)(t) are computed as in (4.3);
in this sectlon we set B = 500.

The coverage probabilities of corresponding confidence intervals are summa-
rized in Figure 2 where we fix two subsample sizes n = 512, 2048 and present two
types of plots: coverage probabilities for “small” values of S ranging from S =2
to S = 50 and coverage probabilities for “large” values of S =2F, k=1, ..., 10.
Only m = 4,32 is considered here; m = 16 can be found in the Supplementary
Material [Volgushev, Chao and Cheng (2019)].

Plots for small S help to access how different procedures behave if the number
of subsamples is small. As expected from the theory, oracle confidence intervals
and simple confidence intervals based on the ¢-distribution maintain nominal cov-
erage for small values of S. Confidence intervals based on normal approximation
and the bootstrap undercover for smaller values of S. Starting from about § = 20,
coverage probabilities of all four types of intervals are very close. We also see that
for m = 32, the oracle rule does not apply for a subsample size of n = 512 with
any number of subsamples S > 10; the situation improves for n = 2048. This is in
line with our asymptotic oracle theory. For “larger” values of S, there is no differ-
ence in the coverage probabilities of different intervals. As predicted by the oracle
theory, coverage starts to drop earlier for models with larger m.

Next, we analyze the properties of asymptotic confidence intervals which are
based on estimating the asymptotic variance of xOT B(t) from data. We compare
three different ways of estimating the asymptotic variance:

1. A simple pooled estimator which uses the default settings in the package
quantreg to obtain estimated variances in each subsample and takes the average
over all subsamples (additional details are provided in the Supplementary Material
[Volgushev, Chao and Cheng (2019)], Section S.9.1).

2. The estimator ¥ based on the bandwidth ¢*(7)n~!/3 which minimizes the
asymptotic MSE of the estimator J,, within subsamples of size n (additional de-
tails on the choice of optimal constant ¢*(7) are provided in the Supplementary
Material [Volgushev, Chao and Cheng (2019)], Section S.9.1).

3. The estimator ¥ based on the bandwidth ¢*(z) N~/ 5 which is motivated by
the theory developed in Theorem 4.4.

The results are reported in Table 1. Since there is no notable difference between
all approaches when S is large, only results for § < 50 are displayed for the sake of
brevity. Interestingly, we do not observe a big difference between the naive band-
width choice h, ~ n~!/> and the optimal undersmoothing choice h, ~ N~1/3,
This finding is quite intuitive since, once the asymptotic variance is estimated with
at most 5-10% relative error, a further increase in estimation accuracy does not
lead to substantial improvements in coverage probabilities. The completely auto-
matic choice implemented in the quantreg package also performs reasonably
well.
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F1G. 2. Coverage probabilities for x(—)rﬂ(f)for different values of S and Tt = 0.1, 0.5, 0.9 (left, mid-
dle, right row). Solid lines: n = 512, dashed lines: n = 2048. Black: asymptotic oracle CI, blue: CI
from (4.2) based on t distribution, red: CI from (4.1) based on normal distribution, green: bootstrap
CI. Throughout xo = (1, ..., 1)/m1/2, nominal coverage 0.95.

Finally, note that the pattern of coverage probabilities varies at different t. For
example, in the linear models with normal errors, the coverage probabilities at
tail quantiles (r = 0.1, 0.9) drop to zero much faster than those at T = 0.5. These
empirical observations are not inconsistent with our theory where only the orders
of the upper bound for S are shown to be the same irrespective of the value of t.
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TABLE 1

Coverage probabilities based on estimating the asymptotic variance. Different rows correspond to
different methods for obtaining covariance matrix or: using true asymptotic variance matrix, def:
default choice implemented in quantreg package, nai: asymptotically optimal constant with scaling

Theorem 4.4

By ~n—1/3, adj: asymptotically optimal constant with scaling hy, ~ N =175 45 suggested by

S

1 10 30 50

1 10 30 50

1 10 30 50

or
def
nai
adj

or
def
nai
adj

or
def
nai
adj

or
def
nai
adj

or
def
nai
adj

or

def
nai
adj

n=>512,m=4,7t=0.1

n=>512,m=16,7=0.1

n=>512,m=32,7=0.1

949 948 949 943
92.6 937 936 928
942 939 936 932
942 945 943 942

n=512,m=4,t=0.5

947 943 922 90.7
92 923 90.1 88.4
96.6 933 91 89.4
96.6 943 921 90.8

n=512,m=16,7=0.5

944 925 88.6 855
925 90.6 862 829
98.9 927 884 85

989 944 895 872

n=512,m=32,7=0.5

94.7 96 959 95

97.8 982 982 982
959 96.8 964 963
95.9 964 96 95.2

n=>512,m=4,1=09

942 957 948 954
96.7 982 98 98
96.7 97 9.4 97
96.7 964 957 96.2

n=>512,m=16,7=0.9

954 955 948 95

976 975 973 977
99 97 96.2 96.7
99 96.6 957 959

n=512,m=32,71=09

954 946 942 936
94 93.6 928 924
948 938 93.1 926
948 943 938 937

n=2048, m=4,71=0.1

94.6 94 91.7 90.1
92.6 922 90 88.1
96.6 932 90.8 88.6
96.6 94 919 904

n=2048, m =16, 7 =0.1

952 921 906 87.1
922 902 882 843
99 925 90.1 86.6
99 93.8 914 884

n=2048,m=32,7=0.1

95.6 947 944 943
947 941 938 94
95.1 941 937 9%
95.1 946 944 945

n=2048, m=4,7=0.5

95 942 944 944
93.8 932 935 937
953 935 935 937
953 94 94.1 944

n=2048, m=16,7 =0.5

95 95 94 94

93.6 942 927 93.1
957 946 93.1 932
957 949 938 93.8

n=2048,m =32, =0.5

946 949 952 953
96 96.2 96.7 96.2
95.1 954 955 956
95.1 951 951 953

n=2048,m =4,7t=0.9

953 942 942 955
96.7 96.2 954 96.7
96.8 952 95 96

96.8 95 947 95.6

n=2048,m=16,7=0.9

953 955 951 955
96 96.4 963 96.6
96.5 958 957 959
965 956 952 955

n=2048, m=32,7 =09

94.6 956 958 94.6
942 949 949 94.1
944 949 948 94.1
944 953 956 94.6

95.1 95 945 947
943 945 94 94.3
955 947 942 944
955 951 946 95

952 944 929 929
944 938 926 922
96.7 944 927 925
96.7 949 932 933
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Rather, this phenomenon might be explained by different derivatives of the error
density that appear in the estimation bias, and is left for future study.

5.2. Results for the estimator ﬁy| x(y|x). In this section, we consider infer-
ence on Fy|x (y|x). We compare the coverage probability of the oracle asymptotic
confidence interval

(5.4) [Fyix(Q(x0; 7)|x0) £ N 202(0)d~ (1 — a/2)]

[here o% () is the asymptotic variance of the oracle estimator] and the bootstrap
confidence interval described above Theorem 4.2. Note that the other approaches
described in Section 4 are not directly applicable here since F y1x (ylx) is a func-
tional of the whole process B(-). Since we focus on bootstrap reliability, the num-
ber of quantile levels K = 65 and knots for spline interpolation G = 32 are chosen
sufficiently large to ensure nominal coverage of oracle intervals. A detailed study
of the impact of K, G on coverage of oracle intervals is provided in Section S.9.3.2
of the Supplementary Material [ Volgushev, Chao and Cheng (2019)]. Due to space
limitations, we only show the results for small values of §; results for large val-
ues of § do not give crucial additional insights and are deferred to the Supple-
mentary Material [ Volgushev, Chao and Cheng (2019)]. Coverage probabilities for
m =4, 32 are reported in Figure 3. For m = 4, the bootstrap and oracle confidence
interval show a very similar performance as soon as S > 20; this is in line with the
coverage properties for the bootstrap for . For m = 32, coverage probabilities of
the oracle confidence interval indicate that the subsample size n is too small and

t=0.1, m=4 1=0.5, m=4 1=0.9, m=4

et

—— oracle asymp. Cl n=512
—— bootstrap n=512, B=500
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
S s S
t=0.1, m=32 1=0.5, m=32 1=0.9, m=32

— —

—— oracle asymp. Cl n=512
—— bootstrap n=512, B=500

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
S S S

coverage

00 02 04 06 08 10
coverage

00 02 04 06 08 1.0
coverage

00 02 04 06 08 10

coverage

coverage

00 02 04 06 08 10
coverage

00 02 04 06 08 1.0

00 02 04 06 08 10

F1G. 3. Coverage probabilities for oracle confidence intervals (red) and bootstrap confidence inter-
vals (black) for Fy|x (y|xq) for xo=(1,..., 1)/m1/2 andy = Q(xg;t), 1 =0.1,0.5,0.9. n =512
and nominal coverage 0.95.
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the oracle rule does not apply, even for § = 2. Interestingly, coverage probabilities
of bootstrap and asymptotic confidence intervals differ in this setting. This does
not contradict our theory for the bootstrap since that was only developed under the
assumption that we are in a regime where the oracle rule holds.

Summarizing all results obtained so far, we can conclude that inference based
on results from subsamples is reliable for S > 20. Since this does not require ad-
ditional computation, we recommend using the normal approximation for S > 20
for pointwise inference and the bootstrap if process level results are required. For
S < 20, estimating the asymptotic variance within subsamples and aggregating is
recommendable. The simplest approach which is based on averaging variance es-
timators from the quanteg package works well and does not require additional
implementation, so we recommend to use this for S < 20.

APPENDIX: APPROXIMATE LINEAR MODELS WITHOUT
LOCAL BASIS STRUCTURE

In this section, we consider models with transformation Z of increasing dimen-
sion that do not have the special local structure considered in Section 3.2. The price
for this generality is that we need to assume a more stringent upper bound for S
and put additional growth restrictions on m in order to prove the oracle rule. The
conditions on K remain the same.

THEOREM A.1. Assume that conditions (A1)—(A3) hold and that additionally
mg2log N =o(N/S), cm(y y) =0, "), K < N2. Then

sup [ B(t) — B,y (1)

teTk
= OP(('"C’%Z#)]/Z + Cm
(A.1) +(Smé”%$ +cﬁ,§,‘,§>(1+1§%—/}2\/)>
+ ﬁop ((m 22 (log N)?)'/2 + (—Sm3§’%’j(vl°g N)7)1/4)

+op(N71/?).

If additionally K > G > 1, m3€2(log N)® = o(N), c2,(y y)ém = o(N~V/?) we
also have for any xo € X

sup |Z(x0) "B(v) — Z(x0) " By (7]
A2 =|Z&o sup |B() — B, (D] + Sugl(HK Q0 (x0; ))(1) — Qx5 T)|

+ supl20s0)T By (6) = QG ) + o (120 [N 17,

where the projection operator [l was defined right after (2.5).
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The proof of Theorem A.1 is given in Section S.3.4.2. The general upper bound
provided in (A.1) takes a rather complicated form. Under additional assumptions
on ¢, major simplifications are possible. Due to space considerations, we do not
provide additional details here, rather we implicitly carry out the simplifications
when proving the following result.

COROLLARY A.2 (Oracle rule for B(t)). Assume that conditions (A1)—(A3)
hold and that additionally m4(10g N0 =o(N), 051 YN)ém= o(N~1/2). Provided
that additionally S = o(N'/? /(m&? (log N)?)) the estimator B(t) defined in (2.3)
satisfies

VNuj,(B(@) —y (D)
W} I (DEZZT 1y (t)upy) /2

(A.3) ~~ N(0, T(1 — 1)),
forany t € T,uy € R™, where J,,(7) is defined in the statement of Corollary 3.3.
The same holds for the oracle estimator B, (7).

We note that m*(log N)!° = o(N) imposes restriction on model complexity.
In particular, this requires m = o(N'/#(log N)7>/?). An immediate consequence
of Corollary A.2 is the oracle rule for correctly specified models, including lin-
ear quantile regression with increasing dimension as a special case. In this case,

cm(¥n) =0.

COROLLARY A.3 (Oracle rule for correctly specified models). Assume that
conditions (A1)—(A3) hold and that the quantile function satisfies Q(x; 1) =
Z(x)'y ~ (v) with a transformation Z(x) of possibly increasing dimension m with
each entry bounded almost surely. Then u;F(t) satisfies the oracle rule provided
that m*(log N)'° = o(N) and S = o(N'/*m=2(log N)~?).

This corollary reduces to Corollary 3.3 in Section 3.1 when m is fixed. It de-
scribes the effect of allowing m to increase on the sufficient upper bound for S. We
note that ¢,,(y y) = 0 and &,, < m'/? under the settings of Corollary A.3, whose
proof follows directly from Corollary A.2.

Both Corollary 3.9 and Corollary A.2 can be applied to local polynomial spline
models, but Corollary 3.9 puts less assumptions on § and m than Corollary A.2,
because Corollary 3.9 exploits the local support property of splines. This is illus-
trated in the following Remark A.4 for the specific setting of Example 3.6.

REMARK A.4 (Comparing Corollary 3.9 and Corollary A.2 with univariate
splines). Let Z denote the univariate splines from Example 3.6 and let uy :=
Z(xo) for a fixed xo € X'. We assume that (A2) and (A3) hold and that X has
a density on X = [0, 1] that is uniformly bounded away from zero and infinity.
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We will verify in Section S.3.4.4 that (A1) holds with &,, < m'/%. For simplic-
ity, assume that the bias c,, (y i) satisfies &;,¢,, (p N)2 =o(N~1/?). Corollary 3.9
shows that sufficient conditions for the oracle rule are mz(log N)® = o(N) and
S = o(Nm~'(log N)™H 2 A (Nm~2(log N)~'0)). On the other hand, Corol-
lary A.2 requires the more restrictive conditions m4(log N0 = o(N) and S =
o(N'2m=2(log N)72).

Remark A.4 indicates that Corollary 3.9 gives sharper bounds than Corol-
lary A.2 when both results are applicable. Note however that Corollary A.2 applies
to more general settings since, in contrast to Corollary 3.9; it does not require Con-
dition (L). For instance, linear models as discussed in Corollary A.3 can in general
not be handled by Corollary 3.9. Finally, we discuss sufficient conditions for the
process oracle rule.

COROLLARY A.5 [Oracle rule for ﬁ(r)]. Let xg € X, let the conditions of
Corollary A.2 hold. Suppose that T +— Q(xo; T) € AZ(T), re>n, N2> K >
G > NYOD|Z(x) |71/, and sup, . |1Z(x0) "y 5 (1) — O (x0; T)| = o(|| Z(x0) || X
N~Y2). Let the limit Hy, (11, 12) defined in (3.14) exist and be nonzero for any
T, eT:

1. The projection estimator ﬁ(r) defined in (2.5) satisfies
VN
I1Z(x0) |

where Gy, is a centered Gaussian process withAE[Gxo(t)Gxo(f’ ) = Hy, (7, 7).
This matches the process convergence of Z(x0) " B,, (7).
2. The estimator Fy|x (-|xo) defined in (2.8) satisfies

(A.4) (Z(x0) "B() — Q(x0; ) ~ Gyy () in €°(T),

1Z o) (Fle(-DCO) — Fyix(|x0)) ~ — fr1x (1x0) Gy (Fyx (|x0))

in £ ((Q(x0; 71.), Q(x0; ),

where and G, is the centered Gaussian process from (A.4). The same is true for
Tor
Fyx-

The proof of Corollary A.5 is given in Section S.3.4.5. Note that the condition
on K is the same as in Corollary 3.10. Results along the lines of Corollary A.5 can
be obtained for any estimator of the form u;,’B\(-), as long as uy satisfies certain
technical conditions. For example, the partial derivative, the average derivative
and the conditional average derivative of Q(x; t) in x fall into this framework. For
brevity, we refer the interested reader to Section 2.3 of Belloni et al. (2017) for
examples of vectors uy and omit the technical details.
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REMARK A.6. The weak convergence in (A.3) was derived with the center-
ing y y for notational convenience. As pointed out in Chao, Volgushev and Cheng
(2017), other choices of centering sequences can be advantageous (for instance,
this is the case in the setting of partial linear models; see also Belloni et al. (2017)
for an alternative centering sequence). The conclusions of Theorem A.2 can be
generalized by replacing y y in there by other vectors B, (7) as long as certain
technical conditions are satisfied. However, this requires additional notation and
technicalities. To keep the presentation simple, we provide those details in Sec-
tion S.3.4.1 in the Supplementary Material [Volgushev, Chao and Cheng (2019)].
Similarly, the results in Section 3.2 could be stated in terms of more general se-
quences B instead of the one considered in (3.8) at the cost of additional notation
and conditions.
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SUPPLEMENTARY MATERIAL

Supplement to ‘“Distributed inference for quantile regression processes”
(DOLI: 10.1214/18-A0OS1730SUPP; .pdf). The supplement contains additional
technical remarks, simulation results and all proofs.

REFERENCES

BANERIEE, M., DUROT, C. and SEN, B. (2019). Divide and conquer in non-standard problems and
the super-efficiency phenomenon. Ann. Statist. To appear.

BELLONI, A., CHERNOZHUKOV, V., CHETVERIKOV, D. and FERNANDEZ-VAL, 1. (2017).
Conditional quantile processes based on series or many regressors. Preprint. Available at
arXiv:1105.6154.

CHAO, S.-K., VOLGUSHEYV, S. and CHENG, G. (2017). Quantile processes for semi and nonpara-
metric regression. Electron. J. Stat. 11 3272-3331. MR3708539

CHERNOZHUKOV, V., FERNANDEZ-VAL, I. and GALICHON, A. (2010). Quantile and probability
curves without crossing. Econometrica 78 1093—-1125. MR2667913

HAGEMANN, A. (2017). Cluster-robust bootstrap inference in quantile regression models. J. Amer.
Statist. Assoc. 112 446-456. MR3646584

JORDAN, M. I. (2013). On statistics, computation and scalability. Bernoulli 19 1378-1390.
MR3102908

KATo0, K. (2012). Asymptotic normality of Powell’s kernel estimator. Ann. Inst. Statist. Math. 64
255-273. MR2878905

KLEINER, A., TALWALKAR, A., SARKAR, P. and JORDAN, M. 1. (2014). A scalable bootstrap for
massive data. J. R. Stat. Soc. Ser. B. Stat. Methodol. 76 795-816. MR3248677

KOENKER, R. (2005). Quantile Regression. Econometric Society Monographs 38. Cambridge Univ.
Press, Cambridge. MR2268657

L1, R., LiN, D. K. J. and L1, B. (2013). Statistical inference in massive data sets. Appl. Stoch.
Models Bus. Ind. 29 399—409. MR3117826

POWELL, J. L. (1986). Censored regression quantiles. J. Econometrics 32 143-155. MR0853049


https://doi.org/10.1214/18-AOS1730SUPP
http://arxiv.org/abs/arXiv:1105.6154
http://www.ams.org/mathscinet-getitem?mr=3708539
http://www.ams.org/mathscinet-getitem?mr=2667913
http://www.ams.org/mathscinet-getitem?mr=3646584
http://www.ams.org/mathscinet-getitem?mr=3102908
http://www.ams.org/mathscinet-getitem?mr=2878905
http://www.ams.org/mathscinet-getitem?mr=3248677
http://www.ams.org/mathscinet-getitem?mr=2268657
http://www.ams.org/mathscinet-getitem?mr=3117826
http://www.ams.org/mathscinet-getitem?mr=0853049

1662 S. VOLGUSHEYV, S.-K. CHAO AND G. CHENG

SCHUMAKER, L. L. (1981). Spline Functions: Basic Theory. Wiley, New York. MR0606200

SENGUPTA, S., VOLGUSHEY, S. and SHAO, X. (2016). A subsampled double bootstrap for massive
data. J. Amer. Statist. Assoc. 111 1222-1232. MR3561944

SHANG, Z. and CHENG, G. (2017). Computational limits of a distributed algorithm for smoothing
spline. J. Mach. Learn. Res. 18 Paper No. 108. MR3725447

SHI, C., LU, W. and SONG, R. (2017). A massive data framework for M-estimators with cubic-rate.
J. Amer. Statist. Assoc. To appear. DOI:10.1080/01621459.2017.1360779.

VOLGUSHEYV, S. (2013). Smoothed quantile regression processes for binary response models.
Preprint. Available at arXiv:1302.5644.

VOLGUSHEY, S., CHAO, S.-K. and CHENG, G. (2019). Supplement to “Distributed inference for
quantile regression processes.” DOI:10.1214/18-A0S1730SUPP.

WHITE, T. (2012). Hadoop: The Definitive Guide. O’Reilly Media/Yahoo Press.

XU, G., SHANG, Z. and CHENG, G. (2016). Optimal tuning for divide-and-conquer kernel ridge
regression with massive data. Preprint. Available at arXiv:1612.05907.

ZHANG, Y., DucHI, J. C. and WAINWRIGHT, M. J. (2013). Communication-efficient algorithms
for statistical optimization. J. Mach. Learn. Res. 14 3321-3363. MR3144464

ZHANG, Y., DucHI, J. and WAINWRIGHT, M. (2015). Divide and conquer kernel ridge regres-
sion: A distributed algorithm with minimax optimal rates. J. Mach. Learn. Res. 16 3299-3340.
MR3450540

ZHAO, T., CHENG, G. and L1uU, H. (2016). A partially linear framework for massive heterogeneous
data. Ann. Statist. 44 1400-1437. MR3519928

ZHOU, S., SHEN, X. and WOLFE, D. A. (1998). Local asymptotics for regression splines and con-
fidence regions. Ann. Statist. 26 1760-1782. MR1673277

S. VOLGUSHEV S.-K. CHAO
DEPARTMENT OF STATISTICAL SCIENCES G. CHENG
UNIVERSITY OF TORONTO DEPARTMENT OF STATISTICS
100 ST. GEORGE STREET PURDUE UNIVERSITY
TORONTO, ONTARIO M5S 3G3 250 N. UNIVERSITY STREET
CANADA WEST LAFAYETTE, INDIANA 47906
E-MAIL: stanislav.volgushev @utoronto.ca USA
E-MAIL: skchao74@gmail.com
chengg @purdue.edu

URL: http://www.stat.purdue.edu/~chengg/


http://www.ams.org/mathscinet-getitem?mr=0606200
http://www.ams.org/mathscinet-getitem?mr=3561944
http://www.ams.org/mathscinet-getitem?mr=3725447
https://doi.org/10.1080/01621459.2017.1360779
http://arxiv.org/abs/arXiv:1302.5644
https://doi.org/10.1214/18-AOS1730SUPP
http://arxiv.org/abs/arXiv:1612.05907
http://www.ams.org/mathscinet-getitem?mr=3144464
http://www.ams.org/mathscinet-getitem?mr=3450540
http://www.ams.org/mathscinet-getitem?mr=3519928
http://www.ams.org/mathscinet-getitem?mr=1673277
mailto:stanislav.volgushev@utoronto.ca
mailto:skchao74@gmail.com
mailto:chengg@purdue.edu
http://www.stat.purdue.edu/~chengg/

	Introduction
	Notation

	A two-step procedure for computing quantile process
	Theoretical analysis
	Fixed dimensional linear models
	Approximate linear models with local basis structure

	Practical aspects of inference
	Inference utilizing results from subsamples
	Inference based on estimating the asymptotic covariance matrix

	Monte Carlo experiments
	Results for the divide-and-conquer estimator beta(tau)
	Results for the estimator FY|X(y|x)

	Appendix: Approximate linear models without local basis structure
	Acknowledgments
	Supplementary Material
	References
	Author's Addresses

